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ABSTRACT 
 

Signal processing in the visual system is mediated by classic neurotransmission 
and neuropeptidergic modulatory pathways. In Dipteran insects, especially in the fruitfly 
Drosophila melanogaster, the morphology of the visual system is very well described. 
However neurotransmitter and neuropeptidergic circuits within the optic lobe neuropil are 
only partially known. 

Using several transgenic fly lines and antibodies we determined the localization 
of the classical neurotransmitters GABA, acetylcholine and glutamate in the visual 
system, and their putative targets via detecting several neurotransmitter receptors. We 



 5 

paid particular attention to the peripheral neuropil layer called the lamina, where the light 
signals are filtered, channeled and amplified (Paper I). 

 We discovered four new types of efferent tangential neurons branching distally to 
the lamina. Among them was the first neuropeptidergic neuron (LMIo) in this region of 
Drosophila. The LMIo expresses myoinhibitory peptide (MIP) and has its cell body 
located close to the main lateral clock neurons that express the neuropeptide pigment- 
dispersing factor (PDF)(Paper II). 

 Since in other Dipteran species PDF is expressed in processes distally to the 
lamina, we performed comparative anatomical studies of the MIP, PDF, Ion Transport 
Peptide (ITP) and serotonin (5-HT) distribution in the visual system of the flies 
Drosophila and Calliphora. Our data suggest that PDF signaling distal to the lamina of 
the blowfly might be replaced by MIP signaling in the fruitfly, while ITP and 5-HT 
expression is conserved in the two species (Paper III). 

Serotonin is crucial in light adaptation during the daily light-dark cycles. We 
analyzed putative serotonergic circuits in the lamina. We found that LMio neurons 
express the inhibitory receptor 5-HT1A, while 5-HT1B and 5-HT2 are both expressed in 
the epithelial glia of the lamina. Another novel wide-field neuron with lamina branches 
expresses the excitatory serotonin receptor 5-HT7. Our studies have identified a fairly 
complex neuronal circuitry in the tangential plexus above the lamina. (Paper IV). 

 Finally we tested circadian locomotor activity rhythms in flies with the GABAB 
receptor knocked down on the lateral PDF-expressing clock neurons. We observed 
significant changes in the activity periods and diminished strength of rhythmicity during 
DD suggesting a modulatory role of GABA in clock function (Paper V). 
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INTRODUCTION 
 
Perceiving light is one of the most important abilities of living organisms. The 

visual system evolved to perceive and process diverse messages in the environment such 
as shape, color and motion. Vision is considered to be the most complex and the most 
developed sense. The basic role of the visual system is to perceive light stimuli and 
transduce them into neuronal action potentials. Electrochemical signals in photoreceptor 
cells are amplified, filtered and sorted via several interneuronal layers and get transmitted 
to higher visual centers in the brain, where complex signal processing occurs. The visual 
system continuously adjusts to exogenic light stimuli and the endogenous signals coming 
from the biological clock, but also feedbacks due to behavioral situations and 
homeostatic control.  

The fruitfly Drosophila melanogaster has become an outstanding biological 
model in revealing structure and function of the complex neuronal networks necessary to 
process light information (Fischbach and Dittrich, 1989; Morante and Desplan, 2008; 
Gao et al., 2008; Borst and Weber, 2010; Meinertzhagen and O’Neil 1991). In this 
insect we can study four types of the visual system: in larvae photoreceptors are located 
beneath the transparent cuticula inside the mouth apparatous, symmetrically in two 
clusters called Bolwig’s organs. Bolwig’s organs persist through pupal metamorphosis 



 8 

and become the extraretinal Hofbauner-Buchner eyelets in adults. The Bolwig organ and 
the eyelet are both involved in circadian entrainment (Helfrich-Förster et al., 2002; 
Veleri et al., 2007). The major visual inputs of adults are from photoreceptors in the two 
compound eyes located on top of the adult head. Additionally flies have three ocelli 
between the compound eyes crucial in polarized light detection (Wehrhahn, 1984). This 
thesis focuses on the neuronal circuits subserving the compound eye of the adult fruitfly. 

 
 

The anatomy of the optic lobe in Drosophila melanogaster 
 
 The compound eye of Drosophila consists of about 700-800 ‘simple eyes’ called 
ommatidia and light signals from photoreceptors in these are conveyed to higher visual 
neuropil layers located hierarchically in the part of the central nervous system called the 
optic lobe. Not surprisingly, a highly ordered organization of approximately 60 000 
neurons in this region inspired scientists to decode (reveal anatomical structure) and 
understand the workings (functional analysis) of the complex circuits in the fly visual 
system. Anatomical studies using Golgi impregnation (pioneering work of Cajal and 
Sánchez, 1915; Strausfeld, 1970; Strausfeld and Nässel, 1980; Fischbach and 
Dittrich, 1989) described visual interneurons in Dipteran fly species. The optic lobe is 
divided into four neuropil layers built from columnar neurons and non-columnar 
tangential neurons. Under the retina the following visual centers are distinguished: lamina 
(La), medulla (Me), lobula (Lob) and lobula plate (Lp) (Fig.1). Two major types of cells, 
columnar and tangential neurons, are ordered in a characteristic mosaics representing the 
ommatidia of the retina. The regular anatomical structure of the insect optic lobe can be 
seen for instance in Musca domestica (Fig.2). 
 
 
 
 

                                  
 
Fig.1. The general structure of the optic lobe in flies. The retina (Re) contains more than 700 ommatidia, 
each with 8 photoreceptors. The light signals are filtered, sorted and amplified in about 700 cartridges 
(neuronal modules) in the lamina (La). Further filtering and image processing occurs in about 700 medulla 
(Me) columns. The proximal layers of the optic lobe consist of the anterior lobula (Lob) and the posterior 
lobula plate where major motion detection is processed (Lp).  
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Fig.2. Several types of columnar and a few tangential neurons in the lamina of Musca domestica visualized by Golgi 
impregnation (modified from Strausfeld and Nässel, 1980). Some neurons such photoreceptors (R1-6), local wide-field 
neurons (Am1, Am2) arborize in the lamina only. Other types (R7-8, L1-5) terminate in the medulla. The rest arborize 
in the medulla, but terminates in the lamina or distal to the lamina (C2-3, T1 and Tan1-2 respectively). A similar in 
morphology of columnar neurons is seen in the lamina and medulla of Drosophila melanogaster (Fig.3). 

       
Fig.3. Schematic composition of the lamina neurons in Drosophila melanogaster revealed by Golgi impregnation 
(modified from Meinertzhagen and O’Neil, 1991; Fischbach and Dittrich, 1989). Wide field amacrine neuron (Am) and 
wide-field tangential neuron immunoreactive to serotonin (5-HT-IR Tan) are visualized in the left diagram. Different 
types of neurons found in the lamina with projections of some of them to the medulla are displayed in the right 
diagram: 6 photoreceptors (R1-6) of each ommatidium terminate in the lamina. R7-8 terminate in the medulla layers as 
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well as 5 types of large monopolar neurons (L1-L5). 2 types of centrifugal neurons (C2-C3) arborize in the medulla 
and terminate in the lamina similarly to the one T-shaped centripetal neuron T1 and one wide field tangential neuron 
(Tan). 
 
Retina 
The compound eye of the fruitfly contains more than 700 hexagonaly packed (in cross-
section) units called ommatidia (about 780 in females and about 730 in males; Wolff and 
Ready, 1993). Each ommatidium (Gr. ommatos = eye) consists of a cuticular lens and a 
crystalline cone, under which eight photoreceptors (retinular cells, R1-R8), supporting 
cells and six pigment cells are located. The photosensitive part of the photoreceptor cell 
is the rhabdomer composed of densely packed microvilli, where photopigment is located 
and phototransduction occurs (Hardie, 2001). Axons of six photoreceptors (R1-6) from 
each ommatidium exit the retina and terminate in units named cartridges in the lamina. 
These six photoreceptors receive light intensity signals used to discriminate contrast, 
shapes and motion and are analogs to mammalian rods (Morante and Desplan, 2008). 
R7 and R8 are called inner photoreceptors (because are located in the central axis of the 
crystalline cone) send axons to the medulla (Trujillo-Cenóz, 1965; Boschek, 1971). The 
R7 and R8 are specialized in color detection analogous to mammalian cones. 
Photoreceptors express 6 different opsin genes (Salcedo et al., 1999): Rh1 -Rh6. The 
major visual pigment, Rhodopsin1 (Rh1) is expressed in R1-R6 and displays spectral 
sensitivity with its peak in blue (O’Tousa et al., 1985). R1-R6s are the most efficient at 
low intensities of light (Heisenberg and Buchner, 1977; Fischbach, 1979). The 
photoreceptors, R7 and R8 dominate in phototactic behavior at higher light intensities. 
The R7s express Rh4 and in 30% Rh3 (Fortini and Rubin, 1990). Both R7 and R8 have 
their spectral sensitivity in the UV range. R8s express Rh5 or Rh6 and absorb 
predominantly blue or green-yellow light respectively (Bausenwein et al., 1992; Chou 
et al., 1996, 1999; Salcedo et al., 1999). Rh2 – a violet absorbing rhodopsin, is expressed 
in the simple eyes (ocelli) located on the vertex of the head (Cowman et al., 1986). 
 
Lamina 
 The most extensively studied part of the visual system, the lamina, contains about 
800 ordered units called optical cartridges or cartridges (Trujillo-Cenóz, 1965). Each 
cartridge contains 17 described types of neurons shown in Fig.2 and Fig.3 and 
characterized in Table 1. Additional to the local lamina neurons (amacrine cells), there 
are retinal centripetal (L1-5) and centrifugal neurons (C2-3) connecting the lamina to the 
medulla (Cajal and Sanchez, 1915; Strausfeld, 1970). 
 
Table 1. General characteristics of the lamina neurons within a single cartridge. 
 

Cell type Symbol Localization Function 
Photoreceptors R1-R6 

 
R7-R8 

Cell bodies localized in the retina; 
R1-R6 terminate in lamina 
cartridges; R7-R8 terminate in the 
medulla 

Phototransduction, 
Depolarize at light stimuli 
R1-6 specialized in contrast, 
shape and motion detection, R7-8 
specialized in color vision 
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Monopolar cells 
Interneurons 

L1-L5 Cell bodies located above the 
lamina, terminate in the medulla; 
L1 and L2 receive inputs from 
photoreceptors, their axons with 
extensive dendrites are located in 
the middle of cartridges 

Amplify and relay signals from 
photoreceptors, regulate 
photoreceptor activity, are 
hyperpolarized by activated R1-
R6, send signals to the medulla 

Centrifugal cells C2-C3 Cell bodies located below the 
medulla, terminate in the distal part 
of the lamina 

Inhibitory neurons with their 
output in the lamina 

Amacrines Am Intrinsic lamina neurons, cell 
bodies below lamina 

Wide-field regulation of several 
neighboring cartridges 

T-shape cells 1 T1 Their β-processes surround 
cartridges like a basket, cell bodies 
between lamina and medulla 

Signal to the medulla 

 
 

Neurons forming a single cartridge have highly ordered spatial topology visualized in 
Fig.4. Detailed anatomy of neuronal connections within the cartridge of Drosophila was 
revealed with electron microscopy (Meinertzhagen and O’Neil, 1991). The core of each 
cartridge consists of two monopolar interneurons L1 and L2. These monopolars are 
surrounded by α- and β-processes of the amacrines and T1s respectively and by 6 
terminations of retinula cells (R1-6). L1 and L2 neurons get input from photoreceptors 
via tetrad synapses (containing one presynaptic element and three postsynaptic elements, 
Trujillo-Cenóz, 1965; Boschek, 1971; Burkhardt and Braitenberg, 1976; Nicol and 
Meinertzhagen, 1982), (Fig.4.A). Additionally, these monopolars make feedback 
synapses with photoreceptors and L4 monopolar cells (Fig.4.C).  L4 neurons form a 
network in the proximal part of the lamina via collaterals contacting L4 neurons in other 
cartridges (Braitenberg and Strausfeld, 1973; Strausfeld and Campos-Ortega, 1973a; 
Meinertzhagen and O’Neil, 1991).  

Beside neurons within cartridges there are two other groups of cells in the lamina 
region. Distally to the optical cartridges there are branches of two types of lamina wide-
field neurons (Lawfs): Lawf1, Lawf2 (Fischbach and Dittrich, 1989). Additionally two 
other wide-field tangential neurons called the large bilateral optic lobe serotonin-
immunoreactive neurons (LBO5HTs) send processes distally to the lamina (Nässel, 1988, 
1991). The final type of lamina cells consists of six types of glial cells: fenestrated-, 
pseudocartridge-, epithelial-, distal-and proximal-satelite glia and marginal glia 
(Boschek, 1971; Saint Marie and Carlson, 1983; Eule et al., 1997). Some glial cells 
express clock genes and may regulate circadian rhythms in the peripheral visual system, 
others are involved in several house-keeping functions such as neurotransmitter 
metabolism or ‘nourishment’ of lamina neurons (Eule et al., 1997). 
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Fig.4. Spatial organization of the neurons within the cartridge revealed through the analysis of electron microscopy 
Golgi images (modified from Meinertzhagen and O’Neil, 1991). On the left: synaptic contacts between selected 
lamina neurons are enlarged in boxes in the middle. A. The tetrad synapse. Photoreceptor provides inputs to three types 
of second-order neurons: L1, L2 and amacrine cells, B. The synapse between α-processes of the amacrine neurons and 
photoreceptor and third-order T1 cell, C. The feedback synapse between L2 neuron and photoreceptor and third-order 
L4 neuron, D. A collateral of the L4 neuron from neighboring cartridge connects L2 monopolar cell and another L4 
neuron, E. The C2 or C3 cells input to the monopolar neurons. On the right: a cross-section of the lamina neurons in 
the cartridge.  
 
Medulla 
 Neurons of the lamina send axons into the second neuropil layer, the medulla, 
through the first optic chiasma. The medulla appears to be the most complex neuropil 
within the optic lobe regarding the number of types of columnar neurons. A single 
column consists of about 60 different neurons: the photoreceptor terminals (R7-8), axon 
terminations of 10 neurons from the lamina and about 34 medulla columnar neurons. 
About 74 neurons appear in a smaller number of columns (Fischbach and Dittrich, 
1989; Takemura et al., 2008). The types of neurons in the medulla are listed in Table 2. 
The medulla is topologically subdivided into 10 layers formed by multiple stratified sets 
of processes from various neurons. The layer 7 called the serpentine layer divides the 
medulla in an outer and inner neuropil. The serpentine layer is formed by thick axons of 
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large tangential neurons (Strausfeld and Nässel, 1980). In 1989, Fischbach and Dittrich 
proposed that the medulla layers reflect a structural division of organized functional 
pathways. It has been claimed (Strausfeld and Lee, 1991) that in the fly there is a 
division between parallel pathways subserving colour-blind movement-sensitive and 
colour-coded visual processing, similar to the division into parvo- and magnocellular 
pathways in mammals. The medulla is connected to the lobula and the lobula plate via the 
second chiasm. 
 
Table 2. Characteristics of the columnar neurons in the medulla revealed by Golgi impregnation 
(Fischbach and Dittrich, 1989; Takemura et al., 2008; Raghu and Borst, 2011).  
 
 

Cell type Symbol Localization 
Medulla intrinsic neurons Mi1-10 Connect the distal with the proximal 

medulla 
Transmedullary neurons Tm1-26 Connect the distal medulla to the lobula 

Transmedullary Y cells TmY1-12 Connect the distal medulla with both the 
lobula and lobula plate 

T cells T2-3 Connect the proximal medulla with the 
lobula 

Y cells Y Connect the proximal medulla with the 
lobula and lobula plate 

 
 
Lobula 
 The third neuropil, the lobula, is subdivided into 6 layers (Lo1-Lo6). Anatomical 
studies constituted 4 classes of neurons: (1) Lobula intrinsic neurons (Li1-2), (2) lobula 
columnar neurons (Lcn1-8) connecting the lobula with the protocerebrum, (Fischbach 
and Dittrich, 1989); (3) Neurons of the dorsal eye zone (marginal zone) – probably 
involved in the analysis of the polarized light (Fortini and Rubin, 1990); (4) Several 
types of the wide field neurons (Fischbach and Dittrich, 1989). Recent studies using 
Gal4-enhancer trap lines revealed 44 neuron types connecting the lobula with the central 
brain (Otsuna and Ito, 2006), however their function is still not known. 
 
 
 
Lobula plate 
 The lobula plate is the thinnest neuropil of the optic lobe, but the best 
characterized regarding its function. About 22 large wide-field motion-sensitive neurons 
branch into four lobula plate layers: Lop1-4 (Buchner et al., 1984; Borst and Weber, 
2011). Different technics like genetic dissection (Bausenwein et al., 1986), laser ablation 
(Geiger and Nässel, 1982) and electrophysiological recordings (Gauck and Borst, 
1999) revealed the importance of the lobula plate, in controling compensatory motions of 
both the head and body in flight and during walking in response to turning stimuli 
(Hausen and Egelhaaf, 1989; Borst et al., 2010).  
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Neuronal circuits 
 

Knowing the anatomical organization of the fly visual system (neuronal 
hardwiring), a key question appears: how all these neurons signal to each other to process 
light stimuli (neuronal ‘software’). Neurons communicate with each other by transmitting 
electrical or chemical signals through the neuronal connections called synapses. 
Additionally a non-synaptic paracrine signaling, where the target cell is located near 
(para) the signal-releasing neuron, also exists. The rate of neuronal communication 
depends on the signal released by a neuron, type of connection between two neurons and 
type of receptors located on the target neuron. Most visual processes are fast events 
relying on fast neurotransmission. However phenomena such as light adaptation and 
sensitivity levels can be set by slow modulatory actions. 

 
 
Fast neurotransmission  
 The fastest signaling between neurons occurs at specialized contacts called 
electric synapses or gap junctions. The wave of depolarization propagates directly from 
one neuron to another with the speed of about 120 m/s. In the fly lamina symmetric gap 
junctions are extensively present in R1-R6 axons (Ribi, 1978), interneurons and glial 
cells (Saint Marie and Carlson, 1983).  
 Another kind of fast neurotransmission occurs at junctions called chemical 
synapses. The electric signal is transformed and propagated by chemical messengers 
called neurotransmitters and decoded on another neuron via ionotropic receptors, which 
are ligand-gated ion channels (LGICs) (Squire, 2003). Release of neurotransmitters is 
induced by intracellular increase in Ca2+ levels in response to the membrane 
depolarization. Neurotransmitters are simple molecules synthesized in the axon terminal 
and stored in small vesicles in the presynaptic side of the neuron. Several molecules are 
classified as neurotransmitters starting from amino acids like glutamate, glycine, 
aspartate, gamma-aminobutyric-acid (GABA); as well as the biogenic amines such 
dopamine, serotonin, octopamine, histamine and others such as acetylcholine and purines. 
Among them the most commonly utilized by neurons in Drosophila are the classical 
neurotransmitters (acetylcholine, GABA, glutamate, histamine, serotonin, dopamine and 
octopamine). Many of these neurotransmitters (but not dopamine, octopamine nor 
serotonin) bind to LGICs in membranes of the postsynaptic neurons, which in response 
change the conformational state and allow ions to flow through. LGICs are multimeric 
transmembrane channels, selective to one or more ions (Ca2+, Cl-, K+, Na+). Depending 
on ion channel, the ionotropic receptor is excitatory when its activity leads to 
depolarization of the membrane of the postsynaptic region, or inhibitory, when it causes 
hyperpolarization. Several ionotropic receptors with their structural characterization and 
localization in Drosophila melanogaster are listed in Table 3 below. Among them 
histamine-gated chloride channels (HisCls) were detected functionally in the visual 
system (Hardie, 1989). GABAA receptor and nicotinic acetylcholine receptor were 
indicated on the lateral clock neurons that project to the medulla (Chung et al., 2009; 
Parisky et al., 2008; McCarthy et al., 2011). 
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Table 3. The main neurotransmitter receptors involved in fast neuronal signaling in Drosophila. 
Localization in visual system and references were bolded to highlight data made in our laboratory. 
 
 

Receptor Chemical structure Function Localization 
in visual system 

References 

GABAAR 
(gamma-amino-
butyric acid 
receptor A) 

Pentameric, 
3 subunits known: 
-RDL (resistance to 
dieldrine) 
-GRD (GABA- and glycine-
like receptor) 
-LCCH3 (ligand-gated 
chloride channel 
homologue3) 
different combinations of 
these subunits 

Inhibitory receptor,  
permeable to chloride 
ions, 
hyperpolarize neuron 

Clock cells LNvs 
La, Me, Lob 

Hosie et al., 1997; 
Chung et al., 2009; 
Parisky et al., 2008; 
Enell et al., 2007; 
Kolodziejczyk et al., 
2008 (Paper I) 

GluCl 
(L-glutamate-gated 
chloride channel) 

Tetrameric, 
homomeric and 
heteromeric, 
 

Similar to the GABAAR 
but activated by 
glutamate 

Not known Raymond et al., 2005 

DGluRII  
(ionotropic Dros. 
Mel. Glutamate 
receptor) 

Tetrameric, 
5 subunits are known: 
DGluRII A-E 
 

Most of the fast 
excitatory transmission, 
Permeable to calcium, 
sodium and potassium 
cations 

Me, Lob, Lp Featherstone et al., 
2005; 
Kolodziejczyk et al., 
2008 (Paper I) 

NMDAR  
(N-methyl D-
aspartate receptor) 

Heterotetrameric 
5 subunits: 
NR1(glycine or D-serine 
binding domain) 
4 kinds of NR2 subunits (A-
D) (Zn2+ and glutamate or 
aspartate binding domains) 

Open only when the 
neuron is depolarized. 
Then Mg2+ ions unblock 
the channel and Na2+, 
Ca2+ and K+ pass 
through 

La Ultsch et al.,1993; 
Sinakevitch and 
Strausfeld, 2004 

HisCl1 
HisCl2 
(histamine-gated 
chloride channel) 

Multimeric, 
homomeric and heteromeric 
 

Permeable to chloride 
ions, 
Hyperpolarize neuron 

Tetraedric synapses in 
the lamina, 

Zheng et al., 2002;  
Hardie, 1989 

nAChR 
(nicotinic 
acetylcholine 
receptor) 

Pentameric 
2xα (ligand binding 
domain),β,γ,δ 

Excitatory, 
Permeable to Na+ and 
K+ ions 

La Sawruk et al., 1990; 
Schuster et al., 1993 ; 
Jonas et al., 1994 ; 
Satelle et al., 2006 ; 
McCarthy et al., 2011 

 
 

Modulatory action 
 Modulation of chemical signaling can render neuronal networks plastic and 
multifunctional (Birmingham et al., 2003). A single neuron can use both 
neurotransmitters and modulatory components. Slow communication between neurons 
and presynaptic modulation is based on pre- or postsynaptically located metabotropic G 
protein coupled receptors (GPCRs). Metabotropic receptors form seven helical 
transmembrane regions. After ligand binding they activate intracellular G-proteins 
responsible for several types of reactions, for example: modulation of specific ion 
channels or activation intracellular enzymatic pathways. The characteristics of the 
GPCRs studied in this thesis are presented in Table 4. One group of ligands of GPCRs 
are the so-called neuropeptides but also dopamine, serotonin and octopamine act on 
GPCRs. Neuropeptides constitute a much larger and more varied group of chemical 
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messengers than the small neurotransmitters. The neuropeptides consist of 3 to about 200 
amino acids. They are produced by gene transcription and translation in the neuronal cell 
bodies, and transported to the presynaptic site in large dense-core vesicles (Nässel, 2002). 
A selection of neuropeptides detected in the optic lobes is listed in Table 5.  
 
Table 4. Characteristics of some receptors involved in neuromodulation in the optic lobe of the fruitfly. 
Our contribution in localization of these receptors in visual system is labeled with bold font. 
 
 

Receptor Chemical 
structure 

Function Localization 
In the visual 

system 

References 

mAChR 
Muscarinic  
acetylcholine 
receptor 

heptahelical Activates phosopholipase C 
to produce inositol 1,4,5-
triphosphate  

presynaptic 
La 

Millar et al., 1995; 
Harrison et al.,1995; 
Honda et al., 2007 

DmGluRA 
Drosophila 
metabotropic 
glutamate receptor A 

Homodimeric         (2 
x heptahelical) 

Inhibits Ca2+ channels and 
adenylate cyclase 
Regulates K+channels 

pre- and postsynaptic 
Me 

Parmentier et al., 1996; 
Kolodziejczyk et al., 
2008 (Paper I) 

GABABR 
Three subtypes: 
R1-R3 

Heterodimeric       (2 
x heptahelical) 

Slow inhibition due to the 
activation of potassium 
channels in the postsynaptic 
region 
Voltage-dependent inhibition 
of the calcium channels 

pre- and postsynaptic 
La, Me, Lob, Lp 

Bettler et al., 2004; 
Enell et al., 2007; 
Kolodziejczyk et al., 
2008 (Paper I) 
 

5-HT1A 
 

heptahelical Inhibits production of cAMP Pre and postsynaptic 
La, Me, Lob, Lp 

Nichols, 2002, 2008; 
Kolodziejczyk et al., 
2011 (Paper IV) 

d5-HT1B 
Drosophila 
serotonergic receptor 
1B 

heptahelical 
 

Inhibits production of cAMP, 
Circadian processes and 
sleep 

clock neurons, 
La, Me, Lob, Lp 
 

Yuan et al., 2005; 
Kolodziejczyk et al., 
2011 (Paper IV) 

d5-HT2 
Drosophila 
serotonergic receptor 
2 

heptahelical Higher order complex 
behaviors, possibly in clock 
control 

La Nichols, 2006; 
Kolodziejczyk et al., 
2011 (Paper IV) 
 

d5-HT7 heptahelical Stimulate production of 
camp, regulates reproductive 
behavior 

La, Me, Lob, Lp Nichols et al., 2008; 
Becnel et al.,2011; 
Kolodziejczyk et al., 
2011 (Paper IV) 

PDFR 
Groom-of-PDF (gop) 

heptahelical Required for PDF neuronal 
effects on circadian phase 

Photoreceptors, clock 
cells 

Lear et al., 2005; 
Mertens, 2005 

 
 
 
 
Table 5. Characteristics of neuropeptides detected in the Drosophila visual system (Nässel and Winther, 
2010). Nd-not determined. 
 

Peptide gene Peptides GPCR 
Receptor 

Location Function 

Allatostatin A AstA 1-4 
 

CG2872 
CG10001 

Me Nd 

Allatostatin B 
(AstB/MIP) 

MIP1-5 
 

CG30106 
CG14484 

La, Me Nd 

FMRFamide dFMRFa 1-8 CG2114 Me Nd 
Sulfakinins DSK CG6857 Me Nd 
Myosuppressins DMS CG8985 

CG13803 
Me Nd 

IFamide SIFamide CG10823 Me, Lob  Nd 
Ion transport peptide ITP L1-2 Nd Me (aMe) clock role 
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(ITP) 
IPNamide IPNa Nd Me Nd 
Neuropeptide F (short) sNPF 1-4 

 
CG7395 Me, Lob Nd 

Pigment dispersing 
factor (PDF) 

PDF CG13758 Me clock role 

Proctolin Proct CG6986 Lob Nd 
Tachykinin 
(DTK/Drotachykinin) 

DTK-1-6 
 

CG7887 
CG16752 

Me, Lob Nd 

 
 
The circadian clock 

Most organisms on Earth display rhythmic activity patterns: they are active during 
the day and sleep at night or vice versa. Behavioral, metabolic and cellular processes are 
synchronized with daily environmental changes due to the robust modulation of the 
internal biological clock. There are about 150 clock cells in the adult Drosophila brain 
(about 0.06% of all brain neurons). These contain the cell-autonomous photoreceptor 
cryptochrome  (in most but not all clock cells) and several clock proteins expressed by 
clock genes (period, timeless, clock, cycle, doubletime, shaggy, vrille, par domain protein 
1ε, casein kinase 2). Cyclic expression of the clock genes is based on interlocking 
transcriptional and translational feedback loops and generate oscillations that drive output 
pathways and generate rhythmic behavior such as locomotor activity, feeding, mating and 
so on (reviewed by Allada and Chung, 2010). Clock neurons are grouped in several 
clusters displayed in Fig.5. The main pacemaker neurons called small and large ventral 
lateral neurons (LNvs) are located symmetrically in the lateral protocerebrum close to the 
accessory medulla (aMe). In larvae only clusters of small LNvs are present. Other clusters 
are located in the dorsal brain. Autonomous and semiautonomous peripheral pacemakers 
are located in different parts of the body and the CNS for example in different sets of 
glial cells, antennal chemoreceptors and Malphigian tubules (Hall, 1995; Stanewsky, 
2003). The biological clock is synchronized to environmental factors (mainly by light and 
temperature), which entrain the pacemaker neurons through multiple neuronal input 
pathways. Cryptochrome, the ocelli, the Hofbauner-Buchner eyelets and the retina are all 
involved in light entrainment.  
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Fig.5. Clock neurons in the adult brain of the Drosophila melanogaster (from Helfrich-Förster, 2002). 
The main pacemaker neurons, large l-LNvs and small s-LNvs are localized close to the accessory medulla 
(aMe). L-LNvs project to the medulla and to the second hemisphere, s-LNvs project to the dorsal brain. 
Other clusters of clock neurons, DNs, PLs and LNds are localized in the dorsal region of the brain. 
Photoreceptors R7, R8 are labeled in yellow, the Hofbauer-Buchner eyelet (asterisk). 
 
Peripheral circadian oscillators in the visual system 

In the lamina two kinds of peripheral clock-gene expressing cells were described: 
the retinal photoreceptors and glia. Plastic circadian changes in photoreceptor terminals 
are seen in the number of synapses and volume of certain axons (Pyza and 
Meinertzhagen, 1993; Barth et al., 2010) and in the vertical migration of screening 
pigment in the photoreceptor terminals (Pyza and Meinertzhagen, 1997). Barth et al., 
2010 claim that light has a bimodal function via photoreceptors: (1) to run 
phototransduction and (2) to sustain autonomous circadian rhythms. Other neurons, that 
display circadian volumetric changes, are the monopolar interneurons L1 and L2 (Pyza 
and Meinertzhagen, 1995). Axons of these interneurons swell during the day and shrink 
by night. Other studies revealed morphological changes driven by the clock in nuclei and 
dendritic spines of the L2s (Gorska-Andrzejak et al., 2005); Both of these are larger 
during the day. It was speculated that circadian regulation in lamina interneurons is 
provided by epithelial glial cells (Siwicki et al., 1988), which exhibit circadian changes 
in volume opposite to that of monopolars: they shrink during the day and enlarge by night 
(Pyza and Meinertzhagen, 1995, 1996). Observed plastic changes in lamina 
components are probably controlled by light and clock genes: per and tim are present in 
photoreceptors and glia. Rescue of these clock genes in R1-6 sustains volumetric changes 
in the lamina (Barth et al., 2010). 
 
Neuromodulators involved in circadian plasticity of the visual system 

Clock proteins and light are not the only factors involved in neuronal plasticity of 
the visual system. Injections of neurotransmitters and neuromodulators into the lamina 
region of Musca domestica induce different effects on monopolar cells. Glutamate and 
GABA decrease diameters of the monopolar neurons, while histamine, serotonin and 
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pigment dispersing factor (PDF) increase them (Pyza and Meinertzhagen, 1996; 
Meinertzhagen and Pyza, 1999). 

The neuropeptide PDF is the main output factor released by LNv clock neurons. 
The large LNvs arborize widely in the outer medulla and they are involved in light 
entrainment, and regulation of activity during morning anticipation (Mertens et al., 
2005; Shafer et al., 2008). In response to PDF signaling, cAMP levels are increased in 
target neurons, which clusters in the dorsal brain responsible for the evening activity peak 
(LNds and DN1s) (Shafer et al., 2008; Lear et al., 2009).    

Another modulator involved in circadian plasticity of the visual system is 
serotonin (Page, 1987; Pyza and Meinertzhagen, 1996; Cymborowski, 1998, 2003; 
Yuan et al., 2005; Rodriguez Moncalvo et al., 2009). Injections of serotonin into the 
visual system induce changes in circadian rhythms and light responses (Chen et al., 
1999). Although clock cells do not produce 5-HT some of them seem to be activated by 
this neurotransmitter. 5-HT is involved in light entrainment of LNvs acting via the 5-HT1B 
receptors (Yuan et al., 2005). Another receptor 5-HT1A is involved in sleep behavior 
(Yuan et al., 2006). In the visual system a wide-field serotonin neuron type called 
LBO5HT send processes to the vicinity of the lamina and innervate all other parts of the 
optic lobe and they are suggested to be the major neurons globally modulating the visual 
system in flies (Nässel et al., 1988), however the target neurons have not been described 
yet.  
 
 

AIMS OF THIS THESIS 
 
 New molecular methods available for anatomical visualization of gene expression 
in Drosophila inspired us to study neuronal circuits in the visual system, especially the 
lamina. This is important since the lamina has commonly been removed in most 
published investigations. No clear link has been established between the circadian 
changes in morphology of the monopolar neurons of the lamina and the main pacemaker 
neurons in the brain. And little is known about peptidergic circuits in the peripheral layer 
of the visual system in Drosophila. This inspired us to analyze this part of the brain with 
respect to classical neurotransmitters and neuropeptides. Since the neuropeptide PDF is 
not expressed in the lamina of the fruitfly in contrast to the blowflies, we were interested 
in searching for other modulation pathways in this neuropil. Thus we studied the 
distribution of acetylcholine, glutamate, GABA, serotonin and putative neuropeptide 
circuits in the lamina and also relations of these transmitters to putative peripheral clock 
cells (photoreceptors and glia) and the main clock neurons in the central brain. Finally we 
were interested in localizing receptors of neurotransmitters in the visual system to obtain 
a more detailed view of possible chemical circuitry.  
 
 

MATERIALS AND METHODS 
 

We used the binary Gal4-UAS system based on crossing two types of transgenic 
flies: one fly has the yeast transcriptional factor GAL4 downstream of an endogenous 
promoter and the second fly expresses a yeast-specific upstream activating sequence 
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(UAS), fused to a reporter gene. In the offspring the GAL4 protein activates transcription 
of gene through binding to the target sequence UAS (Brand and Perrimon, 1993). The 
reporter genes (or other genes of interest) can be green fluorescent protein (GFP), an 
RNA-interference inducing construct, a toxin, an apoptosis gene, or a protein coding for a 
gene that one wishes to express functionally. This Gal4-UAS system thus allows for a 
great flexibility in targeted expression of reporter genes in neurons of interest and is 
extremely versatile (Duffy, 2002; Olsen and Wilson, 2008; Simpson 2009; Hampel et 
al., 2011). 
 
Fly strains 

Adult wild types Drosophila melanogaster (Oregon R and w1118 strains) and 
Calliphora vomitoria were used for basic immunocytochemistry. For correlation with 
various neural phenotypes we performed immunocytochemistry on a variety of Gal4 lines 
crossed with different kinds of UAS-GFP as specified below in Table 6.  
 
Table 6. Fly strains used in experiments. 
 
Marker Fly strain Source References 
Axonal marker UAS-nsyb-gfp Bloomington Stock Center Ito et al., 1998 
C3 neurons 5-6-8/CyO;TM2/TM6B-Gal4 L.Zipursky, Howard Hughes 

Medical Institute at UCLA, 
Los Angeles, CA 

 

Choline acetyltransferase Cha-Gal4 Bloomington Stock center Salvaterra and Kitamoto, 2001 
Clock gene * Cry-gal4 (13) P.Emery, Worcester, MA Emery et al., 2000 
Clock gene Tim-Gal4 (line 62) J.C.Hall, Brandeis, MA Kaneko and Hall, 2000 
Cytoplasmatic gfp marker* UAS-s65t-gfp Bloomington Stock Center Sun et al., 1999 
Dendritic marker UAS-Dscam-gfp Bloomington Stock Center Wang et al., 2004 
GABAA receptor subunit RDL 
(resistant to dieldrine) * 

rdl-Gal4 J.Simpson, Howard Hughes 
Medical Institute at Janelia 
Farm, VI 

Kolodziejczyk et al., 2008 
(Paper I) 

GABABR2 metabotropic 
receptor 

GABABR2 - Gal4 J.W.Wang, Washington 
University, St.Louis, MO 

Root et al., 2008 

Glutamic acid decarbolase Gad1-Gal4 G.Miesenböck, University of 
Oxford, UK 

Ng et al., 2002 

L2 monopolar interneurons 21D-Gal4 Tomas Raabe, University 
Würtzburg, Germany 

Gorska-Andrzejak et al., 2005 

Membrane gfp marker * UAS-mcd8-gfp Bloomington Stock Center Lee and Luo, 1999 
Myoinhibitory peptide MIP-Gal4 Y. Kim, Gwangju, S. Korea Not published yet 
Pigment dispersing factor pdf-Gal4 J. H. Park, Brandeis 

University, Waltham, MA, 
USA 

Park et al., 2000 

Serotonin metabotropic 
receptor 1A* 

5HT1A-Gal4 Ch.Nichols, Health Science 
Center, New Orleans, LA 

Becnel et al., 2011 
Luo et al., 2011 

Serotonin metabotropic 
receptor 1B* 

5HT1B-Gal4 A.Sehgal, University of 
Pennsylvania, Philadelphia, 
PA 

Yuan et al., 2005 

Serotonin metabotropic 
receptor 2 

5HT2Dro-Gal4;UASLacZ Ch.Nichols, LSU Health 
Sciences Center, New Orleans, 
LA 

Nichols, 2007 

Serotonin metabotropic 
receptor 7* 

5HT7-Gal4 Ch.Nichols, Health Science 
Center, New Orleans, LA 

Becnel et al., 2011 

Tryptophan hydroxylase 
promoter 

TRH-Gal4 E.A. Kravitz, Boston, MA Alekseyenko et al., 2010 

Ubiquitous cellular marker for 
the globular protein tubulin 

Tub-Gal4 Bloomington Stock center, 
Indiana University, USA 

Lee and Luo, 1999 

Tyrosine hydroxylase 
(dopamine neurons) 

TH-Gal4 Bloomington Stock center, 
Indiana University, USA 

Friggi-Grelin et al., 2003 

Vesicular glutamate 
transporter 

OK371-Gal4 H.Aberle, University of 
Münster, Germany 

Mahr and Aberle, 2006 
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Insects were kept at room temperature or at 25°C in 12:12 LD (12 hours light and dark 
phases) conditions and fed standard yeast-cornmeal medium. For some crosses of GAL4-
UAS lines (asterisk in Table 6.), flies were raised at 28°C to enhance the GFP expression. 
Blowflies were kept at room temperature and fed sugar and tap water. 
 
Immunocytochemistry 

Adult fruitflies or third instar Drosophila larvae were dissected in 0.01M 
phosphate-buffered saline (pH 7.4) with 0.5% Triton X-100 (PBS-Tx), and fixed either in 
ice-cold 4% paraformaldehyde (PFA) in 0.1 M sodium phosphate buffer (PB), or in 
Zamboni’s fixative (4% paraformaldehyde and 0.5% saturated picric acid in0.1M PB, pH 
7.2) 2h on ice. In the case of α--GABA, α--GAD and α--RDL staining, tissues were fixed 
30 min in ice-cold Bouin’s fixative (600 µl saturated picric acid, 200 µl 37% 
formaldehyde, 40 µl acidic acid). The fixed brains and ventral ganglia were washed in 
0.1M PB (pH 7.4), and incubated with either of the primary antibodies listed in Table 7. 
for whole mount preparations. To obtain cryostat sections, fly heads with the proboscis 
removed were incubated with 20% sucrose in 0.1M PB over night at 4°C or 3h at room 
temperature (RT). Cryostat sections 12-50 µm thick were cut on a Leitz Cryostat at -23°C 
or on a Leica CM1850 at -22°C. After drying and washing in PBS-Tx the sections were 
incubated with primary antibodies (Table 7). Whole mount tissues were incubated with 
antibodies relatively longer than cryostat sections (depending on different penetration 
time). 

0-3 day old blowflies Calliphora vomitoria were anesthetized on ice and heads 
were cut off from the bodies in 0.01M phosphate-buffered saline (pH 7.4) with 0.5% 
Triton X-100 (PBS-Tx). After removal of proboscis and the posterior cuticular wall, 
opened heads were fixed in freshly prepared ice-cold 4% PFA in 0.1M sodium phosphate 
buffer (PB, pH 7.4) for 3 hours. After rinsing in PB brains were cleaned from trachea, air 
sucs and fat and then incubated over night in 20% sucrose in 0.1 M PB for 
cryoprotection. Brains for the whole mount preparations were additionally cleaned from 
retinas to avoid diffuse fluorescent pigment staining in non-pigmented parts of the brain 
and kept under mild vacuum for the 30 min to remove the air trapped within the tracheal 
system (the air trapped in the trachea deflects the laser beam during confocal imaging). 
Cryostat sections 25-40 µm thick were dried for about 20 min and washed with PBS-Tx. 
Tissues and sections were incubated 2 days in 28°C and 2 days in 4°C, respectively, with 
different primary antisera for double labeling. All antisera were diluted in PBS-Tx with 
0.05% sodium azide to avoid contamination. After washing in PBS-Tx tissues were 
incubated with the secondary antibodies. At least five brains for each 
immunocytochemical reaction were analyzed. 
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Table7. Antibodies used in the thesis. For all used antibodies the dilution and type of fixative were 
optimized to obtain the best staining result.  
 

antiserum antigen fixative dilution source (references) 
Nc82   mouse 
monoclonal 

Bruchpilot  , presynaptic 
protein 

4% PFA 1:50 Developmental Study Hybridoma Bank, 
NICHD, Iowa 
(Wagh et al., 2006) 

ChaT 4B1              
mouse monoclonal 

Choline acetyltransferase 
(recombinant protein) 

4% PFA 1:1000 Developmental Study Hybridoma Bank                                
(Takagawa and Salvaterra, 1996) 

DLG                        
mouse monoclonal 

Discs large protein 
(recombinant protein, PDZ2 
domain) 

4% PFA 1:2000 Developmental Study Hybridoma Bank, 
NICHD, Iowa 
(Parnas et al., 2001) 

DmGluRA #7G11   
mouse monoclonal 

Drosophila metabotropic 
glutamate receptor A  
(recombinant protein) 

Zamboni 1:10 European Molecular Biology Laboratory, 
Heidelberg, Germany (Eroglu et al., 2002) 

DTK                  
rabbit polyclonal 

Tachykinin-related peptides 4%PFA 1:2000 (Winther and Nässel, 2001) 

DvGluT C-term,     
rabbit polyclonal 

Drosophila vesicular glutamate 
transporter (peptide sequence) 

Zamboni, 
Bouin         
4% PFA 

1:10 000 A. DiAntonio, University of California, 
LA  (Daniels et al., 2004) 

DvGluT  C-term   
affinity purified          
rabbit polyclonal 

Drosophila vesicular glutamate 
transporter (amino acids 561-
632) 

Zamboni,    
4% PFA 

1:500 H. Aberle, Münster University, Germany 
(Mahr and Aberle, 2006) 

DvGluT C-term      
rabbit polyclonal 

Drosophila vesicular glutamate 
transporter (amino acids 561-
632) 

Zamboni,   
4% PFA 

1:1000 H. Aberle, University of Münster, 
Germany (Mahr and Aberle, 2006) 

DvGluT N-term      
rabbit polyclonal 

Drosophila vesicular glutamate 
transporter (amino acids 21-87) 

Zamboni,   
4% PFA 

1:1000 H. Aberle, Münster University, Germany 
(Mahr and Aberle, 2006) 

Ebony                
rabbit polyclonal 

Epithelial glial cells in the 
lamina 

4%PFA 1:1000 B.Hovemann, Ruhr-Universität, Bochum, 
Germany (Richardt et al., 2002) 

dFMRF              
rabbit polyclonal 

FMRFamides-related peptides 4%PFA 1:1000 P. Taghert, St Louis, MO (Chin et al., 
1990) 

GABA     #A2052       
rabbit polyclonal 

γ-aminobutyric acid (GABA-
BSA) 

4% PFA 1:2000 Sigma-Aldrich (Hamasaka et al., 2005) 

GABABR2               
rabbit polyclonal 

GABAB receptor 2 (peptide 
sequence) 

4% PFA 1:1000 (Hamasaka et al., 2005) 

GAD-1                    
rabbit polyclonal 

Glutamic acid decarboxylase-1  
(purified protein) 

Zamboni, 
Boiun 

1:1000 F. R. Jackson (Featherstone et al., 2000; 
Jackson et al., 1990) 

β-Gal                
mouse monoclonal 

Beta-galactosidase 4%PFA 1:2000 Promega, Mannheim, Germany 

GFP                  
mouse monoclonal 

Green fluorescent protein from 
Aequorea victoria 

4%PFA 1:1000 Code #A-6455; Invitrogen, Carlsbad, CA 

GFP                         
mouse monoclonal 

Green fluorescent protein from 
Aequorea victoria (purified 
protein) mAb 3E6 

4% PFA, 
Zamboni, 
Bouin 

1:1000 Molecular Probes, Leiden, Netherlands, 
code A-11120 

GFP                   
rabbit polyclonal 

Green fluorescent protein 4%PFA 1:1000 Molecular Probes, Leiden, Netherlands, 
code A-11120 

ITP                     
rabbit polyclonal 

Locust ion transport peptide 
(Schistocerca gregaria) 

4%PFA 1:1500 N.Audsley (Ring et al., 1998), (Dircksen 
et al., 2008) 

Mcd8                      
rat monoclonal 

Mouse cell deficiency protein 8 4%PFA 1:100 Invitrogen, Carlsbad, CA MCD0828 
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antiserum antigen fixative dilution source (references) 
MIP                  
mouse monoclonal 

Moth myoinhibitory peptide 
(Bombyx mori) 

4% PFA 1:800 A.Mizoguchi (Yamanaka et al., 2010) 

MIP                   
rabbit polyclonal 

Cockroach myoinhibitory 
peptide (Periplaneta americana) 

4% PFA 1:4000 C.Wegener and M.Eckert (Predel et al., 
2001) 

NMDA1  
mouse monoclonal 

Ionotropic glutamate receptor 
(mammalian) (recombinant 
protein) Subunit mab363 

Bouin 1:500 Chemicon, Temecula, CA  

PDF                  
mouse monoclonal 

Pigment dispersing factor 
precursor 

4%PFA 1:10 000 Code nb33, Hybridoma Bank (Hofbauer 
et al., 2009) 

PDH                   
rabbit polyclonal 

Β-Pigment dispersing hormone 

Uca pugilator (crab) 

4%PFA 1:40 000 H.Dircksen (Dircksen et al., 1987) 

RDL subunit                   
N-term                           
rabbit polyclonal 

Drosophila ionotropic GABA 
receptor  RDL   (peptide 
sequence) 

Zamboni, 
Bouin 

1:40.000 (Enell et al., 2007) 

5-HT                 
mouse monoclonal 

serotonin 4%PFA 1:80 Clone 5HT-H209; Daco, Copenhagen 

5-HT                    
rabbit polyclonal 

serotonin 4%PFA 1:1000 Sigma-Aldrich, catalog No. S-5545 

SIF                     
rabbit polyclonal 

Neuropeptide SIFamide 4%PFA 1:4000 J. Veenstra, Bordeaux, France (Terhzaz et 
al., 2007) 

sNPF                   
rabbit polyclonal 

Short neuropeptide F 4%PFA 1:4000 J. Veenstra, Bordeaux, France (Johard et 
al., 2008) 

TH                     
mouse monoclonal 

Tyrosine hydroxylase 4%PFA 1:250 Imunostar, Hudson, WI 

vAChT   C-term       
rabbit polyclonal 

Drosophila vesicular 
acetylcholine transporter  
(amino acids 441-546) 

4 % PFA 1:1000 T. Kitamoto, (Kitamoto et al., 1998) 

 
Peroxidase-based immunolabeling  

After incubation with primary antisera, brains for the whole mount or sections 
were washed in PBS-Tx and incubated with biotinylated goat antibodies (Daco, 
Copenhagen) at dilution 1:300 for 2h in RT. After rinsing in PBS-Tx the brains were 
incubated with streptavidin-peroxidase complex for 1h in RT (ABC, PK-6100 Standard, 
Vector Laboratories, Inc.). After washing in PBS-Tx and 10 min in 0.05 M tris 
(hydroxymethyl) methylamine (TRIS) buffer and preincubated in 0.03% 3.3-
diaminobenzidin (DAB; Serva Gmbh, Cat. No 18865) in 0.05 M TRIS for 30 min. 
Incubation in DAB with 0.01% H2O2 (Merc, Dormstadt) in 0.05 M TRIS was from 2-5 
min. After washing in buffer the tissues were mountes in glycerol or dehydrated in 
ethanol and mounted in PermountTM (Fisher Scientific). 
 
Imaging 

Confocal scans of specimens were obtained using a laser scanning microscope 
(Zeiss LSM 510; Zeiss, Jena, Germany) at magnification 20x, 40x oil and 63x oil at an 
optical thickness ranged 0.5-10.5µm and processed with the Zeiss LSM software. Images 
were edited in Adobe Photoshop CS3 Extended version 10.0. Specimens labeled with 
peroxidase-based immunocytochemistry were used for tracing with a Camera Lucida 
attachment to a bright-field microscope. 
 



 24 

 
RESULTS WITH DISCUSSION 

 
 
PAPER I 
 
Glutamate, GABA and acetylcholine signaling components in the lamina of the 
Drosophila visual system. 
 
 The overture to our studies of neuronal circuits in the visual system of Drosophila 
was an attempt to analyze signaling pathways of the classical neurotransmitters, 
glutamate (Glu), GABA and acetylcholine (ACh) together with some of their receptors. 
We focused on the most peripheral neuropil located beneath the photoreceptors, the 
lamina. Very often this neuropil is discounted in publications and therefore detailed data 
about neurotransmitters and their receptors in this region are missing.  
 Localization of the transmitters to circuits in the lamina was facilitated by the 
earlier beautiful anatomical work of Fischbach and Dittrich, 1989. These authors have 
classified 18 types of lamina neurons revealed by Golgi silver staining. Knowing the 
exact location and morphology of these neurons we could easily decide, in which type of 
neurons we detected our antibody labeling. Interestingly it appeared, that not all types of 
neurons were classified previously. Due to the rdl-Gal4 line we discovered a novel type 
of tangential neuron, branching in the distal region of the lamina.  
 Our work focused on three neurotransmitter systems: cholinergic, glutamatergic 
and GABAergic neurons in the optic lobe. In our study we managed to outline only one 
type of circuit utilizing GABA signaling. We detected this neurotransmitter in two lamina 
centrifugal neurons, C2 and C3, where they signal to each other via the metabotropic 
receptor GABAB. Additionally, in the dorsal lamina region they may signal to a wide-
field neuron expressing an acetylcholine marker and GABAB receptors. Interestingly we 
could see the expression of the GABAB receptor on unidentified neuron contacting tightly 
C3, and C2. The ionotropic GABAA receptor seems to be expressed by a novel wide-field 
tangential neuron with processes above the lamina cartridges. However, we were not able 
to determine the exact regions of the receptor expression since we used a Gal4-driver. In 
summary we detected five putative neuronal targets of GABA-ergic signaling in the 
lamina. 
 We failed in immunocytochemical localization of receptors for two other 
neurotransmitters, Glu, and ACh despite huge efforts to optimize the 
immunocytochemical methodology. We did not manage to obtain distinct staining in the 
lamina with antisera to NMDA1 and DmGluRA receptors, both of which were detectable 
in other parts of the brain. This could be caused either by very low levels of receptor 
expression in the lamina, or most probably, by the problems with fixation of the lamina. 
Several experiments indicated that the lamina is a very hard tissue to fix, maybe because 
it is located just below the non-permeable cuticula of the compound eye.  
 Similar problems with receptor detection we had for cholinergic signaling. 
However we found the expression of choline acetyltransferase (Cha) suggesting the 
neurotransmitter acetylcholine in L4 monopolar neuron, not described before.  
 In summary, the lamina constitutes a complex neural network with multiple 
circuits. As novel findings we mapped putative cholinergic neurons in the lamina and  
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revealed the distribution of the GABAB receptor. In Table 8 the types of lamina neurons 
expressing classical neurotransmitters, glutamate, acetylcholine and GABA are listed. 
Electron microscopy and fluorescent immunocytochemistry revealed glutamate in L1 and 
L2 monopolar neurons. ACh and GABA are both present in the internal circuits within 
single cartridges but also they seem to participate in more global regulation of the lamina 
function through tangential neurons. Especially, GABA seems to act mainly in the dorsal 
lamina region (on a tangential neuron that is Cha-expressing) while ACh signaling is 
present both in dorsal and ventral lamina regions (cha-Tan neuron and L4 neuron, 
respectively).  
 

Neurotransmitter Marker Neuron type Receptor 
α-Glutamate L1,2  
α -vGluT L1,2 (cell bodies), 

Amacrine  processes 
 

Glutamate 

v-GluT-Gal4 L2  
α -ChaT L1,2,4, Cha-Tan 

(Tan1) 
 

α -vAChT L4  

Acetylcholine 

Cha-Gal4 Cha-tan (Tan1) α -GABABR 
 Rdl-Gal4 Rdl-tan (Tan2) α -GABAAR 

α -GABA C2,3 α -GABABR 
α -GAD C2,3  

GABA 

α -vGAT C2,3  
 
Table 8. The classical neurotransmitters glutamate, acetylcholine and GABA were revealed in the lamina 
neurons by various markers. Only receptors to GABA were detected distinctly in the lamina.  
 
 
PAPER II and III 
 
II. A novel wide field neuron with branches in the lamina of the Drosophila visual 
system expresses myoinhibitory peptide and may be associated with the clock. 

and 
III. Myoinhibitory peptide (MIP) immunoreactivity in the visual system of the blowfly 
Calliphora vomitoria in relation to putative clock neurons and serotonergic neurons. 
 
 Our next challenge was to reveal the neuronal link between the peripheral optic 
lobe (the lamina) and the biological clock in the lateral brain. Several studies have 
highlighted the action of clock function in the photoreceptor and lamina neurons (Pyza 
and Meinertzhagen, 1993, 1995, 1997; Gorska-Andrzejak et al., 2005; Siwicki et al., 
1988) visual system. The lamina is composed of a very plastic cellular network, with 
components that are swelling and shrinking in a circadian manner. In other Dipteran 
insects it was shown, that some of the main pacemaker neurons expressing the 
neuropeptide PDF are located at the base of medulla and send axonal projections to the 
medulla and the lamina (Nässel, 1991; Nässel et al., 1991, 1993; Pyza and 
Meinertzhagen, 1996). In Drosophila, however, PDF expression in these neurons is 
restricted only to the medulla (Helfrich-Förster, 1995; Helfrich-Förster and Homberg, 
1993; Nässel et al., 1993), still there is the same number of PDF-containing clock 
neurons with similar location in Drosophila and the other species. Therefore the obvious 
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question is: are there any other neuropeptide expressed in processes near the Drosophila 
lamina, which may replace PDF? 
 Our investigation started with screening of neuropeptides expressed in the visual 
system. Only MIP was detected in the lamina region, and only at magnifications higher 
than 20x this staining was distinct. After careful tracing of the MIP-immunolabeled 
processes in the optic lobe we found their origin in a cluster of 3 LMIo neurons located 
close to the PDF-expressing LNvs at the base of the medulla. LMIo neurons have large 
cell bodies, comparable to the size of the LNvs, but are located more to the ventral side of 
the lateral protocerebrum. Two of LMIo neurons project to the medulla, while the third 
one sends processes to the distal part of the lamina and branch widely in this region. This 
we could reveal only much later with the 5-HT1A-Gal4. Using MIP-Gal4-driven GFP 
expression in the postsynaptic (dendritic) regions by mean of a UAS-DscamGFP line we 
obtained data that suggest that the dendritic region of the LMIo neurons is located in the 
dorsal protocerebrum and that MIP is released within the optic lobe (Fig.6). 
 

              
 
Fig.6. The localization of possible input regions of the LMIo neurons. Postsynaptic expression of the GFP 
as determined by MIP-gal4 crossed to UAS-Dscam-GFP was combined with antibody staining against 
neuropeptide MIP (magenta). (A) MIP-Dscam-GFP signal is very distinct in the dorsal region of the 
photocerebrum (DLP) where the LMIo neurons arborize (B). (C). In the medulla (Me) the GFP signal is 
very low comparing to the anti-MIP staining (D) suggesting that the dominant input region is not in the 
optic lobe, but in the dorsal brain. 
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The next step was to analyze the MIP expression in other dipteran insects 
expressing PDF in the lamina region. The blowfly Calliphora vomitoria was selected for 
analysis. Rich branching in the lamina of the PDF-immunolabeled neurons was detected. 
Interestingly, no MIP-expressing wide-field branches were seen distal to the lamina in 
Calliphora although the three large cell bodies (similar to LMIo) were detected.We also 
made a comparative analysis of two other signaling molecules: the neuropeptide ITP and 
serotonin (5-HT). In both cases (ITP and 5-HT), we saw striking a similarity in location, 
morphology and number of neurons within the visual system and other parts of the brain 
in the two species. MIP and PDF immunostaining also revealed the same number of 
neurons located in the same regions, but extensions of processes were different for MIP 
and PDF in blowfly and fruitfly. In Drosophila PDF expression is less extensive both in 
the visual system and in the central brain. Our data suggest that PDF expression in the 
lamina may be replaced by MIP in the fruitfly visual system. To confirm this hypothesis 
data are needed regarding localization of the PDF and MIP receptors. We do not know 
the direct targets of PDF and MIP signaling in the lamina, but we know that both the PDF 
neurons in the blowfly and the LMIo neuron in the fruitfly tightly contact serotonergic 
neuron branches in this region. Our next step was then to reveal the distribution of 
serotonin receptors in the visual system. 
 
 
PAPER IV 
 
Distribution of serotonin receptors in the visual system of Drosophila melanogaster.  
 

 Four types of serotonin receptors are known in Drosophila: 5-HT1A, 5-
HT1B, 5-HT2 and 5-HT7 (Saudou et al., 1992). However until this day no specific 
antibodies are available for localization. In this study we used Gal4 markers revealing the 
putative neurons expressing serotonin receptors. We mapped different types of neurons 
expressing the serotonin receptors in all neuropils of the optic lobe and found that the 
peptidergic LMIo neuron branches distal to the lamina expresses the serotonin receptor, 
5-HT1A. The 5-HT1A is additionally visualized in a serotonin-immunoreactive neuron 
with processes around the lamina, this is interestingly not the previously well-described 
LBO5HT neuron. Therefore we suggest, that an additional wide-field neuron expressing 
5-HT with branches distally to the lamina exists. To find support for this hypothesis we 
employed a UAS-apoptisis line  (UAS-rpr/hid) to kill most of the serotonergic neurons in 
the TRH-Gal4 line. These TRH-Gal4;UASrpr/hid flies were used for serotonin 
immunocytochemistry to detect any surviving neurons. We hoped, that some of the TRH 
neurons would survive but most of them get killed. We screened 40 brains of the TRH-
Gal4;UASrpr/hid cross and detected one brain with killed LBO5HT neurons (there was 
no serotonin immunoreactivity in the lobula and the lobula plate) but other serotonergic 
neurons surviving. In this brain tangential processes were detected with anti-serotonin 
antibody in the distal part of the lamina (Fig.7). Our data suggest that one of the neurons 
located at the base of medulla gives rise to the serotonergic lamina processes. This is a 
novel serotonin-positive wide-field tangential neuron that might regulate the peripheral 
visual system.  

5-HT1B and 5-HT2 receptors are both expressed in glia cells of the lamina, mostly 
in the epithelial glia surrounding the cartridges. Epithelial glia is known to express such 
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clock genes as tim and per and may be accessory clock cells. The presence of two types 
of serotonin receptors in the epithelial glia suggests a role of serotonin in the modulation 
of the part of the circadian clock circuits.  
 The expression of 5-HT7 was detected in the lamina in yet another novel 
tangential neuron. In total, we observed four types of cells and neurons responding to the 
serotonin in the lamina region: (1) LMIo neuron expressing the 5-HT1A, (2) a novel 
serotonin-positive neuron neuron expressing 5-HT1A, (3) a wide-field neuron expressing 
5-HT7 and (4) epithelial glial cells expressing 5-HT1B and 5-HT2. 
 

                                    
 
Fig.7. With the crossing TRH-Gal4;UAS-rpr/hid we eliminated most serotonergic neurons. Serotonin-
immunolabeling detected surviving neurons. Cryostat section of the optic lobe revealing the additional 
novel serotonin-positive neuron projecting to the distal part of the lamina. The cell body of this neuron is 
located in the cluster of serotonin-positive neurons located at the base of the medulla (arrow). No serotonin-
labeling in the lobula and the lobula plate clearly excludes the LBO5HT. Some serotonin staining of other 
surviving neurons is detected in lower left part of the image.  
 
 In other parts of the optic lobe: the medulla, lobula and lobula plate we localized 
three of the four serotonin receptors: 5-HT1A, 5-HT1B and 5-HT7. Our results thus reveal 
multiple sites of serotonin action in the visual system and also multiple receptor types 
that can mediate differential responses to 5-HT. In the lamina region serotonin might 
partly be released in a paracrine fashion, since we found no tight contacts between 
serotonergic processes and the epithelial glia. Tight contacts with other tangential 
neurons located distally to the lamina suggest another type of serotonergic signaling. 
Since we did not detect the presynaptic marker Bruchpilot in this area it is likely that the 
serotonergic varicose lamina branches signal to the impinging branches without 
traditional synapses.  
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PAPER V 
 
The GABAB receptor is expressed by PDF-producing clock neurons and modulates 
circadian locomotor activity in Drosophila.  
 
 An earlier study had suggested that the GABAB receptor is expressed on clock 
neurons of larvae (Hamasaka et al., 2005). We decided to investigate the role of these 
receptors in modulation of the clock output, as revealed by locomotor activity rhythms of 
the adult flies. Using anti GABABR2 (GBR2) antibodies and a GABABR2-Gal4 (GBR2-
Gal4) we detected the expression of this metabotropic receptor in small LNvs in larvae 
and the large LNvs in adult flies. We knocked down the expression of the GABAB 
receptor on PDF neurons by employing five different types of GBR2-RNAi flies. Four of 
them were made in our lab, and were employed for the basic experiments. 1-3 days-old 
red-eyed males were inserted into the glass tubes (3mm inner diameter) and monitored 
with a Drosophila Activity Monitoring System (TriKinetics, Waltham, MA, USA). Using 
Faas software (Fly Activity Analysis Suite, Michel Boudinot, France), we computed 
rhythmicity, periods, powers and average activities of the tested flies visualized in Table 
9. 
 
Table 9. The mean values of circadian period (Tau), associated powers are given ± s.e.m. values. Four 
RNAi constructs: two for the GABABR1 subunit, and two for the GABABR2 were tested. Flies with 
reduction of the functional GABABR in PDF neurons (pdf-Gal4) were less rhythmic and displayed longer 
periods comparing to flies with reduced receptor levels in all clock cells (crossings with Tim-Gal4) and 
comparing to several controls. Stronger effect was observed for knocking down GABABR1, but this was 
probably caused by a better UAS-RNAi construct for this receptor, which was proven with RT-PCR 
analysis (not shown).  
 

Fly strain Rhythmicity (%) Period 
(Tau) 

Power Number 
of flies 

Pdf-Gal4 x GBR1RNAia 25 25,5±0,41 31,2±6,36 16 
Pdf-Gal4 x GBR1RNAib 56,3 24,4±0,19 39,3±3,61 16 
Pdf-Gal4 x GBR2RNAia 68,8 24,4±0,15 35,6±2,74 16 
Pdf-Gal4 x GBR2RNAib 66,7 24,4±0,18 42,1±5,36 16 

     
Tim-Gal4 x GBR1RNAia 66,7 24±0,23 46,1±4,24 15 
Tim-Gal4 x GBR1RNAib 93,8 24±0,12 42,7±3,33 16 
Tim-Gal4 x GBR2RNAia 100 24,3±0,21 47,9±5,28 15 
Tim-Gal4 x GBR2RNAib 87,5 23,9±0,14 54,8±4,97 16 

     
wIII8 x GBR1RNAia 93,8 23,7±0,13 65,4±6,12 16 
wIII8 x GBR1RNAib 68,8 24,1±0,12 44,5±3,29 16 
wIII8 x GBR2RNAia 84,6 23,7±0,17 59,7±5,86 16 
wIII8 x GBR2RNAib 93,3 23,5±0,03 71,6±7,79 16 

Tim-Gal4 x wIII8 100 24,5±0,16 65±3,76 15 
wIII8 x Tim-Gal4 100 24,5±0,12 69,7±5,41 16 
Pdf-Gal4 x wIII8 87,5 24,4±0,17 59,7±4,17 16 
wIII8 x Pdf-Gal4 93,8 24,3±0,15 82,3±5,45 16 

Pdf-Gal4 20 24,8±0,73 30,7±3,93 15 
 
Our locomotor activity experiments were repeated in three independent trials with same 
result. The fifth strain, the double-homozygous RNAi construct for the GABABR2 
receptor (Root et al., 2008, Enell et al., 2010) was produced in the lab of J. Wang (San 
Diego, CA). This RNAi was employed additionally by another laboratory in Regensburg 
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for high-resolution analysis of locomotor behavior. Results of this analysis are shown in 
Table 10.  
 
Table 10. The mean values of circadian parameters in experimental flies Pdf-Gal4;GBR2RNAi and 
controls. Reduction of the GABABR2 in l-LNvs decreases rhythmicity (chi-square test, p=0.0421, n=189, 
df=1) and lengthens the period.  
 

Fly strain Rhythmicity (%) Period 
(Tau) 

Power Number 
of flies 

Pdf-Gal4xGBR2RNAi 87,72 24,30±0,04 11,27 63 
GBR2RNAixwIII8 98,44 23,48±0,03 10,39 64 

Pdf-Gal4xwIII8 90,32 23,99±0,04 12,68 62 

 
In all cases we obtained similar results. Flies with diminished levels of the GABAB 
receptor displayed significantly increased lengths of periods and were less rhythmic 
comparing to the controls (chi-square test, p=0.0421, n=189, df=1). Therefore the 
GABAB receptor in l-LNvs may indirectly regulate the function of the s-LNvs. 
 
 

SUMMARY AND CONCLUSIONS 
 
 

The papers of this thesis present attempt to dissect the chemical circuitry of the 
visual system of Drosophila with respect to classical neurotransmitters and neuropeptides 
especially in the lamina, the most distal neuropil of the optic lobe. We wanted to 
understand how neurons communicate, which neurotransmitters are messengers in the 
periphery of the visual system, and which types of receptors are expressed in this region. 
Using several markers for the classical neurotransmitters ACh, GABA and Glu we 
characterized several sets of lamina neurons. The lamina monopolar neurons seem to co-
express two different neurotransmitters: ACh and Glu. We found, that different 
antibodies against markers for the same neurotransmitter could reveal different staining 
patterns. For example, antibodies against choline acetyltransferase (ChaT) stain three 
kinds of monopolars while antibodies against the vesicular acetylcholine transporter 
stained only L4 neurons. This suggests that L1 and L2 cells may synthesize acetylcholine 
for other reasons than neurotransmission. Another lesson comes from utilizing antibodies 
against neurotransmitter receptors. In many cases we had problems in immunostaining of 
the lamina neurons and we failed in revealing cholinergic and glutamatergic circuits in 
the lamina. The GABAB receptor immunolabeling, however was distinct in all visual 
neuropils, but unfortunately did not show cell bodies. Therefore our analysis of receptor 
distribution was based on comparing the fluorescent signal of markers at very high 
magnifications at the edge of resolution of the confocal microscope. Since the volume of 
boutons of the GABAB receptor staining was bigger than the volume of boutons of the 
GFP-expressing C3 neurons, we speculated the presence of an additional neuron 
contacting C3 cell. Unfortunately we were not able to characterize this type of neurons 
even using a GABAB-Gal4. Another difficulty in interpretation of data appeared in the 
analysis of the antibody staining and Gal4 line expression for the same marker. Among 
several combinations used in our studies we present here only one example: we used two 
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different types of Gal4 lines specific for the vesicular glutamate transporter. The v-GluT-
Gal4–driven GFP expression was detected in some sets of monopolar L1, and L2 
neurons, while staining with the four types of antibodies against v-GluT was revealed 
mainly in processes of the amacrine cells. Antibody staining is considered to be more 
convincing, than using the Gal4-UAS system. However regarding several previous 
studies of glutamatergic signaling in the visual system, the L1 and L2 monopolar cells are 
best candidates. Only one study, in the fly Phaenicia sericata (Sinakevitch and 
Strausfeld, 2004), supports our results for v-GluT staining in alpha-processes of 
amacrines. To conclude, in the lamina several classical neurotransmitters are involved in 
signaling pathways between different types of neurons. We could distinguish a local type 
of signaling restricted to single cartridge and a more global type of signaling covering the 
whole lamina neuropil. In the single cartridge we found two monopolar neurons utilizing 
excitatory glutamate and two inhibitory centrifugal cells. Cholinergic transmission seems 
to be more global, since it is detected in L4 neurons, which communicate between several 
cartridges in the proximal layer of the lamina. In the distal part of this neuropil 
cholinergic signaling is likely to occur in tangential network of the 
cholinacetyltransferase-expressing tangential neurons (Cha-Tan neurons).  

In contrast to classical neurotransmitters, neuropeptides are easier to detect by 
immunolabeling. We show that neuropeptidergic neurons have usually wide processes, 
and branch profusely in neuropils. We managed to detect the first neuropeptidergic 
neuron in the lamina region, the LMIo. The close localization of the LMIo neurons to the 
PDF-expressing clock cells LNvs and similar axon projections to the dorsal brain suggests 
close relation between these two types of neuropeptidergic neurons. However in a 
standard experiment measuring MIP immunofluorescence levels in the distal region of 
the lamina at several Zeitgeber time points did not show any changes in fluorescence 
intensity between day and night. Therefore we suggest, that MIP signaling in the lamina 
is not directly clock-related. Kim et al., 2010 proposed MIP to be a ligand for the sex 
peptide receptor. Since we did not observe any sexually dimorphic differences in MIP 
expression pattern of the LMIo neurons, we exclude MIP signaling in the visual system 
to be sex-specific. To understand more about MIP signaling in the visual system, we 
investigated the MIP distribution in another fly species, Calliphora vomitoria. 
Interestingly, although the LMIo neurons exist in blowflies, they do not send axons to the 
lamina. Instead the neuropeptide PDF is expressed in processes to the lamina of the 
blowfly. Since both PDF-expressing LNvs in the blowfly and MIP neuron in the fruitfly 
make tight contacts with serotonin-immunoreactive processes in the distal part of the 
lamina, we speculate that different neuropeptides have a similar functional role in this 
area. In the next step we wanted to determine whether the LMIo neurons could be 
activated by serotonin. 

We mapped all four known subtypes of serotonin receptors in the Drosophila 
visual system. Our data suggest that the neuropeptidergic MIP-expressing neuron gets 
input from the dorsal protocerebrum, likely from the clock neuron processes, and projects 
to the distal lamina, where it is modulated by serotonin-positive neurons via the 
inhibitory serotonin receptor 5-HT1A. Our anatomical data thus suggest that 
neuropeptidergic signaling may be involved in circadian regulation of the light sensitivity 
and synaptic plasticity.  
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Further analysis of serotonergic signaling in the optic lobe using Gal4 markers 
brought the discovery of two new types of the wide-field neurons with processes located 
distally to the lamina Notably, recent studies employing Gal4-lines for mapping specific 
neurons also revealed a number of novel neurons in the visual system (Raghu et al., 
2011; Raghu and Borst, 2011). The newly discovered types of lamina tangential 
neurons suggest the presence of an additional type of ‘neuropil’ located between the 
retina and the lamina. This fiber plexus is not immunostained with the synaptic markers 
Bruchpilot and synapsin, suggesting a paracrine fashion of signaling in this region. In the 
tangential layer beneath the retina we detected wide-field neuron branches expressing the 
excitatory receptor 5-HT7 and two wide-field neurons expressing the inhibitory 5-HT1A 
receptor (one of them also expresses MIP and the second is serotonin-positive). All these 
neurons are likely to originate from the base of the medulla. Two other serotonin 
receptors, 5-HT1B and 5-HT2 were visualized in the epithelial glia, which is known to 
express clock genes and to display rhythmic volumetric changes. Localization of putative 
serotonergic circuits in the periphery of the visual system provided a deeper 
understanding about the role of this neurotransmitter in this area. The wide-field 
serotonergic neurons may release neurotransmitter in a paracrine fashion, where it acts on 
two groups of cells that together express four different 5-HT receptors: (1) a wide-field 
tangential network probably involved in regulation of the light sensitivity or light 
entrainment by modulating the activity of photoreceptors or the monopolar neurons; (2) 
peripheral accessory clock cells in the form of glia. Our study gives an example of how a 
single monoamine released in one area can possibly control the function of multiple 
networks expressing four different receptors to the same ligand. A diversity in 5-HT 
receptor distribution was also observed in other neuropils of visual system suggesting that 
serotonin has multiple functions in modulation of the optic lobe. 

Analysis of another neurotransmitter receptor, the GABAB receptor expressed on 
the l-LNvs provided interesting, unexpected functional results. Since large LNvs are 
involved in light arousal (Shang et al., 2008), we hypothesized a role of this inhibitory 
receptor in morning anticipation activity. However, reduced GABA signaling showed an 
effect on the length of the period and strength of rhythmicity. Changes of the mentioned 
parameters and not of others suggest that the l-LNvs act on the LNvs, the small lateral 
ventral pacemaker neurons (Taghert and Shafer, 2006). Is is possible that observed 
circadian effect is implicated by altered function of the s-LNvs in the larval stage, since 
we detected GABAB receptor on s-LNvs in larvae. We speculate that GABAergic inputs 
are crucial in maintaining the robust circadian rhythms acting on large LNvs. Inhibition of 
PDF release by LNvs may affect the function of the small LNvs. Interestingly, GABA 
does not affect the light arousal and morning anticipation, indicating the role of other 
regulatory pathways (probably excitatory neurotransmitters are involved), coordinating 
this processes, what is supported by recent studies presented in McCarthy et al., (2011).  

In conclusion, results presented in this thesis highlight the importance of 
anatomical studies in revealing neuronal circuits. The visual system is not only an 
anatomically organized formation of neurons. Behind the morphological order in the 
nervous system, chemical signaling is ordered as a network of excitatory, inhibitory and 
modulatory synapses and neurons. The real beauty of chemical neuronal connections lies 
in abundance of receptor types. Expression of different receptors in neurons increases 
their functional capacity making the whole system more plastic. 
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FUTURE PERSPECTIVES 

 
 The complexity of the neuronal networks in the visual system requires further 
analysis. To complete our investigations we would need to raise new antibodies against 
glutamate, GABA, ACh, and 5-HT receptors together with utilizing specific Gal4 lines. 
Improvement of the immunocytochemical protocol, especially the fixation is also 
required for dissecting the lamina further. To get a complete image of the classical 
neurotransmitter signaling in the optic lobes, comparative studies in other fly species are 
needed. 

The intriguing novel peptidergic neuron discovered with branches in the distal part of 
the lamina awaits functional dissection. We have already started behavioral analysis of 
the locomotor rhythms on flies with reduction of the 5-HT1A receptor on the LMIo 
neuron using MIP-Gal4;UAS-5-HT1A-RNAi. Several assays should be tested, 
preferentially related to the light entrainment and biological clock since a clear link with 
serotonin and the clock has been described.  

Not only MIP neurons, but all wide-field cells in the distal part of the lamina are of 
interest to study. First, we need to find the exact number of serotonergic neurons 
branching in the tangential plexus of the lamina. The best method would be to apply 
MARCM technique on the TRH-Gal4. Another challenge is to find the neurotransmitter 
or neuropeptide in the lamina neuron revealed by the 5-HT7-Gal4. After anatomical 
analysis, functional studies should follow, such as calcium imaging, and behavioral 
assays.  

GABAergic signaling in the clock circuitry requires deeper examination. Especially 
sleep behavior and more accurate experiments for the light arousal are demanded. 
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