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1.1 Abstract

The characteristic crawling behavior of Drosophila larvae consists of a series of
rhythmic waves of peristalsis and episodes of head swinging and turning. The two
biogenic amines octopamine and tyramine have recently been shown to modulate
various parameters of locomotion, such as muscle contraction, the time spent in
pausing or forward locomotion and the initiation and maintenance of rhythmic motor
patterns. By using mutants having altered octopamine and tyramine levels and by
genetic interference with both systems we confirm that signaling of these two amines
is necessary for larval locomotion. We show that a small set of about 40
octopaminergic/tyraminergic neurons within the ventral nerve cord is sufficient to
trigger proper larval locomotion. Using single-cell clones, we describe the
morphology of these neurons individually. Given various potential roles of
octopamine and tyramine in the larval brain, such as locomotion, learning and
memory, stress-induced behaviors or the regulation of the energy state, functions
which are often not easy to discriminate, we dissect here for the first time a subset of
this complex circuit that modulates specifically larval locomotion. Thus, these data
will help to understand — for a given neuronal modulator - how specific behavioral

functions are executed within distinct sub-circuits of a complex neuronal network.

1.2 Introduction

Locomotor activity is an integrative characteristic of the functional state of the
nervous system as it is implicated directly or indirectly in most kinds of behaviors
such as foraging or mating. In adult Drosophila, distinct brain structures like the
mushroom bodies or the central complex have been shown to be required for the
control of locomotor activity (Martin et al., 1998; Strauss and Heisenberg, 1993). In

Drosophila larvae, the central complex precursors seem to be involved in locomotion
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(Varnam et al., 1996), while the role of the mushroom bodies has not been
investigated in detail. Larval crawling consists of characteristic series of rhythmic
peristaltic waves interrupted by episodes of head swinging and turning, which
represent the searching and decision-making behavior (Lahiri et al., 2011; Suster et
al., 2004; Wang et al., 1997).

In vertebrates, epinephrine and norepinephrine are essential in the modulation
of different behaviors whereas in invertebrates, this task appears to be accomplished
by octopamine (OA) and tyramine (TA;(Roeder, 2005)). OA and TA have been
shown to act in the adaptation of neuronal networks to environmental changes. In
combination with neuropeptides these amines regulate a diverse range of
physiological, cellular and behavioral processes (Nassel and Winther, 2010; Roeder,
1999; 2005; Roeder et al., 2003). OA for example may alter the insects' sensory
pathways by modulating receptor sensitivity or receptor density or by affecting
neurotransmitter release via presynaptic receptors (Farooqui, 2007). OA was also
shown to be involved in the modulation of a wide variety of behaviors. For instance,
the stimulation of a single dorsal unpaired median neuron in the locust revealed a
role of OA in the modulation of neuromuscular potentials and the tension of tibial
muscles indicating an adaptation of motor function to environmental changes (Evans,
1984; Evans and O'Shea, 1977). In Drosophila, OA was reported to act directly in the
hemolymph providing energy from the fat body for stress-dependent behaviors such
as fight-or-flight responses, which in vertebrates are regulated by the adrenergic
system (Roeder, 2005). Finally, in fruit flies, OA may modulate aggression, sleep,
egg-laying behavior, learning and memory and even ethanol tolerance (Baier et al.,
2002; Certel et al., 2007; Crocker et al., 2010; Hoyer et al., 2008; Monastirioti et al.,

1996; Scholz, 2005; Scholz et al., 2005; Schroll et al., 2006; Schwarzel et al., 2003).
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TA was initially considered to be just an intermediate product of OA synthesis
from tyrosine, lacking any distinct biological function. Later on, the identification of a
TA receptor in the Drosophila genome suggested an independent role of this amine
as a signaling molecule (Arakawa et al., 1990; Saudou et al., 1990). Evidence for this
was provided by the hypomorphic TA receptor mutant honoka (Arakawa et al., 1990;
Kutsukake et al., 2000; Saudou et al., 1990) and more recently by the Tdc27%%
mutant (tyrosine decarboxylase, the enzyme necessary for the rate-limiting step in
OA biosynthesis), which lacks both OA and TA (Cole et al., 2005; Hardie et al., 2007;
Schiipbach and Wieschaus, 1991). Compared to wild-type flies, honoka shows a
complete lack of inhibition of the evoked excitatory junction potentials (EJP). In
contrast to the excitatory effect of OA, TA reduces muscle contraction due to the
inhibitory effect of EJPs on the body wall muscles (Kutsukake et al., 2000; Nagaya et
al., 2002). Hence, with respect to muscle contraction, OA and TA act as antagonists.
Regarding larval locomotion, Saraswati and colleagues showed that T8H mutant
larvae, characterized by increased levels of TA and the lack of OA, illustrated
reduced forward locomotion, displayed by more direction changes greater than 20°,
compared to wild-type larvae (Monastirioti et al., 1996; Saraswati et al., 2004).
Feeding OA or yohimbine, an antagonist of the TA receptor, was sufficient to rescue
this phenotype at least partially, while a combinatorial feeding of both agents ended
up in mutants crawling even better (Saraswati et al., 2004). Based on these results,
Saraswati and colleagues suggested an oppositional role of OA and TA in larval
locomotion, because both OA and yohimbine had similar effects whereas the
combinatorial stimulation was even more effective. This assumption is supported by
the fact, that TA feeding further degraded forward locomotion in TBH mutant larvae.
Moreover feeding TA was able to reverse the behavioral rescue by OA feeding

(Saraswati et al., 2004). Thus, the combinatorial role of both biogenic amines is
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necessary for normal larval locomotion. Interestingly, no locomotor phenotype in
adult TBH mutants has been found yet, while mutant flies lacking both OA and TA
show defective locomotion behavior (Cole et al., 2005; Hardie et al., 2007; Homyk
and Sheppard, 1977; O'Dell, 1988; Schipbach and Wieschaus, 1991). Additionally,
decapitated flies responded to OA or TA added to the exposed nerve cord, with a
significant stimulation of locomotion (Yellman et al., 1997).

Immunohistochemical reports showed that OA is mainly synthesized in the
unpaired median (UM) neurons of insects whose cell bodies are located either
ventrally (VUM neurons) or dorsally (DUM neurons) in the suboesophageal ganglion
(SOG) and ventral nerve cord (VNC). Moreover it was shown that UM neurons of the
thoracic ganglion send efferents to most organs and muscles, while those of the
SOG innervate almost all neuropiles of the brain (Brdunig, 1991; Busch et al., 2009;
Sinakevitch and Strausfeld, 2006; Vémel and Wegener, 2008).

Neurons expressing both OA and TA in larval and adult Drosophila were
characterized mostly in the brain (Busch et al., 2009; Cole et al., 2005; Monastirioti et
al., 1995; Python and Stocker, 2002; Sinakevitch and Strausfeld, 2006); only a few
reports refer to those of the VNC (Cole et al., 2005; Monastirioti et al., 1996; Nagaya
et al., 2002; Vémel and Wegener, 2008). Tdc2-positive neurons in the VNC
projecting to the periphery were described in Drosophila larva (Vémel and Wegener,
2008). Here, we additionally described the arborization pattern of single VNC cells.
Muscle efferent OA/TA cells of the abdominal ganglion broadly innervate most of the
muscles of their segment. Larval muscles 6 (VL3 and other terms below in brackets
according to (Bate, 1993)), 7 (VL4) and potentially 28 (VO3) are devoid of type Il
endings and therefore seem to lack octopaminergic/tyraminergic input, while all other
muscle fibers seem to receive combined signaling (Hoang and Chiba, 2001;

Monastirioti et al., 1995).
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In this study we revisited the role of OA and TA in larval locomotion in more
detail. We confirm their implication in this behavior, postulated by Saraswati and
colleagues, by using mutants that lack either OA (TBH), both OA and TA (Tdc27°%)
or exhibit TA receptor defects (honoka). Using different lines characterized by distinct
modifications in the balance of OA and TA levels allowed us to expand the studies of
Saraswati and colleagues in detail, as they focused on pharmacological treatment in
TRH mutants to study the role of OA and TA. In line with previous reports, we
demonstrate that the lack of OA or the ablation of efferent OA/TA cells in the entire
CNS leads to severe locomotor defects. Moreover, we confirm that modified levels of
TA result in enhanced locomotion causing hyperactivity. In our study, to our
knowledge for the first time, we specifically restrict the locomotor effect to the OA/TA
neurons within the VNC and describe the morphology of these neurons at the single-
cell level. Our bipartite anatomical and behavioral approach provides new insights

into the potentially antagonistic roles of OA and TA in larval locomotion.

1.3 Material and Methods

Fly strains

Fly strains were reared on standard Drosophila medium at 25°C or 18°C with a 14/10
hours light/dark cycle. For behavioral experiments TBH™8, Tdc27°°* and honoka
(W[1118]; P{w[+mW.hs]=IwB}TyrR[hono]) mutants were analyzed (Cole et al., 2005;
Kutsukake et al., 2000; Monastirioti et al., 1996; Schipbach and Wieschaus, 1991).
UAS-hid, rpr (Kurada and White, 1998) on the X-chromosome was used as an
effector to ablate defined neurons by crossing to the Gal4-driver line Tdc2-Gal4 (Cole
et al., 2005). Heterozygous controls were obtained by crossing Gal4-driver and UAS-
effector to w'’"8. To restrict Tdc2-Gal4 expression to the brain and SOG, flies were

recombined with tshGal80 (Clyne and Miesenbéck, 2008; Shiga Y, 1996); kindly
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provided by J.Simpson, HHMI, Janelia Farm, USA), thus inhibiting Gal4 expression in
the VNC. For visualizing neurons, we crossed Tdc2-Gal4 or Tdc2-Gal4;tshGal80,
respectively, with UAS-mCD8::GFP or UAS-CameleonZ2.1 (Diegelmann et al., 2002;
Lee and Luo, 1999). UAS-Cameleon2.1 was shown to give a stronger signal than
UAS-mCD8::GFP ((Selcho et al., 2009), data not shown for Tdc2-Gal4). For single-
cell staining, y w hsp70-flp; Sp/CyO; UAS>CD2y">mCD8::GFP/TM6b ((Struhl and
Basler, 1993; Wong et al., 2002); kindly provided by Gary Struhl, Columbia
University, USA) virgins were crossed to Tdc2-Gal4 or Tdc2-Gal4, Tdc2-Gal4 males.
A single heat shock was applied by placing vials containing eggs or larvae in a water
bath at 37°C for 17.5 min. For the onset of heat shock, we chose different times from

0 to 200 hours after egg laying.

Immunofluorescence

Immunostaining. Preparation of the CNS (filets for the muscle innervations) of third
instar larvae were done in phosphate-buffered saline (PBS, pH 7,4). The CNS and
filets were then fixed in 3.6% formaldehyde (Merck, Darmstadt) or 4%
paraformaldehyde (Merck), respectively, in PBS for 35min, washed in PBT (PBS with
3% Triton-X 100, Sigma-Aldrich, St. Louis, MO) and blocked with 5% normal goat
serum (ngs; Vector Laboratories, Burlingame, CA) in PBT. Specimens were
incubated with the primary antibodies in blocking solution at least for one night at
4°C. Preparations were washed six times with PBT and incubated for one night at
4°C with the secondary antibodies. Finally, specimens were rinsed six times in PBT
and mounted in Vectashield (Vector Laboratories) in PBS. Until scanning, specimens
were stored in darkness at 4°C.

To detect OA and TA we used a modification of the staining protocol of Sinakevitch

and Strausfeld (Busch et al., 2009; Sinakevitch and Strausfeld, 2006). Third instar
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larvae were put on ice for at least 1h before being pre-fixed with opened cuticle for
5min in 0.65% glutaraldehyde (in 0.1 M sodium cacodylate buffer (214971000, Acros
Organics, Geel, Belgium) with 1% sodium metabisulfite (SMB, S1516, Sigma-
Aldrich)). Then the CNS was removed and fixed at room temperature. After 40 min
the specimens were rinsed four times in TrisHCL SMB (0.05 M TrisHCL 0.45% SMB),
treated for 30 min with 0.3% sodium borohydride (189301000, Acros Organics) in
TrisHCL SMB, and rinsed again four times in TrisHCL SMB and two times in TrisHCL
SMB TX (TrisHCL SMB containing 0.3% Triton-X 100). Specimens were blocked for
1.5hin 10% ngs in TrisHCL SMB TX. After at least two nights at 4°C in blocking
solution containing the primary antibodies, specimens were rinsed six times with
TrisHCL TX. The secondary antibodies in 5% ngs solution were incubated for two
nights at 4°C. After washing five times in TrisHCL TX and two times in TrisHCL,

preparations were mounted in Vectashield.

Antibodies. To visualize the total expression pattern of Tdc2-Gal4 and the
innervation patterns of single Tdc2-Gal4-positive neurons, we applied a polyclonal
serum against green fluorescent protein (anti-GFP, A6455, Molecular Probes,
Eugene, OR; 1:1000) in combination with two different mouse antibodies labeling the
neuropil (anti-ChAT, ChAT4B1, anti-Cholineacetyltransferase; DSHB, lowa City, IA;
1:100) and axonal tracts (anti-Fasll, 1d4, anti-Fasciclin Il; DSHB; 1:55), respectively.
The muscle arborizations of Tdc2-Gal4 cells were shown by anti-GFP in combination
with a monoclonal mouse antibody against Synapsin (anti-Synapsin, 3C11, Klagges
et al., 1996; kindly offered by E. Buchner, University of Wiirzburg, Germany; 1:50).
anti-GFP with an antibody against tyramine B-Hydroxylase produced in rats (anti-
TBH, (Monastirioti et al., 1996); kindly provided by M. Monastirioti, IMBB, FORTH,

Greece; 1:75) was used to see whether all Tdc2-Gal4 positive neurons are
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octopaminergic. OA and TA were labeled via a polyclonal antibody against
glutaraldehyde-coupled OA (anti-OA, #1003GE, MoBiTec, Géttingen; 1:200) or a
polyclonal antibody against glutaraldehyde-coupled p-TA (anti-TA, AB124, Chemicon
International, Temecula, CA; 1:200) in combination with a chicken anti-GFP antibody
(anti-GFPch, AB16901, Chemicon; 1:150 and 1:170). As secondary antibodies, goat
anti-rabbit IgG Alexa Fluor 488 (A11008, Molecular Probes, 1:200), goat anti-rat IgG
Alexa Fluor 568 (A11077, Molecular Probes; 1:200), fluorescein- (FITC)-conjugated
donkey anti-chicken (703-095-155, Jackson ImmunoResearch, West Grove, PA;
1:150), goat anti-rabbit IgG DyLight 488 (111-486-003, Jackson; 1:250), Cy3 goat
anti-rabbit 1IgG (111-165-003, Jackson; 1:100), Cy3 goat anti-mouse IgG (A10521,

Molecular Probes, 1:100 or 115-166-003, Jackson; 1:250) were used.

Antibody characterization

Anti-GFP

The rabbit anti-GFP antibody gave the same staining pattern in the VNC of the Tdc2-
Gal4/ UAS-Cameleon2.1 larvae as the anti-GFP antibody produced in chicken.
Additionally, staining was not observed in VNCs of larvae expressing only Tdc2-Gal4

or only UAS-Cameleon2.1 (data not shown).

Chicken anti-GFP
The anti-GFPch antibody detects a band of a molecular weight around 30 kDa in
lysates prepared from E.coli expressing GFP on Western blot. No band was detected

in lysates of E.coli that do not express GFP.

ChAT4B1
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The anti-ChAT antibody was shown to label a single band at a position of about 80

kDa in crude fly head samples (Takagawa and Salvaterra, 1996).

1D4 anti-Fasciclin

The anti-Fasll antibody labeled a 97 kDa band in Western blot, which was gone in
Fasll null mutants (Grenningloh et al., 1991; Mathew et al., 2003). The staining
pattern observed in this study is identical to previous reports (Grenningloh et al.,

1991; Landgraf et al., 2003; Mathew et al., 2003)

3C11

The anti-Synapsin antibody recognizes multiple Synapsin isoforms, shown on
Western blots with Drosophila heads. The bands were gone in the deletion mutant
(Godenschwege et al., 2004; Klagges et al., 1996). Additionally, anti-Synapsin
antibody staining of synaptic terminals at larval muscles was gone in synapsin
mutants, while wild type larvae showed Synapsin-immunoreactivity (Michels et al.,
2005). The anti-Synapsin staining pattern reported in this study is identical to

previous reports (Godenschwege et al., 2004; Michels et al., 2005).

TBH

In immunoblots of protein extracts from Drosophila heads and bodies a single band
corresponding to the 76 kDa protein was observed using the anti-TBH antibody
(Monastirioti et al., 1996). TBH immunoreactivity was nearly abolished in larval brains

of TBH mutants (Monastirioti et al., 1996).

Anti-p-tyramine

10
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The anti-TA antibody was used to characterize tyraminergic neurons in Drosophila
and locust (Busch et al., 2009; Kononenko et al., 2009). The specificity of the
antibody was tested by competition experiments in equilibrium dialysis (Geffard et al.,
1984). The cross-reactivity-ratio at half displacement of the labeled ligand and
different unlabeled catecholamine conjugates (including TA conjugate) was
determined. The best displacement was observed with the TA conjugate, while the

OA conjugate was 42 times less immunoreactive (Geffard et al., 1984).

Anti-conjugated octopamine

The specificity of the anti-OA antibody was determined by competition experiments in
an ELISA test. The antibody was raised against an octopamine-glutaraldehyde-
Bovine Serum Albumin conjugate. Therefore the cross-reactivity ratio (OA-G-BSA
concentration/ concentration of unconjugated or conjugated catecholamine at half
time) for OA-G-BSA was the highest. The cross-reactivity to TA-G-BSA, other amine-
conjugates and unbound octopamine was drastically reduced (Mons and Geffard,

1987).

Microscopy and figure production. CNS preparations and filets were scanned
using a confocal light scanning microscope (LeicaTCS SP5, Leica Microsystems,
Wetzlar). The images scanned with a step size of 1 ym or 0.8 pm thickness were
projected and analyzed with the software program ImagedJ (NIH, Bethesda, MD).
Contrast, brightness and coloring were adjusted with the software Photoshop (Adobe
Systems Inc., San Jose, CA). Amira 5.3. (Visage Imaging GmbH, Berlin) was used to
produce frontal views of the single-cell projections, for the dorsal view on the VNC in

Fig.1C and for the higher magnifications of the efferents in Fig.1D-G.

11
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Behavioral experiments

For the locomotion assay, single larvae of a given genotype were recorded with a
standard camera (Casio Exilim series) for 1 min, on a Petri dish 85 mm in diameter
filled with agarose. ImageJ plugin "Grid" was used to divide the plate optically into
squares measuring 400pixel. The number of squares per min crossed by the larva
was used as a function of locomotion. Single traces were obtained by ImageJ plugin

"Manual tracking".

Statistical methods

For the comparison between genotypes, Wilcoxon Rank Sum test was used. To
compare single genotypes against chance level, we used Wilcoxon signed ranked
test. All statistical analyses and visualizations were done with R version 2.8.0 (R
Development Core Team, 2011). Figure alignments were done with Adobe
Photoshop. Data were presented as box plots, including all values of a given
genotype, 50% of the values being located within the box. The median performance
index or preference index, respectively, was indicated as a bold line within the box
plot. Significance levels between genotypes shown in the figures refer to the p-values

obtained in the statistical tests.

1.4 Results

Octopaminergic/tyraminergic neurons of the larval ventral nerve cord

To reliably visualize OA/TA neurons in the VNC, we used the Tdc2-Gal4 line crossed
to UAS-Cameleon2.1 (Cole et al., 2005; Diegelmann et al., 2002). Tyrosine
decarboxylase is the enzyme involved in the first step of OA synthesis, i.e., the
conversion of tyrosine into tyramine. Therefore all Gal4-expressing neurons should

be tyraminergic and most of them should also be octopaminergic. To analyze the

12
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cellular anatomy of the OA/TA system in the larval CNS, we used anti-Fasciclinll
(Fasll)/anti-Cholineacetyltransferase (ChAT) background staining (Fig.1), which
labeled axonal tracts and neuropiles, respectively.

The VNC in Drosophila, like in other arthropods, is composed of three thoracic
neuromeres (t1-t3), eight abdominal neuromeres (a1-a8) and a small terminal
neuromere at the end of the abdomen (Campos-Ortega, 1997). Each of these twelve
neuromeres carried one cell cluster of Tdc2-Gal4-positive neurons (see also Vémel
and Wegener, 2008). The cell bodies were located ventro-medially (VM) in clusters
tVM1 to aVM8, while the terminal neuromere showed a dorso-medially located
cluster (aDM9; Fig.1A). The three thoracic and the first abdominal cluster contained
five TDC-positive neurons each (Fig1A, H; Tab.2). Three of these cells which
seemed to be VUM neurons sent their primary neurites dorsally (arrows Fig.1H) while
one cell per side, called here ventral paired median (VPM) neuron (termed vumTDC2
and pmTDC2 neurons in (Vémel and Wegener, 2008)), projected anteriorly (asterisk
and arrow Fig.11). From neuromere a2 toward posterior, in each neuromere only
three VUM neurons were observed (Fig.1A; Tab.2). The neuromere a8 may contain
two VUM neurons, while the terminal neuromere a9 comprised two DUM neurons
(Fig.1A; Tab.2; dmTDC2 neurons in (Vémel and Wegener, 2008)). Taken together,
we counted approximately 42 potentially OA/TA-expressing cells in the whole VNC:
five in each thoracic and the first abdominal neuromere (t1-t3, a1), three per cluster
in neuromeres a2 to a7 and two per cluster in the last two abdominal neuromeres a8
and a9 (Tab.2).

The VUM neurons bifurcated in the dorsalmost part of the VNC (arrow Fig.1C)
and projected laterally to extend to the peripheral nerves (arrowhead Fig.1C). In
segments t1-t3 and a1-a7, the peripheral nerve was formed by the fusion of two main

nerve trunks, the intersegmental nerve (ISN) and the segmental nerve (SN), which

13
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both included motor and modulatory neurons (Landgraf et al., 1997; Monastirioti et
al., 1995; Thomas et al., 1984). Similar to reports from embryos, it seemed that one
VUM neuron in the abdominal neuromeres a1 to a7 projected along the SN, while the
other two neurons may used the posterior ISN to enter the peripheral nerve (Fig.1F
and G; (Sink and Whitington, 1991)). For the thoracic neuromeres, we mostly
observed two axons in the SN branch (Fig.1D and E), but also cases in which two
VUM neurons of the thoracic clusters projecting into the ISN (data not shown).

To understand whether all Tdc2-Gal4 positive cells are octopaminergic we
performed a double labeling with a TBH antibody (Monastirioti et al., 1996) and anti-
GFP in Tdc2-Gal4; UAS-Cameleon2.1 larvae. TBH is the enzyme necessary for the
OA synthesis from its precursor TA and should therefore be expressed in every
octopaminergic cell. All Gal4-expressing cells were also labeled by the TBH antibody
and are therefore both octopaminergic and tyraminergic (Fig.2A-C; Tab.2).
Interestingly, Tdc2-Gal4 did not include about three TRH-positive cells per side
whose cell bodies were located laterally in neuromeres a2 to a4 (asterisks in the
insert of Fig.2A; Tab.2). To independently validate this result, we performed
additional experiments by double labeling Tdc2-GAL4; UAS-CameleonZ2.1 larvae with
either anti-OA and anti-GFP or anti-TA and anti-GFP, thereby testing whether the
Gal4-positive cells were OA- or TA-positive (Fig.2D-I). As reported before, the OA
and TA antibodies showed a high inter-individual variability in their staining pattern
(Busch et al., 2009). Consequently, we describe here the maximum of co-labeled
neurons observed in each cluster. All Gal4-expressing neurons seemed to be OA-
and TA-immunoreactive, while two additional cells in the first thoracic neuromere
might be TA-positive only (data not shown). Therefore the Tdc2-Gal4 driver line
specifically labeled nearly all OA and TA cells in the thoracic and abdominal

neuromeres of Drosophila larvae and could ideally be used to analyze the behavioral

14
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role and single-cell anatomy of OA/TA neurons by various kinds of genetic

intervention.

Octopaminergic/tyraminergic innervation of larval abdominal muscles

After analyzing the neuronal assembly of the OA/TA system in the larval VNC, we
followed the efferent processes of its neurons along the peripheral nerves as well as
their neuromuscular innervation patterns. In general the muscle patterns and their
innervation were highly conserved along the abdominal neuromeres a2 to a7, while
a1, a8, a9 and the thoracic neuromeres showed different patterns (Bate, 1993;
Gramates and Budnik, 1999). Therefore, we focused here on the muscle innervation
of OA/TA cells in a2 to a7. When reaching the body wall muscles, the peripheral
nerve splited into five branches termed ISN, SNa, SNb, SNc and SNd. It was shown
that the efferent axons reaching the muscles through the ISN branch innervated the
dorsal and lateral muscles, while neurites extending through the four SN branches
(SNa-SNd) terminated on lateral and ventral muscles (Bate, 1993; Hoang and Chiba,
2001; Landgraf et al., 1997). To describe the OA/TA innervation pattern on the
abdominal muscles we labeled Tdc2-Gal4; UAS-CameleonZ2.1 larvae with anti-GFP
and anti-Synapsin. Synapsin is a presynaptic protein located in type | boutons of
each muscle (Godenschwege et al., 2004). We were able to observe one Gal4-
positive axon in the ISN, one in the SNb and SNd, and another one in the SNa
branch (Fig.1J and K). As two of the three VUM efferents left the abdominal ganglion
via the ISN route (VUMisn; Fig.1F and G), one efferent neurite innervated the
muscles extending through the SNb and SNd branches (arrow Fig.1J and K) while
the other neurite used the ISN branch (arrowhead Fig.1J and K; for embryo:
(Landgraf et al., 1997)). The neurite of the VUM cell leaving the VNC through the SN

(VUMsn) reached the muscles via the SNa branch. As shown for OA staining, in

15
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none of our preparations we did observe an innervation of muscle 6 (VL3) and
muscle 7 (VL4), which are devoid of type Il boutons (Koon et al., 2011; Monastirioti et
al., 1995). For example, when following the peripheral nerve of segment a4, it
seemed that all muscles showing Synapsin staining (except for muscles 6 (VL3) and
7 (VL4)) are also targets of the Tdc2-Gal4-positive neurons. Therefore we concluded
that one VUMisn neuron projects via the ISN branch onto dorsal muscles (1 (DA1), 2
(DA2), 3 (DA3), 4 (LL1), 9 (DO1), 10 (DO2), 11 (DO3), 18 (DT1), 19 (DO4) and 20
(DO5)), while the other VUMisn cell branches via SNb and SNd onto ventral muscles
(12 (VL1), 13 (VL2), 14 (VO1), 15 (VO4), 16 (VO5), 17 (VO6), 28 (VO3) and 30
(VO2)). The VUMsn neuron innervated lateral muscles (5 (LO1), 8 (SBM), 21 (LT1),
22 (LT2), 23 (LT3) and 24 (LT4)) via the SNa branch (see also (Hoang and Chiba,
2001)). It might be that the VUMsn also projects to the SNc branch to innervate

muscles 26 (VA1), 27 (VA2) and 29 (VA3).

Larval locomotion is antagonistically modulated by octopamine and tyramine
Following the approach of Saraswati et al. (Saraswati et al., 2004), we revisited the
role of OA and TA in larval locomotion. To this end, we did an integrative behavioral
analysis of three different mutant strains, lacking either OA (7Bh), both OA and TA
(TdcR9*% or having a reduced TA receptor level (honoka).

Larval locomotion can be separated into different components including
distance, speed, and directional changes. To robustly quantify locomotion we
focused on the distance which single larva traveled within one minute on an agarose
plate which was virtually divided into smaller squares (see Materials and Methods).
Recording was made by counting how many squares per minute the larvae crossed

on their path.
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Similar to Saraswati et al. (Saraswati et al., 2004), TBh mutant larvae
exhibiting reduced OA and elevated TA levels (Monastirioti et al., 1996) showed
severe impairments in locomotion compared to their appropriate controls (Fig.3A). In
detail, both hemizygous male and homozygous female larvae were strongly reduced

18 males and females (p=1.087x10® for male comparison; 6.395x10~

compared to w
for female comparison), respectively. In contrast, heterozygous female larvae were
indistinguishable from control larvae (p=0.3141). Furthermore we wanted to address
whether TA, the precursor of OA, is also involved in the regulation of locomotion.
First, we used Tdc27°** larvae, deficient for tyrosine decarboxylase and therefore
lacking both TA and OA (Fig.3B). Tdc27°* larvae balanced over CyO were
significantly reduced in locomotion compared to CantonS (p=3.075x10°) and w'""®
(p=0.0120) control larvae, which performed equally (p=0.1274). Locomotion tended
to be even further reduced in homozygous Tdc2™°% larvae (data not shown). Finally
we analyzed if larval locomotion is affected by reduced levels of the TA receptor. In
our assay, honoka larvae performed significantly better than the controls as reflected
by enhanced distance scores within one minute (Fig.3C; p=0.0047). This phenotype
is in line with results published by Kutsukake et al. (Kutsukake et al., 2000) who
reported that adult flies with a reduced number of TA receptors show slightly
increased locomotor activity compared to wild-type flies. Taken together, our data
demonstrate that OA and TA are involved in larval locomotion and that the reduction
of TA receptors triggers hyperactivity, similar to adult flies.

To confirm and extend our findings we interfered with the OA/TA system by
using the Gal4/UAS technology (Brand and Perrimon, 1993). In detail, we used the
Tdc2-Gal4 line to drive expression of transgenes specifically in OA/TA neurons, to

either ablate them (UAS-Hid,Rpr; (Grether et al., 1995; Hay et al., 1995)) or to block

synaptic transmission (UAS-Kir2.1; (Baines et al., 2001)). In the same assay as used
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above, Tdc2-Gal4/UAS-Hid,Rpr larvae showed strongly reduced forward locomotion.
Compared to Tdc2-Gal4/+ (p=6.3x10°) and UAS-Hid,Rpri+ (p=0.0015) larvae,
experimental larvae showed nearly 50% reduction in terms of squares crossed per
minute (Fig.4A). In this experiment, control larvae elicited a characteristic searching
behavior to explore the arena. In contrast, ablation of OA/TA cells led to altered
locomotor patterns, as these larvae showed partially a circling behavior resulting in
smaller distances traveled per minute (data not shown). Next, we analyzed whether
Tdc2-Gal4/UAS-Kir2.1 larvae were also affected in locomotion. In these larvae,
electrical silencing of synaptic transmission in OA/TA neurons may not destroy the
hard-wiring of the network, as it is the case in the genetically ablated larvae. Similar
to previous results, Tdc2-Gal4/UAS-Kir2.1 larvae also showed about 50% reduction
in squares crossed per minute compared to their appropriate controls (Fig.4A;
p=0.0002 compared to Tdc2-Gal4/+ and p=0.0045 compared to UAS-Kir2.1/+). Again
as described above, single exemplary traces revealed aberrant locomotor
phenotypes, as experimental larvae showed partially a circling behavior whereas
control larvae generally tended to reach the edges of the Petri dish within one minute
(data not shown).

Taken together, OA/TA neurons seem to play a major role in larval
locomotion, as genetic ablation and electrical silencing of these neurons led to similar
movement impairments as shown for mutants lacking OA and/or TA ((Fox et al.,

2006; Kutsukake et al., 2000; Saraswati et al., 2004); this study).

Octopaminergic/tyraminergic neurons within the ventral nerve cord are
necessary for larval locomotion
In order to restrict the expression pattern of Tdc2-Gal4 to the hemispheres and SOG

and thereby separating brain function of OA/TA from its thoracic and abdominal
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function, we crossed the driver line to tsh-Gal80 (Clyne and Miesenbdck, 2008),
which was shown to block Gal4-expression specifically within the VNC. Expression of
UAS-Cameleon2.1 (Diegelmann et al., 2002) driven by Tdc2-Gal4;tshGal80 did not
reveal any detectable staining in the VNC except for about two cells in the t1
neuromere and one cell each in the ventral and dorsal cluster in the abdominal
neuromeres a8 and a9 (Fig.4C-F; Tab.2). To analyze if OA/TA neurons within the
VNC are key players for locomotion, we expressed UAS-Hid,Rpr driven by Tdc2-
Gal4;tshGal80. Experimental larvae showed normal locomotion compared to the
corresponding controls (p=0.6156 compared to Tdc2-Gal4;tshGal80/+ and p=0.7144
compared to UAS-Hid,Rpr/+; Fig.4B). Furthermore Tdc2-Gal4;tshGal80/UAS-Hid,Rpr
showed an intact searching behavior, i.e., normal traces toward the edges of the
Petri dish (data not shown). Hence, limiting the expression of the ablation-inducing
transgenes Hid and Rpr to OA/TA cells outside of the VNC “rescued” the locomotor
effect. Thus, OA/TA-positive cells within the VNC are crucial for modulating forward

locomotion in the larva.

Characterization of single octopaminergic/tyraminergic neurons of the larval
ventral nerve cord

To describe the octopaminergic/tyraminergic cells of the VNC in detail, single
neurons were identified with the aid of the flp-out technique (Wong et al., 2002).
Specifically, individual Tdc2-Gal4-positive neurons were labeled by anti-GFP and
described within a Fasll/ChAT background staining. anti-Fasll staining allowed a
straightforward comparison of these neurons with respect to the nomenclature of
Landgraf et al. (Landgraf et al., 2003) for abdominal Fasll-positive tracts (Fig.1L-N).
In this terminology, characteristic longitudinal axonal tracts were named according to

their relative position in the dorsoventral (D dorsal; C central; V ventral) and
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mediolateral (M median; | intermediate; L lateral) axis of the VNC. The five
transverse projections were called TP1 to TP5.

In general we were able to identify three different types of neurons in the larval
VNC: VUM, VPM and DUM neurons. The clusters tVM1 to aVM8 contained VUM
cells while VPM cells were restricted to tVM1-aVM1 and DUM cells were restricted to
the terminal segment. Whereas the cell bodies of the VUM and DUM neurons
seemed to be similar in size, VPM cells possessed slightly smaller somata (asterisks
Fig.1H and ). Below we characterize the OA/TA VUM neurons of the larval VNC,
followed by the two DUM cells of a9 and the VPM neurons of the neuromeres t1-t3

and a1.

Characteristics of larval VUM neurons

All VUM neurons sent their primary neurites in a bundle to the dorsal margin of the
neuropil where they splited in a t-shaped manner (arrow Fig.1C; see also (Vémel and
Wegener, 2008)). The primary neurites of the three VUM neurons within each cluster
were randomly twisted while passing from the cell bodies dorsally through the
neuropil. After the split, each of the three axons projected laterally and extended into
the peripheral nerve either via the transverse projection TP1 ("1" in Fig.1N), which
represents the pISN (Landgraf et al., 2003), or more ventrally into the SN (Fig.1D-G).
Therefore, at least two distinct types of VUM neurons exist which differed in the route
their axons followed to enter the nerve and thus also in the muscles they innervated.
In fact, it seemed that the three VUM neurons per cluster show nearly the same
arborization pattern in the neuropil (Fig.5, 6, 9) while differing completely in their
muscular innervation pattern. As none of our single-cell preparations included the

muscle innervations, we could only distinguish between the routes taken by the
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neurites to enter the peripheral nerve. Hence we named the cells according to their

cluster of origin and their neuropil exit route (e.g. tVUM1isn or tVUM1sn).

VUM neurons of the thoracic neuromeres

The main innervation region of the tVUM1 neurons was the lateral edge of the t1
neuromere and the posterior SOG (asterisks Fig.5D, E, G, J, L). Interestingly, the
cells projecting through ISN and SN seemed to be similar with respect to their
neuropil innervation (Fig.5A, B, C, J and 9) but differed in their main projection from
the dorsomedial neuropil to the peripheral nerve (arrows Fig.5C and F; 5F arrowhead
shows SN, asterisk ISN projection). In-between specimens variations between the
numbers and length of ramifications existed, while the characteristic projections
remained equal (Fig.5A and J). In most preparations, arborizations from the primary
neurite extended into the dorsal posterior neuropil, innervating the anterior part of the
t2 neuromere (arrow Fig.5K). These mostly dorsomedial bifurcations were restricted
to the dorsalmost part of the neuropil and could also be observed in VUM cells of the
t2 and t3 neuromeres (arrows Fig.5M, N, P Q and 9). Though, also anterior
projections occurred in the VUM neurons of t2 and t3 (arrowheads Fig.5M, N, P and
Q). The lateral arborizations of tVUM2 and tVUM3 neurons covered an area from the
dorsomedial to the dorsolateral neuropil, i.e., dorsal to the central lateral fascicles in
its own as well as in the anterior neuromere (asterisks Fig.5H, M-O). The tVUM3
neurons also ramified in the neuropil around the dorsal median fascicle in the t3

neuromere (asterisks Fig.51, Q, R and 9).

VUM neurons of the abdominal neuromeres a1 to a7

For the VUM neurons of abdominal neuromeres a1 to a7, the main arborization

pattern seemed to be essentially identical, as demonstrated in Figure 6A-L.
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Nevertheless, variations in the number and length of ramifications were present in-
between different specimens. Apart from the characteristic efferent projections of all
VNC VUM neurons, cells of the neuromeres a1 to a7 seemed to arborize along and
dorsal to the dorsal median (DM) fascicle (arrows Fig.6N and P) and laterally along
the dorsal lateral (DL) fascicle (arrowheads Fig.6A, B, E, F, J and M; Fig.9). These
innervations were not restricted to the neuromere of origin but also invaded the next
anterior neuromere (Fig.6). In the dorsomedial neuropil the neurons sent
arborizations at least into two (mostly three) anterior neuromeres and always into the
adjacent posterior neuromere (Fig.6N and P); in all these neuromeres they seemed
to cross the midline in both posterior and anterior commissures. Each neuron also
ramified in the region ventral to the dorsal median (DM) fascicle, but dorsal to the
dorsally ventral median (VMd) fascicle of its own segment (arrows Fig.6C, D, G, H, K
and L; Fig.9). Additionally, we observed in most of our single-cell preparations
arborizations dorsal to the central intermediate (Cl) fascicles both in the neuromere
of origin and in one neuromere anterior (arrow Fig.6A, B and F). Several small

ramifications projected from these intermediate axons to the midline.

VUM and DUM neurons of the last abdominal neuromeres
The OA/TA neurons of the neuromeres a8 and a9 innervated nearly all parts of the
dorsal neuropil of their own neuromere (Fig.7) but also reached anterior neuromeres,
again mainly in the dorsomedial parts of the neuropil (arrows Fig.7). Likewise,
longitudinal arborizations reaching anterior neuromeres were observed dorsal to the
Cl fascicles and around the DM fascicle (arrowheads Fig.7).

The two OA/TA neurons of neuromere a9 had dorsally located cell bodies
(aDUMS9 neurons). For these neurons we obtained only one adequate preparation

(Fig.7H-J) allowing a preliminary description. In this preparation, the aDUM9 neuron
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arborized mostly in the dorsal part of the terminal neuromere a9 (Fig. 71), its neurites
also excessively branched in the dorsal and medial neuropil of the neuromere a8 and

even reached the posterior part of a7 (Fig. 71).

VPM neurons

The cell bodies of the VPM neurons resided lateral to the midline in the ventral
cortex. Their primary neurite projected anteriorly and crossed the midline in the
neuromere of origin, potentially touching the neurite of the contralateral sister neuron.
VPM neurons established arborizations mainly in the contralateral neuropil.

Given that in none of the 500 flp-out stainings the tVPM1 cell type was labeled
alone, we cannot accurately describe its anatomy. The tVPM2 cell innervated the
medial contralateral neuromere t1 and the SOG (Fig.8A-D). After crossing the
midline, the primary neurite ran toward the lateromedial area of the thoracic ganglion
where it splited into two processes (arrowhead Fig.8A and D). Ramifications
projected into the ventromedial SOG (Fig.8D). A secondary neurite bifurcated in the
dorsomedial neuromere t1 and innervated the mediodorsal SOG and tritocerebrum
(Fig.8B).

The tVPM3 cell type projected additionally to the lateral edge of the thoracic
ganglion (arrowhead Fig.8E and G). After reaching the contralateral side of the
neuromere t3, the primary neurite bifurcated. One process ran anteriorly and reached
the SOG (Fig.8H), while the other one innervated the dorsomedial and dorsolateral
thoracic ganglion (Fig.8F and G). tVPM3 also arborized in the basal protocerebrum
(bp; arrow Fig.8G).

The VPM cell type of the neuromere a1 (aVPM1; Fig.8I-L) showed a very
similar innervation pattern as its t3 homologue. It arborized in the contralateral medial

and lateral dorsal neuropil of t2 and t3 (Fig.8J). Ventrally the secondary neurite ran
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anteriorly establishing short ramifications in the thoracic ganglion (Fig.8K). In contrast
to tVPM2 and tVPM3, aVPM1 did not seem to innervate the SOG, but passed

straight through it to reach the basal protocerebrum (arrow Fig.8l and L).

1.5 Discussion
Octopamine and tyramine are involved in the regulation of numerous
physiological and behavioral functions
Biogenic amines are important neuroactive molecules in the CNS of both vertebrates
and invertebrates. Physiologically, they can act as neurotransmitters,
neuromodulators or neurohormones (reviewed in (Blenau and Baumann, 2001;
Roeder, 2005)). OA and TA were shown to regulate a broad variety of physiological
functions and behaviors, such as the fight-or-flight responses (Fields, 1991; Mentel et
al., 2003; Stevenson et al., 2000), aggression (Hoyer et al., 2008; Rillich et al., 2011;
Stevenson et al., 2005; Zhou et al., 2008), ovulation (Lee et al., 2009; Lee et al.,
2003; Monastirioti, 2003) and flight (Brembs et al., 2007; Vierk et al., 2009).

Here we demonstrate that approximately 42 OA/TA-containing neurons in the
VNC of the Drosophila larva control the modulation of locomotion, confirming earlier
studies which showed that OA and TA are involved in insect locomotion (Arakawa et
al., 1990; Fox et al., 2006; Kutsukake et al., 2000; Nagaya et al., 2002; Saraswati et
al., 2004; Saudou et al., 1990; Sombati and Hoyle, 1984; Yellman et al., 1997). The
role of neuromodulators was initially explained by an “orchestration hypothesis”
which assumed that neuromodulator release into specific neuropiles configures
distinct neural assemblies to produce coordinated network activity (Sombati and
Hoyle, 1984). However, recent work from Drosophila larval motor behavior suggests
that the chemical codes producing specific motor outputs are bouquets of different

amines rather than single ones (Fox et al., 2006; Saraswati et al., 2004). Thus, to
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understand the mixture of different amines it is important to trace individual aminergic
cells as well as the location of the related receptors. By describing the innervation
pattern of single Tdc2-positive neurons in the larval VNC we provide the basis for
studying the molecular organization of OA and TA on the single-cell level. In detail,
three different types of OA/TA cells exist ((VOmel and Wegener, 2008); this study):
VUM, DUM and VPM neurons. While the latter are restricted to the CNS, VUM and

DUM cells project additionally to the periphery.

Octopaminergic and tyraminergic neurons in the ventral nerve cord are
necessary for larval locomotion

Regarding the role of octopaminergic/tyraminergic neurons in larval locomotion, it
was shown that TBH mutant larvae with elevated TA levels and reduced OA levels
spent more time in pausing episodes, were slower and displayed reduced linear
crawling (Saraswati et al., 2004). As this phenotype can be rescued by feeding either
TA receptor antagonists or OA, both amines seem to antagonize each other in larval
locomotion. In our studies, electrical silencing with UAS-Kir2.1 and genetic ablation of
Tdc2-positive neurons with UAS-hid,rpr induced similar movement defects (Fig.4).
Compared to control larvae, experimental larvae crawled shorter distances per
minute. Moreover, they partially showed a characteristic circling behavior, unlike wild-
type larvae, which typically moved toward the edges of the Petri dish as part of their
searching behavior. This is in line with previous studies, as both the circling behavior
and the shorter distances traveled reflect impairments in linear crawling and speed
(Saraswati et al., 2004). Interestingly, we were able to rescue this phenotype by
combining Tdc2-Gal4 with a tshGALS80 construct (Fig.4), whose expression inhibits
Tdc2-Gal4 transcription in the VNC except for about two cells in the t1 neuromere

and at least one cell each of the ventral and dorsal cluster in the last abdominal
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neuromeres a8 and a9, respectively (Tab.2). Tdc2-Gal4;tshGAL80/UAS-Hid,Rpr
larvae showed normal forward movement indicating the necessity of OA/TA cells in
the VNC for locomotion and the dispensability of such cells in the brain for this
behavior.

The 32 VUM cells are the major set of OA/TA neurons in the larval VNC. All of
them except those in the t1 and t2 neuromeres seem to contact one or several VUM
cells from the corresponding clusters in at least the two anterior neuromeres (data
not shown). This potential connectivity between all muscle innervating VUM neurons
might be the functional basis for the peristaltic movements necessary for larval
locomotion.

All VUM cells exhibit a motor neuron like morphology, exhibiting potential
postsynaptic sites in the dorsal VNC and presynaptic endings on the muscles (Koon
et al., 2011; Monastirioti et al., 1995; Vémel and Wegener, 2008). VUM terminals
seem to be located in the vicinity of type | boutons, in agreement with findings that
VUM neurons regulate the plasticity of type | boutons (Fig.1K; (Koon et al., 2011)).
Hence the locomotion defect we observe in TBH mutants and in larvae lacking
OA/TA neurons in the VNC (Tdc2-Gal4/UAS-Hid,Rpr; Fig.3 and 4) might depend on
the significant decrease of type | bouton numbers due to the lack of octopaminergic
input (Koon et al., 2011). As normal locomotion is monitored with intact OA/TA cells
in the VNC only (Tdc2-Gal4,tshGal80/ UAS-Hid,Rpr; Fig.4), OA/TA neurons of the
SOG and brain are dispensable for this behavior. Therefore, we show for the first
time in Drosophila larva a clear functional segregation between aminergic cells of the
brain/SOG and those of the VNC.

DUM neurons do not seem to be essential for larval locomotion as tshGal80 is
not constantly expressed in them. In fact, in most Tdc2-Gal4/tshGal80;UAS-

Cameleon2.1 larvae we observed Gal4 expression in at least one DUM neuron of the
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a9 neuromere (Fig.4E and F, Tab.2), indicating that Gal80 is not or only weakly
expressed in these cells. The drastically reduced number of muscles in the last
neuromeres a8 and a9 (Bate, 1993) is another indication for their negligible role in
larval crawling. Additional neurons in the VNC that are unlikely involved in larval
locomotion - because of weak or missing tshGal80 expression - are the VPM cells of
neuromere t1. In all Tdc2-Gald/tsh-Gal80; UAS-Cameleon?2.1 larvae, staining in
tVPM1 cells was observed (Fig. 4E and F, Tab.2). Octopaminergic/tyraminergic VPM
neurons project to the SOG and to some extent also to the supraoesophageal
ganglion. It is possible that these paired cells send information from the thoracic
ganglion to the SOG and basal protocerebrum or vice versa. VPM neurons project
into more ventral regions of the VNC than VUM cells, layers showing arborizations
from other cells than motor neurons. Interestingly, VPM cells were not found in the
neuromeres a2 to a9. Whether this cell type plays a role at all in larval locomotion

has to be investigated in more detail.

Anatomy of octopaminergic/tyraminergic neurons in the ventral ganglia of
Drosophila larva

In the VNC of Drosophila larvae, octopaminergic/tyraminergic UM neurons and their
projections were described by antibody staining against OA, TA or TBH (Monastirioti,
1999; Monastirioti et al., 1995; Monastirioti et al., 1996; Nagaya et al., 2002) and by
genetic tools using Tdc2-Gal4 (Koon et al., 2011; Vémel and Wegener, 2008). Here,
we show immunocytochemically that the 42 Tdc2-Gal4 expressing neurons are OA-,
TA- and TBRH-positive. Whereas the OA antibody might cross-react to TA (see also
(Busch et al., 2009)), the TBH antibody, which recognizes the enzyme necessary for
OA synthesis, seems to reliably label octopaminergic neurons (Monastirioti et al.,

1996). Tyraminergic neurons can be visualized by a TA-antibody (Chemicon; see
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also (Nagaya et al., 2002)). This antibody may cross-react with OA. However, all
octopaminergic neurons should contain TA, as it is the precursor of OA. Hence, the
potential cross-reactivity should not yield false positive results. Comparing the anti-
TBH staining with the anti-TA staining showed that all Tdc2-Gal4 expressing neurons
are octopaminergic and tyraminergic. Potentially two TA-immunoreactive cells in
neuromere t1 exist, which were never visualized by the TBH antibody and in the Gal4
line (data not shown). Therefore, this immunochemical approach implies that the
apparently different functions of OA and TA in larval locomotion are not realized by
specialized tyraminergic neurons. Unfortunately, nothing is known about the
subcellular localization of OA and TA. Also, whether the same cell can use both OA
and TA as modulators is not understood. Therefore, it is actually not possible to
hypothesize about distinct functions of the two amines, e.g. whether they activate
different targets or exert different effects on the same target.

The VNC of Drosophila larvae comprises three VUM neurons per neuromere
(except for neuromeres a8 and a9). The efferent abdominal VUMs are known to
innervate nearly all body wall muscles of their segment via type Il boutons (Hoang
and Chiba, 2001; Koon et al., 2011; Monastirioti et al., 1995). By single-cell staining
we found two types of octopaminergic/tyraminergic VUM neurons, based on the route
taken by their efferent neurites to enter the peripheral nerve. Apart from this marginal
discrepancy, it seems that all VUM neurons of a given neuromere are distinct by the
muscles they innervate (this study). In around 500 preparations showing either a
single or several distinct labeled VUM neurons different overall neuropil arborization
patterns were never observed. Although subtle inter-individual variations exist (Fig.5
and 6), the general characteristics remain the same. Nevertheless, this does not
necessarily mean that the cells are the same, as we could not tell anything about

their connections to other neurons in this neuropil regions. Also, despite our analysis
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of around 500 larval preparations, we cannot rule out the presence of an additional

type of VUM neuron.

VUM and DUM neurons in the ventral ganglia of insects

UM cells are known from many different insects like flies, locusts, crickets,
cockroaches, honeybees, stick insects, silkkmoths and hawkmoths (Arikawa et al.,
1984; Brookes, 1988; Busch et al., 2009; Casaday, 1976; Christensen et al., 1983;
Christensen, 1981; Davis, 1977; Davis, 1979; Ferber and Pfliger, 1990; Goldammer
et al., 2011; Hammer, 1993; Hoyle, 1978; Kondoh, 1982; Mentel et al., 2008;
Monastirioti, 1999; Pfliger and Watson, 1988; Pfluger et al., 1993; Rheuben and
Kammer, 1980; Sinakevitch et al., 1995; Taylor, 1974). It was shown that most of the
UM cells of the VNC extend their efferents bilaterally symmetrical to the peripheral
nerves. UM neurons are thought to play a role in the control of muscles in all of these
insects (Brookes, 1988; Dasari and Cooper, 2004; Ferber and Pfluger, 1990;
Johnston et al., 1999; Koon et al., 2011; Nagaya et al., 2002; Nishikawa and
Kidokoro, 1999; Pfluger et al., 1993).

In adult Drosophila OA-immunoreactive cells were described at the ventral
midline in all thoracic and the fused abdominal neuromeres (Monastirioti et al., 1995).
Given that single-cell stainings are lacking for the adult VNC it is not possible to tell
whether VPM neurons also exist. However, in the published reports of OA-
immunoreactivity and Tdc2-Gal4 expression patterns, neurons with smaller cell
bodies are visible next to the midline (Cole et al., 2005; Monastirioti et al., 1995).
Apart from the innervation of the ovaries by the octopaminergic/tyraminergic neurons
via the abdominal nerve to the ovary not much is known about the projection patterns
of the approximately 18 VM cells in the VNC (Cole et al., 2005; Monastirioti, 2003;

Rodriguez-Valentin et al., 2006). Prothoracic cervical muscles were shown to be
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innervated by type Il boutons containing OA, potentially from VUM neurons of the
VNC (Rivlin et al., 2004). Interestingly, electrophysiological studies provided
evidence that OA affects leg muscle function in adult flies (Dudai, 1987). In line with
this observation, OA also seems to modulate escape jumping (Harvey et al., 2008;
Zumstein et al., 2004). In other insects, leg-innervating DUM neurons with potential
roles in motor behavior were described (Baudoux et al., 1998; Burrows and Pfllger,
1995; Gras, 1990; Mentel et al., 2008; Theophilidis, 1983). The application of OA to
the nerve cord of decapitated flies stimulated locomotion and grooming (Yellman et
al., 1997), suggesting a modulatory role of OA also in adult locomotion. Because no
single-cell analysis of octopaminergic/tyraminergic cells in the adult VNC is available,
not to mention any investigation of their properties during the transition from larvae to
adults, a comparison between the developmental stages is currently not feasible.

In Antheraea pernyi larvae two bilaterally symmetrical projecting neurons with
medial cell bodies in the abdominal ganglia 3, 4, 5 and 6 were described (MC1 and
MC2; (Brookes, 1988)). The innervation pattern of each of the two cells in the
abdominal neuropil appeared to be indistinguishable. Their primary neurites extend
together before splitting. Then the secondary processes project along the dorsal
surface of the neuropil to pass into the nerve of the corresponding side. The only
difference between the two cells appear to be their peripheral innervation (Brookes
and Weevers, 1988). This characteristic projection pattern of UM neurons is also
observed in Drosophila larva (Fig.1C, 5, 6). In Manduca sexta larvae, three OA-
immunoreactive VUM neurons per thoracic ganglion and two OA-immunoreactive
VUM cells per abdominal ganglion were described (Pfliiger et al., 1993). These
authors were able to show that both cells of the abdominal ganglia symmetrically
leave the VNC through the dorsal nerves (DN) of their neuromere. Again, they differ

with respect to the muscles they innervated as they extend trough different branches
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of the DN (Pfluger et al., 1993). For both A. pernyi and Manduca larvae, no obvious
difference in the projection patterns of the VUM neurons in the abdominal neuropil
was observed (Brookes, 1988; Pflliger et al., 1993), observations we can confirm for
the Drosophila larva. Hence, it seems that even though the number of UM cells
varies between these three types of larvae, their overall characteristics remain the

same.
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1.8 Figure Legends

Fig.1: Innervation pattern of Tdc2-Gal4 in the VNC and abdominal muscles.
(A-l) Tdc2-Gal4 expression in the ventral nerve cord (VNC) of the Drosophila larva.
White: Tdc2-Gal4; UAS-Cameleon2.1, anti-GFP; orange: anti-Chat/anti-FaslI. (A-B)
Horizontal projections of a larval VNC showing Tdc2-Gal4-positive cell clusters in the
thoracic and abdominal neuromeres. tVM1-aVM8 clusters contain VUM neurons,
while aDM9 consists of DUM cells. The thoracic neuromeres and the first abdominal
neuromere (a1) additionally express Gal4 in one VPM neuron per side (arrows). (C)
Dorsal view on the VNC showing the laterally bifurcating VUM neurons of tVM1 to
aVM8 (arrow) and their neurites projecting via the peripheral nerve to the muscles
(arrowhead). (D-G) Higher magnification of projections in t3 (D-E) and a2 (F-G),
respectively, and their peripheral nerves. Two main nerve trunks, the intersegmental
(ISN) and segmental nerve (SN), join to form the peripheral nerve of t1 to a8. Two of
the three VUM neurons in t3 project via the SN, while in a2 two VUM efferents arise

via the ISN (ISN; asterisks). (H-I) Lateral view of the thoracic and first abdominal
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neuromere (dorsal up). (H) The primary neurites of the three VUM cells per cluster
are randomly twisted while projecting dorsally (arrows). (I) Projection of a subset of
sections of t1-a1 seen in F, showing the anteriorly arborizing primary neurite (arrow)
of the tVPM2 neuron (cell body marked by asterisk). (J-K) Tdc2-Gal4 expression at
the abdominal body wall muscles. White: Tdc2-Gal4; UAS-Cameleon2.1, anti-GFP;
orange: anti-Synapsin, type | bouton marker. Abdominal body wall muscles are
innervated by one Gal4-positive axon in the ISN (arrowhead), one in the SNb (arrow)
and another one in the SNa (asterisk) branch.

(L-N) Horizontal projections of ventral (L), medial (M) and dorsal (N) layers of the
neuromeres a1l and a2. Nomenclature after Landgraf et al. (2003): VM, ventral
median; VL, ventral lateral; DM, dorsal median; Cl, central intermediate; DL, dorsal

lateral fascicle; 1, transverse projection TP1. Scale bars: 50 pm, H-l,L-N 25 pym.

Fig.2: TBH-, octopamine- and tyramine-immunoreactivity in the larval VNC.

(A, D, G) Tdc2-Gal4 expression in combination with TBH (tyramine 3 hydroxylase)-,
OA (octopamine)- and TA (tyramine)-immunoreactivity, respectively. Green: Tdc2-
Gal4; UAS-Cameleon2.1, anti-GFPch; magenta: (A) anti-TBH, (D) anti-OA, (G) anti-
TA. The second (B, E, H) and third columns (C, F, I) represent the Tdc2-Gal4
expression and TRH/OA/TA staining, respectively. (A-C) All Tdc2-positive neurons of
the larval VNC are also labeled by the TBH antibody. Three cell bodies per side in
abdominal neuromeres a2-a4 were only TBH-immunoreactive (insert in A, asterisks).
(D-F) All Tdc2-positive neurons of the larval VNC are also labeled by the OA
antibody. The OA staining was variable between specimens. (G-1) All Tdc2-positive

neurons of the larval VNC are also labeled by the TA antibody. Scale bars: 50 ym.

Fig.3: Larval locomotion is antagonistically modulated by OA and TA.
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(A) Hemizygous TBh male larvae were significantly reduced in locomotor activity
compared to w'’"® males (p=1.087x10®). Locomotion of heterozygous Tih females
was indistinguishable from that of w’"’® female controls (p=0.3141). In contrast,
homozygous T3h female larvae crawled much shorter distances per minute
compared to w'’"® larvae (p=6.395x107) and heterozygous TBh larvae (5.457x107).
(B) Tdc2°%*/CyO larvae with reduced levels of both OA and TA showed significantly
reduced locomotor activity compared to CantonS (p=3.075x10°) and w'’"® larvae
(p=0.0120). (C) honoka larvae with a reduced tyramine receptor level were

hyperactive and travelled significantly faster than w'’"

control larvae (p=0.0047).
*<0.5, **<0.01, ***<0.001, n.s.>0.05, asterisks indicate significance levels between

genotypes; N= sample size.

Fig.4: Octopaminergic/tyraminergic neurons are involved in larval locomotion.
(A) Both the expression of the cell ablation genes Hid,Rpr and of the inwardly
rectifying potassium channel Kir2.1 in Tdc2-positive cells led to strongly reduced
distances travelled within one minute compared to Gal4/+ and UAS/+ control larvae.
(B) The combined expression of Tdc2-Gal4 and tshGALS80 inhibited the Hid,Rpr-
induced locomotion phenotype. These larvae performed significantly better than
Tdc2-Gal4/UAS-hid,rpr but indistinguishable from Tdc2-Gal4;tshGAL80/+ (p=0.6156)
and UAS-Hid,Rpr/+ (p=0.7144) larvae. (C-D) Tdc2-Gal4 expression in the larval
CNS. White: Tdc2-Gal4; UAS-Cameleon2.1, anti-GFP; orange: anti-Chat/anti-FaslI.
(E-F) Tdc2-Gal4;tshGal80 expression in the larval CNS. White: Tdc2-Gal4; tshGal80/
UAS-Cameleon2.1, anti-GFP; orange: anti-Chat/anti-Fasll. No detectable staining of
the octopaminergic/tyraminergic cells in the VNC is visible except for the VPM

neurons in the t1 neuromere (arrow) and one cell in the aDM9 cluster (arrowhead).
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*<0.5, **<0.01, ***<0.001, n.s.>0.05, asterisks indicate significance levels between

genotypes; N= sample size. Scale bars: 50 um.

Fig.5: Anatomy of single VUM neurons of the larval thoracic ganglion.

(A-R) Projection pattern of single octopaminergic/tyraminergic VUM neurons of the
thoracic neuromeres. White: Tdc2-Gal4; UAS-mCD8::GFP, anti-GFP; orange: anti-
Chat/anti-Fasll. (A-L) The main neuropil innervation patterns of the efferent VUM
neurons in the thoracic neuromere t1 and their projections through the
intersegmental nerve (ISN) or segmental nerve (SN) seems to be identical.
Ramifications are mostly found in the lateral neuropil of t1 and the posterior SOG
(asterisks). (C) Horizontal projection of the anterior thoracic neuromeres and the
SOG. Two tVUM neurons are stained in the same VNC. The cells differ only with
respect to the axonal projection from the lateral dorsomedial neuropil (arrow) to the
peripheral nerve. (F) Frontal view of the cell shown in C. The axon projecting in the
SN (arrowhead) runs ventrally from the lateral dorsomedial neuropil, while the
efferent from the VUMisn cell (asterisk) stays at the dorsal margin of the neuropil. (D-
L) Horizontal projection of a tVUM1isn neuron. J shows the whole projection pattern,
K the dorsalmost arborizations of the cell, while L represents medial and ventral
layers. (K) Ramifications in the dorsomedial region of neuromere t2 are visible
(arrow). (L) tVUM1isn innervates the posterior SOG laterally. (H) Frontal view of the
tVUMZ2isn neuron which mainly ramifies in the lateral neuropil (asterisk). (M-O)
Horizontal projections of the entire cell (M), dorsal (N) and medial to ventral layers
(O), respectively. The tVUM2isn neuron ramifies in the lateral neuropil (asterisks).
The arrows indicate dorsomedial arborizations innervating the posterior neuromere
t3, while the arrowheads point to anterior projections in the dorsomedial neuropil

which were never observed in tVUM1 neurons. (I) Frontal view of the tVUMSisn cell.
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Medial projections (asterisk) are not restricted to the dorsal neuropil unlike in tVUM1
and tVUM2 cells. (P-R) Horizontal projections of the entire cell (P), dorsal (Q) and
medial layers (R), respectively. Anterior (arrowhead) and posterior (arrow)
dorsomedial arborizations in the neighboring neuromeres are visible. (R) tVUM3
ramifies around the midline in medial neuropil regions at the level of the central

intermediate fascicle (Cl). Scale bars: 25 ym.

Fig.6: Anatomy of single VUM neurons of the larval abdominal ganglion.

(A-P) Projection pattern of single octopaminergic/tyraminergic VUM neurons in the
abdominal neuromeres a5 and a6. White: Tdc2-Gal4; UAS-mCD8::GFP, anti-GFP;
orange: anti-Chat/anti-Fasll. (A,B,E,F,l,J) Horizontal projection pattern of the entire
neuron. Apart from the main projections in the dorsomedial neuropil, ramifications are
visible at the lateral margin of the neuropil (arrowhead) and dorsal to the central
intermediate fascicle (arrow). (A-B) The VUM neurons of each cluster seem to differ
only with respect to their efferents. (E,F,l,J) As seen in four different specimens,
aVUMBG6isn cells vary in their length and number of arborizations, while the main
projection remain the same. (C,D,G,H,K,L) Frontal view of the entire VUM neurons.
The median arborizations extend to the more ventral neuropil, but remain dorsal to
the ventral median fascicle (arrows). (M-P) Horizontal projections of a few sections of
the dorsalmost neuropil including the dorsal lateral fascicle (DL; M and O) and of the
dorsal neuropil including the dorsal median fascicle (DM; N and P), respectively. (M)
aVUM neurons show arborizations in the mediodorsal neuropil (asterisk) and along
the DL (arrowhead). (N) Ramifications along the DM seem to reach anterior
neuromeres as well as the posterior neuromere a7 (arrows). (O) Small branches near

the DL are visible (arrowhead). (P) Arborizations innervate anterior the neuromeres
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ab and a4 and seem to reach the adjacent posterior neuromere a7 (arrows). Scale

bars: 25 ym.

Fig.7: Anatomy of single VUM and DUM neurons of larval abdominal
neuromeres a8 and a9.

Horizontal projections of single VUM (A,B) and DUM neurons (H), respectively.
Processes arborize in the dorsomedial neuropil of anterior neuromeres (arrows). (C
and D) Frontal view of cell projections. Dorsal up, ventral down. (E-G) Different
neuropil areas are innervated by the aVUMS cell shown in A. (E) Dorsal region of the
VNC. The efferents project via the ISN. Ramifications along the anterior and posterior
commissures of neuromeres a6, a7 and a8 are visible. (F) The dorsomedially
projecting neurites (arrow) seem to reach the posterior part of a5, while the
arborizations dorsal to the central intermediate fascicle (arrowhead) end in a6. (G)
Ventral region of the VNC. (H-J) Innervation pattern of the aDUM9 cell type. (1)
Ramifications in dorsal parts of neuromeres a9, a8 and a7. Neurites reaching a7 by
passing dorsomedially around the dorsal median (DM) fascicle are shown (arrow). (J)
Neuromere a7 is also innervated by ramifications in the mediolateral neuropil

(arrowhead). Scale bars: 25um.

Fig.8: Anatomy of single VPM neurons of the larval VNC.

(A-L) Horizontal projection pattern of single octopaminergic/tyraminergic VPM
neurons of the t1-a1 neuromeres. White: Tdc2-Gal4; UAS-mCD8::GFP, anti-GFP;
orange: anti-Chat/anti-Fasll. The first column shows the mostly contralaterally
projection of the whole cell in the CNS, the other columns show areas of specific
interest. (A-D) The anatomy of the tVPM2 cell. (B) It arborizes in the dorsalmost parts

of the medial SOG and tritocerebrum (tri). (C) Bifurcations in the medial SOG and
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first thoracic ganglion (tg) are visualized. (D) The primary neurite of tVPM2 projects
contralaterally. It splits (arrowhead) and its arbors innervate the ventromedial tg and
SOG. (E-H) The innervation pattern of the tVPM3 cell. (E and G) The neuron projects
into the basal protocerebrum (bp; arrows) and to the lateral edge of the tg
(arrowheads). (F) It establishes ramifications in the dorsal tg and (H) in the ventral tg
and SOG. (I-L) The anatomy of the aVPM1 cell. (J) It branches in the dorsal
contralateral tg. (K) In all VPM neurons the primary neurite projects anteriorly and
crosses the midline to innervate the contralateral VNC. (L) aVPM1 innervates the bp
(arrow). DL- dorsal lateral fascicle; DM- dorsal median fascicle; VL- ventral lateral

fascicle; VM- ventral median fascicle. Scale bars: 50 ym, J-L 25 pm.

Fig.9: Schematic drawing of the VUM neurons in the thoracic and abdominal
neuromeres.

(A-D) Transverse sections of the first (A), second (B), third (C) thoracic and an
abdominal (D) neuromere (after Vémel and Wegener, 2008). Dorsal is at the top and
ventral at the bottom. Fasll-positive longitudinal tracts (orange) are named after
Landgraf et al. (2003). The primary neurite of each of the three VUM neurons runs
along the midline dorsally, splits in a t-shaped manner and projects symmetrically
into the peripheral nerve, either via the intersegmental nerve (ISN; red) or the
segmental nerve (SN; brown). The area of arborization is shown in purple, the
neuropil in light orange and cortex in grey. (A-C) The white cell body in each of the
thoracic neuromeres indicates that the ISN or SN projection of this VUM neuron is

not confirmed. V, ventral; C, central; D, dorsal; M, median; |, intermediate; L, lateral.
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Fig.1: Innervation pattern of Tdc2-Gal4 in the VNC and abdominal muscles.
(A-I) Tdc2-Gal4 expression in the ventral nerve cord (VNC) of the Drosophila larva. White: Tdc2-Gal4; UAS-

Cameleon2.1, anti-GFP; orange: anti-Chat/anti-FasII. (A-B) Horizontal projections of a larval VNC showing
Tdc2-Gal4-positive cell clusters in the thoracic and abdominal neuromeres. tVM1-aVM8 clusters contain VUM

neurons, while aDM9 consists of DUM cells. The thoracic neuromeres and the first abdominal neuromere
(al) additionally express Gal4 in one VPM neuron per side (arrows). (C) Dorsal view on the VNC showing the
laterally bifurcating VUM neurons of tVM1 to aVM8 (arrow) and their neurites projecting via the peripheral
nerve to the muscles (arrowhead). (D-G) Higher magnification of projections in t3 (D-E) and a2 (F-G),
respectively, and their peripheral nerves. Two main nerve trunks, the intersegmental (ISN) and segmental
nerve (SN), join to form the peripheral nerve of t1 to a8. Two of the three VUM neurons in t3 project via the
SN, while in a2 two VUM efferents arise via the ISN (ISN; asterisks). (H-I) Lateral view of the thoracic and
first abdominal neuromere (dorsal up). (H) The primary neurites of the three VUM cells per cluster are
randomly twisted while projecting dorsally (arrows). (I) Projection of a subset of sections of t1-al seen in F,
showing the anteriorly arborizing primary neurite (arrow) of the tVPM2 neuron (cell body marked by
asterisk). (J-K) Tdc2-Gal4 expression at the abdominal body wall muscles. White: Tdc2-Gal4; UAS-
Cameleon2.1, anti-GFP; orange: anti-Synapsin, type I bouton marker. Abdominal body wall muscles are
innervated by one Gal4-positive axon in the ISN (arrowhead), one in the SNb (arrow) and another one in
the SNa (asterisk) branch.

(L-N) Horizontal projections of ventral (L), medial (M) and dorsal (N) layers of the neuromeres al and a2.
Nomenclature after Landgraf et al. (2003): VM, ventral median; VL, ventral lateral; DM, dorsal median; CI,
central intermediate; DL, dorsal lateral fascicle; 1, transverse projection TP1. Scale bars: 50 um, H-I,L-N 25

pm.
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Fig.2: TBH-, octopamine- and tyramine-immunoreactivity in the larval VNC.

(A, D, G) Tdc2-Gal4 expression in combination with TBH (tyramine B hydroxylase)-, OA (octopamine)- and
TA (tyramine)-immunoreactivity, respectively. Green: Tdc2-Gal4; UAS-Cameleon2.1, anti-GFPch; magenta:
(A) anti-TBH, (D) anti-OA, (G) anti-TA. The second (B, E, H) and third columns (C, F, I) represent the Tdc2-
Gal4 expression and TBH/OA/TA staining, respectively. (A-C) All Tdc2-positive neurons of the larval VNC are
also labeled by the TBH antibody. Three cell bodies per side in abdominal neuromeres a2-a4 were only TBH-
immunoreactive (insert in A, asterisks). (D-F) All Tdc2-positive neurons of the larval VNC are also labeled by

the OA antibody. The OA staining was variable between specimens. (G-I) All Tdc2-positive neurons of the

larval VNC are also labeled by the TA antibody. Scale bars: 50 pm.
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Fig.3: Larval locomotion is antagonistically modulated by OA and TA.

(A) HemizygousTBh male larvae were significantly reduced in locomotor activity compared to w1118 males
(p=1.087x10-6). Locomotion of heterozygous TBh females was indistinguishable from that of w1118 female
controls (p=0.3141). In contrast, homozygous TBh female larvae crawled much shorter distances per minute
compared to w1118 larvae (p=6.395x10-7) and heterozygous TBh larvae (5.457x10-6). (B) Tdc2RO54/CyO

larvae with reduced levels of both OA and TA showed significantly reduced locomotor activity compared to

CantonS (p=3.075x10-5) and w1118 larvae (p=0.0120). (C) honoka larvae with a reduced tyramine
receptor level were hyperactive and travelled significantly faster than w1118 control larvae (p=0.0047).
*<0.5, **<0.01, ***<0.001, n.s.>0.05, asterisks indicate significance levels between genotypes; N=
sample size.

101x46mm (300 x 300 DPI)
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Fig.4: Octopaminergic/tyraminergic neurons are involved in larval locomotion.

(A) Both the expression of the cell ablation genes Hid,Rpr and of the inwardly rectifying potassium channel
Kir2.1 in Tdc2-positive cells led to strongly reduced distances travelled within one minute compared to
Gal4/+ and UAS/+ control larvae. (B) The combined expression of Tdc2-Gal4 and tshGAL8O inhibited the
Hid,Rpr-induced locomotion phenotype. These larvae performed significantly better than Tdc2-Gal4/UAS-
hid,rpr but indistinguishable from Tdc2-Gal4;tshGAL80/+ (p=0.6156) and UAS-Hid,Rpr/+ (p=0.7144)
larvae. (C-D) Tdc2-Gal4 expression in the larval CNS. White: Tdc2-Gal4; UAS-Cameleon2.1, anti-GFP;
orange: anti-Chat/anti-FaslIl. (E-F) Tdc2-Gal4;tshGal80 expression in the larval CNS. White: Tdc2-Gal4;
tshGal80/ UAS-Cameleon2.1, anti-GFP; orange: anti-Chat/anti-FaslI. No detectable staining of the
octopaminergic/tyraminergic cells in the VNC is visible except for the VPM neurons in the t1 neuromere
(arrow) and one cell in the aDM9 cluster (arrowhead). *<0.5, **<0.01, ***<0.001, n.s.>0.05, asterisks
indicate significance levels between genotypes; N= sample size. Scale bars: 50 pm.

138x108mm (300 x 300 DPI)
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Fig.5: Anatomy of single VUM neurons of the larval thoracic ganglion.

(A-R) Projection pattern of single octopaminergic/tyraminergic VUM neurons of the thoracic neuromeres.
White: Tdc2-Gal4; UAS-mCD8::GFP, anti-GFP; orange: anti-Chat/anti-FasII. (A-L) The main neuropil
innervation patterns of the efferent VUM neurons in the thoracic neuromere t1 and their projections through
the intersegmental nerve (ISN) or segmental nerve (SN) seems to be identical. Ramifications are mostly
found in the lateral neuropil of t1 and the posterior SOG (asterisks). (C) Horizontal projection of the anterior
thoracic neuromeres and the SOG. Two tVUM neurons are stained in the same VNC. The cells differ only with
respect to the axonal projection from the lateral dorsomedial neuropil (arrow) to the peripheral nerve. (F)
Frontal view of the cell shown in C. The axon projecting in the SN (arrowhead) runs ventrally from the
lateral dorsomedial neuropil, while the efferent from the VUMisn cell (asterisk) stays at the dorsal margin of
the neuropil. (D-L) Horizontal projection of a tVUM1isn neuron. J shows the whole projection pattern, K the
dorsalmost arborizations of the cell, while L represents medial and ventral layers. (K) Ramifications in the
dorsomedial region of neuromere t2 are visible (arrow). (L) tVUM1isn innervates the posterior SOG laterally.
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(H) Frontal view of the tVUM2isn neuron which mainly ramifies in the lateral neuropil (asterisk). (M-0)
Horizontal projections of the entire cell (M), dorsal (N) and medial to ventral layers (O), respectively. The
tVUM2isn neuron ramifies in the lateral neuropil (asterisks). The arrows indicate dorsomedial arborizations

innervating the posterior neuromere t3, while the arrowheads point to anterior projections in the
dorsomedial neuropil which were never observed in tVUM1 neurons. (I) Frontal view of the tVUM3isn cell.
Medial projections (asterisk) are not restricted to the dorsal neuropil unlike in tVUM1 and tVUM2 cells. (P-R)
Horizontal projections of the entire cell (P), dorsal (Q) and medial layers (R), respectively. Anterior
(arrowhead) and posterior (arrow) dorsomedial arborizations in the neighboring neuromeres are visible. (R)
tVUM3 ramifies around the midline in medial neuropil regions at the level of the central intermediate fascicle
(CI). Scale bars: 25 um.
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Fig.6: Anatomy of single VUM neurons of the larval abdominal ganglion.

(A-P) Projection pattern of single octopaminergic/tyraminergic VUM neurons in the abdominal neuromeres
a5 and a6. White: Tdc2-Gal4; UAS-mCD8::GFP, anti-GFP; orange: anti-Chat/anti-FaslII. (A,B,E,F,I1,])
Horizontal projection pattern of the entire neuron. Apart from the main projections in the dorsomedial

neuropil, ramifications are visible at the lateral margin of the neuropil (arrowhead) and dorsal to the central
intermediate fascicle (arrow). (A-B) The VUM neurons of each cluster seem to differ only with respect to
their efferents. (E,F,I,]) As seen in four different specimens, aVUM®6isn cells vary in their length and number
of arborizations, while the main projection remain the same. (C,D,G,H,K,L) Frontal view of the entire VUM
neurons. The median arborizations extend to the more ventral neuropil, but remain dorsal to the ventral
median fascicle (arrows). (M-P) Horizontal projections of a few sections of the dorsalmost neuropil including
the dorsal lateral fascicle (DL; M and O) and of the dorsal neuropil including the dorsal median fascicle (DM;
N and P), respectively. (M) aVUM neurons show arborizations in the mediodorsal neuropil (asterisk) and
along the DL (arrowhead). (N) Ramifications along the DM seem to reach anterior neuromeres as well as the
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posterior neuromere a7 (arrows). (O) Small branches near the DL are visible (arrowhead). (P) Arborizations
innervate anterior the neuromeres a5 and a4 and seem to reach the adjacent posterior neuromere a7
(arrows). Scale bars: 25 pm.
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Fig.7: Anatomy of single VUM and DUM neurons of larval abdominal neuromeres a8 and a9.
Horizontal projections of single VUM (A,B) and DUM neurons (H), respectively. Processes arborize in the
dorsomedial neuropil of anterior neuromeres (arrows). (C and D) Frontal view of cell projections. Dorsal up,
ventral down. (E-G) Different neuropil areas are innervated by the aVUMS8 cell shown in A. (E) Dorsal region
of the VNC. The efferents project via the ISN. Ramifications along the anterior and posterior commissures of
neuromeres a6, a7 and a8 are visible. (F) The dorsomedially projecting neurites (arrow) seem to reach the
posterior part of a5, while the arborizations dorsal to the central intermediate fascicle (arrowhead) end in
ab6. (G) Ventral region of the VNC. (H-J) Innervation pattern of the aDUM9 cell type. (I) Ramifications in
dorsal parts of neuromeres a9, a8 and a7. Neurites reaching a7 by passing dorsomedially around the dorsal
median (DM) fascicle are shown (arrow). (J) Neuromere a7 is also innervated by ramifications in the
mediolateral neuropil (arrowhead). Scale bars: 25um.
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Fig.8: Anatomy of single VPM neurons of the larval VNC.

(A-L) Horizontal projection pattern of single octopaminergic/tyraminergic VPM neurons of the t1-al
neuromeres. White: Tdc2-Gal4; UAS-mCD8::GFP, anti-GFP; orange: anti-Chat/anti-FaslI. The first column
shows the mostly contralaterally projection of the whole cell in the CNS, the other columns show areas of

specific interest. (A-D) The anatomy of the tVPM2 cell. (B) It arborizes in the dorsalmost parts of the medial

SOG and tritocerebrum (tri). (C) Bifurcations in the medial SOG and first thoracic ganglion (tg) are
visualized. (D) The primary neurite of tVPM2 projects contralaterally. It splits (arrowhead) and its arbors

innervate the ventromedial tg and SOG. (E-H) The innervation pattern of the tVPM3 cell. (E and G) The
neuron projects into the basal protocerebrum (bp; arrows) and to the lateral edge of the tg (arrowheads).
(F) It establishes ramifications in the dorsal tg and (H) in the ventral tg and SOG. (I-L) The anatomy of the
aVPM1 cell. (J) It branches in the dorsal contralateral tg. (K) In all VPM neurons the primary neurite projects
anteriorly and crosses the midline to innervate the contralateral VNC. (L) aVPM1 innervates the bp (arrow).
DL- dorsal lateral fascicle; DM- dorsal median fascicle; VL- ventral lateral fascicle; VM- ventral median
fascicle. Scale bars: 50 pm, J-L 25 pm.
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Fig.9: Schematic drawing of the VUM neurons in the thoracic and abdominal neuromeres.

(A-D) Transverse sections of the first (A), second (B), third (C) thoracic and an abdominal (D) neuromere
(after Vomel and Wegener, 2008). Dorsal is at the top and ventral at the bottom. FasII-positive longitudinal
tracts (orange) are named after Landgraf et al. (2003). The primary neurite of each of the three VUM
neurons runs along the midline dorsally, splits in a t-shaped manner and projects symmetrically into the
peripheral nerve, either via the intersegmental nerve (ISN; red) or the segmental nerve (SN; brown). The
area of arborization is shown in purple, the neuropil in light orange and cortex in grey. (A-C) The white cell
body in each of the thoracic neuromeres indicates that the ISN or SN projection of this VUM neuron is not
confirmed. V, ventral; C, central; D, dorsal; M, median; I, intermediate; L, lateral.

81x48mm (300 x 300 DPI)
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Table 1: Primary antibodies.

Antibody Host Immunogen Manufacturer Working
dilution
Anti-GFP rabbit, Purified green fluorescent A6455, Molecular 1:1000
polyclonal protein (GFP), a 27-kDa Probes (Eugene,
serum protein derived from the OR)
jellyfish Aequorea Victoria
Chicken anti- chicken, Recombinant GFP containing AB16901, 1:150,
GFP polyclonal a 6-his tag Chemicon 1:170
(Temecula, CA)
ChAT4B1 mouse, 80-kDa Drosophila Choline ChAT4B1, DSHB 1:100
monoclonal acetyltransferase protein (lowa City, 1A)
1D4 anti- mouse, Bacterially expressed fusion 1D4, DSHB (lowa 1:55
Fasciclin Il monoclonal peptide containing the City, 1A)
intracellular C-terminal 103
amino acids of the PEST
transmembrane form of Fasl|
3C11 mouse, First open reading frame of Klagges et al., 1:50
monoclonal the Drosophila Synapsin 1996
protein
TBH rat, A bacterially expressed Monastirioti et al., 1:75
polyclonal purified internal part of the 1996
protein (Sal-Xho fragment)
Anti-p- rabbit, p-Tyramine-gluteraldehyde- AB124, Chemicon, 1:200
Tyramine polyclonal N-alpha-acetyl-L-lysine-N- (Temecula, CA)
methylamide
Anti- Rabbit, Octopamine-glutaraldehyde-  1003GE, MoBiTec  1:200
conjugated polyclonal carriers (Géttingen)
octopamine
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Table 2: Cell numbers of Tdc2-Gal4 and/or TBH expressing neurons.

Cell Tdc2-Gal4; UAS-Cameleon2.1 Tdc2-Gal4
cluster /tshGal80; UAS-
Cameleon2.1
aGFP aTpH aGFP/ aTBH aGFP
SEM n SEM n SEM n SEM n

tvM1 518 0.12 11 5,09 0.09 17 5.09 0.09 11 2.22 015 9
tVM2 536 028 11 5,09 0.09 17 5.09 0.09 11 0.38 0.26 8
tVM3 5,09 0.09 11 482 018 11 4382 0.18 11 0.25 0.16 8
avVM1 4.91 0.09 11 482 018 11 491 0.09 11 0.00 0.00 7
avM2 3.00 0.00 11 3.00 000 177 3.00 0.00 1711 0.00 0.00 7
avVM3 3.00 0.00 11 3.00 000 177 3.00 0.00 11 0.00 0.00 7
avVM4 3.00 0.00 11 3.00 000 177 3.00 0.00 1711 0.00 0.00 7
avVM5 3.00 0.00 11 3.00 0.00 177 3.00 0.00 1711 0.00 0.00 7
aVM6 3.00 0.00 11 3.00 0.00 177 3.00 0.00 1711 0.00 0.00 7
avM7 3.00 0.00 10 3.00 000 170 3.00 0.00 1710 0.00 0.00 7
avVM8 2.30 0.15 10 200 000 170 2.00 0.00 1710 1.43 030 7
aDM9 2.50 0.17 10 200 026 10 200 0.26 10 1.14 034 7
VGlat 0.00 0.00 11 291 0.09 1717 0.00 0.00 1711 0.00 0.00 7
)

vnc 43.80 066 10 47.70 050 10 42.00 045 10 5.14 046 7
* per side

t, thoracic; a, abdominal; VM, ventral median; DM, dorsal median; VG, ventral

ganglion; lat, lateral; vnc, ventral nerve cord;
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