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Abstract This study employs labels for cell proliferation and
cell death, as well as classical histology to examine the fates of
all eight neural stem cells (neuroblasts) whose progeny generate
the central complex of the grasshopper brain during embryo-
genesis. These neuroblasts delaminate from the neuroectoderm
between 25 and 30 % of embryogenesis and form a linear array
running from ventral (neuroblasts Z, Y, X, and W) to dorsal
(neuroblasts 1-2, 1-3, 1-4, and 1-5) along the medial border of
each protocerebral hemisphere. Their stereotypic location within
the array, characteristic size, and nuclear morphologies, identify
these neuroblasts up to about 70 % of embryogenesis after
which cell shrinkage and shape changes render progressively
more cells histologically unrecognizable. Molecular labels show
all neuroblasts in the array are proliferative up to 70 % of
embryogenesis, but subsequently first the more ventral cells
(72-75 %), and then the dorsal ones (77-80 %), cease prolifer-
ation. By contrast, neuroblasts elsewhere in the brain and optic
lobe remain proliferative. Apoptosis markers label the more
ventral neuroblasts first (70-72 %), then the dorsal cells
(77 %), and the absence of any labeling thereafter confirms that
central complex neuroblasts have exited the cell cycle via pro-
grammed cell death. Our data reveal appearance, proliferation,
and cell death proceeding as successive waves from ventral to
dorsal along the array of neuroblasts. The resulting timelines
offer a temporal blueprint for building the neuroarchitecture of
the various modules of the central complex.

Communicated by: Siegfried Roth

Electronic supplementary material The online version of this article
(doi:10.1007/s00427-013-0462-8) contains supplementary material,
which is available to authorized users.

G. Boyan (><) - Y. Liu

Developmental Neurobiology Group, Biocenter,
Ludwig-Maximilians-Universitit, Grosshadernerstrasse 2,
82152 Planegg-Martinsried, Germany

e-mail: george.boyan@lmu.de

Keywords Insect - Embryo - Brain - Central complex -
Neuroblasts - Fates

Introduction

The insect central complex is a brain-specific structure
possessing a modular neuroarchitecture whose basic ele-
ments—the protocerebral bridge (PB), central body (CB),
ellipsoid body (EB), noduli, and various accessory lobes—
are remarkably conserved across insect species (see Strausfeld
2012 for an overview) and may even be equivalent to the
mammalian basal ganglia in evolutionary terms (Strausfeld
and Hirth 2013). It is involved in multi-sensory information
processing and in coordinating motor behavior (Homberg
1994; Mappes and Homberg 2004; Liu et al. 2006; Heinze
and Homberg 2007; Neuser et al. 2008; Weinrich et al. 2008;
Weir and Dickinson 2012), and mutant analyses confirm that
the neural substrates for complex behaviors appear to be
mapped into its neuroarchitecture (Strauss et al. 1992;
Strauss and Heisenberg 1993; Strauss 2002).

The neurons of the insect brain, like those in the ventral
nerve cord, derive from bilaterally symmetrical pairs of neural
stem cells (so-called neuroblasts (NBs)) which delaminate
from the neuroectoderm of each hemisphere at stereotypic
locations during development (Malzacher 1968; Bate 1976;
Doe and Goodman 1985a, 1985b; Zacharias et al. 1993;
Goodman and Doe 1994; Younossi-Hartenstein et al. 1996,
1997; Boyan and Williams 1997; Urbach and Technau 2003;
Urbach et al. 2003a, 2003b; Williams et al. 2005). Each NB
acquires an intrinsic capacity for neuronal proliferation and
generates a specific lineage of progeny via molecular mecha-
nisms which are now largely understood (Broadus et al. 1995;
Doe and Skeath 1996; Younossi-Hartenstein et al. 1996, 1997,
Pearson and Doe 2003; Urbach and Technau 2003; Urbach
et al. 2003a, 2003b; Doe 2008; Reichert 2011) and which are

@ Springer


http://dx.doi.org/10.1007/s00427-013-0462-8

38

Dev Genes Evol (2014) 224:37-51

at least partially conserved across species (Broadus and Doe
1995; Boyan and Reichert 2011; Reichert 2011).
Nevertheless, once delaminated, NBs can undergo different
fates according to the lifestyle of their host and their location
in its nervous system.

In holometabolous insects (e.g., Drosophila) brain devel-
opment is stochastic in that embryonic NBs may exit the cell
cycle at a specific time, remain quiescent for a period, and then
reenter the cell cycle again later (e.g., postembryonically) to
generate second-order progeny (Truman and Bate 1998;
Prokop and Technau 1991; Ito et al. 1997; Pereanu and
Hartenstein 2006; Ito and Awasaki 2008; Lai et al. 2008;
Izergina et al. 2009; Reichert 2011). Accordingly, proliferat-
ing postembryonic NBs of the brain are found associated with
integrative centers such as the central complex, mushroom
bodies, and optic lobes which arise during late larval stages
and are thus first functional in the adult (Nordlander and
Edwards 1969; Meinertzhagen 1973; Ito et al. 1997,
Hartenstein et al. 1998, 2008; Renn et al. 1999; Perecanu and
Hartenstein 2006; Ito and Awasaki 2008; Izergina et al. 2009;
Young and Armstrong 2010a, 2010b; Boyan and Reichert
2011; Reichert 2011; Riebli et al. 2013; Viktorin et al.
2013). However, in Drosophila such NBs exit the cell cycle
by the end of metamorphosis so that there are no identifiable
NBs in the adult brain (Ito and Hotta 1992).

Development of the nervous system in hemimetabolous
insects, by contrast, is continuous in that delaminated NBs
remain proliferative during their lifespan and are not known to
exit and then re-enter the cell cycle at different times (Bate
1976; Doe and Goodman 1985a, 1985b; Doe et al. 1985;
Reichert and Boyan 1997; Boyan and Reichert 2011).
Regional differences in NB fates exist nevertheless. All the
NBs of the grasshopper ventral nerve cord, for example, were
found to disappear by the end of embryogenesis (Shepherd
and Bate 1990). This implies that no further central neurons
are added to embryonic thoracic cellular networks and is
consistent with the finding that central motor pathways can
be functional before hatching even though the associated
external structures (such as wings) have not completely de-
veloped (Stevenson and Kutsch 1986). In the brain, the large
numbers of neurons and glia comprising the mushroom bodies
and optic lobes are generated by proliferative clusters which
survive embryogenesis and are active at postembryonic and
even adult stages in various orthopteroid insects (Panov 1960;
Vanhems 1985, 1995; Cayre et al. 1994, 1996, 2007; Farris
and Sinakevitch 2003). The central complex, by contrast,
develops differently.

Of the 96 NBs in each protocerebral neuromere of the
grasshopper brain, eight located in the so-called pars
intercerebralis region have been identified as contributing
progeny to the modules of the central complex (Boyan and
Williams 1997; Williams et al. 2005). These NBs are no
longer present postembryonically (Boyan et al. 2010a, c)
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which means that the central complex must develop sufficient-
ly during embryogenesis in order to mediate fundamental
behaviors such as orientation, locomotion and feeding at the
time of hatching (see Chapman 1982). This temporal restric-
tion necessitates the presence of additional so-called interme-
diate progenitors within such lineages to generate the required
number of progeny in time (Boyan at al. 2010c; Boyan and
Reichert 2011). Significantly, the study of Shepherd and Bate
(1990) on the ventral nerve cord remains the only one known
to us in which the complete timelines of NBs in the grasshop-
per have been documented. How long central complex NBs
are proliferative, and exactly how they exit the cell cycle (final
terminal division vs. programmed cell death), have not been
determined. The cellular and molecular bases of downstream
central complex development, such as the establishment of its
fine neuroarchitecture (Boyan et al. 2008) or the sequential
expression of neuromodulators (Boyan et al. 2010b; Herbert
et al. 2010; Boyan and Williams 2011), therefore remain
unclear.

In this study, we employ molecular labels in combination
with histology to document the timelines of the eight NBs of
each protocerebral hemisphere that generate the central com-
plex of the grasshopper Schistocerca gregaria during em-
bryogenesis. Four of these NBs (Z, Y, X, and W) generate
progeny whose axons project to the PB and then the columnar
system of the CB and the EB via the so-called z, y, x, and w
tracts, while the progeny from four others (1-2, 1-3, 1-4, and
1-5) direct axons initially into other central complex modules
such as the noduli and various accessory lobes (Boyan et al.
2010b; Boyan and Niederleitner 2011; Boyan and Williams
2011). We document the time period of proliferation in all
these NBs, show when and how they exit the cell cycle—via
programmed cell death rather than a final terminal division.
Significantly, proliferation and death proceed in temporally
ordered waves along the array of NBs. The resulting timelines
offer a temporal blueprint for building the neuroarchitecture of
the various modules of the central complex.

Materials and methods
Animals

Animals were held in crowded cages maintained on a 12-h/
12-h light/dark cycle with air humidity at a constant 35 %. An
internal lamp in each cage ensured a constant day temperature
of around 30 °C; night temperatures hovered around 20 °C.
S. gregaria eggs from our own culture were incubated in
moist aerated containers at 30 °C. Embryos were staged at
time intervals equal to percentage of embryogenesis according
to Bentley et al. (1979). All experiments were performed
strictly according to the guidelines for animal welfare as laid
down by the German Research Council (DFG).
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Dissection and preincubation

Staged embryos were dissected out of the egg into ice-cold
0.1 M phosphate-buffered saline (PBS) and freed from embry-
onic membranes. Heads were detached and immersion fixed
overnight at 4 °C in 3.7 % paraformaldehyde in 0.1 M PBS for
anti-1C10, anti-8B7, anti-HRP, anti-PH3 labeling. Labeling for
PCNA, terminal deoxynucleotidyl transferase deoxyuridine tri-
phosphate nucleotides (dUTP) nick end labeling (TUNEL),
BrdU, and 4,6-diamidino-2-phenylindole (DAPI) proceeded
as described in the appropriate sections below. Preparations
were then washed repeatedly in PBS prior to embedding in
5 % Agarose/PBS at 55-60 °C, the solution allowed to cool,
and the resulting block serially sectioned on a Vibratome (Leica
VT 1000S) at 50 um thickness. Sections were collected and
washed overnight in 0.1 M PBS at 4 °C. Sections were then
freed from agarose, positioned onto Superfrost® Plus (Menzel-
Gldser) microscope slides, and covered with preincubation
medium comprising 1 % normal goat serum (NGS), 0.1 %
bovine serum albumin (BSA), PBT (0.05 % Triton X-100 in
0.1 M PBS, pH 7.4) for 1 h at room temperature to block
unspecific binding sites. Immunolabeling was performed di-
rectly on this sectioned material. Brain slices were exposed to
primary antibodies for 48 h at 4 °C in the dark unless otherwise
stated.

Cell identification marker

Anti-1C10 The 1C10 (Lachesin) antibody recognizes a cell
surface molecule belonging to the Ig superfamily (Karlstrom
etal. 1993). In grasshopper, expression of the molecule occurs
initially on all differentiating epithelial cells, but only cells
involved in neurogenesis such as NBs continue to express the
molecule. Lachesin has additionally been found to play roles
in neuronal differentiation and axogenesis. Mutant analyses in
Drosophila show that the molecule is required for the blood—
brain barrier (Strigini et al. 2006) and morphogenesis of the
tracheal system (Llimargas et al. 2003). The 1C10 antibody
(mouse, gift of M. Bastiani) was diluted 1:5,000 in preincu-
bating medium.

Cell proliferation markers

Anti-phospho-Histone H3 (Serl0) H3, one of the four core
histones wrapped inside genomic DNA and forming the core
nucleosome complex, is involved in the packing of DNA into
chromatin (see Takizawa and Meshorer 2008). The PH3 anti-
body recognizes and binds the phosphorylated form of the
amine terminal of Histone 3. This binding is only possible
when the chromatin lies dissociated from the nucleosome
complex, as occurs during mitotic chromosome condensation.
Chromosomes in late meta- and early anaphase are labeled
best because phosphorylation is then a maximum (see

Hendzel et al. 1997; Adams et al. 2001 for details). The PH3
antibody (rabbit, Millipore) was diluted 1:250 in preincubat-
ing medium.

Anti-PCNA Proliferating cell nuclear antigen, also known as
cyclin (Bravo and Celis 1980) is an evolutionarily highly
conserved 36 kD acidic nuclear protein associated with the
cell cycle (Celis et al. 1987; Hall et al. 1990; Zudaire et al.
2004). This protein functions as a co-factor for DNA poly-
merase 0, therefore being an essential requirement for DNA
repair synthesis (Celis et al. 1987; Fairman 1990) as well as
chromosome replication (Bravo and Macdonald-Bravo 1987
Shreeram and Blow 2003) occurring immediately prior to
mitosis. Immunocytochemical detection of PCNA has been
shown to be a useful and straightforward tool to assess the cell
proliferation status of mammalian (Celis and Celis 1985) and
insect (Ng et al. 1990; Yamaguchi et al. 1991, 1995; Zudaire
et al. 2004) cells. Prior to PCNA antibody incubation, the
preparations were placed in HIER buffer (19.0 ml1 011 M citric
acid, 81.0 ml 0.1 M sodium citrate, pH 6.0) and heat-shocked
at 80 °C for 20 min. The PCNA primary antibody (mouse,
Dako Cytomation) was diluted 1:500 in a preincubating me-
dium comprising 5 % BSA, 0.5 % Triton X-100, and 0.1 %
saponin in 0.1 M PBS (pH 7.4).

S-Bromodeoxyuridine 5-bromodeoxyuridine (BrdU) incorpo-
ration occurs during DNA replication in the S-phase of the cell
cycle, is therefore an indicator of mitotically active cells. For
5-bromodeoxyuridine (BrdU) incorporation in whole embryo
culture, eggs were sterilized in 70 % ethanol for 60 s, blotted
dry on filter paper, and then transferred into filter-sterilized
Mitsuhashi and Maramorosch insect medium (Sigma) supple-
mented with 10 % NGS or FCS, 5 pl/ml penicillin-
streptomycin and 150 /1 20-hydroxyecdysone. This medium
also served for dissecting the staged embryos out of the egg.
The embryos were then incubated in a cell culture dish con-
taining the above medium together with BrdU (final concen-
tration 102 M). The incubation took place at 30 °C with
gentle agitation over pulses of 15-16 h (this represents ap-
proximately 3 % of development for each stage examined).
Afterwards the embryos were restaged and fixed in Pipes-FA
(100 mM Pipes, 2 mM EGTA, 1 mM MgSO,, and 3.7 %
paraformaledhyde; pH 6.8—7.4) for 1 h. Following fixation,
the embryos were washed thoroughly in PBS (3x15 min),
their DNA denatured in a solution of 2 N HCL in PBS for
20 min, and then washed again.

For BrdU immunolabeling, the embryos were incubated at
room temperature in a blocking solution of 0.4 % PBT (PBS
plus 0.4 % Triton X-100), 5 % NGS, and 0.2 % BSA for
45 min. The primary antibody (mouse anti-BrdU, Sigma) was
diluted 1:200 in the blocking solution. Incubation was at 4 °C
with gentle agitation for 24 h. Embryos were then washed in
0.025 % PBT (PBS plus 0.025 % Triton X-100), and incubated
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in the secondary antibody (Dako EnVision™, GAM-PO, dilu-
tion 1:3 in PBS) at room temperature under gentle agitation for
15-16 h. Embryos were then washed in PBS, stained with
diaminobenzidine (DAB) containing 0.02 M NiCl, for signal
intensification (DAB fast tablets, Sigma). The reaction was
stopped through several rinses with PBS. Preparations were
embedded in soft Epon, sectioned at 20 um, covered in 90 %
glycerol in PBS and coverslipped for viewing.

Cell death markers

Acridine orange Acridine orange (AO) is an acknowledged
fluorescent dye for labeling apoptotic cells in insect tissues
(e.g., Spreij 1971; Abrams et al. 1993; Jiang et al. 1997;
Stacey et al. 2010; Liu and Boyan 2013). Wholemount brains
were exposed to AO solution (5 pg/ml in PBS) for 30 min at
room temperature, and this was followed by four washing
cycles each of 20 min duration in 0.1 M PBS. The brains were
then embedded in agarose medium and sectioned with a
Vibratome at 55 pum thinkness. TUNEL technology and
DAPI counterstaining was then directly applied to the brain
slices as described elsewhere in the “Materials and methods”
in order to reveal the pattern of cell death in NBs of the
embryonic central complex.

TUNEL TUNEL is a method for detecting DNA fragmenta-
tion in cells undergoing apoptosis (Gavrieli et al. 1992; Bello
et al. 2003). So-called nicks or strand breaks in DNA occur-
ring during fragmentation can be identified by the presence
there of accessible 3’-hydroxyl (3'-OH) groups. The assay
detects dUTPs, which are added to the 3'-OH end of the
DNA strand breaks by the enzyme terminal deoxynucleotidyl
transferase, and have been previously labeled with an appro-
priate fluorescent marker.

After dissection, brains were fixed overnight in 3.7 % PFA at
4 °C, embedded in Agarose as above and sectioned with a
Vibratome at 60 um. After washing in PBS at 4 °C, brain slices
were bathed in Citrate buffer and heated with a microwave oven
(5 min, 360 W) and washed again overnight in PBS at 4 °C. We
then incubated the brain slices in preincubating medium
(TrisHCI, 0.1 M; pH 7.5 with 20 % NGS and 3 % BSA) for
30 min at room temperature. Samples were then washed 3 times
(each time for 30 min) with PBS. The TUNEL (In Situ Cell
Death Detection Kit, TMR red; Roche) reaction was performed
according to the instructions accompanying the product. Brain
slices were then washed in PBS for 2 h at room temperature,
counterstained with DAPI (see below), covered in Vectashield®
(Vector laboratories) and coverslipped for microscopy.

Secondary antibodies

After exposure to the primary antibody, brain slices were
washed thoroughly in 0.1 M PBS and then placed in
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preincubation medium (see above) to which the relevant sec-
ondary antibody was added for 24 h. at 4 °C as follows: for anti-
PH3 (GAR-Alexa 488, Invitrogen, 1:250 dilution); for anti-
1C10 (GAM-Cy3, Dianova, 1:150 dilution); for PCNA (GAM-
Cy3, Sigma, 1:150 dilution). For double stainings appropriate
secondary antibodies were selected in each case so as to prevent
spectral confusion. Sections were then washed overnight in
0.1 M PBS at 4 °C in the dark, covered with Vectashield®
(Vector laboratories) and coverslipped for microscopy.
Specificity of each secondary antibody was confirmed by its
application in the absence of the primary antibody (in no case
was a staining pattern observed).

Nuclear marker

DAPI DAPI (Sigma) is a cell permeable fluorescent probe
which binds to the minor groove of double-stranded DNA
(Naimski et al. 1980), and has additionally been previously
proven to label proliferative cells especially at metaphase and
anaphase in Xenopus (Sumara et al. 2000) and in grasshopper
as confirmed by comparing the staining patterns for DAPI and
the mitosis marker anti-phospho-Histone 3 (Liu and Boyan
2013). DAPI was diluted 1:100 in 0.1 M PBS. Brain slices
were exposed to DAPI for 30 min at room temperature, and
this was followed by 6 washing cycles each of 20 min duration
in 0.1 M PBS.

Histology

Osmium tetroxide-ethyl gallate Staged embryos were dissect-
ed out of the egg into PBS, freed from membranes, then fixed
in Carnoy fixative (60 % ethanol, 30 % chloroform, and 10 %
glacial acetic acid) for one hour and brought to distilled water
through a descending ethanol series. Postfixation of the brain
tissue in 1 % osmium tetroxide for 17 to 48 h was followed by
thorough washing in distilled water. For signal intensification,
the embryos were maintained in a saturated aqueous solution
of ethyl gallate (several changes over 48 h at room tempera-
ture). The tissue was then washed in distilled water,
dehydrated through an ascending ethanol series to propylene
oxide, embedded in soft Epon, sectioned at between 10 and
14 pm thickness, and mounted on a glass slide in Permount.

Imaging

Optical sections of preparations were acquired with a Leica
TCS SP5 confocal laser scanning microscope equipped with
%20 and x63 oil immersion objectives. Fluorochromes were
visualized on the confocal microscope using an argon laser
with excitation wavelengths of 488 nm for Alexa® 488,
561 nm for Cy3. Z-stacks of confocal images were collated
using public domain software (Image J) and only the contrast,
resolution and color were subsequently adjusted. Histological
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sections of the brain were viewed under a Zeiss Axioskop 2
microscope using differential interference contrast or bright
field optics. Images were captured with a 1.3 MP color CCD
camera (Scion Corp.) using Scion Visicapture™ software and
processed with Canvas™ X.

Terminology

Neuroblasts NBs were mapped according to Boyan and
Williams (1997) and Williams et al. (2005). The equivalences
between the nomenclatures in the two studies are: W (NB 1-
1), X (NB 2-1), Y (NB 3-1), and Z (NB 4-1); NBs 1-2, 1-3,
and 1-4 are common to both.

Axes Unless otherwise stated, the axes used for anatomical
analysis in this study are neuraxes, not body axes. The top of
the brain (in the head) is neurally anterior, the front of the brain
is neurally ventral, the back of the brain is neurally dorsal, and
the base of the brain is neurally posterior (see Boyan et al.
1993). Planes of section are also defined with respect to the
neuraxis (a horizontal section is parallel to, a transverse sec-
tion is orthogonal to, the neuraxis).

Results

Temporal appearance and organization of central
complex NBs

In this study we examine the temporal fates of neural stem
cells (NB) whose progeny generate the central complex in the
protocerebral neuromere of the grasshopper brain during em-
bryogenesis. Previous studies have identified eight NBs (Z, Y,
X, W, 1-2, 1-3, 1-4, and 1-5) of the total complement of 96 in
each hemisphere as contributing progeny to the central com-
plex (Boyan and Williams 1997; Williams et al. 2005). In
order to visualize them early in development we employed 5-
bromodeoxyuridine (BrdU) incorporation (Fig. 1). This oc-
curs during DNA replication in the S-phase of the cell cycle,
so that BrdU labels those cells en route to the mitotic phase of
the cell cycle. The time window we selected for BrdU incor-
poration (25-34 % of embryogenesis) covers the period over
which NBs first appear in the ventral nerve cord (Bate 1976;
Doe and Goodman 1985a, b; Shepherd and Bate 1990) and
when pioneer neurons are first establishing the tract system
from the PB to the CB in the brain (Williams et al. 2005;
Boyan and Williams 2011).

Brain slices of the protocerebral midbrain following BrdU
incorporation and subsequent anti-BrdU immunolabeling at
25 % of embryogenesis reveal NBs of the protocerebrum (PC)
still in the process of delaminating from the neuroectoderm
(Fig. la). Central complex NBs appear to be among the
earliest to delaminate in the PC, and of these the more ventral

ones (Z, Y, X, and W) appear and incorporate BrdU first. Of
the more dorsal subset, NBs 1-2 of each brain hemisphere
already occupy their future stereotypic locations in the array
(c.f. Fig. 1h), while NB 1-4 on the left and 1-3 on the right
have appeared. Spaces are evident where other NBs will
delaminate and then incorporate BrdU, consistent with this
occurring at predetermined locations in the neuroectoderm.
Between 29 and 30 % of embryogenesis, the linear array
of central complex NBs in each protocerebral hemisphere
is complete and their organization is remarkably bilaterally
symmetrical (Fig. 1b). At 34 % of embryogenesis, the
remaining compliment of protocerebral NBs—such as
those not associated with the central complex—is largely
complete and NBs Y and W have generated progeny
(Fig. lc).

The locations of the eight central complex NBs early in
embryogenesis suggest a topological organization. To see
if this is maintained, and to examine the cellular morphol-
ogy of individual NBs which cannot be revealed using
BrdU incorporation, we stained NBs with osmium ethyl
gallate. Sectioning at the appropriate depth in the brain at
mid-embryogenesis (47 %) for example, allows the com-
plete linear array of central complex NBs (Z, Y, X, W, 1-
2, 1-3, 1-4, and 1-5) to be visualized within a single brain
slice (Fig. 1d). The bilateral symmetry in NB arrays from
both hemispheres is clear, the locations at which individ-
ual NBs are found within the array are like those seen
earlier in embryogenesis (c.f. Fig. 1c), consistent with a
stereotypical topology. At higher magnification (Fig. le),
NBs can been seen to have a cell-specific size, as well as
a characteristic nuclear morphology, which together allow
them to be individually identifiable within the array. These
features are consistent in the homologs from both brain
hemispheres (Fig. le, f), and repeatable for a given NB
from preparation to preparation (Fig. le—g(i—iii)). The
resulting consistency in location and appearance allow a
reference map to be created in which the central complex
NBs are seen organized into a linear array stretching from
ventral to dorsal symmetrically along the median edge of
each protocerebral hemisphere (Fig. 1h). The array can be
subdivided functionally. Progeny of the more ventral NBs
(Z, Y, X, and W) are known to generate so-called small-
field neurons whose axons project via the so-called w, X,
y, and z tract system through the PB and then to the CB
where they form a stereotypic columnar system (Williams
1975; Boyan and Williams 1997, 2011; Heinze and
Homberg 2008). The more dorsal NBs (1-2, 1-3, 1-4,
and 1-5) generate so-called wide-field progeny which di-
rect axons initially into other central complex modules
such as the noduli and various accessory lobes (Heinze
and Homberg 2008; Boyan et al. 2010b; Boyan and
Niederleitner 2011; Boyan and Reichert 2011). In contrast
to the ventral nerve cord (Shepherd and Bate 1990), the
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Fig. 1 Temporal appearance and organization of central complex
neuroblasts. a—¢ Photomicrographs of sections of the protocerebral mid-
brain following 5-bromodeoxyuridine (BrdU) incorporation and subse-
quent anti-BrdU immunolabeling reveal organization of central complex
neuroblasts (VBs) during early embryogenesis. Ventral according to the
neuraxis is to the top throughout. a At25 % of embryogenesis NBs of the
protocerebrum (PC) are still in the process of delaminating from the
neuroectoderm. Central complex NBs Z, Y, X, W, and 1-2 of each brain
hemisphere are already occupying their stereotypic locations in the array.
More dorsally, NB 1-4 on the left has appeared as has 1-3 on the right.
Spaces (circled) are for NBs which have yet to incorporate BrdU. Dashed
line indicates brain midline. b Between 29 and 30 % of embryogenesis,
the linear array of NBs from Z through to 1-3 is complete (NB 1-3 on the
left is out of picture). Note the bilaterally symmetrical organization. Not
all central complex NBs have synchronously incorporated BrdU. ¢ At
34 % of embryogenesis, the compliment of protocerebral NBs including
those not associated with the central complex is largely complete and NBs
Y, W have generated their first progeny (black stars). Cells of the median
domain (MD) are also proliferative. d The stereotypic location of NBs
established early in embryogenesis is subsequently maintained.

fates of these brain NBs have remained unresolved to date, but
are documented below.

Visualization of all central complex NBs
through embryogenesis

Application of the map derived from osmium ethyl gallate
histology allows all eight central complex NBs to be identified
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Photomicrograph of a section through the brain at low magnification
following osmium ethyl gallate (OSEG) histology at 47 % of embryogen-
esis and visualized via DIC optics reveals the complete linear array of
protocerebral NBs which contribute to the central complex: Z, Y, X, W, 1-
2, 1-3, 14, and 1-5, along with some of their lineages (z, y, x, and w).
Note the bilateral symmetry. Borders of each protocerebral hemisphere
are dashed white. e Image from (d) but at higher magnification reveals
stereotypic differences in NB size and nuclear morphology in represen-
tative NBs (Y and X). Note bilateral symmetry. f Photomicrograph of the
bilateral NBs (X) from a different preparation to d, e above shows
consistent morphological features which allow this type to be distin-
guished from other NBs in the array. g Photomicrographs of NB 1-2
from three different preparations (i—iii) confirm consistency of nuclear
morphology (white stars) characterizing this NB type. h Stereotypic
locations of NBs allow a reference map to be generated for the
protocerebrum. NBs whose progeny contribute to the central complex
are colored black. Panel modified with permission of Elsevier Press from
Boyan and Williams (2011). Other abbreviations: mOc median ocellus,
MP midline precursor, OL optic lobe. Scale bar represents 65 pm in (a),
40 um in (b) and (¢); 50 umin (d), 20 pm in (e)—(g), and 115 um in (h)

up to 70 % of embryogenesis (Fig. 2). As is obvious from the
compilation, individual NBs maintain their morphological fea-
tures (cell size, nuclear shape) over a broad time spectrum.
However, with progressive age (beyond 67 %), shrinkage in
size by up to one third occurs, and particularly ventral NBs such
as Z, Y, and X also become flattened in shape. As of 72 %,
ventral NBs—first Z and Y and then X and W—can no longer
be uniquely identified by histological methods alone, although
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Fig. 2 Photomicrographs of all

individual, identified, central
complex NBs following staining
with osmium ethyl gallate
(OsEG) and visualized via DIC
optics between 37 and 77 % of
embryogenesis. Note that with
progressive age (67 %) NBs such
as Z, Y, and X become flattened in
shape, while all clearly shrink in
size. As of 72 %, ventral NBs—
first Z, Y and then X, W—Dbecome
histologically not recognizable
(nr) at their stereotypic locations
although they may still be present.
More dorsal NBs (1-2, 1-3, 1-4,
and 1-5) by contrast, are still
clearly identifiable. After 77 %,
no NBs were identifiable using
OsEG alone. Scale bar represents
15 um for all NBs up to and
including 67 % and 10 um at 72
and 77 %

they may still be present. The more dorsal NBs (1-2, 1-3, 1-4,
and 1-5) by contrast, are still clearly identifiable even at 77 %,
and can even be proliferative at this age (see Figs. 3 and 4
below). No central complex NBs were identifiable after 80 %
using osmium-based histological techniques alone.

Timeline of proliferation in central complex NBs
during embryogenesis

Mitotic activity was followed first in the complete array of
central complex NBs via immunolabeling with the prolifera-
tion marker PCNA (see “Materials and methods™) in conjunc-
tion with the nuclear stain DAPI. We found the patterns of
proliferation (and of programmed cell death, see below)

among central complex NBs to be identical in both brain
hemispheres throughout development so that we reference
only one hemisphere in our data set below.

Brain slices imaged confocally at the level of the PB
reveal all central complex NBs of a given protocerebral
hemisphere to be uniformly proliferative between 50 and
70 % of embryogenesis (Fig. 3). However, there is also a
noticeable progressive weakening of PCNA labeling in
these NBs with age (Fig. 3a—f), and, there is also a
discernible pattern according to which the labeling within
the array ceases. Absence of PCNA labeling consistent
with a cessation of proliferation occurs first in ventral
NBs (Z, Y, X, and W) and then spreads dorsally, so that
at 75 % (Fig. 3g) only NBs from the dorsal group (e.g.,
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PCNA DAPI

Fig. 3 Timeline of proliferation in central complex NBs during embryo-
genesis. Panels show brain slices imaged confocally at the level of the
protocerebral bridge (PB) in the right protocerebral hemisphere (PC;
approximate border shown white; m brain midline) following
immunolabeling against the proliferation marker PCNA (red) and
counterstaining with the DNA label DAPI (blue). At 50 (a), 55 (b), 60
(c), 65 (d), 68 (e), and 70 % (f), all central complex NBs are proliferative;

1-3, 14, and 1-5) are still proliferative. Examination of
brain slices at 80 % of embryogenesis and beyond failed
to detect proliferative cells in locations previously occu-
pied by central complex NBs (see also Legl 2009).

In order to confirm the timeline of proliferation sug-
gested by the PCNA labeling above, we repeated the
analysis using the true mitosis marker PH3 which labels
cells in the meta- to anaphase, rather than just those
within the S-phase as is the case for PCNA (see
“Materials and methods”). We chose one representative
NB (Z) from the ventral group and one from the dorsal
group (1-3) for comparison over a time span of 50-72 %
of embryogenesis (Fig. 4). Our data show that both NBs
are mitotically active up to 68 % of embryogenesis, but
subsequently only NBs 1-3 retains mitotic activity while
the Z NB has not only changed shape, it is barely dis-
cernible with the 1C10 cell marker—consistent with it
degenerating (c.f. Fig. 2 and see below). In keeping with

however, PCNA immunoreactivity progressively weakens in all NBs
with age. Absence of the PCNA label indicates that ventral NBs (Z, ¥,
X, and W) cease proliferation earlier than dorsal ones (1-2, 1-3, and 1-4),
so that at 75 % (g) only the most dorsal two, NBs 1-4 and 1-5 (not visible
in section), are still proliferative. NB locations at 70 %, 75 % are circled
white for clarity. Scale bar represents 40 um in (a)—~g)

our PCNA data, PH3 labeling failed to detect mitotically
active stem cells of the central complex after about 77 %
of embryogenesis.

Mitotic activity in non-central complex NBs

In order to ascertain how representative the timeline for
mitotic activity in central complex NBs is for the PC in
general, we examined NBs in three other regions of the
brain at 80 % of embryogenesis—the lateral PC (Fig. 5a),
around the calyces of the mushroom bodies (Fig. 5b), and
in the lobula of the visual system (Fig. 5c). In all three
regions, osmium staining revealed actively dividing NBs as
evidenced by chromatin condensed into chromosomes (e.g.,
Fig. 5a(ii), b(i-iv), c), and the presence of mitotic spindles
(e.g., Fig. 5b (i, ii)). Surrounding these neural stem cells
were freshly generated ganglion mother cells (Fig. 5c)
which in one case had just divided symmetrically into

60%

50%

72%

[(-PHS

a-1C10

Fig. 4 Timeline of mitosis in central complex NBs during embryogen-
esis. a—h Confocal images of a representative ventral NB (Z) and dorsal
NB (1-3) at successive ages during embryogenesis: 50 (a, b), 60 (c, d),
68 (e, f), and 72 % (g, h) following double immunolabeling with the
mitosis marker phospho-histone 3 (PH3; green)) and the cell marker 1C10

@ Springer

(red). Approximate dimensions of each NB are indicated dashed white.
Both NBs are mitotically active up to 68 %; at 72 %, only NB 1-3 is PH3-
immunoreactive (h, white arrows) and therefore proliferative. Note
change in shape of the Z NB at 72 % (g). Scale bar represents 15 um
in (a)—~(h)
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Fig. 5 NBs in the brain not associated with the central complex are
proliferative even at 80 % of embryogenesis. Photomicrographs (DIC
optics) following osmium staining of brain slices at 80 % of embryogen-
esis reveal chromatin condensed into chromosomes in NBs of the LPC
(ai, ii, white arrowhead), of the MB (bi—iv), and of the lobula (¢, black
star), as well as mitotic spindles in MB neuroblasts (bi, ii, white arrow-
heads). Furthermore, new sibling progeny generated by the symmetrical
division of a ganglion mother cell are visible in the LPC (ai, black stars)
while a further ganglion mother cell (GMC) is visible in the lobula (c).
Scale bar represents 20 pm in (a)—(c)

sibling progeny (Fig. 5a). The data are consistent with NBs
in other brain regions maintaining proliferative activity for
longer than central complex NBs.

Timeline of apoptosis in individual central complex NBs

Our analyses above suggest that: (a) central complex NBs
change morphologically with age (Fig. 2); (b) the ventral
subset (Z, Y, X, and W) are no longer morphologically recog-
nizable at 77 %, the dorsal subset at 80 % (Fig. 2); (c) the
pattern of proliferative activity ceases in these respective NB
subsets over these same ages (Figs. 3 and 4). It is conceivable
that programmed cell death is the means for exiting the cell
cycle and is involved in these changes.

To investigate this possibility, we first examined represen-
tative NBs Z and Y along with their lineages at three different
ages during embryogenesis using the expression pattern of the
apoptosis marker AO along with the nuclear marker DAPI
(Fig. 6). Confocal images at 65 % of embryogenesis reveal
apoptotic cells present in both Z (Fig. 6a) and Y (Fig. 6b)
lineages, but the NBs themselves are AO negative. By 72 % of
embryogenesis, both the Z NB (Fig. 6¢) and the Y NB
(Fig. 6d) express AO as do other progeny in the lineages. At
77 % of embryogenesis, progeny in the respective lincages are
still apoptotic but neither the Z NB (Fig. 6¢) nor the Y NB
(Fig. 6f) can be detected via AO or DAPI, indicating that they
have disappeared.

In order to confirm that the disappearance of the NBs was
consistent with programmed cell death, we then examined all
ventral NBs (Z, Y, X, and W) in the array, as well as

representative dorsal NBs (1-2 and 1-3) over these critical
ages, but at greater temporal resolution, using the acknowl-
edged apoptosis-detecting system TUNEL (see “Materials
and methods”; Bello et al. 2003 for Drosophila). We addi-
tionally controlled that AO and TUNEL label the same apo-
ptotic cells in a central complex lineage of the embryonic
(80 %) grasshopper brain (Supplementary Fig. 1).

Confocal images of single NBs Z, Y, X, W, 1-2, and 1-3 at
different ages during embryogenesis (65, 68, 70, 75, and
77 %) reveal that the first NBs to be labeled via TUNEL are
Z and W at 70 % of embryogenesis (Fig. 7). At this age, DAPI
staining reveals condensed chromatin in the form of chromo-
somes in NB 1-3 indicating the cell is still mitotically active.
We have previously shown that DAPI staining and anti-PH3
labeling co-label chromosomes in proliferative NBs of the
grasshopper brain (Liu and Boyan 2013). At 75 % of embryo-
genesis, ventral NBs Z, Y, X, and W are labeled via TUNEL,
but not the more dorsal NBs 1-2 and 1-3. At 77 %, the ventral
group of NBs comprising Z, Y, and W can no longer be
labeled via TUNEL or DAPI, suggesting they have disap-
peared, while the dorsal group of 1-2 and 1-3, then 1-4 and
1-5 (1-5 data not shown) are now labeled via TUNEL and are
therefore undergoing programmed cell death. After 80 % no
central complex NBs can be labeled via death markers, where-
as cells undergoing apoptosis are still prevalent within their
lineages.

We conclude that the eight central complex NBs exit the
cell cycle via programmed cell death rather than a final termi-
nal division.

Patterns of proliferation and apoptosis among central com-
plex NBs during embryogenesis.

Our analyses based on cell appearance, proliferation, and
death, reveal consistent patterns in the lifespans of central
complex NBs as summarized schematically in Fig. 8.
Histology and BrdU incorporation show that NBs appear in
a progressive wave beginning with the ventral subset (Z, Y, X,
and W) shortly before 25 % of embryogenesis, followed by
the more dorsal cells (1-2, 1-3, 1-4, and 1-5), so that the array
is complete at 34 % (Fig. 8a—f). The array remains stable in
appearance up to 70 % after which ventral NBs (72 %) and
then dorsal NBs (>77 %) become progressively more unrec-
ognizable morphologically suggesting they may be
degenerating. No central complex NBs are unequivocally
recognizable after 80 % of embyrogenesis.

Proliferation markers such as 5-BrdU incorporation,
PCNA, PH3 (Fig. 8g-1) show that all NBs are proliferative
from 34 to 70 % (Fig. 8g—i), after which the ventral group
cease proliferating between 72 and 75 % (Fig. 8j), followed by
the dorsal NBs (77-80 %, Fig. 8k, 1). Proliferation markers
fail to label central complex NBs after 80 %.

Apoptosis labels (AO and TUNEL) are first evident in
ventral NBs at 70 % (Fig. 80), include the complete ventral
group at 72-75 % (Fig. 8p), and spread to dorsal NBs at 77 %
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AO DAPI

Fig. 6 Timeline of apoptosis in central complex NBs. Confocal images
reveal expression of the apoptosis marker acridine orange (40; yellow) in
the lineages of the Z and Y neuroblasts at three different ages during
embryogenesis. 3D lineages were reconstructed from series of optical
sections following counterstaining with the DNA label DAPI (cyan). At
65 % of embryogenesis, apoptotic cells are present in both Z (a) and Y
(b) lineages, but the NBs themselves (white stars) are AO negative. At

(Fig. 8q). No death labels are expressed by central complex
NBs after 80 % of embryogenesis (Fig. 8r).

Our data are consistent with cell proliferation and death
proceeding as waves from ventral to dorsal in the array, with a
transition from proliferation to cell cycle exit and death oc-
curring between 70 and 72 % of embryogenesis.

Discussion

During insect nervous system development, neural stem cells
(NBs) delaminate from the neuroectoderm at stereotypic lo-
cations so that maps reveal very similar NB distributions for
the ventral nerve cord (Bate 1976; Doe and Goodman 1985a,
1985b; Doe et al. 1985; Broadus and Doe 1995; Broadus et al.
1995) and brain (Malzacher 1968; Zacharias et al. 1993;
Younossi-Hartenstein et al. 1996, 1997; Boyan and Williams
1997; Urbach and Technau 2003; Urbach et al. 2003a, 2003b;
Williams et al. 2005) in various insect species, and may even
include crustacea (Sintoni et al. 2012). Each NB generates a
lineage of neural progeny which is nearly invariant and unique
(Doe and Skeath 1996; Younossi-Hartenstein et al. 1996,
1997; Pearson and Doe 2003; Doe 2008; Reichert 2011),
and in the grasshopper, this stereotypy has allowed lineages
to be profiled temporally, biochemically and physiologically
(VNC, Goodman and Spitzer 1979; Goodman et al. 1979,
1980; brain, Boyan et al. 2010b; Herbert et al. 2010; Boyan
and Niederleitner 2011).

@ Springer

72 % of embryogenesis, the Z neuroblast (¢, white arrowhead) and the Y
neuroblast (d, white arrowhead) express AO as do other progeny in the
lineages. At 77 % of embryogenesis, neither the Z neuroblast (e) nor the
Y neuroblast (f) can be detected by DAPI indicating that they have died
(dashed circles mark their previous locations). Other cells in both line-
ages are still undergoing apoptosis (yellow). Scale bar represents 20 um

in (a)~(f)

The mechanisms regulating cell identity and fates in early
NBs may also be conserved. Molecular markers, such as
seven-up, prospero, engrailed, fushi-tarazu/Dax label homol-
ogous early-forming NBs in the ventral nerve cord of both the
grasshopper and Drosophila (Broadus and Doe 1995).
Conserved mechanisms have been shown to regulate the
formation of the initial axon scaffold, and subsequent central
complex circuitry, in the brain of grasshopper and Drosophila
(Reichert and Boyan 1997; Boyan et al. 2010c; Young and
Armstrong 2010a, b; Boyan and Reichert 2011; Boyan and
Williams 2011; Riebli et al. 2013), and may also regulate the
times and manner in which proliferative NBs exit the cell
cycle despite the divergent lifestyles of holometabolous and
hemimetabolous insects (Reichert 2011).

Proliferation can be terminated by cell cycle exit either
through a terminal symmetrical division generating sibling
progeny or via programmed cell death, and the molecular
mechanisms regulating these different fates in Drosophila
have been largely identified (Maurange and Gould 2005;
Doe 2008; Maurange et al. 2008; Reichert 2011; Jiang and
Reichert 2012, 2013). In holometabolous insects such as
Manduca and Drosophila, programmed cell death is preva-
lent in ventral nerve cord lineages in embryonic (Abrams et al.
1993; White et al. 1994; Karcavich and Doe 2005),
postembryonic (Booker and Truman 1987), postmetamorphic
(Kimura and Truman 1990) and even adult (Truman 1983)
stages, as well as among the postembryonic progeny of central
complex NBs (Kumar et al. 2009). Pulses of Hox gene pro-
teins at specific times during postembryonic development
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Fig. 7 Timeline of apoptosis in individual central complex NBs. Confo-
cal images of single NBs Z, Y, X, W, 1-2, and 1-3 at different ages during
embryogenesis (65, 68 70, 75, and 77 %) as revealed by double labeling
with TUNEL (red) which reveals DNA fragmentation in cells undergoing
apoptosis, and the DNA stain DAPI (blue). The first NBs to be labeled via
TUNEL (white arrowheads) are Z and W at 70 % of embryogenesis. At
this same age, chromosomes (white star) are visible in NB 1-3 indicating
it is still mitotically active. At 75 % of embryogenesis, neuroblasts Z, Y,
X, and W are labeled via TUNEL but not the more dorsal NBs 1-2 and 1-
3. At 77 %, the ventral group of NBs comprising Z, Y, and W can no
longer be labeled via TUNEL or DAPI, suggesting they have disap-
peared, while the dorsal group of 1-2 and 1-3 are now labeled via TUNEL
(white arrowheads). Progeny (white stars) of NB 1-2 are labeled via
TUNEL indicating they are also undergoing programmed cell death.
Scale bar represents 10 pm in all panels

have been shown to terminate NB proliferation through pro-
grammed cell death in the ventral nerve cord (Abd-A, Bello
et al. 2003; Cenci and Gould 2005) and brain (Labial: Kuert
etal. 2012). In the grasshopper, the mode of finally exiting the
cell cycle has up to now not been clear. NBs of the ventral
nerve cord disappear during embryogenesis (Shepherd and
Bate 1990)—most probably via programmed cell death, al-
though cell cycle exit through a terminal symmetric division
could not be excluded in that study. Whatever the mechanism,
in ventral nerve cord ganglia NB fates do not obviously follow
a pattern that correlates with cell location across the 30 cell

matrix (Shepherd and Bate 1990). In the brain, by contrast,
both NB proliferation and death do follow well-defined tem-
poral patterns according to location (Fig. 8). The contingent of
NBs which builds the central complex is established early in
embryogenesis and remains unchanged until 70-72 % of
embryogenesis. Subsequently, these NBs take on different
fates according to whether they are located more ventrally or
more dorsally within the array. NBs located more ventrally
along the linear array (Z, Y, X, and W) cease proliferation
earlier (Figs. 3 and 4), and undergo programmed cell death
earlier (Figs. 6, 7, and 8) than their more dorsal counterparts
(1-2, 1-3, 1-4, and 1-5). Furthermore, these NBs do not
undergo cell cycle exit via a final terminal division, they
actively undergo programmed cell death (see Reichert 2011
for Drosophila).

Waves of apoptosis also traverse central complex lineages
(Boyan et al. 2010a) even, as we now know (Figs. 6 and 7),
after the NBs themselves have died, suggesting a cell auton-
omous regulation of this process. Apoptotic activity in the Z
and Y lineages, for example, reaches a maximum just after
that for mitotic activity, and is still high when neurogenesis
has all but ceased (Boyan et al. 2010a; Boyan and Williams
2011). Apoptosis ceases altogether, however, in such lineages
at 90-100 % of embryogenesis and has not been observed
postembryonically (Legl 2009). Programmed cell death there-
fore appears timed to prune excessive cell populations from
the these lineages as they approach their maximum size, and
so shape them for a postembryonic future. With the death of
the NBs, and in the absence of further proliferation (Figs. 3, 4,
and 8), we surmise that the complement of neurons generating
central complex neuroarchitecture in the grasshopper is com-
plete before hatching.

It is conceivable that the gradients in cell cycle exit and
death along the array of central complex NBs result from
ventral and dorsal cells being differentially exposed to Hox
gene proteins like those described for Drosophila (Bello et al.
2003; Cenci and Gould 2005; Kuert et al. 2012). Different
timelines in NB proliferation and death may then translate into
a temporal topology according to which the central complex
neuroarchitecture is established during embryogenesis. The
more ventral NBs (Z, Y, X, and W) commence proliferation
earlier, and their progeny include small-field neurons which
project axons via the associated z, y, X, and w tracts to the
protocerebral bridge, then to the CB where they form part of
its characteristic columnar system and from there to the EB
where they terminate (Boyan and Williams 1997; Williams
et al. 2005; Heinze and Homberg 2008). A subset of these
neurons has been shown to form the polarization-sensitive
system subserving grasshopper visual navigation (Heinze
and Homberg 2007). Pioneer neurons from these same Z, Y,
X, and W lineages have been shown to establish this system
of tracts at around 33-34 % of embryogenesis (Williams
et al. 2005; Williams and Boyan 2008) well before
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Fig. 8 Schematic summarizes the major trends in proliferation and
apoptosis among central complex neuroblasts during embryogenesis.
Neuroblasts are individually identified by color; dashed open circle
indicates morphologically unrecognizable and/or absence of a molecular
label. The eight NBs involved are organized in a linear array beginning
with Z (most ventral) and ending with 1-5 (most dorsal). According to
histological data (a—f), NBs first are recognizable at or shortly before
25 % of embryogenesis (a) and appear in a progressive wave from ventral
to dorsal along the array. The array remains stable in appearance up to
70 % of embryogenesis (a—c), after which ventral NBs (Z, Y, X, and W)
become progressively unrecognizable first (72—75 %, d) suggesting they
may degenerate before the more dorsal ones (1-2, 1-3, 1-4, and 1-5). At

axon pathways from progeny of the 1-2, 1-3, 1-4, and 1-5
system appear and target their central complex modules. We
speculate that in forming earlier, the neuroarchitecture gen-
erated by the early projections from progeny of ventral Z, Y,
X, W and NBs may act as a scaffold onto which later
developing subsystems of neurons can direct their process-
es. Our proposal for the grasshopper mirrors central com-
plex development in Drosophila where early-born neurons
from the four DM NBs equivalent to the Z, Y, X, and W
system of the grasshopper (see Boyan and Reichert 2011)
first generate the fan-shaped body (CB) primordium during
larval development and subsequently a layer-specific inner-
vation of the mature structure (Riebli et al. 2013).

Our data further suggest that the dorsal group of NBs
displays a greater degree of heterogeneity in timelines than
the ventral group (Fig. 8). We speculate that this may relate to
the respective central complex modules to which the lineages of
these two NB subgroups contribute. Current evidence suggests
that whereas the ventral group (Z, Y, X, and W) acts more
uniformly in generating lineages for the z, y, x, and w tracts and
the columnar system of the CB (Williams et al. 2005), progeny
from the dorsal group (1-2, 1-3, 1-4, and 1-5) contribute to a
neuroarchitecturally diverse range of modules including the
lateral and medial accessory lobes, the ellipsoid body and the
noduli (Boyan and Williams 2011). This diversity may neces-
sitate greater differences in cellular organization between the
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77 % (e), only the most dorsal NBs remain recognizable, but after 80 %
(f), none are recognizable. Proliferation markers such as BrdU incorpo-
ration, PCNA, PH3 show that all NBs are proliferative from 34 to 70 %
(g—i), after which the ventral group cease proliferating between (72—
75 %, j), followed by the dorsal NBs (77-80 %, k, 1). Proliferation
markers fail to label central complex NBs after 80 %. Apoptosis (AO,
TUNEL) is first evident in ventral NBs (70 %, o), includes the complete
ventral group at 72-75 % (p), and spreads to dorsal NBs at 77 % (q ). No
death labels are expressed by central complex neuroblasts after 80 % of
embryogenesis (r). The data are consistent with cell proliferation and
death proceeding as waves from ventral to dorsal in the array with a
transition phase occurring between 70 and 72 % of embryogenesis

various dorsal lineages than between ventral lineages, thus
requiring divergent programs of proliferation and death as
reflected in their NB timelines (Fig. 8).

An ordered temporal component to the development of
central complex neuroarchitecture in the grasshopper as we
report here is consistent with previous studies demonstrating a
temporal topology in neuromodulator expression patterns in
various central complex modules (Boyan et al. 2010b; Herbert
etal. 2010), as well as with the incremental addition of central
complex modules over successive instars in Tenebrio
(Wegerhoft and Breidbach 1992). Highly organized neuropils
elsewhere in the brain also appear to be generated along such
temporal lines. An age gradient has been reported among
Kenyon cells in the cockroach Periplaneta americana where
cells of different ages project axons into different layers of the
calyx and pedunculus of the developing mushroom body
(Farris and Strausfeld 2001; Farris and Sinakevitch 2003),
and age gradients are present in the optic anlagen in
Drosophila (Meinertzhagen 1973; Viktorin et al. 2013),
where finely tuned waves of cell production, cell differentia-
tion and cell death contribute to the modular organization of
the medulla and lobula (Panov 1960; Nordlander and Edwards
1969).

While the complement of neurons of the grasshopper cen-
tral complex may be complete by the end of embryogenesis,
maturation processes at the biochemical level continue into



Dev Genes Evol (2014) 224:37-51

49

postembryonic stages (Herbert et al. 2010). This suggests that
epigenic factors then act on the embryonic set of progeny to
adapt the existing central complex neural circuitry to that
required for behavior patterns involving adult structures such
functional wings and a reproductive apparatus (see Chapman
1982).
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