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1. Abstract

The insect antenna is a key sensory organ involved in olfaction, audition, flight, and reproductive behavior.
In the hemimetabolous grasshopper, Schistocerca gregaria, the nervous system of the antenna is a well-
established model system for the study of axogenesis. The nervous system of the antenna consists of two
nerve tracts, one dorsal and one ventral, which are each first navigated by a set of pioneer neurons: a pair of
sibling cells at the tip of the antenna, and a single cell at the base. As the axons of the tip pioneers grow
towards the base of the antenna, their axons make contact with the base pioneer. The pioneer growth cones
then progress into the deutocerebrum. The axons of sensory neurons fasciculate with the pioneer axons and
grow along them to their targets in the brain.

While the tip pioneers are known to delaminate from the epithelium into the lumen, the origins of the
base pioneers are unknown. The role of the base pioneers in axon guidance remain unclear, as do the
molecular guidance cues regulating axogenesis in the antenna. Although many studies have investigated the
targets innervated by sensory neurons of the antenna, the targets of the pioneer growth cones themselves, and
the extent to which the pioneer growth cones progress into the brain neuropil proper, have remained unclear.
Furthermore, the fates of the pioneer neurons later in development are poorly understood.

The results presented in this thesis show that:

(1) the base pioneers derive from the mesoderm while tip pioneers originate in the ectodermal epithelium;
(2) although tip pioneers express cell surface lipocalin Lazarillo continuously, the base pioneers express
Lazarillo only during the time period when the tip pioneer filopodia first contact them;
(3) Lazarillo is necessary for the proper navigation of tip pioneer growth cones;
(4) the apical antennal pioneer axons project into the deutocerebral, then protocerebral neuropils, where they
target a set of Lazarillo-positive cells which themselves pioneer the primary axon scaffold of the brain;
(5) the apical pioneers are removed by apoptosis shortly after mid-embryogenesis, a developmental stage
similar to that reported for the death of pioneers in the leg, a homologous appendage, while base pioneers
progressively change their molecular profile and can no longer be identified with certainty by mid-
embryogenesis, yet do not exhibit death labels.
Pioneer neurons have also been observed in many other systems, both vertebrate and invertebrate,
but little is known about the pioneers of other insect antennae. My-work opens the possibility of a
comparative study to determine whether insects, such as fruit flies and beetles, establish their antennal nerve
tracts via mechanisms similar to those described here.
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2. Introduction

2.1. Function of the insect antenna

An insect’s antennae are a pair of articulated appendages associated with the head’s deutocerebral segment
(Snodgrass, 1935; Butt, 1960; Bullock and Horridge, 1965). Arthropod appendages can be either uniramous,
a linear series of segments, or biramous, a branched limb. Insects have uniramous antennae (Emerson and
Schram, 2012).

The antennae are key sensory organs for insects. Antennae are the main insect olfactory sense organs
(Hansson et al., 1996; Hildebrand, 1996; Kaissling and Leal, 2004; Jin et al., 2005) and therefore serve as a
model system for studying olfaction. The olfactory system is particularly scientifically interesting because
the molecular and cellular mechanisms underlying sensory signaling are remarkably conserved between
different animals from fruit flies to mammals (Buck, 2000; Axel, 2005; Galizia and Réssler, 2010). Olfactory
cues affect locusts’ aggregation, feeding, mating and oviposition (Torto et al., 1994, Chen et al., 2004;
Hassanali ef al., 2005).

Antennae are involved not only in olfaction, but also in the detection of mechanical, chemical and
thermal stimuli (Gewecke, 1972; Altner et al., 1981). The appendages also play a role in audition (Gopfert
and Robert, 2001; Gopfert et al., 2002; Gopfert, 2007); gravity sensing (Kamikouchi et al., 2009); swimming
(Gewecke, 1996); flight (Gewecke, 1972; Gewecke and Heinzel, 1980); optomotor behavior (Honegger,
1981) and reproductive behavior (Loher and Dambach, 1989; Stevenson et al., 2000). In orthopteran insects,
escape behavior can be initiated by stimulation of the chordotonal organs near the base of the antenna, which
excite descending mechanosensory interneurons. Input from sensilla on other parts of the antenna also plays
arole in determining the insect’s response to threatening stimuli (Comer and Baba, 2011).

2.2. The model organism: The desert locust Schistocerca gregaria

Grasshoppers are insects of the Orthoptera order and the Caeclifera suborder. Locusts are short-horned
grasshoppers of the family Acrididae that, at high population densities, gather and fly in swarms. The desert
locust (Fig. 2.1a) is a major agricultural pest which has caused massive economical damage by consuming
crops in parts of Africa and Asia. The hardiness and prolific reproduction which enable the animal to act as
such a destructive plague in the wild also make it a relatively easy organism to breed and maintain in a lab.
The grasshopper is a hemimetabolous insect, which allows its individually-identifiable neurons to be
followed from their birth during embryogenesis through the rest of the insect’s development, in contrast to

holometabolous insects which rebuild their nervous systems during metamorphosis (see Boyan and Ball,
1993).

2.3. The morphology of the antenna

A locust antenna consists of two basal segments— the scape and the pedicel- and a flagellum which
comprises a series of similarly-shaped, smaller segments (Fig. 2.1b). The antenna is moved by two pairs of
muscles (Fig. 2.1c). The tentorio-scapal muscles in the head move the scape up and down. A pair of muscles
which insert at the base of the scape move the pedicel from side to side. The flagellum is not moved actively
by muscles, but moves passively when the head, scape and pedicel move (Gewecke, 1972).

Figure 2.1. Schistocerca gregaria and the insect
antenna. (a) The grasshopper antenna. (b)
Proximal part of the left antenna. The grasshopper
antenna comprises flagellum, pedicel and scape,
as seen in this image from a scanning electron
microscope. (¢) The grasshopper antenna is
moved by muscles in the scape and pedicel. a
modified from lecture slides of G.S. Boyan. b
and ¢ modified from Gewecke (1972).
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2.3.1. Types of sensilla in the grasshopper embryo

The functions of the insect antenna are made possible by sensilla, innervated by one or several neurons and
support cells, located in or below the antennal cuticle (Keil, 1997). The morphology and activity of these
neurons vary between insect species (Keil, 1984), as does the number and distribution of sensilla (Chen et
al., 2003). The locust antenna has three kinds of olfactory sensilla— sensilla basiconica, sensilla trichodea and
sensilla coeloconica (Ochieng et al., 1998)— as well as the mechanosensory and gustatory sensilla chaetica
(Fig. 2.2; Jin et al., 2005). Different kinds of sensilla can be identified by their morphology and are
distributed in different patterns along the length of the antenna. All sensilla must innervate the brain to fulfill
their function as sensory organs.

Figure 2.2. The different types of
chemosensitive sensilla on an
antenna of adult L. migratoria as
seen in the scanning electron
microscope. Sensilla chaetica (Ch)
are mainly localized close to the
segmental borders. S. basiconica
(Ba) and s. coeloconica (Co) are the
most common types, whereas s.
trichodea (Tr) are fairly rare. The
surface of the antenna is sculptured
by scale plates. Bar, 20 pm.
Modified from Chen et al. (2003) - e~ ol
and Jin et al. (2005). cocloconic trichoid

e ——

small basiconic large basiconic

2.3.2. Innervation of the brain by sensory neurons in the antenna
The sensory neurons of the antenna innervate the deutocerebrum, which comprises two neuropils. The
posterior region of the deutocerebrum, the antennal mechanosensory and motor center (AMMC) or the
dorsal lobe, is the site where the brain performs the initial processing of mechanosensory information. Most
olfactory sensory neurons (OSNs) innervate the other neuropil of the deutocerebrum, the antennal lobe,
which is the initial processing center for olfactory information in the insect brain (Homberg et al., 1989;
Hansson and Anton, 2000). The insect antennal lobe is organized into invariant spheroid structural units, the
glomeruli, which are arranged stereotypically (Flanagan and Mercer, 1989; Galizia et al., 1999; Laissue et
al., 1999). The number of glomeruli varies dramatically between species. Mosquitos have only 35 glomeruli
(Bausenwein and Nick, 1998); Drosophila has 43 (Laissue et al., 1999); most butterflies and moths have
about 60 (Rospars, 1983; Masante-Roca et al., 2005; Varela et al., 2009; Heinze and Reppert, 2012);
honeybees have fewer than 200 (Arnold et al., 1985); hornets have 265 (Couto et al., 2016); while locusts
have approximately 1,000 glomeruli (Ernst et al., 1977). From the antennal lobe, projection neurons carry
information to higher brain centers via the inner antennocerebral tract to the calyx of the ipsilateral
mushroom body and protocerebrum, or the medial and outer antennocerebral tracts which innervate the
protocerebrum but bypass the mushroom body (Wong et al., 2010).

Although the OSNs are known to target the glomeruli of the antennal lobe, it is unclear where the
antennal pioneers grew after extending beyond the antenna. A goal of this project is to clarify which cells or
brain regions serve as targets for the pioneers in the brain.

2.4. Development of the antenna

Insect embryogenesis begins with the formation of the blastoderm, a layer of single cells surrounding the
yolk. Gastrulation produces two germ layers from the blastoderm. The inner layer, which is composed of
cells that have migrated through the gastral groove, becomes the mesoderm, which will give rise to muscles
and hemolymph among other body parts. The outer layer, the ectoderm, produces the epidermis and most of
the nervous system (Ho ef al., 1983). The third germ layer of insects, the endoderm, forms the midgut. Early
in the embryonic development of hemimetabolous insects, the ectoderm of the head bulges forward and out,
creating a pair of extrusions of the epithelium— the antennal rudiments (Butt, 1960; Manton, 1960). Bentley

3
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et al. (1979) describe these early antennae as appearing at 20% of embryogenesis in the grasshopper (Fig.
2.3).

Figure 2.3. The locust antenna (white
arrowheads) becomes identifiable at 20%.
Modified from Bentley et al. (1979). Adapted
with permission from Development
(dev.biologists.org/content/54/1/47 .short).

2.4.1. Gross morphology, the mesoderm, and the cuticle
Ullmann (1964) described the morphology of the embryonic antennal rudiments of the beetle Tenebrio
molitor: the center of the antenna, the lumen, contains mesodermal tissue— a coelomic sac. The lumen
includes haemocyte precursors and what will become the median strand. The insect basement membrane,
which separates the mesoderm and epithelium, comprises collagen fibers (Blumberg et al., 1987) and a basal
lamina composed of muccopolysaccarides (Fig.. 2.4a; Wigglesworth, 1956). Wigglesworth (1956, 1973)
presented evidence that haemocytes secrete basement membrane components in Rhodnius assassin bugs.
Ball et al. (1987) confirmed that haemocytes contribute to the basement membrane in grasshopper embryos
as well (Fig. 2.4b). It has not been shown conclusively which germ layers give rise to the pioneer neurons of
the antenna.

The outer surface of the epithelium is covered by a cuticle. The primary cuticle of the locust embryo
is identifiable as early as 35%. At 50-55%, the primary cuticle undergoes apolysis, the separation of the
cuticle from the epidermis, as a secondary cuticle forms below it. The secondary cuticle in turn goes through
apolysis at 80%, as a third cuticle grows underneath. The secondary cuticle is not shed until the animal
hatches; thus embryos at this age are covered by multiple cuticular layers (Bentley et al., 1979). The
formation of the secondary cuticle at 55% interferes with immunolabeling, by preventing antibodies from
diffusing into the tissue.

Figure 2.4. The basement membrane of the
grasshopper embryo. (a) Scanning electron
micrograph of a grasshopper limb after 32% of
embryogenesis with the mesoderm removed. The
basal lamina (bl) covers the basal surface of the
epithelium (e). The soma of a pioneer neuron is
detectable below the basal lamina (arrow). (b)
During embryogenesis, the basement membrane
(bm) is laid down between a haemocyte (h) and the
ectoderm (ect). Immunoreactive material is
contained in a cisterna of rough endoplasmic
reticulum (large arrowhead). a. Taken from Condic
and Bentley (1989a). Adapted with permission
from Elsevier (www.sciencedirect.com/science/
article/pii/089662738990202X). b. Modified from
Ball et al. (1987). Adapted with permission from
Development (dev.biologists.org/content/99/2/255.short).

2.4.2. Meristal annuli and segmentation
Segmentation initially develops during embryogenesis. The surface of the antenna does not remain smooth
over the course of embryogenesis, but develops bulges, which may represent an early form of segmentation.
Butt (1960) described three lobes in the early embryonic antenna. The number of antennal segments
increases during both embryonic and post-embryonic development. Bentley er al. (1979) interpreted the
antenna’s meristal annuli as pronounced furrows which divide the antennal epithelium into serrations starting
at 55% of embryogenesis. Each serration gains clusters of sensory neurons. After the animal hatches, the
antenna continues to grow, and the number of sensilla continues to increase whenever the insect sheds its
current exoskeleton and grows a new cuticle, until the grasshopper reaches adulthood. At the time of
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hatching, the flagellum is divided into eleven meristal annuli. After hatching, the five most distal annuli are
preserved, while annuli 6 to 11 divide to produce more annuli (Chapman, 2002; Fig. 2.5).

Figure 2.5. Diagram of the post-embryonic antennal development of
the grasshopper. Arrows and colors represent the fate of proximal
annuli between each instar. Annuli which are not indicated by arrows
do not divide. Modified from Chapman (2002), with ideas contributed
by J.L.D. Williams.
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The segmentation of the embryonic grasshopper
antenna is observable not only in the morphology of the
|\l epithelium, but also in the expression patterns of several
sape—{ NN I e molecules, which in early embryogenesis are restricted to
. T = = a few expression zones. The tip expression zone is called
Al, the midline area is A2, and the base is A3; a fourth
region, A4, appears in the area where the scape will
develop (Fig. 2.6; 2.7; Chapman, 2002; Boyan and
Williams, 2004). The molecular markers whose expression
during early development corresponds to these zones
include the membrane-associated protein Annulin (Bastiani
et al., 1992), the neuronal marker horseradish peroxidase (HRP; Jan and Jan, 1982), the glial marker Repo
(Halter et al., 1995; Boyan and Williams, 2004), and Lazarillo, a cell surface glycoprotein (Fig. 2.6;
Ganfornina ef al., 1995; Sanchez et al., 1995; Boyan and Williams, 2004). The nerve tracts of the antenna are
pioneered in a stepwise manner by sets of pioneer neurons which appear in each expression band (Fig. 2.7;
Boyan and Williams, 2004).

It is uncertain exactly how the embryonic regions of expression correspond to segmentation in the

adult antenna. Johnston’s organ, the chordotonal organ found in the pedicel of the adult grasshopper
(Gewecke, 1972), develops in the A3 zone. Therefore I propose that the Al and A2 expression zones
represent the flagellum, while the A3 zone represents the pedicel and A4 forms the scape. Chapman found
that after the grasshopper hatches, meristal annuli 1-5 remain the same, while the more proximal annuli
divide to produce new annuli. Because annuli 1-5 share the same segmental identity as the tip of the
flagellum and the same fate of not dividing, I speculate that annuli 1-5 may also share a common origin; they
may be derived from the A1 region of the embryonic antenna. If this is the case, then annuli 6-11 of the first
instar nymph may represent the embryonic A2 region. However, this proposed correspondence between
Chapman’s meristal annuli and the embryonic molecular expression regions is highly speculative.

Figure 2.6. Immunolabeling against Lazarillo in
grasshopper antenna illustrates the embryonic development
of the meristal annuli. (a) At 28%, only a few cells (white
arrowhead) at the tip (A1) express Lazarillo. (b) At 30%, a
second band of Lazarillo immunoreactivity (A2) appears
proximal to the A1 band. (c¢) After 32%, a third band (A3)
proximal to the Al and A2 bands appears. (d) The dorsal
epithelium contains three bands of Lazarillo expression. (e)
The ventral epithelium of the same antenna as d shows the
same expression pattern. Taken from Boyan and Williams
(2004).
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2.4.3. Sensory neurons
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Figure 2.7. Drawings of ventral pioneer neurons (black cells)
from the Al (A) and A2 (B) annuli during early
embryogenesis in wholemount antennae of S. gregaria. White
cell outlines depict HRP-expressing cells in the epithelium
which develop into sensory cells. Gray indicates Al, A2, A3
regions. The posterior side of each antenna is on the left. Scale
bar represents 45 pm. Taken from Boyan and Williams (2004).

Sensory neurons, identifiable by their apical dendrites and their somata’s location in the epithelium, appear
by 37% of embryogenesis (Fig. 2.8), initially usually at the tip of the grasshopper antenna, and soon also at
the midline and base. Until mid-embryogenesis, the sensory neurons are found in circumferential bands in
the A1, A2 and A3 regions; later, sensory neurons also differentiate between the bands (Seidel and Bicker,

2000).

During the postembryonic development of the locust antenna, sensilla differentiate first in more

distal annuli, before differentiating in more promixal annuli. The most distal annuli of the antennae of a
locust nymph are already fully differentiated when the animal hatches and will not develop any new

olfactory sensilla when the insect molts. In proximal annuli of the antenna, trichoid contact chemoreceptors
differentiate before olfactory sensilla develop (Chapman and Greenwood, 1986).

Figure 2.8. Embryonic development of the sensory
nerves in the antenna of S.gregaria. HRP
immunolabeling reveals the development of the
antennal nerve tracts (ventral, vt and dorsal, dt).
Note the development of a cluster of sensory
neurons in the dorsal epithelium of the A2 annulus
(white arrow). Pioneer neuron somata of the Al
(open arrowheads) and A2 (white arrowheads)
annuli are found at the lumen/epithelium border.
At 37%, the growth cones (white/open arrowheads)
of A2 pioneers have not yet reached the neuronal
clusters of Johnston’s organ (white stars) in the A3
region at the base. By 47%, regions of the
embryonic antenna can be identified as
corresponding to the flagellum (F1), pedicel (Pe),
and scape (Sc). Scale bar represents 70 um.
Appendage axes are shown. Taken from Boyan and
Williams (2004).
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2.4.4. Nerve tract associated cells

Sensory neuron axons grow along the nerve tracts to the deutocerebrum, after these nerve tracts are first
established by pioneer neurons, but not all of the cells associated with the nerve tracts are neurons. Nerve
tract associated (NTA) cells are found along the nerve tracts during development, but are neither neurons nor
glia, as demonstrated by their lack of HRP and Repo expression. Unlike the glia and neurons in the antenna
during early embryogenesis, the NTA cells are not organized in segments but are found all along the nerve
tracts (Fig. 2.9). NTA cells originate in the mesodermal tissue of the antennal coelom, although they soon
migrate to the nerve tracts at the epithelium/lumen border (Boyan and Williams, 2007). NTA cells are dye
coupled to one anther and to pioneers (Boyan and Williams, 2007). NTA cells form a scaffold along the
nerve tracts, but their function is unknown.

Figure 2.9. Schematic of the locations of NTA cells and pioneers in
the antenna. Al pioneers (blue) have somata located neuron the tip,
while other pioneers are found in the A2 (green) and A3 (red) annuli.
NTA cells (magenta) are associated with both dorsal (dt) and ventral
(vt) nerve tracts. Taken from lecture slides of G.S. Boyan.

2.4.5. Serial homology
The antennae are serially homologous to other insect appendages, including the legs (Gibson and Gehring,
1988). The nervous systems of grasshopper appendages exhibit homologous development (Meier and
Reichert, 1991; Boyan and Williams, 2004). The embryonic legs and antennae show similar expression
patterns of molecules such as Annulin (Fig. 2.10a-d). Glial cells appear at similar locations in the embryonic
antennae and legs (Fig. 2.10e-f; Boyan and Williams, 2004). The nerve tracts in the antenna are established
by pioneer neurons associated with each expression region (Fig. 2.7). The nerve tracts of the leg are likewise
navigated by a series of pioneer neurons. From tip to base, the segments of the leg are the tarsus, tibia, femur,
trochanter and coxa (Anderson and Tucker, 1989). The first pioneers of the leg are a pair of tibial 1 (Til)
sibling cells which establish nerve 5B1 in the tibia, femur, and coxa-trochanter (Keshishian and Bentley,
1983a), and a pair of Cx1 afferent neurons which arise near the base of the leg (Bentley and Toroian-
Raymond, 1989). The Til somata are found in the tibia, while their growth cones extend along a stereotyped
path to the base of the leg, growing from cell to cell in a chain of preaxogenesis neurons (Anderson and
Tucker, 1989; Keshishian and Bentley, 1983a).

The identities of appendages such as the antennae and legs are determined by homeotic selector
genes which code for transcription factors. If all selector gene activity is silenced, the insect develops leg-
like ventral appendages divided into a proximal and a distal segment (Casares and Mann, 2001). Insects may
be descended from an ancestor which possessed such appendages before a system of selector genes evolved
and diversified body structures which had previously been identical. The identity of the antenna is selected
by the genes extradenticle (exd) and homothorax (hth), which is necessary for the Exd protein’s nuclear
localization. When the activity of these genes is suppressed, the antenna is transformed into a leg. When Ath
is expressed ectopically, other body parts take on the identity of the antenna (Casares and Mann, 1998).
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Figure 2.10. Annulin and Repo immunolabeling
in the locust embryo illustrates the similarities of
the leg, maxilla, and antenna. (a) At 29%, Annulin
appears at the tip and base of the antenna. (b)
After 35%, Annulin is expressed in bands A1, A2,
A3, A4. (¢) The maxilla shows similar Annulin
expression. (d) Annulin is found in bands (black
arrowheads) in the leg. (e-f) Repo-expressing glia
appear first at the antennal base during early
embryogenesis and later in the A1, A2, A3 bands.
(g) Legs show similar expression. a-d from G.S.
Boyan (personal communication). e-g taken from
Boyan and Williams (2004).

2.5. Pioneer neurons

Pioneer neurons are defined as the cells whose axons first navigate a particular pathway in the developing
nervous system. Ramoén y Cajal (1890) first observed pioneer axons in the central nervous system of the
chicken embryo (Fig. 2.11a). Since then, pioneer neurons have been studied in a wide variety of animals.
Pioneer neurons have been investigated in the central nervous system of mammals (Fig. 2.11b; McConnell et
al., 1989; Soria and Fairén, 2000; Supeér et al., 1998), insects (Fig. 2.11c; Hidalgo and Brand, 1997; Garbe
and Bashaw, 2007; Biffar and Stollewerk, 2015), crustaceans (Ungerer and Scholtz, 2008; Fischer and
Scholtz, 2010; Ungerer et al., 2011), and flatworms (Younossi-Hartenstein ef al., 2000). Pioneer neurons
from the periphery extend axons into the central nervous system and guide the axons of sensory neurons in
mammals (Gong and Shipley, 1995; Stainier and Gilbert, 1990), amphibians (Davies ef al., 1982), zebrafish
(Whitlock and Westerfield, 1998; Pittman et al., 2008), snails (Voronezhskaya and Ivashkin, 2010),
crustaceans (Ungerer et al., 2011) and both holometabolous (Nardi, 1983; Williams and Shepherd, 2002) and
hemimetabolous insects (Denburg and Norbeck, 1989; Maynard et al., 2007).

Bate (1976) first described the pioneers of the grasshopper appendages (Fig. 2.12a,b). The axons of
these neurons first establish the pathways of the ventral and dorsal nerve tracts of the antenna (Fig. 2.12c-¢;
Ho and Goodman, 1982).

It is unclear whether and how pioneer neurons differ from other neurons at similar locations and
stages of development. Kulkarni ef al. (2007) described differences in protein mobility between the pioneer
growth cones— the dynamic and expanded ends of growing axons— and the growth cones of the axons which
followed them in the developing zebrafish nervous system. They determined the molecular diffusion rates
within growth cones of GFP-expressing neurons in transgenic zebrafish by photobleaching the GFP within
growth cones, using a laser which was too weak to interfere with the growth of the axon. Then they recorded
the time required for the area to fill with unbleached GFP. Pioneer growth cones had longer recovery times
than growth cones which were fasciculated and following preexisting axons rather than navigating
independently. Kulkarni et al. (2007) suggest that the slower diffusion of GFP in pioneer growth cones is
related to actin. Actin networks are more elaborate in actively navigating growth cones, and depolymerizing
actin erases the differences in GFP diffusion between different growth cones (Kulkarni et al., 2007).
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Figure 2.11. Pioneer neurons

in the vertebrate and insect
central nervous systems. (a)
Ramén y Cajal’s drawing of
pioneer neurons of the
embryonic chicken spinal
cord. (b) Backfill of a pioneer
neuron in the mammalian
brain. (¢) GAL4-expression
in the vMP2, dMP2, and MP1
neurons which establish the
longitudinal pathways in
Drosophila. a taken from
Garcia-Lopez et al. (2010). b
taken from McConnell et al.
(1989). Reprinted with
permission from AAAS.
(science.sciencemag.org/
content/245/4921/978.short). ¢ taken from Hidalgo and Brand (1997). Adapted with permission from Company of Biologists
(dev.biologists.org/content/124/17/3253.short).

Figure 2.12. Early work on the
pioneers of the embryonic
grasshopper appendages. (a) The
nerve tracts of the embryonic
grasshopper antennae are
pioneered by pairs of sibling
cells. (b) The nerve tracts of the PR . 7 -
embryonic grasshopper legs are : T —
pioneered by similar cells. (c) .
The first neurons observable in
the embryonic antenna are a pair
of ventral pioneer neurons near
the tip, and a single ventral base
pioneer. (d) The ventral tip
pioneers are soon joined by a
pair of dorsal tip pioneers. Tip
pioneer axons grow towards the
base. Ho and Goodman (1982)
report that the axon of a single base pioneer grows into the brain as a motoneuron axon grows from the deutocerebrum into the
antenna. (e) Ventral pioneer axons make contact with a base pioneer on the same side of the antenna. a,b taken from Bate (1976). c-e
taken from Ho and Goodman (1982).

100 gm

The growth kinetics of pioneer axons may also be different from those of follower axons. When
zebrafish axons grow across the midline, the growth cones of pioneer neurons slow down when they are
close to the midline. Follower growth cones on the other hand, grow at a relatively constant rate regardless of
their location (Bak and Fraser, 2003).

Pioneers may influence the development of tissues in their target regions. In rats, after olfactory
pioneers grow into the ventricular zone of the developing telencephalon, the cell cycle kinetics in the
olfactory bulb primordium change significantly. The duration of the cell cycle in the olfactory bulb
primordium lengthens when the pioneer axons arrive, and twice as many olfactory bulb primordium cells
exit the mitotic cycle compared to cells in the adjacent cortex which are not near olfactory pioneer axons.
About a day after the pioneer axons grow into the telencephalon, the telencephalon evaginates to form the
olfactory bulb. The olfactory pioneer axons may contribute to the induction of the olfactory bulb by
modulating cell cycle kinetics of nearby cells (Gong and Shipley, 1995).

2.5.1. Pioneer neurons in arthropods
Some pioneer neurons in insects appear to be conserved. The developing central nervous systems of
Drosophila and the beetle Tribolium castaneum rely some of the same pioneer neurons, including aCC and
pCC, to establish the intersegmental nerves and longitudinal tracts. The pioneers show little variation in their
organization between these two organisms (Biffar and Stollewerk, 2015). Some crustacean pioneers are
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similar with regard to position, axon morphology, and timing of axogenesis to insect pioneers, supporting the
homology of the crustacean and hexapod central nervous systems (Ungerer and Scholtz, 2008).

Pioneer neurons in the grasshopper embryo can project their axons deep into central neuropils. The
pioneer axons of the cerci, which first navigate the nerve tract used by the sensory neurons that innervate
wind-sensitive filiform hairs, grow into the terminal ganglion and then travel anteriorly through the primary
longitudinal tract of the ventral nerve cord (Shankland, 1981). The pioneer axons of the grasshopper legs
grow into the thoracic ganglia and travel anteriorly through the longitudinal tract towards the brain (Lakes-
Harlan and Pollack, 1993). It has not previously been shown which brain areas are targeted by the pioneer
axons of the antenna.

The pioneers of the grasshopper embryo express HRP, suggesting that they possess a neuronal
identity (Jan and Jan, 1982). Some grasshopper pioneer neurons clearly take on a neuronal role at some point
during development; the Term-1 expressing pioneers of the primary brain commissure eventually develop
into Leucokinin-1-positive neurosecretory interneurons (Ludwig et al, 2002). However, it is not clear
whether the pioneers of the antenna function as neurons while guiding follower axons during embryogenesis.
Grasshopper antennal pioneer neurons have a resting potential of about 50 mV and do not fire action
potentials during early embryogenesis (Boyan and Williams, 2007). Similar results have been found in the
leg; up to 45% of embryogenesis, pioneer neurons in the grasshopper leg did not generate any spiking
activity (Keshishian, 1980). However, Selzer and Schaller-Selzer (1987) report that they recorded action
potentials in cockroach luminal cells, which may be equivalent to pioneer neurons, at only 23% of
embryogenesis, soon after their delamination from the epithelium. These data await independent
confirmation.

The nerve tracts of the antenna have similar organization to the nerves of other appendages such as
the maxilla and the leg, confirming that the antenna is homologous with these other appendages of the
grasshopper (Meier & Reichert, 1991). The nerve tracts of the antenna, maxilla and leg are each established
by comparable sets of pioneer neurons and guidepost cells; each segment of each appendage is associated
with a set of pioneers (Boyan and Williams, 2004). Given the similarities between the developing nervous
systems of the different appendages (Fig. 2.13), work done on the pioneer neurons of other parts of the
grasshopper peripheral nervous system, such as the legs, may suggest answers to questions about the
antennal pioneers as well. This aspect will be explored in this thesis with respect to delamination and fate of
the pioneers.

Antenna

Figure 2.13. Schematic diagrams of the

metamerically conserved system of the nerve tracts in
the grasshopper antenna, maxilla, and metathoracic
leg. The ventral nerve tracts are red and the dorsal
nerve tracts blue. Homologous neuronal somata are
colored red or blue, while other neuronal somata are
represented as white circles. Green circles represent
glia in the antenna. Not to scale. Appendage axes are
shown. Modified from Boyan and Williams (2004).
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2.6. Pioneer neurons of the grasshopper antenna

The grasshopper is a useful model organism for studying pioneer neurons. In contrast to mammals, the
developing nervous system of the grasshopper is easily accessible for biochemical and physiological
investigations, and the grasshopper has large, individually identifiable neurons (Boyan and Ball, 1993). Soon
after 30%, two pairs of pioneer neurons, first the ventral pair termed vA1 pioneers here and then the dorsal
pair termed dA1 pioneers here, appear in the ectodermal epithelium at the tip of the antenna and, after
delaminating into the lumen, extend their growth cones along the lumen/epithelium border towards the
deutocerebrum, establishing the pathways of the ventral and dorsal nerve tracts (Ho and Goodman, 1982).
The ventral pioneers initiate axogenesis almost immediately after delaminating into the lumen, at about 31%;
the dorsal pioneers initiate axonal outgrowth slightly later (Seidel and Bicker, 2000).

A base pioneer (BP) is reportedly born nearly simultaneously with the vAl pioneers, but at the
proximal end of the antenna (Ho and Goodman, 1982). At the same time, a motoneuron in the deutocerebrum
extends an axon into the antennal base. Ho and Goodman (1982) wrote that the axons of the motoneuron and
the BP run parallel to each other, but do not fasciculate with one another (Fig. 2.12d), while Berlot and
Goodman (1984) wrote that the motoneuron and BP axons do fasciculate. The motoneuron will innervate a
muscle at the lateral edge of the base of the antenna (Ho and Goodman, 1982).

Previous work (Ho and Goodman, 1982; Berlot and Goodman, 1984; Seidel and Bicker, 2000)
reported only a single base pioneer, on the ventral side. This finding was questioned, because the antenna has
two nerve tracts, each with its own A1 pioneers. The ventral base pioneer reportedly serves as a target for the
vA1 pioneers (Seidel and Bicker, 2000), suggesting that it could act as a guidepost cell in this system, yet the
ventral base pioneer seems to disappear before the dA1 axons reach the base (Berlot and Goodman, 1984). It
seems unlikely that the ventral pathway would need a base pioneer, while the dorsal pathway forms without
any cues from such a cell.

If base pioneers act as guidepost cells for apical pioneers, the molecular mechanism through which
they guide the Al pioneers was unknown. Lazarillo, a highly glycosylated cell surface glycoprotein, is
involved in the guidance of pioneer axons in the locust central nervous system (Sanchez et al., 1995) and
could be a candidate molecule for peripheral development as well as will be tested in this thesis. In addition
to signals from guidepost cells, pioneers in grasshopper appendages may also navigate using cues from the
substrate on which they grow (Caudy and Bentley, 1986; Lefcort and Bentley, 1987), but it is unclear what
signals might be used in the antenna.
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3. Aims of this thesis

The focus of this project is to investigate the role of the pioneer neurons in the development of the nervous
system of the antenna of the grasshopper Schistocerca gregaria, in particular to explore the following
unanswered questions:

(1) The origin of the pioneer neurons is unclear, in particular the ontogeny of the base pioneers is entirely
unknown;

(2) Although the lipocalin Lazarillo has been shown to play an essential role in axogenesis in the central
nervous system and to be expressed by pioneers in the antenna, the role of Lazarillo in axogenesis in the
antenna has not been investigated;

(3) Although the pioneer axons of the legs and cerci in orthopterans have been shown to penetrate well into
the central nervous system, the extent to which antennal pioneers grow into the brain and the targets of
the pioneer axons after they extend beyond the antenna have not been elucidated;

(4) Although the leg pioneers have been observed to undergo programmed cell death after mid-
embryogenesis, the fates of the antennal pioneer neurons are unclear. Base pioneers have been described
either as dying or as losing their HRP immunoreactivity at approximately 40% of embryogenesis. A goal
of this project is to determine what happens to base pioneers at this age.

(5) Previous literature has described a base pioneer that may act as a guidepost cell for the apical pioneers of
the ventral pathway, yet no such cell had been observed for the dorsal pathway. It is unclear why a base
pioneer would be necessary for one of the antennal pathways but not the other.

12
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4. Materials and Methods

4.1. Animals and preparation
Eggs were produced by a crowded colony of Schistocerca gregaria with a 12/12 h light/dark regime, 35% air
humidity, a day temperature of 30°C and a night temperature of 20°C. Eggs were incubated in moist, aerated
containers under this same regime. Embryos were staged according to Bentley et al. (1979). The staging
protocol becomes less accurate with age, so that at mid-embryogenesis an uncertainty of +/- 1% is not
uncommon over 20 days of embryogenesis. Staged embryos were removed from the egg and embryonic
membranes in 0.1 M phosphate buffered saline (PBS: 2 mM NaH>POs4 monohydrate; 16 mM NaHPO4
anhydrous; 175 mM NacCl, adjusted to pH 7.4 with NaOH) (Ehrhardt ez al., 2015c).

For first instar stages, grasshoppers from a crowded culture were cold anesthetized and their

antennae dissected from the head, after which the insects were returned to their cages (Ehrhardt et al.,
2015b).

4.2. 5-ethynyl-2’-deoxyuridine (EdU) incorporation

EdU is a thymidine analogue which is incorporated into the DNA of proliferating cells during S phase
(Sousa-Nunes et al., 2011; Takagi et al., 2012). A Click-iT® EAU imaging kit (Invitrogen, C10337) was used
for EAU incorporation experiments. Unfixed embryos were incubated in a 50 uM solution of EdU in PBS for
2-4 h at room temperature on a shaker in the dark. The embryos were then fixed in 3.7% PFA
(paraformaldehyde in PBS), washed and incubated in the Click-iT® reaction solution according to the kit
instructions.

4.3. Apoptosis labels

4.3.1. Acridine orange (AO)
This green fluorescent dye (3,6-bis(dimethylamino) acridine; Sigma-Aldrich, 235474) is a vital stain which
binds to nuclei acids (Soderstrom et al, 1977). Acridine orange has previously been used to detect
programmed cell death during insect development (Spreij, 1971; Abrams et al., 1993; Jiang et al., 1997; Liu
and Boyan, 2013; Boyan and Liu, 2014). Apoptotic cells are selectively labeled by AO and the dye does not
mark necrotically dying cells (Abrams ef al., 1993). After removal from the egg, wholemount preparations
were incubated in 5 pg/ml AO in PBS for 30 min at room temperature on a shaker (Ehrhardt et al., 2015c¢).

4.3.2. TUNEL

This method (terminal deoxynucleotidyl transferase deoxyuridine triphosphate nucleotides (dUTP) nick end
labeling) detects the fragmentation of DNA which occurs during apoptosis (Gavrieli ef al., 1992). TUNEL
has been used to investigate the DNA fragmentation accompanying programmed cell death during
development in insects (Jiang et al., 1997; Bello et al., 2003; Lobbia et al., 2003; Page and Olofsson, 2008;
Boyan and Liu, 2014). After being fixed in 3.7% PFA overnight, embryos were permeabilized to enable
TUNEL labeling. Embryos were sonicated as described below. Embryos were then placed in 0.1 M citrate
buffer (19 mM citric acid; 81 mM sodium citrate, adjusted to pH 6.0 with NaOH), and placed in a
microwave oven for 5 min at 360 W in order to permeabilize the tissue. The embryos were then washed
overnight in PBS at 4°C. A preincubation medium of 20% normal goat serum (NGS, Sigma) and 3% bovine
serum albumin (BSA, Sigma) in TrisHCI (0.1 M Tris in distilled water, adjusted to pH 7.5 with HCl) was
applied for 30 min at room temperature to denature the DNA. Embryos were washed three times (10 min
each) in 0.1 M PBS at room temperature. The preparations were then labeled using the /n Situ Cell Death
Detection Kit, TMR red (Roche) for 2 h at 37°C. They were washed in 0.1 M PBS overnight before HRP
immunolabeling (Ehrhardt et al., 2015c).
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4.4. Embedding and sectioning

Embedding and sectioning of antennae was done as previously described in Boyan and Williams (2004) for
agarose embedding and vibratome sectoning; and in Boyan and Williams (2007) for Epon 812 embedding.

4.5. Sonication

As the cuticle of acridids differs in thickness and composition from that of larval Drosophila (see Chapman,
1982), the sonication protocol had to be modified from that of Patel (1994). Embryos and antennae of first
instar stages were first fixed overnight at 4°C in the dark in 3.7% PFA. Embryos and antennae were washed
four times (10 min each) in 0.1% PBT (0.1 M PBS with 0.1% Triton-X, Sigma) and placed into 500 ul of
fresh 0.1% PBT in an Eppendorf tube which was then positioned in a Bandelin SONOREX™ k100
ultrasound (35 kHz) bath sonicator. Embryos under 55% were sonicated at half power. The sonicator
produces high intensity (320 W) ultrasound which renders the cuticle porous, but also generates unwanted
tissue heating. To counteract this, embryos were sonicated in cycles of 3 s duration with the Eppendorf being
removed and placed in an ice bath for 15 s between each cycle. The protocol applicable to each age is shown
in Table 4.1 (Ehrhardt et al., 2015b).

Age No. cycles
65-70% embryogenesis 20
80% embryogenesis 25
90% embryogenesis 30
Ist instar 35

Table 4.1. Sonication times (number of cycles, each of 3 s duration) required to render the cuticle porous to antibodies at each age
tested. Note that after each cycle, the container with the preparation was place in an ice bath for 5 s. Modified from Ehrhardt ez al.
(2015b).

Following sonication, PBT was removed. In order to digest the cuticle, further breaking it down and
rendering it porous, the sonicated preparations of all ages were incubated in 0.2% collagenase (Clostridium
histolyticum: Sigma-Aldrich C9572) in TES buffer (5 mM TES (N-[Tris(hydroxymethyl)methyl]-2-
aminoethanesulfonic acid); 150 mM NaCl; 3 mM KCI; 2 mM CaClz; 1 mM MgSOs; adjusted to pH 7.0 with
NaOH) for 8-20 min (according to age), before washing three times in 0.1 M PBS (total 1 h washing time) at
room temperature and then proceeding to the immunolabeling steps (Ehrhardt et al., 2015b).

4.6. Whole embryo culture and immunoblocking

Eggs were disinfected in 70% ethanol for 1 minutes before dissection. Unfixed embryos were removed from
the egg and placed in a sterile culture medium which consisted of Grace’s Insect TC Medium (Bio & SELL
2.12G077J), 600 mg/l L-glutamine (Roth), 20 ul/ml 20-hydroecdysone (Sigma), 25 pg/ml juvenile hormone
I (Sigma-Aldrich), 120 units/ml penicillin, 120 units/ml streptomycin, and 2.5 pg/ml Fungizone (Gibco).
Control embryos were allowed to grow in this medium under sterile conditions at 30°C (whole embryo
culture). Three experimental batches of five embryos of the same age (32%) were grown in parallel in the
same culture medium, but to each of which, a different dosage of mAb 10E6 (anti-Lazarillo), between 0.176
and 17.6 uM, had been added, as described in Sanchez et al. (1995). The immunoblocking data presented
here refer to an antibody concentration of 2 pM in the culture medium above. This was within the
concentration spectrum previously shown to be effective in disrupting growth cone guidance in the ventral
nerve cord of the grasshopper and over the same embryonic ages (Sanchez et al., 1995). Only the most
successful data are shown. Embryos in control and experimental groups grew an average of 4% (from 32 to
36%) over the course of the experiment (2 days). Control and experimental embryos were subsequently fixed
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in 3.7% PFA and processed for HRP-labeling (Ehrhardt et al., 2015a). The protocol followed that of B.
Niederleitner and M. Giintner (personal communication).

4.7. Fixation

For Lazarillo or Mes3 experiments, preparations were fixed in PIPES-FA (3.7% paraformaldehyde in 100
mM PIPES, 2 mM EGTA, 1 mM MgSOQ4) overnight at 4°C. For I-5 immunolabeling, preparations were fixed
in 2% paraformaldehyde in Millonig’s buffer (Millonig, 1963) for 30-60 min at room temperature. For all
other experiments, preparations were fixed in 3.7% PFA overnight at 4°C. After fixation, preparations were
washed in PBS for 6 h.

4.8. Immunolabeling
Preparations were incubated for 1 h at room temperature in a preincubating medium which used normal goat
serum (NGS, Sigma), normal horse serum (NHS, Sigma), bovine serum albumin (BSA; Sigma), or fetal calf
serum (FCS) to block non-specific labeling. Primary antibodies were then diluted in this same solution. After
incubation in the primary antibodies, preparations were washed six times in 0.1 M PBS (3 h total washing
time) before being transferred to the relevant incubation medium containing the secondary antibody.
Wholemount embryos were incubated in the secondary antibodies for 2-3 days at 4°C in the dark, while
sectioned preparations were incubated in the secondary antibodies for 24 h at 4°C. After the application of
secondary antibodies, preparations were washed overnight (six changes) in 0.1 M PBS. Preparations which
were immunolabeled using secondary antibodies conjugated with peroxidase (PO) were treated with the
substrate diaminobenzidine using Sigma Fast DAB tablets and the staining intensified with 0.075%
ammonium nickel sulphate. Preparations were cleared in 90% glycerol in 0.1 M PBS for at least 3 h,
positioned onto microscope slides (Menzel), covered in Vectashield® (Vector laboratories), and coverslipped
for confocal microscopy.

The protocols for the application of primary antibodies are shown in Table 4.2 and the secondary
antibodies in Table 4.3.

4.9. Specificity controls
Controls for the specificity of all antibodies employed involved (a) application of the relevant secondary in
the absence of the primary antibody (in no case was a staining pattern observed) and (b) comparison of our
experimental results with the originally published data (see above). In all cases, an identical staining pattern
to that first description was observed (Ehrhardt ef al., 2015b).

As a negative control in TUNEL experiments, embryo appendages were exposed to the label solution
alone, without terminal transferase, instead of the TUNEL reaction mixture. In this control experiment, no
labeling was observed.
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antigen embryos primary incubation dilution | incubation | experiments Primary
antibody medium time description
Horseradish wholemount | polyclonalin | 0.1 M PBS, 0.5% [ 1:200 3 days at single- Jan and Jan
peroxidase rabbit Triton-X, 1% 4°C labeling; (1982)
(HRP) (Dianova, NGS, 3% BSA double-
323-005-021) labeling with
1C10, Mes3,
10E6, or a-
Tubulin
Horseradish sectioned in goat 0.1 M PBS, 0.5% | 1:200 1 day at single- Jan and Jan
peroxidase (Dianova, Triton-X, 1% 4°C labeling (1982)
(HRP) 123-005-021) | NHS, 3% BSA
Lachesin wholemount | in mouse (gift | 0.1 M PBS, 0.5% | 1:5000 3 days at single- Karlstrom
(1C10) of M. Triton-X, 1% 4°C labeling; etal. (1993)
Bastiani) NHS, 3% BSA double-
labeling with
HRP or PH3
Lazarillo wholemount | in mouse (gift | 0.1 M PBS, 0.1% | 1:3 5 days at single- Sanchez et
(10E6) of D. Tween20, 5% 4°C labeling; al. (1995);
Sanchez) FCS double- Ganfornina
labeling with | ef al. (1995)
HRP
Mes3 wholemount | in mouse (gift | 0.1 M PBS, 0.1% | 1:4 3 days at double- Kotrla and
of C. Triton-X, 5% FCS 4°C labeling with | Goodman
Goodman) HRP, or in (1984);
combination | Boyan and
with AO Williams
(2007)
Phosphohistone | wholemount | polyclonalin | 0.1 M PBS, 0.5% | 1:250 3 days at double- Takizawa
-3 (PH3) rabbit Triton-X, 1% 4°C labeling with | and
(Millipore, NHS, 3% BSA 1C10 Meshorer
06-570) (2008)
a-Tubulin wholemount | monoclonal 0.1 M PBS, 0.5% 1:600 3 days at single- Konenko
in rat (abcam, | Triton-X, 1% 4°C labeling; and Pfliiger
ab6161) NGS, 3% BSA double- (2007)
labeling with
HRP
I-5 sectioned monoclonal 0.1 M PBS, 1-2 days at | single- Ball et al.
in mouse (gift | 0.25% Triton-X, 4°C labeling (1985)
of E. Ball) 2% BSA

Table 4.2. Primary antibodies.

4.10. DAPI

This fluorescent probe (4,6-diamidino-2-phenylindole) binds to the minor groove of double-stranded DNA,
and thus labels cell nuclei (Naimski et al., 1980). DAPI (Sigma) was diluted 1:100 in 0.1 M PBS and applied
to preparations for 30 min at room temperature, followed by six washing cycles (20 min each) in 0.1 M PBS
(Ehrhardt et al., 2015¢).
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primary embryos secondary incubation dilution experiments
antibody antibody medium
Horseradish wholemount goat anti-rabbit 0.1 M PBS, 1:450 single-labeling;
peroxidase Alexa® 488 0.05% Triton-X, double-labeling with 1C10, 10E6,
(HRP) in rabbit (Invitrogen, 1% NGS, 3% or o-Tubulin
A11034) BSA
Horseradish wholemount goat anti-rabbit 0.1 M PBS, 1:200 labeling in combination with AO,
peroxidase Cy3 (Dianova, 0.05% Triton-X, double-labeling with Mes3
(HRP) in rabbit 111-165-003) 1% NGS, 3%
BSA
Horseradish sonicated 90% | goat anti-rabbit 0.1 M PBS, 1:200 double-labeling with a-Tubulin
peroxidase FITC (Dianova, 0.05% Triton-X,
(HRP) in rabbit 111-095-003) 1% NGS, 3%
BSA
Horseradish sectioned donkey anti-goat 0.1 M PBS, 1:200 single-labeling
peroxidase Cy3 0.05% Triton-X,
(HRP) in goat 1% NHS, 3%
BSA
Lachesin (1C10) | wholemount goat anti-mouse 0.1 M PBS, 1:150 single-labeling;
in mouse Cy3 (Dianova 0.05% Triton-X, double-labeling with HRP or PH3
115-165-044) 1% NGS, 3%
BSA
Lazarillo (10E6) | wholemount goat anti-mouse 0.1 MPBS, 0.5% | 1:150 single-labeling;
in mouse Cy3 (Dianova Tween20, 1% double-labeling with HRP
115-165-044) NGS, 3% BSA
Lazarillo (10E6) | wholemount goat anti-mouse 0.1 M PBS, 0.5% | 1:4 single-labeling
in mouse PO (Jackson Tween20, 1%
ImmunoResearch) | NGS, 3% BSA
Mes3 in mouse wholemount donkey anti- 0.1 M PBS, 1:450 double-labeling with HRP
mouse Alexa 488 0.05% Triton-X,
(Invitrogen, 1% NGS, 3%
A21202) BSA
Mes3 in mouse wholemount goat anti-mouse 0.1 M PBS, 1:200 labeling in combination with AO
Cy3 (Dianova 0.05% Triton-X,
115-165-044) 1% NGS, 3%
BSA
Phosphohistone- | wholemount goat anti-rabbit 0.1 M PBS, 1:250 double-labeling with 1C10
3 (PH3) in rabbit Alexa® 488 0.05% Triton-X,
(Invitrogen, 1% NGS, 3%
A11034) BSA
a-Tubulin in rat wholemount goat anti-rat Cy3 0.1 M PBS, 1:150 single-labeling; double-labeling
(abcam, ab6953) 0.05% Triton-X, with HRP
1% NGS, 3%
BSA
I-5 in mouse sectioned goat anti-mouse 0.1 M PBS, 1:4 single-labeling
PO (Jackson 0.25% Triton-X,
ImmunoResearch) | 2% BSA

Table 4.3. Secondary antibodies.

4.11. Intracellular dye injections

For combined intracellular staining and immunolabeling following AO labeling antennae were embedded in
5% agarose and sectioned as previously described in Boyan and Williams (2007). Agarose sections were
mounted on HistoBond® slides (Marienfeld) and covered in PBS. Apoptotic cells were identified and
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photographed using a Zeiss Axioskop 2 microscope. Intracellular dye injection was performed as previously
described in Boyan and Williams (2007) using a thin-walled glass capillary microelectrode (Clarke
Instruments) prepared on a Sutter electrode puller with a resistance of 30-40 MQ filled with a solution of
Alexa Fluor® 568 hydrazide (10 mM in 200 mM KCI).

4.12. Imaging

Preparations were imaged using a Leica TCS SP5 confocal laser scanning microscope with x20 and x63 oil
immersion objectives. Fluorophores were visualized using excitation wavelengths of 405 nm for DAPI; 488
for Alexa® 488, AO, FITC, and EdU; 561 for Cy3, TUNEL, and Alexa® 568. Intracellularly injected Alexa®
Fluor 568 was also excited at 430-440 nm and captured at 535 nm on the Zeiss Axioskop 2 fluorescent
microscope with a 1.3 MP Color CCD camera (Scion Corporation) and Scion Visicapture™ software.
Preparations labeled with PO-conjugated secondary antibodies were also viewed under the Zeiss microscope.
Confocal images were processed using Imagel] software (open source). Figures were formatted using
Canvas™ X software (ACD Systems) (Ehrhardt et al., 2015¢).
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5. Results

5.1. Origin of pioneer cells

In arthropod appendages, two tissues have been identified as generating proliferative cells: the ectodermal
epithelium, and the mesoderm, which in the antenna is represented by the lumen. The apical pioneers have
been reported to delaminate from the ectodermal epithelium (Ho and Goodman, 1982). We provided further
support for these previously published results using different immunolabeling methods. The origin of the
base pioneers has been unknown. We investigated the ontogeny of the pioneers using immunolabeling
against Mes3, an antigen expressed by cells of mesodermal origin, to distinguish cells of mesodermal from
those of epithelial origin and so establish whether these various pioneers derive from a common or different
embryonic Anlagen (Ehrhardt et al., 2015a).

5.1.1. The origin of apical pioneers

The origin of the apical pioneers in the ectodermal epithelium at approximately 30% has been reported by
Ho and Goodman (1982). However, Ho and Goodman (1982) did not publish any images of immunolabeled
pioneers in the epithelium or during delamination to support this observation. Therefore, we performed
immunolabeling experiments using several markers expressed by pioneers to confirm this finding (Fig. 5.1).
We used antibodies against HRP, a neuron-specific marker (Jan and Jan, 1982); against Lazarillo, a cell-
surface glycoprotein which is expressed by a subset of neurons including pioneers and sensory neurons
(Ganfornina et al., 1995; Sanchez et al., 1995; Ehrhardt et al., 2015a); and against Lachesin, which is
expressed by neurons and their progenitors (Karlstrom et al., 1993). All three labels revealed putative apical
pioneers in the ectodermal epithelium of the antenna during early embryogenesis prior to delamination.
While in the epithelium, pioneers are connected to the outer epithelium via thin processes (Fig. 5.1a-d). We
also observed pairs of apical pioneers in the process of delaminating (Fig. 5.1¢).

We combined Lachesin with EdU in order to search for possible progenitors or mother cells which
could give rise to the pioneer neurons (Fig. 5.2). At 28%, we observed EdU labeling within a Lachesin-
positive putative pioneer cell. EAU is incorporated into DNA during S phase, meaning that either this
Lachesin-expressing cell synthesized DNA during the EAU pulse, or that it was generated by the mitotic
division of another cell which had copied its DNA during the EdU pulse. A second EdU-labeled cell was
directly next to the Lachesin-positive cell. We speculate that this second cell could be a mother cell.

Figure 5.1. Origins of apical pioneers in wholemount antennae. (a-b) DIC images of
Laz-expressing putative VAl pioneers at 28% and 30% of embryogenesis. (a) At
28% of embryogenesis, a single Laz-expressing cell (white star) is visible in the
epithelium extending a projecting towards the outer epithelium (white arrowhead).
(b) At 30% of embryogenesis, one Laz-expressing cell is visible in the epithelium
while another Laz-positive cell is stained in the lumen. (e-d) DIC images of HRP-
expressing putative dA1 pioneers at approximately 31%. (¢) At 31%, a single HRP-
expressing cell (white star) is visible in the epithelium. (d) In a slightly older antenna
from the same experiment, a pair of cells (white stars) express HRP in the epithelium.
(e-f) Confocal images of Lachesin-expressing putative pioneers at approximately
30% of embryogenesis. (e) At 29% of embryogenesis, a pair of Lachesin-expressing
vA1 pioneers (white starts) delaminate. (f) At 30% of embryogenesis, the Lachesin-
expressing VA1 pioneers are in the lumen but have not yet initiated axogenesis. A
second pair of Lachesin-expressing cells are visible in the epithelium. White stars
indicate putative pioneers. White arrowheads indicate projections connecting the
putative pioneers to the outer epithelium. Dashed lines indicate the border between
the epithelium and lumen in each antenna. Scale bar in f represents 25 um in a; 15
uminb; 20 pmine; 15 umind;10 umine, f.
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Figure 5.2. Confocal image of Lachesin immunolabeling combined with EdU and
DAPI staining in a wholemount antenna at 28%. Lachesin (red) is expressed by a
putative VA1 pioneer (white star) in the epithelium (Ep). The border of between the
lumen and the epithelium, as determined by DAPI staining, is indicated with a dashed
white line. EAU (magenta) labels the putative pioneer, indicating that this cell or its
progenitor was in S phase during the EdU pulse. Directly next to the Lachesin-
expressing, EdU-positive cell, another cell (white circle) is also labeled with EdU.
Scale bar represents 10 um.

5.2.2. The origin of base pioneers
As the axons of the apical pioneers grow towards the base, they encounter base pioneers. We have identified
a single HRP-positive base pioneer associated with each nerve tract (Fig. 5.3). The two base pioneers are not
at the same position in the antenna. The ventral base pioneer is close to the midline, while the dorsal base
pioneer is right next to the border of the antenna and the deutocerebrum. This difference in location may
explain why previous reports of the embryonic antennal nervous system failed to identify the dorsal base
pioneer.

Figure 5.3. Confocal image of the early embryonic
antenna (32%) following double immunolabeling
(a-HRP, a-Lach) shows ventral and dorsal Al
pioneer neurons (VA1P and dA1P) establishing the
initial axon scaffold of the antennal nervous
system. Each apical pioneer targets its own so-
called base pioneer (VBP, dBP) before projecting to
the brain (not shown). Inset (white rectangle)
shows the dBP (white star, soma outlined dashed
white) at higher magnification and extending HRP-
positive filopodial processes (white arrowheads).
A1l apical pioneers occur as sibling cells but may,
on occasion, lie directly superimposed preventing
individual imaging. The approximate border
between the outer ectodermal epithelium (Ep) and
inner mesodermal lumen (Lu) is indicated (dashed
white line). Scale bar in a represents 50 pm, 20 um
in inset. Modified from Ehrhardt et al. (2015a).

Double-labeling with antibodies against HRP and Mes3 (Fig. 5.4a) reveals the dA1/vAl pioneers of
the antennal tip to be HRP-positive/Mes3-negative, confirming they are neurons and derive from the
epithelium (ectoderm). This same double-labeling also confirms the presence of two BPs, one for each
antennal pathway (Fig. 5.4b). Rotating the confocal Z-stack to a side view (Fig. 5.4b) clearly shows the
ventral tip pioneer extending a process to a ventral BP and the dorsal tip pioneer likewise extending a
process to a dorsal BP. Further, both the BPs appear to be HRP-positive/Mes3-positive, consistent with a
derivation from the mesoderm and not the ectoderm. Confocal images at higher resolution (Fig. 5.4c¢)
confirm that both BPs, but not the Al tip pioneers, are Mes3-positive and, therefore, derive from the
mesoderm which is represented by the lumen of the antenna (Ehrhardt et al., 2015a).
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Figure 5.4. Molecular markers confirm different
ontogenies for tip and base pioneers. (a) Confocal
dA1P image of the early embryonic antenna (32%)
" 8% following double immunolabeling with the neuron-
specific marker HRP and the mesodermal marker
Mes3. Tip pioneers (VA1P, dA1P) appear HRP-
positive/Mes3-negative, while base pioneers (VBP,
dBP) appear HRP-positive/Mes3-positive. Mes3-
positive putative hemocytes (white stars) likely
secrete basement membrane components for the
appendages (Ball et al., 1987). (b) Confocal image
of the antenna as in a but in side view confirms
that there is a tip and base pioneer associated with
each of the ventral (vA1P, vBP) and dorsal (dA1P,
dBP) pathways. Growth cones of the vA1P (black
arrowhead) and dA 1P (white arrowhead) are in the
process of establishing contact with their
respective base pioneers. (¢) Confocal images
following double labeling with the neuron-specific
marker HRP and the mesodermal marker Mes3
reveal both the vBP (i-iii) and dBP (iv-vi) that are
HRP-positive/Mes3-negative (vii-ix), consistent
with a derivation from the ectoderm. Scale bar in a
represents 25 um in a, b; 15 pm in ¢. Taken from
Ehrhardt et al. (2015a).

At approximately 30%, at the stage of development at which base pioneers first become identifiable,
we observe that in some cases base pioneers make contact with cells in the epithelium (Fig. 5.5).
Immunolabeling against mitosis marker phospho-Histone H3 (PH3) reveals that these cells are proliferative
(Fig. 5.5a,b). However, it is not clear what the relationship of this base pioneer is to these cells. If these
proliferative cells are mother cells which give rise to the base pioneers, that would mean that Mes-3 is not
the mesodermal marker which it is believed to be, as these cells are part of the ectodermal epithelium.
Perhaps the contact of base pioneers with these cells does not reflect the origin of the base pioneers, but
instead indicates some sort of information transfer between base pioneers and the proliferative cells.

a-Lach

30%

Figure 5.5. Confocal images from a wholemount 30% antenna immunolabeled against Lachesin and PH3. (a) The side view reveals
that the Lachesin-expressing ventral base pioneer (white star) in the lumen makes contact with a pair of PH3-positive cells in the
epithelium (white circles). (b) Top view of the PH3-expressing cells in the epithelium. (¢) Optical cross-section of the base pioneer in
the lumen. Scale bar represents 8 um in each panel.

5.2. Axogenesis

The BPs on each side are not in equivalent locations along the antennal axis; the dBP is consistently closer to
the base than is the vBP. This means that the growth cones of the tip pioneers must navigate different
distances in order to contact their respective BPs. Comparisons (Fig. 5.6) confirm putative filopodial
contacts between both the ventral (vAl) and dorsal (dAl) tip pioneers and their respective BP targets.
Further, filopodial intermingling occurs slightly earlier in the ventral pathway (34%) than the dorsal pathway
(36%). Differential growth patterns consistent with the data we present here have previously been reported
for the ventral and dorsal tip pioneers (Ho and Goodman, 1982; Berlot and Goodman, 1984; Seidel and
Bicker, 2000). We have shown that there is a BP possessing filopodia associated with each antennal tract and
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that these filopodia intermingle with those of the respective dA1/vA1l pioneers from the antennal tip. Such
putative reciprocal filopodial contacts could provide a morphological substrate for a molecular recognition
process which we investigate below (Ehrhardt et al., 2015a).

Figure 5.6. A1l axons contact base pioneers. (a)
Confocal image following immunolabeling (a-
HRP) at 34% of embryogenesis reveals putative
filopodial contacts between an HRP-positive
ventral tip pioneer (VA 1P, white arrowheads) and
its target HRP-positive base pioneer (vBP, red
arrowheads). (b) Confocal image following
immunolabeling (a-HRP) at 36% of
embryogenesis shows the growth cone and
filopodia of an HRP-positive dorsal tip pioneer
(dA1P, white arrowheads) putatively contacting
the filopodia (red arrowheads) and soma of its
target base pioneer (dBP). Scale bar in a
represents 20 pm in a, 15 pum in b. Taken from
Ehrhardt et al. (2015a).

In the early embryonic antenna, double immunolabeling reveals that the tip pioneers (Fig. 5.7a (i-vi)
and base pioneers (Fig. 5.7b (i.vi)) are HRP-positive/Lazarillo-positive, consistent with their being pioneer
neurons. However, the temporal expression pattern of the Lazarillo antigen differs among the various
pioneers Whereas Lazarillo expression in the tip pioneers is continuous during embryogenesis (Fig. 5.7a (iii,
vi) and see Boyan and Williams (2004) for later ages), the base pioneers initiate Lazarillo expression at the
time their filopodia and those of the tip pioneers first recognize one another (Fig. 5.7b (iii)). They
subsequently downregulate this antigen (Fig. 5.7b (ii, v)) although they still express the HRP antigen (Fig.
5.7b (i,iv)) allowing them to be identified (Ehrhardt et al., 2015a).

Figure 5.7. Dynamic expression of a cell
surface antigen involved in axon guidance
a VA1P b vBP by pioneer neurons. (a) Confocal images of
representative tip pioneers (VA1P) following
double labeling with the neuron-specific
marker HRP and the cell surface guidance
molecule Lazarillo (Laz) at two different
ages (33 and 35%) during embryogenesis.
At 33% (i-iii) and 35% (iv-vi), the vA1P co-
expresses HRP and Lazarillo. (b) Confocal
images of representative base pioneers
(vBP) from the same antennal pathway as in
a following double labeling with the neuron-
specific marker HRP and Lazarillo (Laz) at
two different ages (33% and 35%) during
embryogenesis. The vBP co-expresses HRP
and Lazarillo at 33% (i-iii) but
downregulates Laz expression at 35% (iv-vi,
white star in v indicates soma location).
Scale bar represents 5 um in each panel.
Taken from Ehrhardt ez al. (2015a).

‘ a-HRP || a-Laz ||u-HRP/(x-LaZH a-HRP H a-Laz ||(1-HRP/(1-LaZ‘

I 33%

35%

In order to use immunoblocking to investigate the mechanisms of axon guidance in the embryonic
antenna, it was necessary to develop a method for keeping embryos alive in culture. This method allows us
to remove an embryo from the egg, manipulate it experimentally, for example by adding an antibody to the
culture medium, and keep it alive for several days during which time it can undergo fairly normal growth
(Fig. 5.8), although at a slower rate than it would in the egg.

We examined whether Lazarillo also contributes to axon guidance during early embryogenesis in the
antennal nervous system, consistent with its role in the ventral nerve cord (Sanchez et al., 1995).
Immunoblocking of the Lazarillo epitope under whole embryo culture conditions was indeed found to
disrupt axogenesis in the early embryonic antenna (Fig. 5.9). Blocking Lazarillo expression caused the
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growth cones of both dorsal (Fig. 5.9b) and ventral (Fig. 5.9¢) apical pioneers to miss their correct basal
pioneers despite their maintained physical presence (c.f. Fig. 5.9a). We interpret this as a failure to
molecularly identify the respective targets. In our experiments, the growth cones of the tip pioneers from

both pathways stalled and extended uncharacteristic wide-ranging filopodia in an apparent search process
(Ehrhardt et al., 2015a).

Figure 5.8. Confocal images of HRP-immunolabeled

antennae that have have been cultured for 24 h starting
from an age slightly under 30%. (a) This embryo has
grown to a stage of development equivalent to 31% of
embryogenesis while in culture, as demonstrated by the
presence of HRP-expressing vA1l and vBP neurons in the
lumen. (b) This embryo has grown to a stage of
development equivalent to 33% while in culture, as
revealed by the presence of vAl and dAl pioneers
whose axons have extended to an HRP-expressing vBP
at the base. Scale bar represents 20 um in each panel.

Figure 5.9. Disrupted target
recognition following
antibody blocking. (a)
Normal growth.
Fluorescence microscope
image of the antenna (edge
is outlined white) from an
embryo grown in culture for
2 days (from 32% up to
36% of embryogenesis) and
subsequently
immunolabeled with
neuron-specific HRP. The
growth cone filopodia A1
(white arrowheads) of the
sibling tip pioneers (VA1P)
have contacted a target
HRP-positive vBP en route to the brain (not shown). Other putative guidepost cells (white stars) are also labeled. (b,c) Disrupted
target recognition in the antennae of embryos of the same age and grown under the same conditions, as in a except that Lazarillo
antibody was added to the initial culture medium (see Materials and methods). (b) Fluorescence microscope image following neuron-
specific HRP immunolabeling shows a sibling pair of dA1P neurons whose growth cone appears to have stalled and whose extensive
filopodia (white arrowheads) have apparently failed to recognize the target dBP. (¢) Confocal image following neuron-specific HRP
immunolabeling shows a sibling pair of vA1P neurons whose respective growth cones (open, solid white stars) have by-passed their
target vBP, stalled, and now extend wide-ranging filopodia (open, solid white arrowheads) in search of the target. Antenna orientation
in a applies to all panels. Scale bar in ¢ represents 18 um in a, 17 um in b, and 15 pm in c. B. Niederleitner, M. Giintner, and G.S.
Boyan contributed data to this figure. Taken from Ehrhardt ez al. (2015a).

control a-Laz block a-Laz block

5.3. Targets of the pioneer neurons

Although the axon growth of the apical pioneers to the base pioneer and the border of the deutocerebrum
have been well studied, the targets of the antennal pioneers in the brain were unknown. We used
immunolabeling against HRP and Lazarillo to identify the projections of the antennal pioneers as they grow
in a stereotypic manner out of the antenna and into the first deutocerebral, then protocerebral, brain
neuropils. We identified that their targets in the protocerebrum as the Lazarillo-expressing LC cells (Boyan
and Ehrhardt, 2015).

5.3.1. A motoneuron in the deutocerebrum
Ho and Goodman (1982) reported that base pioneer growth cones are the first peripheral processes to reach
the CNS. Berlot and Goodman (1984) observed that base pioneer axons fasciculate with the axons of
motoneurons. We also observed base pioneers extending growth cones into the deutocerebrum (Fig. 5.10).
In this preparation, proliferative cells were labeled using 5-ethynyl-2’-deoxyuridine (EdU), a nucleoside
analog of thymidine which is incorporated into DNA during DNA synthesis in living tissue (Sousa-Nunes et
al., 2011; Takagi et al., 2012). A large round cell is labeled with EdU, indicating that it went through S phase
while the EdU pulse was applied. The EdU labeling and morphology of the cell suggest that it is a
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neuroblast. The presence of this putative neuroblast next to the dorsal base pioneer provides further evidence
that the dorsal base pioneer’s growth cone is in the deutocerebrum rather than the antenna, as Zacharias et al.
(1993) documented the presence of similar large, mitotically active neuroblasts in the grasshopper
deutocerebrum at a similar stage of embryogenesis using BrdU incorporation. The motoneuron which will
serve as a target for this pioneer is also revealed by HRP labeling (Fig. 5.10).

Figure 5.10. HRP immunolabeling combined with EQU and DAPI staining reveal that a BP in a sectioned 39% antenna is extending
its growth cone (blue arrow) into the deutocerebrum (dc) toward a motoneuron (MN, white circle). HRP (green) is expressed by the
axon of the dorsal apical pioneers (dAl), the dorsal base pioneer (dBP) and other neurons in the brain. EAU (magenta, white
arrowheads) labels a large, round cell (white dashed circle), which based on its morphology and proliferative nature appears to be a
neuroblast (NB). Scale bar represents 10 um.

5.3.2. The primary axon scaffold of the brain
Immunolabeling with neuron-specific markers reveals that the initial set of axon projections in the
embryonic insect brain comprises a simple scaffold of commissural and descending pathways centered
around the stomodeum (Fig. 5.11a; Reichert and Boyan, 1997). The scaffold is generated by sets of identified
central pioneer axons located at stereotypic sites and is used for fasciculation by later differentiating axons.
These sites include a complex of seven cell clusters spread across the protocerebrum and deutocerebrum
(Fig. 5.11b) and recognizable by the fact that they are the only cells in the early brain to co-express Lazarillo
and HRP (Graf et al., 2000). The bilateral, unpaired LC cells of cluster 2 from this complex (Fig. 5.11¢) have
been shown to pioneer a fascicle of the primary protocerebral commissure (Graf et al., 2000), and these cells

also prove to be targets for the projections from the pioneers of the developing antennal system (Boyan and
Ehrhardt, 2015).

5.3.3. Projections of pioneer neurons into the brain
A maintained co-expression of the neuronal label HRP and the lipocalin Lazarillo by the apical pioneer
neurons allows their unequivocal identification in the developing antennal nervous system (Fig. 5.11d). We
used this feature to conduct a staged analysis of apical pioneer cell projections beyond the antenna and into
the brain (Fig. 5.12; Boyan and Ehrhardt, 2015).

At 37% of embryogenesis (Fig. 5.12a-c), Lazarillo-positive axons of the ventral and dorsal apical
pioneers have reached the antennal base and can be seen to turn medially and anteriorly toward the
deutocerebrum where their growth cones approach the Lazarillo-positive C3 cell cluster. At this stage, the
pioneers often exhibit slightly different growth rates so that their projections extend different distances into
the deutocerebrum. This asymmetry is resolved as the pioneer fascicles subsequently merge within the
deutocerebrum. Further anterior in the protocerebrum of the brain, an identified Lazarillo-positive cell (the
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LC, see Graf et al., 2000) of the C2 cluster at the mid-line projects an axon laterally toward the C1 and C6
clusters. Other Lazarillo-positive cell clusters are present in the protocerebrum but have not yet commenced
axogenesis so that the axon scaffold is still incomplete. At 39% of embryogenesis (Fig. 5.12d-f), the growth
cones of the antennal pioneers now extend equidistantly into the deutocerebrum of the brain, their fascicles
have merged, and their filopodia intermingle with those from cells of the C3 cluster. At the same time, the
growth cone of the LC cell from the C2 cluster in the protocerebrum has turned posteriorly and also projects
toward the C3 cluster. At 41% of embryogenesis (Fig. 5.12g-1), the growth cones of the apical pioneers are
indistinguishable so that we can only refer to a combined projection. Filopodia from the antennal pioneers
extend anteriorly beyond the C3 cluster and project onto an axonal pathway which now links the C1 and C2
clusters of the protocerebrum with the C3 cluster of the deutocerebrum. This sequential extension of the
projections from the antennal pioneers onto the various Lazarillo positive cell clusters of the brain is
summarized schematically in Fig. 5.13a-c (Boyan and Ehrhardt, 2015).

a-Laz a-Laz, o-HRP

apex<«> base

Figure 5.11. The initial axon tracts of the brain and antenna of the embryonic grasshopper. (a) Confocal image following
immunolabeling with the neuronal marker I-5 in wholemount preparations reveals the primary axon scaffold of the brain as at 40% of
embryogenesis. Commissural fibers cross the mid-line anterior to the stomodeum (st, approximate outline dashed white) via the
protocerebral commissure (PCC), and posterior to the stomodeum via the tritocerebral commissure (TCC). Axons (white arrowheads)
are seen in the deutocerebral (DC) neuropil at a location where the antennal nerve will form and may be those of motoneurons.
Anterior A is at the top. (b) Schematic (not to scale) shows identified clusters of Lazarillo-positive cells (C, red outline) which
contribute axons (red) to the primary axon scaffold in the protocerebrum (PC) and deutocerebrum (DC) of the brain (as seen at 41%
if embryogenesis from a frontal prospective). Not all clusters of the scaffold are depicted here (See Graf et al., 2000) and only the left
brain hemisphere is shown. Cluster 7 with its projections to the tritocerebrum (not shown) is located deeper (more dorsally) in the
brain and so is rendered less opaque. A subset of axons (red) of the primary brain commissure (PCC, black) originating from the C1
cluster is Lazarillo-positive. (¢) Confocal image of the brain midline at 37% of embryogenesis following double-labeling against the
neuronal markers Lazarillo (red, Laz) and horseradish peroxidase (green, HRP) reveals co-expression (yellow) by the bilateral
unpaired LC cells (white stars) comprising the C2 cluster of each protocerebral hemisphere (PC). These cells pioneer a fascicle of the
PCC (green) (see Graf et al., 2000). (d) Confocal image of an antenna at 33% of embryogenesis following HRP and Lazarillo
immunolabeling reveals that Lazarillo is expressed by the two sets of sibling apical pioneers (vA1l, dA1). Other abbreviations: TC,
tritocerebrum. Scale bar represents 70 um in a; 60 pm in ¢; 25 pm in d. Modified from Boyan and Ehrhardt (2015).

A reconstruction of the arborizations from the antennal pioneers and those of the LC cell
(Fig. 5.13d) at higher resolution confirms that their terminals closely appose one another so that
their filopodia intermingle in the protocerebrum. The data allow us to speculate that their may be
filopodial contacts between these peripheral and central pioneers. We suggest that in projecting onto
this central scaffold, that apical pioneers of the antenna represent a peripheral component of a
molecularly continuous brain circuit (Boyan and Ehrhardt, 2015).
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Figure 5.12. The projections of Al
pioneer axons into the brain at successive
stages of embryonic development as
revealed by double-labeling against HRP
(green), Lazarillo (red), co-expression
(yellow, merge). Only the left brain
hemisphere is viewed from ventral
(frontally) is depicted throughout.
Approximate outline of the antenna is
shown dashed white. (a-¢) 37% of
embryogenesis. Lazarillo/HRP-positive
antennal pioneers (black star dA1P, white
star vA1P) generate axons (open white
arrowhead dA1P, white arrowhead vA1P)
whose growth cones have projected
beyond the antennal base (approximate
location given by magenta dashed line)
and into the deutocerebrum (DC). The
growth cones are still divergent at the
early stage and that of the dA1P is out of
the picture here. The growth cone of the
vA1P (open/white arrowhead) has begun
to turn medially toward the C3 cluster in
the DC. In the protocerebrum (PC), the
growth cone from the LC cell (white
triangle) of the C2 cluster projects
laterally toward the C6 cluster. (d-f) 39%
of embryogenesis. The vAIP and dA1P
fascicles have merged at this stage. The
growth cones (white arrowhead) from the
Lazarillo/HRP-positive apical pioneers
project anteriorly beyond the C3 cluster of
the DC and toward the C1 cluster in the
PC. The growth cone (open/white
arrowhead) of the LC cell (white triangle)
has turned posteriorly around the ClI
cluster and now projects toward the C3
cluster. (g-i) 41% of embryogenesis.
Lazarillo/HRP-positive filopodia (white

arrowhead) from the growth cones (open white arrowhead) of the antennal pioneers have extended into the PC and intermingle with
those from the Lazarillo/HRP-positive growth cone (open/white arrowhead) of the antennal pioneers have extended into the PC and
intermingle with those from the Lazarillo/HRP-positive growth cone (open/white arrowhead) of the LC neuron (white triangle) from
the C2 cluster of the PC Other abbreviations: fg, frontal ganglion; Lb, labrum. Axes: anterior (A), medial (M). Scale bar represents
40 pum throughout. Taken from Boyan and Ehrhardt (2015).

Ant

DC

AP

Ant

39%

Figure 5.13. Schematics (a-¢) summarizing the progressive ingrowth of
axons from Al pioneers of the antenna (Ant) into the brain during early
embryogenesis (37-41%) as revealed by double-labeling against Lazarillo
and HRP (see Fig. 5.12) As the pioneer fascicles from the antenna merge in
the brain, their projections are grouped for the purposes of this
representation. The growth cones of the antennal pioneers (red) project
from the C3 cluster of the DC toward the C1 cell cluster in the
protocerebrum and encounter the growth cone (blue) of the protocerebral
LC cell from the C2 cluster. Other axon pathways linking the cell clusters
are shown dashed. (d) Reconstruction based on a Z stack of confocal
images following Lazarillo labeling at 41% of embryogenesis shows that
the projections from the antennal pioneers (red) lie in close proximity to
those of the LC cell (blue) at the border of the protocerebrum and
deutocerebrum. Cells of the C3 and C1 clusters are shown schematically
but in their correct locations. Scale bar represents 30 um in d. Taken from
Boyan and Ehrhardt (2015).
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5.4. Fates of the pioneers

Previously the fates of the antennal pioneers were unknown. We used two methods for labeling apoptotic
cells to investigate when and whether antennal pioneers undergo programmed cell death, as the pioneers of
the leg do. Sectioning and sonication allowed us to label antennae after the thickening of the cuticle at mid-
embryogenesis.

5.4.1. Fates of apical pioneers
The apical pioneers can be reliably identified from the time of their appearance (31% of embryogenesis) up
to mid-embryogenesis (53%) via several molecular labels including HRP (Fig. 5.14) and the cell surface
lipocalin Lazarillo (not shown, but see Boyan and Williams, 2004; Ehrhardt ef al., 2015a). These data reveal
their morphology to be consistent over this period, although their slightly oblong somata sometimes remain
in contact (Fig 5.14a,b,f; Fig. 5.15) and other times separate slightly (Fig 5.14c-e) during subsequent
development, while always remaining in axonal contact (Ehrhardt ef al., 2015c).

In order to investigate the pioneer fates, we employed two established markers of programmed cell
death: acridine orange (AO) and TUNEL (see Methods 4.3.2) in combination with the neuron-specific label
HRP and, in the case of the base pioneers, also the mesodermal label Mes3. Control experiments confirm
that while TUNEL may be detected a little earlier than AO (DNA fragmentation occurring prior to pycnotic
body formation), all apoptotic cells examined in the antenna are eventually co-labeled with these death
markers (Fig. 5.16; Ehrhardt et al., 2015c).

Application of AO revealed cell death to be prominent in both the epithelium and lumen of the
embryonic antenna (Fig. 5.17), even as early as 35%. The cell types involved remain unidentified, but the
band-like pattern of apoptotic cells in the epithelium correlates with the meristal segmentation of the antenna
(Fig. 5.17; see Chapman, 1982, 2002), while AO-positive cells in the lumen appear to be associated more
with the median strand (Fig 5.17). AO labeling does not appear in identified apical pioneers prior to mid-
embryogenesis. At 53% (Fig. 5.18a), HRP immunolabeling identifies the apical pioneers of both nerve tracts
at the lumen epithelium border, but AO is not found within the apical pioneers themselves although it labels
nearby cells in the Al region. At 55% (Fig. 5.18b), AO labeling of a putative pycnotic body is now found
within the soma of an apical pioneer associated with the ventral nerve tract, providing the first evidence that
an apical pioneer is undergoing apoptosis. At 57% (Fig. 5.18¢), AO labeling is present within one apical
pioneer but not its sibling, suggesting that siblings do not necessarily die concurrently. By 60% (Fig. 5.18d),
AO labeling is visible within the soma of an apical pioneer, and its HRP labeling has become faint and
spotty, consistent with a degeneration of the somal membrane (Ehrhardt et al., 2015c).

Figure 5.14. Confocal images of Al pioneers at successive developmental stages (a-f) following labeling against HRP. Apical
pioneers are molecularly identifiable from their delamination at 31% (a) up to mid-embryogenesis (f). Apical pioneers develop as
paired siblings (white asterisks) but in some preparations these siblings separate so that high resolution images then show one cell (¢,
d, e). Scale bar in f represents 10 ym in a, b; 15 um in ¢; 10 um in d; 15 pm in e; 10 pm in f. Taken from Ehrhardt et al. (2015¢).
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Figure 5.15. Confocal images of sibling Al pioneers from three
different antennae (a-c) at the same age (35%) following HRP
immunolabeling demonstrate the consistency of Al pioneer
morphology. Base of the antenna is to the top. Scale bar represents
15 pm in all panels. Taken from Ehrhardt et al. (2015c¢).

35% ! o-HRP

Figure 5.16. Cell death markers AO (green) and TUNEL
(red) co-label (merged, yellow) the nuclei of apoptotic
cells at mid-embryogenesis. Some cells (white star) show
TUNEL earlier than AO so that co-labeling is not evident
yet. Scale bar represents 15 pm in all panels. Taken from
Ehrhardt et al. (2015¢).

Apoptosis of apical pioneers revealed by AO labeling was confirmed via a TUNEL assay which
detects DNA fragmentation (see Methods). TUNEL did not label any apical pioneer neurons at 50-53% (data
not shown), but at 56%, HRP-positive pioneers associated with the ventral (Fig. 5.19a) and dorsal (Fig.
5.19b) pathways both show clear TUNEL labeling in the soma. Further, the sibling pioneers of a given
pathway may undergo apoptosis concurrently (Fig. 5.19a), or not (Fig. 5.19b). Our data for AO and TUNEL

are consistent in revealing apoptosis of the apical pioneers at around 56% of embryogenesis (Ehrhardt et al.,
2015c).
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Figure 5.17. Fluorescence microscope images of antennae at mid-embryogenesis show the distribution of apoptotic cells labeled by
AO. (a) Epithelial view shows apoptotic cells occurring as bands (white arrowheads) at the borders of the meristal annuli of the
antenna (A1-A4). (b) AO also labels cells in the lumen (Lu) of another antenna of approximately the same age. Most dying cells in
the lumen appear closely associated with the median strand (dashed white line). Scale bar in b represents 100 pum in all panels. Taken
from Ehrhardt et al. (2015c).

28



Results

Figure 5.18. Confocal images of Al

pioneers in sectioned antennae following
application of AO (yellow) and subsequently
co-labeled against HRP (cyan). (a) At 53%,
the apical pioneers (white stars) of the dorsal
(dN) and ventral (vN) nerve tracts show no
signs of cell death, although other cells in the
vicinity are labeled by AO. (b) At 55%,
acridine orange (AO) stains a pycnotic body
(white arrowhead) in the soma (white star) of
the ventral nerve tract (vVN). (¢) At 57%, one
apical pioneer (white star) of the ventral
nerve tract (vN) contains an AO-labeled
pycnotic body (white arrowhead), while its
sibling (open white circle) shows no signs of
apoptosis. Sibling pioneers of the same
antenna do not necessarily undergo apoptosis
concurrently. (d) At 60%, an apical pioneer
(white star) is labeled by AO (white
arrowhead), consistent with apoptosis. The HRP labeling of the membrane has become fainter and patchy (open white arrowheads).
Scale bar in d represents 12 pm in all panels. Taken from Ehrhardt ez al. (2015c¢).

VA1P dA1P

DAPI HRP TUNEL

Figure 5.19. Confocal images following TUNEL labeling of Al pioneers in the antenna at 56% of embryogenesis. DAPI (blue)
labels nuclear DNA. (a) TUNEL (red) labels pycnotic bodies (white stars) in the somata (outline dashed white) of a sibling pair of
apical pioneers (vA1P) of the ventral nerve tract. Neuron-specific HRP (green) labels their axons (open and solid white arrowheads)
projecting towards the antennal base (top of figure). (b) Labeling as for a. Only one of the sibling pair of dorsal A1 pioneers shows
TUNEL. Scale bar in b represents 7 pm in all panels. Taken from Ehrhardt et al. (2015c¢).

Finally, programmed cell death in apical pioneers was also confirmed in several preparations at 55%
of embryogenesis via intracellular dye injection combined with immunolabeling (Fig. 5.20). After first
locating a dying putative pioneer in the Al region using the AO marker (Fig. 5.20a), the cell soma in the
preparation shown was intracellularly filled with Alexa® 568 dye (Fig. 5.20b) and a co-localization of both
labels confirmed. Subsequent HRP immunolabeling confirmed that the dying cell is a neuron with an axon
associated with one of the antennal nerve tracts (Fig. 5.20c). At higher magnification, a confocal view of the
dye-filled, HRP-labeled dying cell from a further preparation (Fig. 5.20d) reveals the axonal and somal
morphologies to be characteristic of an apical pioneer (Ehrhardt ef al., 2015¢).
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Figure 5.20. The pioneer identity of an AO-labeled
cell in a section of the antenna at 55% of
embryogenesis is confirmed with dye-filling and
immunolabeling against HRP. The antenna is outlined
with a dashed white line. (a) Photomicrograph shows
that the apoptosis marker AO labels a cell (white
arrowhead) in the lumen of the A1 region near the tip
of the antenna. (b) Same preparation as in a. The cell
in a is subsequently filled with Alexa® 568 dye using a
sharp glass electrode (drawn schematically). (¢) HRP
immunolabeling of the preparation in a,b confirms the
co-localization of AO and Alexa® 568 dye (yellow),
and that the dying cell of this preparation (white
arrowhead) generates an axon associated with the
ventral nerve tract (vN). (d) A higher magnification
view of the dye-filled nucleus (red) of an HRP-labeled
(white arrowheads) dying cell from another
preparation to a-c. The axon (white star) in the vN and
the somal morphology (dashed white line) are
characteristic of the apical pioneers. Scale bar in d
represents 80 pm in a, b, ¢; 10 um in d. Taken from
Ehrhardt et al. (2015c¢).

5.4.2. Fates of base pioneers

Double-labeling with Mes3 and HRP allows the base pioneers to be identified over a period of 31-45% of
embryogenesis (Fig. 5.21). These labels reveal a consistent cellular morphology that is considerably different
from that of the apical pioneers. The BPs possess characteristically more spherical somata bearing, in
addition to the axon, many small dendritic projections not present in their apical counterparts (c.f. Fig. 5.14).
The Mes3 expression indicates a derivation from the mesoderm (lumen) in contrast to the ectodermal
(epithelial) origin of the apical pioneers which are Mes3-negative (see Ehrhardt ef al., 2015a). Significantly,
the BPs are single cells, not siblings like the apical pioneers. The BPs are present at the time the apical
pioneers delaminate and commence axogenesis (c.f. Fig. 5.3b), and their dual expression of HRP and Mes3
continues up to 40% of embryogenesis (Fig. 5.21a-f). After this stage, HRP expression becomes spotty (Fig.
5.21g) and is finally downregulated (Fig. 5.21g and j). Mes3 expression, on the other hand, is retained until
at least 45% (Fig. 5.21h-1) after which the BPs can no longer be reliably identified against the background of
other Mes3-expressing cells in the vicinity (Ehrhardt et al., 2015c).

o-HRP || a-Mes3 || Merge | Figure 5.21. Confocal images of BPs from antennac of different
embryonic ages following double labeling with HRP (green) and Mes3
(red). Merged images show co-expression (yellow). Panels a-f show
dorsal base pioneers, panels f-1 show ventral base pioneers. All base
pioneers co-expression HRP and Mes3 from 31% up to 40% of
embryogenesis (a-i). At 40% (g-i), the HRP immunolabeling has been
downregulated while the ontogenetic label Mes3 is maintained. Scale bar
in a represents 10 um in a-¢; 8§ um in d-i; 15 um in h-l. Taken from
Ehrhardt et al. (2015¢).

The period over which we can currently search for
evidence of cell death in base pioneers is therefore narrower
than in the apical pioneers. Nevertheless, neither AO- (Fig.
5.22) nor TUNEL-labeling (data not shown) revealed
evidence of cell death in the BPs up to mid-embryogenesis,
although apoptotic cells are clearly present in their vicinity
(Fig. 5.22c). DAPI staining also shows no evidence of
pycnotic bodies forming in their nuclei, and there is no
obvious degeneration of cell membranes at a time when
HRP has already been downregulated (Fig. 5.21g-1; Fig.
5.22a-c). The BPs therefore begin to alter their molecular
profiles with respect to HRP-, Mes3-, and Lazarillo-
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expression (see Ehrhardt et al., 2015a) in a stepwise manner without any evidence of death signals. At
present we must allow for the possibility that the base pioneers may persist in the antenna in a new, and as
yet unclear role (Ehrhardt ef al., 2015¢).

o ° Figure 5.22. Confocal images of BPs at
40% 42% successive ages (a, 40%; b, 42%; ¢, 45%)
following labeling with AO (cyan), Mes3 (red),
and DAPI (blue). Base pioneers are not labeled by
AO over the ages shown. DAPI staining shows
their nuclei (white stars) to be free of pycnotic
bodies, and the cell membranes show no signs of
degeneration. AO (white arrowhead) does,
however, label the nucleus of a nearby dying
Mes3-negative cell (soma outline dashed white).
Scale bar in a represents 8 pm in a-c. Taken from
Ehrhardt et al. (2015¢).

Mes3 DAPI

5.5. Sensory cell clusters

The proper navigation of the pioneer axons is likely critical for the development of the antennal nerve tracts,
because the axons of sensory neurons fasciculate with pioneer axons and follow them to their targets (Fig.
5.23). Each cluster of sensory neurons projects axons onto the pioneers associated with one nerve tract (Fig.
5.23¢,f), but not both nerve tracts. It is unclear how the sensory neurons determine which nerve tract to
fasciculate with. Apical pioneers usually have centrifugal projections (Fig. 5.23a-c) directed towards the
sensory neurons at the tip, which could help guide the sensory axons.

Figure 5.23. HRP immunolabeling reveals centrifugal projections of Al pioneers in wholemount antennae at 33-45% of
embryogenesis. (a) At 33%, before the first sensory neurons differentiate, the vAl and dA1 pioneers possess thin centrifugal
projections (white arrowheads). (b) After 35%, sensory neurons appear in the antenna, including a pair at the tip of the antenna. The
vAl and dA1 pioneers still possess centrifugal projections (white arrowheads). (¢) At 38%, more and more sensory neurons (red
arrowheads) are appearing near the tip. On the dorsal side in this antenna, a pioneer’s centrifugal projection is directed towards the
projections of the sensory neurons. (d) Several sensory neurons in the epithelium are connected (white arrowhead) to the Al
pioneers. (e) Several sensory neurons are connected (white arrowhead) to the A1 pioneers. (f) Sensory neurons (red arrowheads)
extend projections onto Al pioneers (white star). White arrowheads indicate centrifugal projections of pioneers. Red arrowheads
indicate apical dendrites of sensory neurons. Green arrowheads indicate axons of sensory neurons. White stars indicate pioneer
somata. Scale bar in a represents 8 umina, 12 pminb, 12 pmin ¢, 15 pm in d-f.

Until recently, the later development of the antenna was difficult to study due to the formation of a
secondary cuticle at 55% (Bentley et al., 1979), which is impermeable to antibodies. One method to

immunolabel older embryos is to slice the antenna into thin sections, allowing antibodies to be applied to the
nervous system without the cuticle interfering (Fig. 5.24). However, this process often results in unwanted
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distortion of the tissues involved or in the disturbance of molecular binding sites. Further, depending on the
thickness of the tissue, elements of the nervous system may be located across several sections which must
then be aligned either manually or via an image-processing algorithm to allow reconstruction (Ehrhardt et
al., 2015b).

Figure 5.24. The nervous system of sectioned
antennae. (a) 85% antenna in longitudinal section.
Immunolabeling (HRP, green) was performed after
sectioning. Clusters of HRP positive sensory cells
in the epithelium (Ep) direct axonal projections
(e.g. white arrowhead) onto the antennal nerves
(an) in the lumen (Lu). Approximate outline of the
cuticularized antenna is dashed white. (b) Higher-
power confocal view reveals single clusters of
HRP-positive sensory cells with dendritic
projections (open white arrowheads) that will
innervate sensory hairs and axons (white
arrowheads) projecting into the antennal nerve
(an). (¢) 95% antenna in longitudinal section.
Immunolabeling against HRP (green) was
performed after sectioning which has disrupted
both sensory cell clusters (white arrowheads) in
the epithelium (Ep), and nerve pathways (open
white arrowheads) in the lumen. (d) First instar,
antenna in longitudinal section and subsequent
immunolabeling against HRP (green). Sectioning
has disrupted cell cluster integrity (white
arrowheads) and bisected the antennal nerves
(open white arrowheads). Scale bar in d represents
80 um in a, 15 pm in b, 40 um in ¢, 50 um in d.
Modified from (Ehrhardt et al., 2015b).

1st instar

We developed a method of using sonication to disrupt the cuticle, which for the first time allows
immunolabeling of the intact sensory nervous system of wholemount antennae during late embryogenesis
and the first instar after hatching. This sonication technique enables us to observe how more and more
sensory neurons differentiate in the epithelium along the length of the antenna during late embryogenesis
(Fig. 5.25). The axons of these sensory neurons project into the antennal nerve tracts (Fig. 5.25d,g). The
dendritic terminals of sensory neurons are rich in a-tubulin, as are their axons, but the somata of the neurons
show little o-tubulin expression at 70% of embryogenesis (Fig. 5.25e¢,h). In first instar nymphs,
immunolabeling against o-tubulin (Fig. 5.26) and HRP (Fig. 5.27) reveal the two antennal nerve tracts and
the sensory cell clusters which are segmentally organized into meristal annuli. Although sensory somata at
70% of embryogenesis lack a-tubulin, a-tubulin expression extends into the somata by 90% of
embryogenesis (Fig. 5.25k) and remains in the sensory cell bodies in first instar nymphs (Fig. 5.26b-d).

When we compared the immunolabeling of the antennal nervous system after sonication (Fig. 5.25,
5.27) with that seen in antennae of equal age but after sectioning (Fig. 5.24), we found that the general
organization of sensory cell clusters and axon pathways is preserved. Sonication does not therefore disrupt
cellular integrity. Further, the pattern of neuronal labeling is consistent with previously published data from
the grasshopper antenna (Seidel and Bicker, 2000; Boyan and Williams, 2004; Boyan and Williams, 2007,
Ehrhardt et al., 2015a), confirming that sonication also does not disrupt antigen distribution. This cellular
and molecular integrity ensures that confocal microscopy can be employed to generate three-dimensional
reconstructions of the peripheral nervous system directly in intact antennae obviating the need for serial
reconstructions from tissue sections (Ehrhardt et al., 2015b).
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Figure 5.26. Confocal images of intact
antennae from first instar nymphs viewed in
wholemount following sonication and
immunolabeling against anti-o-tubulin. At
low magnification (a), labeling against a-
tubulin reveals the two antennal pathways
(N, dN) in the lumen (Lu), as well as the
epithelial (Ep) sensory cell clusters clearly
organized according to segmental pattern.
Dashed white lines indicate borders of
meristal annuli. At higher magnification (b-
d), oa-uubulin labeling is present in
differentiated sensory cell clusters (open
white arrowheads) into an antennal nerve (dN,

anti-a-tubulin

a-tubulin
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Figure 5.25. Confocal images of intact antennae at
two embryonic ages (a-i, 70%; j-1, 90%) viewed in
wholemount following sonication and double
labeling with anti-HRP (green) and microtubule
specific anti-a-tubulin (red). Merge images show
co-expression (yellow). (a) HRP labeling of
sensory cell clusters along with their axonal
projections into the dorsal (dN) and ventral (vN)
antennal nerves. (b) a-Tubulin labeling is
predominantly in the dendritic terminals of sensory
cells (open white arrowheads) but not their somata.
(¢) Axon projections (white arrowheads), dendritic
terminals of sensory cells (open white arrowheads),
and the antennal nerves co-express these labels. At
higher power (d-i), HRP labeling reveals the axonal
processes (d, white arrowheads) and somata (g) of
sensory cells, as well was axons in the ventral
antennal nerve (VN). a-Tubulin (e, h) labels
sensory cell axons (white arrowheads) and their
dendritic terminals (open white arrowheads) as
well as the antennal nerves (vN, dN). Merged
images (f, i) confirm co-expression (yellow) in
sensory cell axons (white arrowheads) and
dendritic terminals (open white arrowheads). At
90% of embryogenesis, HRP labeling (j, green) is
seen in the antennal nerves (dN, vN), in axons of
sensory cells (white arrowheads), and in dendrites
(open white arrowheads) of sensory cell somata.
Dashed line indicates meristal border. (k) o-
Tubulin labeling (red) is seen in the antennal
nerves, axons of sensory cells (white arrowheads),
and dendritic terminals (open white arrowheads).
() Double labeling is seen in the antennal nerves
(dN, vN), axons of sensory cells (white
arrowheads) and dendrites (open white
arrowheads) of sensory cells. Scale bar in ¢
represents 150 um in a-c, 45 pm in d-i, 55 pm in j-
1. Taken from Ehrhardt et al (2015b).

1st instar

vN). Scale bar in d represents 90 um in a, 30 pm in b, 20 um in ¢,d. Taken from Ehrhardt e a/ (2015b).

Figure 5.27. Confocal image of intact antenna from a first instar
nymph viewed in wholemount following sonication and
immunolabeling against anti-HRP. The axons (white arrowheads) of
sensory cell clusters project into one of the antennal nerve tracts (nt).
Scale bar represents 10 pm.
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6. Discussion

6.1. Ablation of the pioneer neurons

In order to investigate the role of pioneer neurons in the establishment of neural pathways, experiments have
been performed in which pioneer neurons are ablated, and the development of the system observed and
compared to a control. However, these experiments have produced mixed results with regard to the
importance of pioneer neurons.

6.1.1. Ablation in vertebrates
Pioneer ablation has been performed in vertebrates. When the pioneers which establish the nerve from the
olfactory placode to the olfactory bulb in the zebrafish are ablated by being cut out using glass microneedles,
the sensory neuron axons are severely misrouted (Whitlock and Westerfield, 1998). On the other hand, Eisen
et al. (1989) reported that when the motoneurons which pioneer the zebrafish peripheral motor pathways are
ablated using a laser, motoneurons which develop later are still capable of navigating the correct pathways.
When the pioneer neurons which form the axonal scaffold of the forebrain commissure in the zebrafish are
ablated, later axons take on the role of the pioneers and alter the kinetics of their growth cones to match
those of pioneers (Bak and Fraser, 2003).

Some pioneer neurons may be necessary for nerve tract formation while others are not, even within
the same animal. Pike et al. (1992) ablated pioneer neurons in zebrafish with a laser and observed the effect,
or lack thereof, on the development of the peripheral motor nerves. When the pioneers of the ventral nerves
were ablated, the nerves formed more slowly than usual, but normal nerves were still eventually established.
Thus, the presence of the pioneer sped up the formation of the ventral nerve, but was not required for it.
However, a pioneer was absolutely necessary for the navigation of the dorsal nerve in the zebrafish. When
the dorsal nerve pioneer was ablated, the follower axons consistently grew in an incorrect direction. The
atypical path of the nerve in the absence of the pioneer was always similar, revealing that the follower
neurons were led astray by some other consistent guidance cue if the pioneer neuron was not available to
keep them on track (Pike et al., 1992). The development of the zebrafish dorsal nerves appears to more
sensitive to perturbation in general than that of ventral nerves. Melancon et al. (1997) found that the ventral
nerves form completely normally in the absence of the muscle pioneers which act as targets of the pioneer
motoneurons, but the dorsal nerve primary motoneuron axons display abnormal branching and grow away
from their normal pathway when their muscle pioneer targets are ablated. The major differences between the
effects of ablation of the pioneers or of their targets in two different nerve tracts in the same organism using
the same method warn that we should not generalize about the role of pioneer neurons as a class. Each
pioneer neuron or network of pioneer neurons must be tested and evaluated separately.

6.1.2. Ablation in invertebrates
Pioneer neurons in insects have been ablated in attempts to determine the roles which these cells play in
development and in the guidance of follower axons.

6.1.2.1 Ablation via mercury arc lamp radiation

Keshishian and Bentley (1983b) ablated the Til pioneer neurons in grasshopper legs by filling the neurons
with dye and then irradiating them with a mercury-arc lamp. Following this treatment, the nerve pathways in
the legs still developed normally. Keshishian and Bentley (1983b) concluded that the nerve tracts of the
grasshopper peripheral nervous system can be established by follower neurons alone, that the pioneer
neurons do not possess any unique ability to navigate and that their function can be taken over by other cells.
However, a possible flaw in this method of ablation is that, although the cells are killed, the remnants of the
pioneer axons may still guide follower axons via molecular cues or an adhesive surface which remains intact
on the axonal surface of the pioneers despite the cells themselves being dead and non-functional. Therefore
in this thesis we instead used molecular methods to interfere with the growth of pioneer axons.
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6.1.2.2 Laser ablation
The timing of pioneer ablation may determine its effects. When pioneer neurons of the cricket cerci are
ablated before they can initiate axogenesis, the cercal nerve tracts fail to develop and multiple nerve bundles
form in their place. If the pioneers are killed later in development, after their axons have navigated the nerve
tracts and become associated with glial cells, the cercal nerves continue to develop normally (Edwards et al.,
1981). This suggests that the presence of pioneer axons is necessary for the development of these nerve tracts
due to the essential structural role of the pioneers as a guide for other neurons and glia, but that the pioneers
need not remain alive to play any functional role in later development. This further supports our conclusion
that killing post-axogenesis pioneer neurons is not sufficient to determine their role in development, due to
the structural guidance which even dead pioneer axons may provide, but that other methods are necessary for
investigating this system.

Experiments suggest that pioneer neurons are essential for the normal development of pathways in
the grasshopper central nervous system. The intersegmental nerve in the locust central nervous system is
established by U neurons and aCC neurons. Du Lac et al. (1986) ablated the U neurons which help pioneer
the intersegmental nerve in the central nervous system with a laser microbeam in cultured grasshopper
embryos. When the grasshopper U neurons were ablated, the aCC axon stalled and no fasciculation was
observed (du Lac et al., 1986).

6.1.2.3 Heat shock ablation
When heat shock is used to prevent the differentiation of pioneer neurons in the grasshopper leg, the sensory

neurons of the leg fail to grow to their targets in the central nervous system (Klose and Bentley, 1989). Thus
in the appendages of both the grasshopper and the cricket, it appears that living pioneers are essential early in
development when their axons have not yet completed their pathway to the brain, but that the cells can be
killed later in development without disrupting the nerve tracts. This suggests that after navigating to their
targets, pioneer neurons in grasshopper appendages play a structural but not functional role in the
establishment of the nerve tracts.

6.1.2.4 Sharp electrode ablation

Raper et al. (1984) ablated pioneer neurons in the grasshopper central nervous system by using a sharp
electrode to puncture the somata and sever the axons. In normal development, the G growth cone fasciculates
with the A/P fascicle. When the pioneer neurons are ablated, the G growth cone could no longer navigate
properly (Raper et al., 1984). Pioneers are required to establish the MP1/dMP1 pathway, the earliest
longitudinal nerve tract to develop, in the grasshopper. When the pioneers are ablated, the pCC follower axon
either stalls, or else fasciculates with another incorrect axon, which leads it astray (Bastiani et al., 1986).
Since these experiments suggest that in the grasshopper central nervous system, specific pioneer neurons are
required to guide follower axons in order for nerves to develop normally, we would expect that the pioneers
in the peripheral nervous system of this animal play a similarly important role in the development of the
nerve tracts in the appendages.

6.1.2.5 Genetic ablation

The GAL4/UAS system allows a protein to be expressed in a subset of cells (Brand and Perrimon, 1993).
The driver GAL4 gene encodes a yeast transcription activator protein, while the response element UAS
(Upsteam Activation Sequence) is an enhancer which activates gene transcription when bound by GALA4.
When the protein expressed in a restricted subset of cells using this system is a toxin which disrupts protein
synthesis such as ricin from castor beans or diptheria toxin A from bacteria, the GAL4/UAS system can be
used to ablate specific cell types, including early in development. Flp recombinase can be used to prevent the
expression of the protein throughout the entire set of cells, but to allow it to be express stochastically (see
Simpson, 2009; Venken et al., 2011). These genetic tools are a promising method for future work
investigating the details of the roles of cells such as pioneers, guidepost cells, and glia in the developing
insect nervous system.
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Lin et al. (1995) ablated random neurons in the embryonic fly central nervous system by injecting
flp sense RNA to trigger the expression of diptheria toxin via the GAL4/UAS in some neurons. After the
aCC pioneers were ablated by this method, the follower U neurons were still able to establish the pathway of
the intersegmental nerve, although the development of the nerve tract was delayed in the absence of
pioneers. Lin et al. (1995) concluded that pioneer neurons are not necessary for nerve tract formation in the
fly central nervous system, in contrast to the grasshopper results. However this finding may have been
questionable, due to their use of the random expression of a toxin to ablate neurons. If any nearby pioneer
neurons were still alive, the pioneer neurons of a neighboring segment could replace the ablated pioneer
neuron (Bastiani et al., 1986).

Sanchez-Soriano and Prokop (2005) found similar results to Lin et al. (1995) by using RN2-Gal4-
induced expression of ricin to ablate aCC neurons. The ablation of aCC neurons had a more dramatic effect
on the development of the intersegmental nerve than U neuron ablation. Ablating the aCC neurons affected
the growth of the entire intersegmental nerve in 26% of the embryos. Ablation-caused defects mainly took
the form of early stalling of the nerve. The U neurons were usually able to reach their targets even following
the ablation of the aCC neurons. Ablating the U neurons instead of the aCC neurons had even less of an
effect; the growth of the intersegmental nerve was affected by the ablation of U neurons in only 2.9% of
embryos. Sanchez-Soriano and Prokop (2005) found, however, that the results of ablation do not tell the
whole story of the importance of pioneer neurons. When pioneer neurons are ablated, other, normally less
important pathfinding cues may become critical for the guidance of follower neurons and compensate for the
ablation of the pioneer neurons. When the ionotropic GABA receptor Rdl is expressed in neurons, it causes
their growth cones to stall. Sanchez-Soriano and Prokop (2005) expressed this receptor in aCC neurons,
causing their axons to stall before reaching their targets. When these axons stalled, the growth of the
intersegmental nerve was also arrested in 70% of embryos. Thus, follower neurons may navigate using other
cues in the absence of pioneers, but when pioneer axons are present, follower axons rely on them to travel to
their targets (Sanchez-Soriano and Prokop, 2005).

Pioneers of the fly ventral nerve cord were also ablated by Hidalgo and Brand (1997) using the
GAL4/UAS system to express ricin in longitudinal tract pioneer neurons. When all pioneers were ablated,
the follower neurons could not establish the longitudinal pathways, but stalled or went wildly astray, even
crossing to the wrong side of the midline, and the nerve tracts were never able to correct the defects that
resulted from the loss of the pioneers (Fig. 6.1). In the absence of pioneers, nerve tract development was not
merely delayed, but halted or greatly perturbed. However, when only a single pioneer neuron was ablated,
the axon tract formed fairly normally. The ablation of a pair of pioneer neurons had a noticeably more
dramatic impact on the development of the nerve tract, and ablating three pioneer neurons further increased
the frequency of growth cones stalling or growing abnormally. These results suggest that pathways are
established by networks of pioneers working together. Each fascicle in the fly can only be established
through the interaction of two or more pioneer neurons functioning interdependently. No individual pioneer
seems to be necessary for the establishment of the fly nerve tract, but systems of pioneers work together to
build the nerves and guide follower neurons (Hidalgo and Brand, 1997).

Figure 6.1. Effects of ablation of all pioneers in the Drosophila embryo.
(a) At stage 14, the fly neurons have not yet formed the nerve pathways.
(b) In a control animal, no neurons are ablated and the logitudinal bundles
(arrows) and commissures (arrowhead) form normally. (¢,d) Following
ablation of pCC, MP1, dMP2 and vMP2, the longitudinal bundles are
missing or unusually thin (arrows), while the commissures are broken or
disorganized (arrowheads). Taken from Hidalgo and Brand (1997).
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Nevertheless, I wish to point out that, despite the genetic advantages of Drosophila, the grasshopper
antennal nervous system offers several benefits as a model system: large, identifiable pioneer cells and
access at all developmental stages via immunohistochemistry.

6.2. Axon guidance in the insect nervous system

Bate (1976) noted that the grasshopper leg nerves do not develop in a straight line directly to the central
nervous system, but turn at consistent locations. Therefore, the pioneer neurons must respond to some signal
which tells them when or where to turn. A number of different mechanisms have been proposed for pioneer
navigation in the insect peripheral nervous system. Pioneer axons in insects may be guided by signals from
other cells, by molecular cues, or by contact with the basement membrane along which they grow. Through
our immunoblocking experiments, we have found evidence that the base pioneers provide a signal for the
apical pioneers, via the cell surface glycoprotein Lazarillo.

Berlot and Goodman (1984) suggested that the pioneer axons of the antenna are guided by an
adhesive hierarchy of epithelial and neuronal surfaces. Their model was that the initial direction of pioneer
growth cones is determined by the polarized epithelium, that the axons are subsequently guided towards the
base by an adhesive gradient along the epithelium, that landmark neurons then lead the growth cones away
from this axial polarity, and finally that once in the central nervous system, pioneer growth cones follow
labeled axonal pathways to establish their stereotypical routes (Berlot and Goodman, 1984).

Pioneer growth cones in grasshopper appendages extend filopodia further in the direction they will
steer towards than in incorrect directions. Isbister and O’Connor (1999) tested whether these observed
differences in filopodial extension were due to differential substrate adherence; however they could not find
evidence that a gradient of adhesiveness guided grasshopper limb pioneer axons as their growth cones
steered towards the central nervous system. Isbister and O’Connor (1999) used cytochalasin D to disrupt F-
actin, which resulted in pioneer filopodia being pulled by inner tension into the growth cone from which they
were extended. Any adhesive contacts which the filopodia had made countered this tension, so by comparing
the rates at which different filopodia withdrew, Isbister and O’Connor (1999) could compare the substrate
adhesion experienced by different filopodia. However, filopodial-substrate adhesion appeared to be uniform
across the entire pioneer growth cone, regardless of whether the filopodia were extending towards the
pioneer’s target or in an incorrect direction (Isbister and O’Connor, 1999).

6.2.1. Cellular navigation mechanisms
Bate (1976) proposed that sheathing cells found at intervals along developing grasshopper appendages could
act as stepping stones that allow pioneer growth cones to determine their location. Bentley and Keshishian
(1982) suggested that the pioneer neurons in the grasshopper leg might navigate using guidepost cells, i.e.
neurons which are found along the route of the axon, which act as cues for the pioneer growth cone. In the
grasshopper leg, these cells are found at every turning point of the leg nerves. When pioneer growth cones
encounter these guidepost cells, the pioneers and the guideposts become coupled, probably via gap junctions,
such that dye injected into one cell can fill the other neuron as well (Bentley and Keshishian, 1982). Pioneers
in the antenna are dye coupled (Boyan and Williams, 2007)

Part of the mechanism through which guidepost cells influence the growth of pioneer axons may be
an effect on calcium concentration. Bentley et al. (1991) found that the calcium concentration in pioneer
axons of the grasshopper leg is altered when the axons make contact with guidepost cells. Grasshopper leg
pioneer neurons have a high calcium concentration, over 100 nM, while undergoing axogenesis, with the
highest calcium concentration found in the growth cone of the cell. Guidepost cells tend to have low calcium
concentrations of 65 nM when contacted by pioneer axons. When the pioneers form a connection with a
guidepost cell, calcium flows out of the pioneer axon into the guidepost cell (Bentley et al., 1991).

It is not known how similar the base pioneers are to the guidepost cells of the leg. Further
experiments could compare these cells. Dye injection experiments could test when and whether the base
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pioneers are dye-coupled to the Al pioneers. Calcium indicators could reveal whether the calcium
concentration in Al pioneer axons change when they make contact with base pioneers.

Pioneer axons can be guided not only by neurons or neuronal precursors, but also by glia. For
example, as the growth cones that pioneer the grasshopper intersegmental nerve exit the central nervous
system, they follow a pre-existing path of glia. The pioneer growth cones are drawn to and make contact
with the segment boundary cell, which signals to the pioneers where the intersegmental nerve root should be
located (Bastiani and Goodman, 1986). Glia play similar roles in other insects (Oland and Tolbert, 2003). In
the fly central nervous system, glia are responsible for axonal guidance and regulate fasciculation or
defasciculation of pioneer axons (Hidalgo and Booth, 2000). In vertebrate embryos as well, neurites can be
guided to their targets by pre-laid glial pathways (Singer ef al., 1979). During early embryogenesis, when the
Al pioneer axons are navigating to the base of the antenna, only a few glia are present in the antenna, at the
base (Boyan and Williams, 2004). It is unclear whether these glia play any role in guiding axogenesis.
Muscle pioneers seem to play a role in the guidance of cockroach leg pioneer axons (Rajan and Denburg,
1997), but have not been studied in axonal navigation of the antennal pioneers.

Environmental guidance cues may affect the behavior of pioneer growth cones by altering the
organization of the growth cone’s cytoskeleton. The growth cones of grasshopper leg pioneers contain a rich
microtubule network which often forms transient, complex microtubule loops. When the pioneer growth
cone is in the process of turning towards a guidepost cell, microtubules selectively invade branches that
derive from filopodia which have contacted the guidepost cell. When the pioneer growth cone extends across
a segmental border, microtubules selectively invade branches orientated in the correct direction. Selective
invasion generates an asymmetrical microtubule organization pattern within the growth cone, which may
influence the steering of the growth cone (Sabry et al., 1991). In grasshopper limbs, actin accumulation is
associated with continued growth of filopodia, while withdrawal of filopodia is accompanied by reduction in
actin. When pioneer growth cones turn towards a target, actin selectively accumulates in the proximal areas
of filopodia which have contacted target cells (O’Connor and Bentley, 1993).

6.2.2. Molecular navigation mechanisms
Lazarillo is a lipocalin, a member of a large family of proteins which transport small hydrophobic molecules.
Lazarillo’s glycosyl-phosphatidylinositol (GPI) tail keeps the molecule attached to the plasma membranes of
the cells that express the glycoprotein. In the grasshopper embryo, sensory neurons of the peripheral nervous
system express Lazarillo. The glycoprotein is also found in subsets of neuroblasts, ganglion mother cells, and
neurons of the central nervous system and enteric nervous system. Additionally, a few non-neuronal cells,
mainly associated with the excretory system, express Lazarillo. When an antibody against Lazarillo is
applied to embryos growing in culture, the growth of commissural pioneer neurons is disrupted; growth
cones stall or extend in abnormal directions (Sanchez et al., 1995). Sanchez et al. (1995) proposed that
Lazarillo enables axonal guidance by acting as a receptor which detects a signaling molecule that is involved
in the outgrowth and navigation of the axons. The Al pioneers of the grasshopper antenna also express
Lazarillo (Boyan and Williams, 2004), suggesting that this glycoprotein may act as an axon guidance
molecule not only in the central nervous system but also in the peripheral nervous system. Our
immunoblocking experiments confirmed that Lazarillo is necessary for the navigation of the A1l pioneers in
the antenna, showing that Lazarillo functions as a common axon guidance mechanism in both the central and
peripheral nervous systems of the grasshopper.

Pioneer axogenesis is influenced by nitric oxide (NO), a gas which acts as a signaling molecule in
the nervous system. NO activates soluble guanylyl cyclase (GC) in neurons. When exposed to NO, pioneer
neurons in the grasshopper antenna produce cyclic GMP. cGMP expression causes the dorsal and ventral Al
pioneer axons in the antenna to grow during early embryogenesis. If nitric oxide synthase or GC are blocked,
the navigation of the pioneer growth cones is perturbed (Fig. 6.2). Nitric oxide synthase activity is found in
the basal lamina. The NO/cGMP system may be involved in stimulating the growth of pioneer axons along
the basal lamina of the antenna; the epithelial cells may be producing NO as a growth signal which affects
pioneer axons (Seidel and Bicker, 2000).
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Other molecules have been shown to be important for axon navigation in insect nervous systems, but
have not been tested in the developing antennae.

Semaphorin I is a transmembrane glycoprotein expressed by bands of epithelial cells in the
embryonic grasshopper leg. Semaphorin I acts as an attractive cue which guides growth cones and is
required for axon outgrowth of the neurons of the subgenual organ, a hearing organ located in the tibia
(Wong et al., 1997).

Figure 6.2. Effects of pharmacological agents on the growth of the HRP-labeled pioneer axons

a control  of the antenna. (a) Normal axon outgrowth in ventral (black arrow) and dorsal (open arrow)

nerve tracts of an embryo cultured under control conditions. (b) Ventral (black arrow) and

~ . e dorsal (open arrow) pioneer neurons of an embryo exposed to 7-nitroindazole (7NI) just after

« initiating axogenesis. 7NI selectively inhibits nitric oxide synthase. The axon elongation of

L = these neurons was abnormally slow and the axons failed to reach base pioneers. (c¢) Pioneer

4} neurons (black and open arrow) of an embryo exposed to oxadiazolo[4,3-a]quinoxalin-1-one

(ODQ). ODQ blocks the activity of soluble guanylyl cyclase. The axon elongation of these

‘ 7NI neurons was abnormally slow and the axons failed to reach base pioneers. Scale bar represents

> \ 50 um in all panels. Taken from Seidel and Bicker (2000). Adapted with permission of
Company of Biologists (dev.biologists.org/content/127/21/4541.short).
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Fasciclins are membrane-associated glycoproteins expressed in a
subset of neurons in the developing insect nervous system. Neural cell
adhesion molecule Fasciclin I is composed of four homologous domains of
Dt approximately 150 amino acids each and contains a signal sequence but lacks

a transmembrane domain (Zinn et al., 1988). Fasciclin I is expressed in some

commissural axons in the embryonic central nervous system, in all sensory

axons of the peripheral nervous system, and in the Til pioneers of the
embryonic grasshopper leg (Bastiani et al., 1987; Zinn et al., 1988). Fasciclin |
is required for the fasciculation of the two Til pioneer axons in the grasshopper leg. When Fasciclin I is
denatured with a laser-excited dye-labeled antibody, grasshopper leg pioneer axons fail to adhere to each
other, although the cells do not appear to be damaged by the laser. The same method for inactivating
Fasciclin I does not cause any changes in the growth or guidance of the pioneers (Jay and Keshishian, 1990;
Diamond et al., 1993).

In the grasshopper leg, Fasciclin II is required for the initiation of Til axogenesis. When fasciclin II
is inactivated with a laser early in embryogenesis, the Til neurons fail to exhibit any axonal outgrowth
(Diamond et al., 1993). In both grasshoppers and flies, Fasciclin II is expressed on the cell membrane of the
neurons of the intersegmental nerve. In Fasciclin II mutant flies, the MP1 fascicle fails to develop because
the MP1, dMP2, and vMP2 growth cones do not recognize each other; instead, their growth cones stall
(Grenningloh et al., 1991). Altering the expression of Fasciclin II in Drosophila changes the likelihood of the
intersegmental nerve being arrested when the pioneer growth cones are stalled via the targeted expression of
an ionotropic GABA receptor. When Fasciclin II is over-expressed, the intersegmental nerve is arrested in
97% of fly embryos when the aCC growth cones stall. In mutant embryos that lack Fasciclin 1I, the
intersegmental nerve is only arrested in 36% of embryos when the aCC growth cones stall. Since the
expression of Fasciclin II determines whether the intersegmental nerve can still form when the pioneer axons
are stalled, it appears that fly pioneer neurons influence follower axons via Fasciclin II (Sanchez-Soriano and
Prokop, 2005). Fasciclin III is expressed in a subset of axons in Drosophila during development (Patel et al.,
1987; Snow et al., 1989). In flies, Fasciclin III mediates cell adhesion in some neurons and plays a role in
growth cone guidance (Snow et al., 1989).

Fasciclin IV is found in the grasshopper central nervous system and shows a banded expression
pattern in the epithelium of appendages. In the metathoracic leg, a band of Fasciclin IV expression
corresponds to the location where the axons of the pioneer neurons must change direction. When an antibody
against Fasciclin IV is applied to embryos growing in culture, leg pioneer axons grow in aberrant directions
(Kolodkin et al., 1992).
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Some molecular gradients may guide pioneer axon navigation in insect appendages. In the cockroach
leg, antibodies have been produced that bind to molecules within the basal lamina or extracellular matrix
during the stage of development at which the pioneer axons grow towards their targets. Two of these
antibodies, PROD-1 and PROD-2, strongly label the base of the leg, while another antibody, DIP-1, strongly
labels the tip. The proteins bound by these antibodies could act as environmental guidance cues for the
growth of pioneer axons (Norbeck et al., 1992). Cockroach leg pioneer axons also appear to be guided by
heparan sulfate proteoglycans and GPI-linked proteins (Rajan and Denburg, 1997).

6.2.3. The basement membrane

As the leg pioneers grow, they remain closely apposed to the basal lamina (Fig. 6.3). The filopodia of the
pioneers make some contacts with ectodermal cells and few contacts with mesodermal cells (Anderson and
Tucker, 1988). In the embryonic leg, the continuity and thickness of the basal lamina varies greatly from one
region to another. The tip and nearby regions may lack basal lamina altogether or only contain small laminar
segments. More proximal regions have a continuous basal lamina. The embryonic basal lamina is thickest
closest to the base of the leg, where it may be as thick as 150 nm, and gradually thins out to under 40 nm as
it approaches the tip. Unlike larval appendages, embryonic legs may have multiple layers of basal lamina.
The dorsal ectoderm and the base of the leg are most likely to have multilayered basal lamina, while the
ventral ectoderm is usually associated with a single layer of basal lamina (Anderson and Tucker, 1989).

Figure 6.3. Pioneer neurons and basal lamina in the
leg. (a) Drawing of a pioneer neuron in the leg. (b)
The cell bodies (black arrowheads) of a pair of
pioneer neurons. The pioneer on the left has been
injected with HRP. A mesodermal cell (m) is also
nearby in the lumen (lu). (¢) Higher magnification of
b shows the basal lamina (black arrows) between the
pioneer somata and the ectoderm (e). Scale bars
represent 0.1 mm in a, S um in b, 1 um in c. Taken
from Anderson and Tucker (1988). Adapted with
permission of Company of Biologists
(dev.biologists.org/content/104/4/601.short).

The morphology of pioneer growth cones in the grasshopper leg changes as the axon grows from the
tibia region towards the base of the appendage. Growth cones extend branches and lamellae
circumferentially along segment boundaries and keep their filopodia and lamellae extended longer at these
locations. Where the projections encounter a well-differentiated segment boundary, the growth cone
immediately realigns itself circumferentially. In the proximal region of each limb segment, pioneer growth
cones show a greater amount of branching and lamellae. This suggests that the affinity between pioneer
growth cones and the substrate on which they grow increases in the proximal region of each segment, before
peaking at the segment boundary. This increased epithelial affinity could act as a guidance cue for pioneer
growth cones (Caudy and Bentley, 1986).

Surgical manipulation of cultured grasshopper legs suggests that pioneer growth cones can navigate
correctly to the base of the leg in the absence of all tissue outside the leg, contact with the limb contour, an
axial electrical field, a diffusion gradient from a localized source, mesodermal tissue or guidepost cells. The
leg pioneers appear to be able to navigate to the base solely based on the epithelium including the basal
lamina, and the pioneer neurons’ own internal polarity (Lefcort and Bentley, 1987).

The role of the basal lamina in axogenesis of grasshopper leg pioneers may depend on the stage of
development. Up to 31%, Til pioneer axons can grow normally, recognize limb segmental borders, and
selectively interact with other neurons, even when the basal lamina has been removed. However, at 32% of
embryogenesis, removal of the basal lamina often results in displacement of the Til cell bodies to ectopic
locations and in aberrant pathfinding (Condic and Bentley, 1989a). Removing the basal lamina after the
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initiation of axogenesis but before growth cones have contacted other neurons or segment boundaries results
in the pioneer axons retracting to the somata. When microfilaments are depolymerized by cytochalasin D, the
axons do not retract even when the basal lamina is removed, suggesting that the retraction of axons in the
absence of the basal lamina is caused by microfilament-based cytoskeletal components. These findings are
evidence that pioneer axons in the leg are under tension, which they resist due to adhesive interactions
between the growth cones and the basal lamina (Condic and Bentley, 1989b). Removing the basal lamina
after pioneer growth cones have contacted other neurons does not cause growth cone retraction. Instead, the
pioneer axons remain in place and their somata are pulled proximally when the basal lamina is destroyed. A
similar phenomenon occurs when the pioneer axons contact segment boundaries. Axons which are closely
apposed to two segment borders remain in place even the basal lamina is digested by enzymes. Instead their
somata reposition proximally. Thus when pioneer axons contact other neurons or segment boundaries, they
appear to establish adhesive interactions with other cells which are independent of the basal lamina (Condic
and Bentley, 1989c).

6.3. Origin of neurons in insect appendages

The origin of the apical pioneers in the epidermal epithelium was observed by Ho and Goodman (1982).
However, they did not present any images of the birth of these cells. We used immunolabeling against HRP,
Lazarillo and Lachesin to investigate the origin of the apical pioneers (Fig. 5.1). Our results confirm Ho and
Goodman’s (1982) report that these cells originate in the epithelium. We have also shown that the apical
pioneers lack Mes3 expression, which provides further evidence that they are derived from the ectoderm and
not the mesoderm (Fig. 5.4). The ontogeny of the base pioneers had not been previously reported. We
showed that these cells express Mes3, suggesting that they originate from the mesodermal tissue in the
lumen (Fig. 5.4).

Many aspects of the origin of the antennal pioneers remain unclear. It is not known what progenitor
or mother cell gives rise to the antennal pioneers, nor whether they are produced by symmetrical or
asymmetrical cell division. Keshishian (1980) reported that the Til pioneers of the leg are produced in the
epithelium by a large mother cell in the ectodermal epithelium which divides once, resulting in a pair of
sibling cells. Given the serially homologous nature of the appendages, the apical pioneers of the antenna
could have a similar origin. Although Keshishian (1980) did not use immunolabeling to unambiguously
identify the mother cell or the pioneers, this paper represents some of the best published evidence for the
origins of pioneers of a grasshopper appendage.

Unlike the sensory cells, whose somata remain within the epithelium as their axons grow into nerves,
pioneers delaminate into the lumen. Keshishian (1980) observed the delamination of the leg pioneers. In this
thesis, I have shown that the apical pioneers of the antenna delaminate in a similar manner (Fig. 5.1¢).

Although little is known about the origin of the pioneer neurons in the insect antenna, the origin of
the sensory neurons of the antenna has been investigated in several species. In holometabolous insects such
as the moth, the antenna develops from an imaginal disc of epithelium during the pupal phase. After apolysis,
the disc differentiates into sensillogenic and nonsensillogenic regions (Keil and Steiner, 1990). Within the
sensillogenic regions, the proneural clusters are specified by the activity of proneural genes such as those of
the achaete-scute complex. In each proneural cluster, one sense organ precursor (SOP) gains its identity from
the interaction of neurogenic genes such as notch and delta. The SOP inhibits the ability of surrounding cells
to become SOPs so that they instead develop as epidermal cells. Neural type selector genes such as cut or
rhomboid determine the identity of the sensilla which will develop from the SOP (Keil, 1997).

Within two days after apolysis, sensillar precursors divide, producing the Anlagen of the sensilla
(Fig. 6.4; Keil, 1992). In each sensilla trichodea Anlage of the moth, six or seven cells are arranged side by
side. This cell cluster includes two or three prospective sensory neurons and a thecogen cell located basally,
whose apical processes form one fascicle. A trichogen and two tormogen cells are found apically in each
cluster. One of the glia-like tormogen cells in each cluster degenerates during development. Extensive cell
death also occurs in the basal region of the moth antennal epithelium (Keil and Steiner, 1990). At
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approximately the same time that the sensillar Anlagen are forming, the axons of the sensilla begin to grow
towards their targets (Keil, 1992).

In Drosophila, sensory neurons of the antenna, whether olfactory or mechanosensory, are derived
from SOPs which appear starting in the late larval stage (Jarman, 2014). The Drosophila proneural gene
atonal specifies sensilla coeloconica (Gupta and Rodrigues, 1997). All Drosophila chordotonal organs also
require atonal to specify the scolopidial SOPs (Jarman et al., 1995). There is evidence that the proneural
genes for all olfactory sensilla in the Drosophila antenna are basic helix-loop-helix transcription factors
(Gupta and Rodrigues, 1997).

Figure 6.4. Anlage of a sensillum in the moth antenna. Taken from Keil and Steiner (1990).

In the grasshopper, the origins of sensory neurons of the antenna have not yet been investigated in
detail. It is also not know whether the pioneer neurons of the grasshopper share a similar origin with the

sensory neurons, as the precursor of the pioneers has not been identified. It has not been shown which genes
determine the identity of the pioneers of the grasshopper antenna.

6.4. Sensilla of the antenna

The variety of sensilla on the antenna enable the grasshopper to detect and respond to different stimuli.
Sensilla trichodea respond to a sex pheromone and to odorants from locust feces (Ochieng and Hansson,
1999; Cui et al., 2011). Neurons of sensilla basiconica are excited by aggregation pheromones from both
locust nymphs and adults, and by a plant odorant (Hansson ef al., 1996). Sensilla coeloconica respond to
organic acids, plant odorants and the odors of locust nymphs, but these sensilla are inhibited by aggregation
pheromones (Ochieng and Hansson, 1999; Hansson ef al., 1996).

6.4.1. Types of sensilla
The types of sensilla of the grasshopper antenna, sensilla basiconica, sensilla trichodea, sensilla coeloconica
and sensilla chaetica, have distribution patterns that vary over the length of the antenna. The highest density
of sensilla chaetica is at the terminal segment of the flagellum (Ochieng et al., 1998). Sensilla basiconica and
coeloconica are spread out over the flagellum, but have the highest densities in the middle segments. Sensilla
trichodea are concentrated in the fifth, tenth and fourteenth segments of the flagellum (Ochieng et al., 1998).
The time course over which this pattern of sensillar distribution develops in the grasshopper is not known. It
is unclear which genes regulate the development of the sensilla in the embryonic grasshopper antenna.
During early embryogenesis, the sensory neurons first appear in bands within the meristal annuli. However,
the development of the sensory nervous system during late embryogenesis has not been investigated in detail
and the sensilla types of the sensory clusters in early embryogenesis have not been identified, so it is
unknown how the distribution patterns of the sensilla after hatching correspond to the segmental organization
of sensory clusters observed during early embryogenesis.

Different kinds of sensilla can be identified by their morphology (Fig. 6.5). Sensilla chaetica contain

five sensory neurons. The dendrite of one neuron terminates at the base of the hair. The dendrites of the other
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four sensory neurons pass the sensillar wall through the terminal pore (Ochieng ef al., 1998). Sensilla
basiconica can have up to 50 OSNs, while sensilla trichodea only house up to three OSNs and sensilla
coeloconica up to four (Ochieng et al., 1998). Sensilla trichodea and basiconica have a single wall, while
sensilla coeloconica are double-walled (Jin et al., 2005). In sensilla basiconica, the dendrites of the sensory
neurons form large numbers of branches and the thin sensillar wall is full of large pores (Ochieng et al.,
1998; Jin et al., 2005). The thick cuticular walls of sensilla trichodea have few pores; each sensory neuron
has few if any branches, and the dendrites mainly remain within the sensillar lumen rather than crossing the
sensillar wall through pores (Ochieng et al., 1998; Jin et al., 2005). Sensilla coeloconica are found within
round cuticular pits in the surface of the antenna (Ochieng et al., 1998).

Figure 6.5. Schematic representation of cross
sections of sensilla in the grasshopper antenna.
Taken from Slifer et al. (1957) and Slifer et al.
(1959).
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Given the differences in appearance of different types of sensilla, it should be possible to identify

sensory clusters during development. Mapping sensory neurons during development could help investigate
many unanswered questions about the embryonic development of the sensory nervous system of the antenna,
such as what mechanisms generate the distribution patterns of types of sensilla during development, or
whether some sensilla types appear earlier in development than others. Now that our sonication method
enables us to immunolabel the intact nervous systems of wholemount antennae in late embryogenesis and
first instar nymphs, we are now in a position to do this analysis. Confocal imaging of wholemount antennae
following sonication and HRP-immunolabeling allows us to identify sensilla types such as sensilla
coeloconica (Fig. 6.6a) and sensilla basiconica (Fig. 6.6b) during late embryogenesis based on their
morphology. The same method also works on first instar nymphs (Fig. 5.27).

Figure 6.6. Confocal images of HRP-labeled sensilla in
sonicated, wholemount embryonic antennae. Red arrowheads
indicate apical dendrites of the sensory neurons. White
arrowheads indicate the axons projecting from the sensory
clusters onto the antennal nerve tracts. Stars indicate the somata
of the sensory neurons. Scale bar indicates 20 pm in both panels.

sensilla coeloconica sensilla basiconica

6.4.2. Molecules expressed in insect sensilla
Insect antennae contain both olfactory and gustatory sensilla, which may express receptor proteins encoded
by the same gene families (Scott et al., 2001). In Drosophila, olfactory receptor (OR) proteins and gustatory
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receptor (GR) proteins have seven transmembrane domains and often possess a similar 33 amino acid
signature motif, suggesting that many gustatory and olfactory receptor gene families may have diverged from
a common ancestral gene (Vosshall et al,, 1999; Scott et al., 2001). In Drosophila, each sensory neuron
usually expresses only one of the genes which encode ORs (Vosshall et al., 2000).

The number of ORs and GRs vary greatly between different insect species. Honeybees have over
twice as many different ORs as fruit flies or mosquitos. In contrast to the diversification of ORs in bees,
honeybees express only ten GRs, while fruit flies and mosquitos each have approximately 70 GRs
(Robertson and Wanner, 2006).

ORs heteromerize with an OR-coreceptor (ORco) to produce a receptor complex. Odorants can
activate this receptor complex by binding to it, which depolarizes the OSN via ionotropic or metabotropic
mechanisms (Sato et al., 2008; Wicher et al., 2008). In the grasshopper, ORco is expressed in the OSNs of
sensilla basiconica and sensilla trichodea, but not in the OSNs in sensilla coeloconica (Yang et al., 2012).

Insect antennae express ionotropic receptor (IR) proteins, another kind of olfactory receptor whose
sequences and molecular structures are similar to ionotropic glutamate receptors (Benton ef al., 2009; Rytz et
al., 2013). IRs enable insect OSNs to detect organic acids, amines and alcohols (Benton ef al., 2009; Ai et
al., 2010). IR-subtypes IR8a and IR25a function as coreceptors, similar to the role of ORco proteins (Ai et
al., 2013; Abuin et al., 2011). In the grasshopper, IR8a and IR25a are expressed in the neurons of sensilla
coeloconica but not in sensilla basiconica or sensilla trichodea (Guo ef al., 2014).

Odorants may be transported through the sensillum lymph to receptor proteins by small polypeptides
classified as odorant-binding proteins (OBPs) or chemosensory proteins (CSPs; Vogt & Riddiford, 1981)
based on conserved motifs including paired cysteine residues which are unique to OBPs or CSPs (Jin et al.,
2005). The S. gregaria OBP is found in the sensillum lymph of sensilla tichodea and basiconica. Some CSPs
have been identified in the outer sensillum lymph of sensilla chaetica as well as in the space between the
epidermis and cuticle of the desert locust antenna. The S. gregaria OBP is expressed specifically in antennae,
while CSPs show broader expression patterns which include sensilla chaetica on other parts of the insect (Jin
et al., 2005).

Expression of CSPs in grasshoppers can vary with age, and expression can also differ between
species. Jin et al. (2005) found that CSP III was expressed in adult S. gregaria, but not in nymphs of the
same species, while related grasshopper species Locusta migratoria expressed a homologous polypeptide in
nymphs but not in adults. In grasshoppers, the expression of OBPs and CSPs does not usually seem to vary
depending on the sex or phase of the animal (Jin et al., 2005).

6.4.3. Chordotonal organs
Insect antennae contain chordotonal organs, i.e. mechanosensory organs (Yack, 2004). Chordotonal organs
are composed of scolopidia which lie below the cuticle. Each scolopidium contains up to four bipolar
sensory cells and several accessory or support cells, such as scolopale cells and scolopale cap cells (Yack,
2004). In a scolopale cell, rigid actin-rich rods surround and confine a liquid-filled lumen. The sensory cells
each have an unbranched dendrite. At the tip of each dendrite is a specialized mechanosensory organelle. The
dendrites are found in the lumen formed by the scolopale cell, immersed in a potassium-rich fluid. The
scolopale cell most likely produces this liquid itself, and it also secretes an electron dense extracellular
dendritic cap structure which attaches both to the tips of the dendrites and to the cuticle (Yack, 2004; Jarman,
2014).

Johnston’s organ, a chordotonal organ in the pedicel which contains hundreds of scolopidia, monitors
the stretching of the antenna cuticle. The sensory neurons in Johnston’s organ are activated when stretched
and deactivated when compressed. Thus Johnston’s organ keeps track of how the antenna moves relative to
the insect’s head. Johnston’s organ can play a role in insect audition, by detecting the movement of the
antenna when it vibrates sympathetically in response to sound (Kamikouchi et al., 2009). The neurons of
Johnston’s organ innervate the AMMC. There, the axons make extensive contacts with other neurons. The
axons from Johnston’s organ connect to other cells in the antennomechanosensory center via both gap
junctions and chemical synapses (Sivan-Loukianova and Eberl, 2005).
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6.5. Fates of the pioneer neurons

Some pioneer neurons appear to be transient populations of cells; they are vital to the developing nervous
system, but absent in the adult. Other pioneers persist and take on a new functional role at later
developmental stages. We have shown that the apical pioneers of the antenna are removed by apoptosis long
before the embryo is ready to hatch. The fates of the base pioneers are still unclear.

6.5.1. Fates of pioneer neurons in vertebrates
In both the cat and the mouse brains, the vast majority of pioneer neurons disappear during development,
leading researchers to speculate that the pioneer neurons have died (McConnell et al., 1989; Supér et al.,
1998). A small minority of mammalian embryonic pioneer neurons have been observed to persist and
maintain their connections in the neonatal brain (McConnell et al., 1989).

In zebrafish, the neural pathways from the olfactory placode in the peripheral nervous system to the
olfactory bulb in the central nervous system are established by a transient population of pioneer neurons
which are dissimilar both morphologically and histochemically to the OSNs, and do not express ORs. These
vertebrate olfactory pathway pioneers arise from the lateral neural plate, grow axons to the olfactory bulb,
and undergo apoptosis, as revealed by TUNEL (Whitlock and Westerfield, 1998).

6.5.2. Fates of pioneer neurons in other insect systems
In the fly central nervous system, pioneer neurons undergo programmed cell death in some segments, but not
others. MP1 and dMP2 neurons play a role in pioneering longitudinal pathways. Apoptosis removes dMP2
and MP1 pioneer neurons unless the process is prevented by Hox gene Abdominal B repressing reaper and
grim. Thus, this Hox gene’s role in regulating apoptosis allows it to shape the neural architecture of different
segments. In the posterior segments where Abdominal B is expressed, pioneer neurons persist, while in other
segments they die (Miguel-Allaga and Thor, 2004).

Some pioneers in the grasshopper nervous system also undergo apoptosis. Kutsch and Bentley
(1987) reported that pioneers of the leg die after mid-embryogenesis. The Til pioneers disappear after mid-
embryogenesis and Kutsch and Bentley (1987) showed that cell death marker trypan blue is taken up by a
pair of dying cells in the region of the pioneers. However, Kutsch and Bentley (1987) were not able to use a
neuron-specific label such as HRP or Lazarillo to provide an unequivocal identification of these dying cells.

Insect neurons produced during embryogenesis can also persist and guide the growth of axons during
the development of the adult nervous system. In Drosophila, a cluster of multidendrite neurons in the
mesothorax survives metamorphosis and acts as a population of pioneer neurons which are responsible for
guiding the peripheral pathfinding of sensory bristle neurons in the adult (Usui-Ishihara et al., 2000).
Drosophila larval sensory neurons pioneer the pathways which are followed by adult sensory neurons into
and through the central nervous system (Williams and Shepherd, 2002).

Some pioneer neurons in the brain of S. gregaria persist in the adult. Meier ef al. (1993) and Boyan
et al. (1995) described the Term-1-expressing pioneer neurons of the primary brain commissure in the desert
locust. These pioneers persist throughout development and, by the time the animal reaches adulthood, the
Term-1 expressing pioneers have transformed into Leucokinin-1-positive neurosecretory interneurons
(Ludwig et al., 2002). These neurons express SIFamide neuropeptides in the adult grasshopper (Gellerer et
al., 2015). The pioneers of the primary brain commissure, as well as lateral cells, delaminate from the
ectoderm, displaying a peripheral-like ontogeny, which may hint that they could be similar to the pioneers of
the peripheral nervous system in other ways as well (Ludwig et al., 1999; Boyan and Williams, 2008). The
adult morphology of these cells are conserved across insect orders, which is again a similarity to the highly
conserved organization of the nervous system of the appendages (Ludwig et al., 2002).
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6.5.3. Fates of pioneer neurons in the grasshopper antenna

After a certain stage of development, base pioneers are no longer identifiable. Berlot and Goodman (1984)
claim that the BP dies before 40%. Seidel and Bicker (2000) offer a different explanation, that the BP loses
its HRP immunoreactivity after being contacted by the axons of the vAl and dA1 pioneers. The fates of the
Al pioneers had also been unclear, although Seidel and Bicker (2000) reported that the A1 pioneers can no
longer be labeled with HRP in at least some 55% antennae. The serially homologous nature of the
grasshopper appendages suggested that the A1 antennal pioneers might be removed by apoptosis similar to
the fate of the leg Til pioneers (Kutsch and Bentley, 1987). In this PhD project, we performed a time series
of immunohistochemistry experiments in order to shed new light on the fates of the pioneer neurons.

The apical pioneers are reliably identifiable due to their consistent expression of HRP and Lazarillo
until after mid-embryogenesis, when acridine orange and TUNEL reveal the death of these cells (Fig. 6.7).
The somata of the dying apical pioneers contain dense structures resembling the osmophilic dense-core
pycnotic bodies described in other dying insect neurons (Booker and Truman, 1987; Boyan et al., 2010). The
dying apical pioneers exhibit shrinking cytoplasmic volume and degrading cell membranes, which are
further signs of cell death (Bachrecke, 2002).

Figure 6.7. Schematic summarizing molecular expression
patterns during thlife history of the apical (A1P) and base
pioneer (BP) neurons of the grasshopper antenna. The
A1P ‘ @ nuclear label DAPI (blue) identifies both types of pioneers
throughout. At approximately 30% of embryogenesis, the
A1P cells co-express HRP (green) and Lazarillo (Laz,

— ()0 o o 40° O/ cyan), and this expression is maintained until around 55%
S S8% 88% 0% 55% of embryogenesis when they are additionally labeled by

PP acridine orange (AO, orange) and TUNEL (magenta)
BP 9' indicating the onset of programmed cell death. The BP
ks Page cells, on the otherhand, co-express HRP (green) and Mes3

(red) early in embryogenesis (30%), then additionally
Lazarillo (33%, cyan). The Lazarillo expression ceases at
35% of embryogenesis while the HRP expression
w== DAPI m= TUNEL continues at least to 55% of embryogenesis after which
= HRP === Mes3 A time it too is downregulated. The Mes3 labeling continues
at least to 45% of embryogenesis after which time the
cells are no longer uniquely identifiable. Base pioneers do
not show death labels up to mid-embryogenesis leaving
their fate uncertain. Taken from Ehrhardt et al. (2015c).

The apical pioneer neurons of the antenna die at the same developmental stage (56-60%) when the
Til pioneers of the leg disappear (Kutsch and Bentley, 1987). Although Kutsch and Bentley (1987) observed
that a pair of cells in the region of the Til pioneers take up cell death marker trypan blue, the lack of a
neuron-specific label in combination with the trypan blue means that the identification of the dying cells as
pioneers cannot be certain. However, if we assume that Kutsch and Bentley (1987) were correct in
identifying the pair of leg cells as Til pioneers based on their location and morphology, then the fates of
these leg pioneers are comparable to the fates of the apical pioneers of the antenna that we have reported
here. We speculate that the similarity in antennal and leg pioneer cell fates are not a matter of coincidence,
but constitute further evidence for the homologous nature of the mechanisms which generate the nervous
system of these appendages (see Meier and Reichert, 1991).

In contrast to the constant HRP and Lazarillo expression of the apical pioneers until their deaths, the
base pioneers alter their molecular profile over time. As summarized in Fig. 6.7, we have demonstrated that
base pioneers express at least three labels: cell surface lipocalin Lazarillo, neuron-specific label HRP, and
mesodermal label Mes3. Over the course of development, the base pioneers modify their expression of these
molecules. Base pioneers express Lazarillo from 33% to around 35% of embryogenesis, HRP from 30 to
40% of embryogenesis, and maintain their Mes3 expression at least up to 45% of embryogenesis. Mes3
expression may persist longer than the other two labels because Mes3 represents an ontogenetic marker
(Kotrla and Goodman, 1984), while HRP and Lazarillo are cell identity markers (Jan and Jan, 1982;
Ganfornina et al., 1995; Sanchez et al., 1995).
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Before mid-embryogenesis, the number of Mes3-expressing cells in the base of the antenna
proliferates, such that the base pioneers are lost in this background of other cells showing similar expression
in the same location. However, none of these Mes3-expressing cells are labeled by death markers. The base
pioneers are located near the border of the antenna and the deutocerebrum, so their changing molecular
profile may constitute a form of plasticity which occurs as part of boundary formation in other nervous
systems such as the developing spinal cord (Cooke and Moens, 2002).

We speculate that the base pioneers may adopt a new role in the developing nervous system,
consistent with their changing molecular profile and their lack of death signal or other signs of apoptosis
such as pycnotic bodies or membrane degradation. The base pioneers of the grasshopper central nervous
system could morph into a different cell type, similar to the way that the Term-1 pioneers of the primary
brain commissure (Meier et al., 1993; Boyan et al., 1995) persist throughout development and transform into
leucokinin-1-positive neurosecretory interneurons in the adult grasshopper brain (Ludwig et al., 2001).

6.6. Identity of the pioneer neurons

The pioneer neurons of the antenna are not classical sensory neurons, although they may both express many
of the same molecular markers such as HRP, Lazarillo, and Lachesin (Ganfornina et al., 1995; Sanchez ef al.,
1995; Ehrhardt et al., 2015a). Both sensory neurons and apical pioneer neurons first appear in the epithelium,
but the pioneer neurons do not remain there and instead delaminate into the lumen. Olfactory and gustatory
sensory neurons target the glomeruli of the antennal lobe (Homberg et al., 1989), while the sensory neurons
of chordotonal organs project to the AMMC (Sivan-Loukianova and Eberl, 2005). We have shown that
although the pioneer axons guide sensory neurons into the deutocerebrum, the pioneers do not terminate
there but rather go on to make contact with the Lazarillo-positive C3 and C2 neuronal clusters of the
protocerebrum (Boyan and Ehrhardt, 2015). Sensory neurons may persist into adulthood in hemimetabolous
insects, and in fact their numbers increase throughout embryonic and post-embryonic development
(Chapman, 2002). Apical pioneers, in contrast, are removed by apoptosis after mid-embryogenesis,
suggesting that apical pioneers play an important structural role in the developing nervous system but may be
eliminated without playing a functional role (Ehrhardt et al., 2015c).

It is unclear whether the pioneers of the antenna ever function as classical neurons. They have not
been shown to release any neurotransmitter. The pioneers of the grasshopper antenna do not generate action
potentials up to 45% (Boyan and Williams, 2007). Electrical excitability is reported to begin in the pioneers
of the grasshopper leg at 45% (Keshishian, 1980; Keshishian and Bentley, 1983a). It may be possible that
antennal apical pioneers initiate action potentials at some point before their deaths at 55%; further
experiments at mid-embryogenesis may be necessary to find whether locust antennal pioneers are really as
electrically inactive as they seem.

Selzer and Schaller-Selzer (1987) reported action potentials in the luminal cells of the cockroach at
23% of embryogenesis, within three percentage points of pioneer delamination in the cockroach. Selzer and
Schaller-Selzer (1987) considered these luminal cells to be pioneer neurons; the lumenal cells derive from
the epithelium and are dye-coupled to one another. If the lumenal cells are indeed pioneers, that would mean
that the pioneers of the cockroach show activity at a much earlier stage of development than locust pioneers.
However, the grasshopper antennal lumen also contains cells which are not pioneers, such as the NTA cells,
which resemble the Selzer and Schaller-Selzer’s (1987) putative pioneers morphologically (Boyan and
Williams, 2007). Thus it is not clear whether the putative pioneers of Selzer and Schaller-Selzer (1987) were
all really homologous to the grasshopper pioneers, or whether some actually corresponded to other cell
types.

Selzer and Schaller-Selzer (1987) speculated that the early electrical activity of putative pioneers in
the cockroach could be due to an embryonic cockroach hemolymph with very different concentrations of
ions than the hemolymph in adult cockroaches or in other species. The composition of hemolymph in the
embryonic cockroach antenna is not known. Selzer and Schaller-Selzer’s (1987) electrophysiology method
involved placing cockroach embryos in saline, which might also have affected the recorded activity.
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Given the apparent lack of action potentials or neurotransmitters in the grasshopper antennal
pioneers, and the death of the apical pioneers after mid-embryogenesis, we question whether their expression
of HRP indicates an identity as classical neurons.

6.7. Targets of the pioneer neurons

Berlot and Goodman (1984) observed that the axon of the base pioneer fasciculates with a motoneuron, but
did not identify which motoneuron. It was unknown which cells or brain regions were targeted by pioneer
axons after they grew beyond the antenna. We used immunolabeling against Lazarillo to show that the axons
of the apical pioneers project onto the Lazarillo-positive cells which contribute to the primary axon scaffold
in the deutocerebrum and protocerebrum.

6.7.1. A motoneuron in the deutocerebrum
Each scape muscle is innervated by three or more excitatory motoneurons (Saager and Gewecke, 1989). The
motoneurons which innervate the antenna muscles have their somata and dendritic fields in the AMMC. The
exact location of a motoneuron soma varies between individual animals, so the identity of a motoneuron
cannot be reliably determined based solely on the location of its soma (Bauer and Gewecke, 1991).

Figure 6.8. Growth of the pioneer
axons within the antenna. At 30%, the
only neurons observed in the antenna
by Berlot and Goodman (1984) are
the dorsal Al pioneers (DP), the
ventral Al pioneers (VP) and a base
pioneer on the ventral side (BP). At
35%, the axon of the BP fasciculates
with a lateral motoneuron (LMN).
Taken from Berlot and Goodman
! ] (1984). Reprinted with permission
U/l U from AAAS (science.sciencemag.org/
— content/223/4635/493 .short).
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The axons of the motoneurons innervating the scape muscles reach the antenna via the lateral
antennal nerve. This nerve gives off several branches, including the lateral scapal nerve and a motor nerve
which innervates the median scape muscle. The lateral scapal nerve splits, giving rise to a sensory nerve and
a motor nerve which innervates the lateral scape muscle (Gewecke, 1972). Each of the motor nerves
innervating the scape muscles contain five axons (Bauer and Gewecke, 1991). The tentorio-scapal muscles in
the head, which comprise the antennal levator muscle and the antennal depressor muscle, are innervated by
nerves which branch from the lateral tegumentary nerve, a nerve that leaves the deutocerebrum lateral to the
paired antennal nerve (Saager and Gewecke, 1989). The nerve innervating the levator muscle contains four
axons, while the depressor nerve muscle includes six axons (Bauer and Gewecke, 1991).

Berlot and Goodman (1984) reported that one motoneuron fasciculates with an axon of a base
pioneer (Fig. 6.8). Ho and Goodman (1982) wrote that this motoneuron eventually innervates a muscle at the
base of the antenna. I have also imaged the connection between a base pioneer and a motoneuron (Fig. 6.9)
at the age that Berlot and Goodman (1984) describe this connection existing, 35%. I speculate that this
motoneuron may be one of the motoneurons innervating the tentorio-scapal muscles (Fig. 6.10).
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Figure 6.9. Confocal image of HRP-labeled neurons at the border of the
antenna and deutocerebrum at approximately 35% of embryogenesis.
Antenna is on the left, the deutocerebrum on the right. A growth cone of the
apical pioneers (white arrowhead) is making contact with a base pioneer
(BP). A thinner projection (red arrowhead) extends from the BP to a
motoneuron (MN). The scale bar represents 5 pm.

Figure 6.10. Camera lucida drawings of motoneurons
stained with cobalt backfilling of the scape muscles
(a-¢) and the tentorio-scapal muscles (d-f). The red
arrow emphasizes the tentorio-scapal motoneurons,
which we propose include the motoneuron which
fasciculates with antennal base pioneers. Modified

Y / ~ ; from Bauer and Gewecke (1991).
'vw\ TC | TC / —\,D\C/\‘
v \ I\l\ v

tenterio-scapal moteneurones

scapal motoneurones

6.7.2. Primary axon scaffold of the brain

In order to provide the locust with sensory information, the axons of the olfactory sensilla must transmit
signals to the glomeruli of the antennal lobe. They find their way to the antennal lobe by growing along the
pioneer axons which navigate this pathway earlier in development. However, we have shown that the
glomeruli of antennal lobe are not the targets of the pioneer axons themselves; instead, these axons project
onto the primary axon scaffold of the embryonic brain and contact Lazarillo-expressing cell clusters in the
deutocerebrum and the protocerebrum, including the bilateral, unpaired LC cells of cluster 2, which have
been demonstrated to pioneer a fascicle of the primary protocerebral commissure (Graf et al., 2000). Within
the brain, the A1 pioneer axons grow from one Lazarillo-positive cell cluster to another in a stepping stone
projection pattern reminiscent of the growth pattern described for pioneers in the grasshopper leg (see
Bentley and O’Connor, 1992).

It is not possible for the glomeruli of the antennal lobe to serve as targets for the pioneer neurons,
because the pioneer neurons grow into the deutocerebrum well before mid-embryogenesis, but the
glomerular organization of the antennal lobe only forms after mid-embryogenesis, when the sensory axons of
the antennal sensilla reach the area and integrate into the neuropil being formed by the progeny of the
deutocerebral neuroblasts (see Boyan and Williams, 2000). We speculate that the pioneer neurons may
pioneer a pathway such as the antenno-glomerular tract and guide the axons of the projection neurons from
the antennal lobe to their targets in the protocerebral association centers of the brain (see Williams, 1975).

The primary axon scaffold of the embryonic brain includes components within the protocerebrum
and deutocerebrum. Williams and Boyan (2008) showed that this scaffold serves as a target for pioneer
neurons from the W, X, Y and Z lineages which generate the neurons which construct the neuroarchitecture
of the central complex. We have now shown that the antennal pioneer axons also project onto the primary
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axon scaffold, which suggests that this scaffold serves as a common target for multiple sets of pioneer
neurons in the head. The Lazarillo-positive A1 pioneers contact the Lazarillo-expressing neurons of this
scaffold to form a molecularly-contiguous pathway.

The A1 pioneers die by 60% of embryogenesis, well after they have established the initial pathway to
the brain, but before the circuit becomes functional, and before any major sensory projections to the antennal
lobe are complete. This sequence of events suggests that the Al pioneers play a key structural role in the
formation of the pathway, yet contributes only indirectly to the functional aspects of this circuitry.

6.8. Open questions and future work

I have investigated in detail the antennal pioneer neurons of the desert locust Schistocerca gregaria. 1 have
provided answers for several previously unsolved questions related to the embryonic development of the
antennal nervous system, such as the targets of the pioneers, the fates of the apical pioneers, and the origins
of the base pioneers. However, much remains unknown with regards to the comparative biology of pioneer
neurons. It would be illuminating to investigate the development of the antenna in other insect species such
as the red flour beetle Tribolium castaneum, the fruit fly Drosophila melanogaster, and the cockroach
Periplaneta americana. We could determine whether the antennal nerves of these animals are also
established using a scaffold of pioneer neurons, and if so, how these pioneers compare to those in the
grasshopper. Immunolabeling against Lazarillo could reveal whether the same glycoprotein is involved in
axon navigation in the antennae of other species. Mes3 immunolabeling could show whether the pioneers in
other species are derived from the ectoderm or mesoderm. Comparing different species of insects could
provide information about when this system of pioneer neurons evolved, and whether it is conserved
between orders.

The time limitations on this PhD project prevented us from carrying out a series of laser ablation
experiments in cultured embryos. This method could be used to investigate questions such as whether both
siblings of each pair of apical pioneers are necessary for the normal development of a nerve tract, whether
nerve tracts can develop normally in the absence of NTA cells, and whether the pioneers require contact with
sensory cells or motoneurons during their development.

Another open question is the role of gap junctions in the embryonic development of the antennal
nervous system. Pioneer neurons in grasshopper appendages are dye-coupled to each other (Keshishian,
1980) and to other cells such as guidepost cells (Keshishian and Bentley, 1983a) and NTA cells (Boyan and
Williams, 2007), but it is not known what function these connections have. Gap junctions could be blocked
with n-heptanol in cultured embryos, revealing how the nervous system would develop in the absence of
these connections.

It is unknown whether the pioneer neurons of the antenna ever release any neurotransmitter. It is
unclear what neuroactive molecules are expressed by pioneer neurons (if any), sensory neurons and NTA
cells (if any) in the grasshopper, and at what stages of development these substances are expressed.

The first sensory neurons of the antenna appear before 37% of embryogenesis (Boyan and Williams,
2004). However, few of the details of the development of these cells are known. The function and type of the
sensory clusters which have been observed developing during embryogenesis have not been identified. If the
sensory clusters were mapped, or if a system for identifying types of sensory clusters in the embryo were
developed, we could look for patterns in the development of the sensory system, such as whether sensilla
chaetica, sensilla basiconica, sensilla trichodea or sensilla coeloconica develop simultaneously, or whether
the receptor types form during different stages of embryogenesis. It is unclear what developmental
mechanisms produce the segment-specific distribution of sensory cells. It is unknown whether the centrifugal
projections of pioneers help guide sensory axons from the tip, or whether these projections play some other
role in development.

I have shown that the antennal pioneer axons project into the deutocerebrum by 40% of
embryogenesis and that their targets are Lazarillo-positive cells which contribute to the primary axon
scaffold of the embryonic brain. This occurs before the glomeruli of antennal lobe develop. What is still
unclear are the next steps in development. It is not known how the pattern of sensory afferent projections into
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the glomeruli are constructed in the grasshopper embryo. It is unclear whether the sensory projections are
organized into a topography based on their age of position in the antenna in the grasshopper. It is not known
whether the sensory afferents of the antenna in some way shape the development of the glomeruli. The
details of how glia, neuroblasts, and their contacts with one another and with neurons contribute to the
formation of the glomeruli in the grasshopper remain to be clarified. The ontogeny and cell types of the glia
in the antennal lobe of the grasshopper are poorly understood.

I have investigated the role of the base pioneer in axogenesis, but other cells could also be involved
in guiding the axons of antennal pioneers or sensory neurons, in the antenna itself or after these axons how
grown into the brain. It is unknown whether glia or motoneurons play a role in guiding pioneers or sensory
axons of the antenna.
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