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Abstract The central complex of the grasshopper (Schistocerca
gregaria) brain comprises a modular set of neuropils,
which develops after mid-embryogenesis and is function-
al on hatching. Early in embryogenesis, Repo-positive
glia cells are found intermingled among the commissures
of the midbrain, but then redistribute as central complex
modules become established and, by the end of embryo-
genesis, envelop all midbrain neuropils. The predominant
glia associated with the central body during embryogen-
esis are glutamine synthetase-/Repo-positive astrocyte-
like glia, which direct extensive processes (gliopodia) into
and around midbrain neuropils. We used intracellular dye
injection in brain slices to ascertain whether such glia are
dye-coupled into a communicating cellular network during
embryogenesis. Intracellular staining of individual cells locat-
ed at any one of four sites around the central body revealed a
population of dye-coupled cells whose number and spatial
distribution were stereotypic for each site and comparable at
both 70 and 100 % of embryogenesis. Subsequent immuno-
labeling confirmed these dye-coupled cells to be astrocyte-like
glia. The addition of n-heptanol to the bathing saline pre-
vented all dye coupling, consistent with gap junctions linking
the glia surrounding the central body. Since dye coupling also
occurred in the absence of direct intersomal contacts, it might

additionally involve the extensive array of gliopodia, which
develop after glia are arrayed around the central body. Collat-
ing the data from all injection sites suggests that the develop-
ing central body is surrounded by a network of dye-coupled
glia, which we speculate may function as a positioning system
for the developing neuropils of the central complex.
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Introduction

The central complex in both the grasshopper and Drosophila
comprises a set of highly structured neuropils (protocerebral
bridge, central body, ellipsoid body, noduli, and lateral
accessory lobes) whose role in sensory/motor coordination
(Strauss 2002; Heinze and Homberg 2007; Strausfeld 2009)
and spatial memory and orientation (Liu et al. 2006; Neuser
et al. 2008) is well documented. In the grasshopper, this
complex is functional at the time of hatching and so must
develop during embryogenesis (see Boyan and Reichert
2011), whereas in holometabolous insects such asDrosophila,
the equivalent modules arise during late larval stages and are
thus first functional in the adult (Renn et al. 1999; Pereanu and
Hartenstein 2006; Hartenstein et al. 2008; Izergina et al. 2009;
Young and Armstrong 2010a, b; Pereanu et al. 2011). Com-
parative studies show that despite these different lifestyles, the
central complex modules are generated by an equivalent set of
progenitors (see Boyan and Reichert 2011) whose lineages
contain both neurons and glia (Ito et al. 1997; Izergina et al.
2009; Boyan et al. 2010a,b; Viktorin et al. 2011).

Glia have been shown to play a major regulatory role in
establishing neuroarchitecture throughout the insect nervous
system (for reviews, see Hidalgo 2003; Klämbt 2009). Of
the several types of glia known (for overviews, see Hoyle
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1986; Jones 2001; Edwards and Meinertzhagen 2010), those
that compartmentalize brain neuropils (Oland and Tolbert
1987, 1989; Breidbach et al. 1992; Hähnlein and Bicker
1996, 1997; Oland et al. 1999; Pereanu et al. 2005; Awasaki
et al. 2008; Awasaki and Lee 2011; Boyan et al. 2011) are of
especial interest to studies of central complex development.
To this group belong astrocyte-like glia, which in verte-
brates are implicated in glutaminergic synaptic transmission
(van der Hel et al. 2005; Takahashi et al. 2010), and in the
insect have extensive dendritic projections (or gliopodia)
directed into neuropilar regions such as the central complex
(Awasaki et al. 2008; Awasaki and Lee 2011; Boyan et al.
2011), a structure which in the grasshopper exhibits gluta-
minergic receptors (Homberg 2002).

Our interest was to determine whether glia of the central
complex of the grasshopper Schistocerca gregaria commu-
nicate during development. To this end, we tested for dye
coupling among immunolabeled (glutamine synthetase-
positive/Repo-positive) astrocyte-like glia associated with
the central complex at a stage when this neuropil was form-
ing (70 % of embryogenesis) and again just prior to hatching
(100 % of embryogenesis). Dye injected into a single glial
cell at any one of four selected sites around the central body
was seen to reliably spread to a population of neighboring
glia cells whose number and spatial distribution were ste-
reotypic for each site and highly comparable at both embry-
onic stages. The addition of n-heptanol to the bathing saline
prevented all dye coupling, consistent with these glia com-
municating via gap junctions. Collating the data from all
sites suggests that the developing central body is likely to be
surrounded by a network of such dye-coupled glia. The
network might function as a positioning system delimiting
the developing neuropils of the central complex within the
brain.

Materials and methods

Animals

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 Deutsche Forschungsgemeinschaft.

Intracellular dye injection

Brain slices were prepared as follows. Staged embryos (100%
of embryogenesis) were dissected out of the egg into ice-cold
0.1 M phosphate-buffered saline (PBS) and freed from em-
bryonic membranes. Prior to embedding, brains were placed

in a 1 % methylene blue solution for 5 min to stain the brain
surface and thus facilitate visual orientation of the brain within
the frozen blocks for sectioning. Brains were shock frozen,
unfixed, at (−20 °C) in 2-methylbutane, without sucrose, and
sectioned horizontally with respect to the body axis on a Leica
cm3050s cryostat. Trial and error led to 16 μm being selected
as the optimum section thickness, allowing individual cells to
be easily targeted for intracellular dye injection under differ-
ential interference contrast (DIC) optics and avoiding damag-
ing primary glial processes. In order to standardize results, and
so allow comparisons between preparations and across ages,
only sections at mid-depth through the central body as viewed
from anterior were selected for experimentation unless other-
wise stated. Frozen sections were transferred onto frozen
Superfrost® Plus (Menzel-Gläser) microscope slides and
stored at −18 °C. No changes in tissue preservation or dye
coupling could be discerned with storage time.

Intracellular staining of cells was performed in unfixed
brain slices prepared as above. The slide with the still frozen
brain slice was transferred to a fixed-stage microscope
(Zeiss Axioskop 2) equipped with epifluorescence and
DIC optics. The section was covered with physiological
saline (150 mM NaCl, 3 mM KCl, 2 mM CaCl2, 1 mM
MgSO4, 5 mM TES buffer, pH 7.0) at room temperature.
DIC images and intracellular dye injection confirm that cells
did not rupture at any stage of the process (see “Results”).
Cells were impaled with low resistance (30–40 M∧) thin
walled glass micropipettes containing in most cases a solu-
tion of 10 mM Alexa Fluor® 568 (Invitrogen) in 200 mM
KCl. This Alexa fluorochrome was preferred over Alexa
Fluor® 488 and Lucifer yellow (which also revealed dye
coupling—see Fig. 4) because of its staining intensity and
because its emission spectrum is sufficiently narrow so as to
prevent spectral overlap with those of the secondary anti-
bodies used in the subsequent immunohistochemistry (see
below). Electrode tips were dipped into fetal calf serum
acting as a lubricant to facilitate penetration and removal
of the electrode from the target cell. Intracellular penetra-
tions of target cells were monitored optically using a Zeiss
ceramic x63 Achromat water immersion objective mounted
on a Zeiss Axioskop 2 microscope, a 1.3-MP color charge-
coupled device (CCD) camera (Scion Corp.), and Scion
Visicapture™ software. Penetrations were exclusively of
the cell soma to avoid damage to, and inadvertent staining
of, projections from neighboring cells. The electrode holder
was connected to the head stage of a Getting 5DC Amplifier
with current passing facility via a virtual ground circuit.
Cells were stained iontophoretically using constant hyper-
polarizing current not exceeding 5 nA and the electrode
remained in situ for documentation purposes. A fine
chlorided silver wire acting as a reference electrode was
placed in the physiological solution covering the prepara-
tion. The various neuropilar modules of the central complex
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as well as the glia cells associated with them were identified
optically in the section based on their location and appear-
ance. Glial identity was subsequently confirmed via immu-
nohistochemistry performed directly on the brain slices
containing dye-injected cells still affixed to the Superfrost®
Plus (Menzel-Gläser) microscope slides. For glutamine syn-
thetase immunohistochemistry, fixation was in aqueous
Bouin (picric acid 71 %, formaldehyde 24 %, and glacial
acetic acid 5 %) for 2 h at room temperature. After washing
in 0.1 M PBS, slices were covered with preincubation
medium comprising 1 % normal horse serum, 0.1 % bovine
serum albumin (BSA), PBT (1 % Triton X-100 in 0.1 M
PBS, pH 7.4) for 2 h at room temperature to block unspecific
binding sites. Slices were exposed to the glutamine synthetase
antibody (see above) diluted 1:200 in the preincubation
medium for 48 h at 4 °C in the dark.

Gap junctional blocker

Alexa Fluor® 568 has a small molecular weight (see Weber et
al. 2004) so that its passage between cells might be mediated by
gap junctions. This possibility was tested by adding 1×10−5 M
n-heptanol (a proven gap junctional blocker; see Weingart and
Bukauskas 1998; Juszczak and Swiergiel 2009; Boyan et al.
2011) to the TES buffer bathing the brain slice prior to a dye-
injection experiment. The concentration used was selected
following similar experiments involving gap junctional com-
munication in the embryonic grasshopper brain (Boyan et al.
2011) and in intact, unfixed, Hydra (Chapman et al. 2010).
The presence of a stained cell on all occasions showed that
the injection of dye itself was not affected by the presence
of n-heptanol.

Cobalt injection

Intracellular injection was of 200 mM cobalt chloride for
60 min via 100 ms depolarizing current pulses of 1–3 nA
(50 % duty cycle) into glia cells from brain slices prepared
as described above except that Fielden’s saline (Fielden
1960) was used. On removal of the electrode, one drop of
20 % ammonium sulfide/2 ml saline was applied to the
section for 10 min to precipitate the cobalt. The brain slice
was then washed in saline, fixed in aqueous Bouin for 1 h,
washed several times in 70 % alcohol, hydrated to distilled
water, and the cobalt sulfide precipitate intensified accord-
ing to Bacon and Altman (1977). Preparations were then
covered with Permount and coverslipped for microscopy.

Immunolabeling

Staged embryos were dissected out of the egg into ice-cold
0.1MPBS and freed from embryonic membranes. Brainswere
immersion fixed in 3.7 % paraformaldehyde overnight at 4 °C.

Preparations were then embedded 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 μm
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-Gläser) microscope
slides, and covered with preincubation medium comprising
1 % normal goat serum, 0.1 % BSA, and PBT (1 % Triton
X-100 in 0.1 M PBS, pH 7.4) for 1 h at room temperature to
block unspecific binding sites. Immunohistochemistry was
performed directly on this sectionedmaterial. Brain slices were
exposed to primary antibodies for 48 h at 4 °C in the dark
unless otherwise stated.

Antibody 8B7 The monoclonal antibody 8B7 recognizes the
Akt2 isoform of protein kinase B. The Akt2 kinase has an
N-terminal (PH-) domain, a central kinase domain, and a
hydrophobic C-terminal domain with regulatory function. In
grasshopper, the Akt2 kinase is expressed early in develop-
ment in neuroblasts and their progeny, later in axonal pro-
jections (Seeger et al. 1993). The 8B7 primary antibody (gift
of M. Bastiani) was diluted 1:200 in preincubation medium.

Antihorseradish peroxidase Horseradish peroxidase belongs
to the cell surface glycoproteins, which include cell adhe-
sion and signal molecules (Snow et al. 1987). In insects, the
epitope is neuron specific (Jan and Jan 1982; Haase et al.
2001) and is not expressed by glia. The antihorseradish
peroxidase (anti-HRP) primary antibody (Jackson Immu-
noResearch) was diluted 1:200 in preincubating medium.

Anti-Repo The protein generated by the glial homeobox gene
reversed polarity (repo) is limited to the nuclei of glial cells
and its expression can be revealed using the anti-Repo primary
monoclonal antibody (Mab 4a3; Halter et al. 1995; gift of G.
Technau) diluted 1:500 in preincubation medium.

Anti-glutamine synthetase Glutamine synthetase (GS) cata-
lyzes the conversion of ammonia and glutamate to glutamine
(Wedler and Horn 1976). Its presence in astrocyte-like glia of
the grasshopper brain has been previously documented (see
Boyan et al. 2011). The glutamine synthetase antibody (BD
Transduction Laboratories™, mouse anti-6/GS, Nr. 610518)
was diluted 1:200 in the preincubation medium. For GS/Repo
double-labeling, fixation was in 3.7 % paraformaldehyde for
20 min at room temperature.

Secondary antibodies

After exposure to the primary antibody, brain slices were
washed thoroughly in 0.1 M PBS and then placed in preincu-
bation medium (see above) to which the relevant secondary
antibody [goat anti-mouse (GAM) and goat anti-rabbit
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(GAR)] was added for 24 h at 4 °C as follows: for anti-8B7
(GAM-Cy3, Sigma, 1:150 dilution), for anti-Repo (GAR-
Cy3, Sigma, 1:150 dilution), for anti-glutamine synthetase
(DAM-Alexa 488, Invitrogen, 1:300 dilution), and for anti-
HRP (GAR-FITC, Dianova, or GAR-Cy3, Sigma, 1:150
dilution). For double stainings (anti-Repo/anti-Glutamine syn-
thetase, anti-Repo/anti-8B7, and anti-HRP/anti-glutamine
synthetase) appropriate secondary antibodies were selected
in each case so as to prevent cross-reactions. 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 sec-
ondary antibody was confirmed by its application in the
absence of the primary (in no case was a staining pattern
observed).

Histology

4,6-Diamidino-2-phenylindole (DAPI, Sigma) is a cell per-
meable fluorescent probe, which binds to the minor groove
of double-stranded DNA (Naimski et al. 1980). 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 fol-
lowed by six washing cycles each of 20 min duration in
0.1 M PBS.

Imaging

Optical sections of preparations were acquired with a
Leica TCS SP5 confocal laser scanning microscope equipped
with ×20 and ×63 oil immersion objectives. Fluorochromes
were visualized on the confocal microscope using an argon
laser with excitation wavelengths of 488 nm for Alexa® 488,
568 nm for Alexa® 568, 561 nm for Cy3, and 430–440 nm for
DAPI. On the Zeiss Axioskop 2 fluorescence microscope, the
injected Alexa® Fluor 568 was also excited at violet excitation
wavelengths (430–440 nm) and captured at yellow/orange
emission wavelengths (535 nm) as this allowed better

definition of stained cells and considerably reduced back-
ground when the brain slice was simultaneously illuminated
with transmitted light. Stacks of confocal images were collat-
ed using public domain software (Fiji), and only the contrast
and resolution were subsequently altered. Overlays of fluores-
cence and DIC images were obtained with the Zeiss Axioskop
2 microscope via a 1.3 MP color CCD camera (Scion Corp.)
using Scion VisicaptureTM software and subsequently pro-
cessed with Canvas X™ software.

Terminology

Unless otherwise stated, the axes used for anatomical anal-
ysis 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. Planes of
section, however, refer to the body axis. Postembryonic
developmental stages (instars) are referred to as P1, P2,
etc. as applicable.

Results

Midbrain glia redistribute during embryogenesis

The central complex develops during the latter half of
embryogenesis. Prior to this (<50 %), Repo-positive glia
of the midbrain are found distributed among 8B7-positive
commissural fascicles (Fig. 1a). Subsequently (60 %),
these midbrain glia redistribute and, for example, become
associated with the early columnar neuroarchitecture of
the emerging central body (Fig. 1b). As the central body
(CB) neuroarchitecture matures (80 %), glial somata now
surround this neuropil, thus compartmentalizing it from
other brain structures (Fig. 1c). This glial distribution
pattern is maintained through subsequent development
(see Fig. 9).

Fig. 1 Glia redistribute within the midbrain during embryogenesis.
Photomicrographs of brain slices at three embryonic ages (50, 60, and
80 %) following double-labeling for glia (anti-Repo, green) and axons
(anti-8B7, red). a Prior to formation of the central complex (50 %), glia
surround brain neuropil and are found distributed between commissur-
al fascicles of the midbrain (white arrowheads). b At 60 %, midbrain
glia become associated with the columnar neuroarchitecture of the

emerging central complex (white arrowhead). c As the central body
(CB) forms (80 %), midbrain glia surround this neuropil (outlined
dashed white), thus compartmentalizing it from other brain structures.
dc dorsal commissures, MB mushroom body neuropil, PI pars inter-
cerebralis, vc ventral commissures. Arrow points to ventral according
to neuraxis. Scale bar in c represents 60 μm throughout
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Astrocyte-like glia but not neurons surround the central
body neuropil

Double-labeling reveals that GS-positive/HRP-negative
cells (Fig. 2a, c) surround embryonic central complex neuro-
pils such as the central body (CB). Furthermore, all these
GS-positive cells are also Repo-positive (Fig. 2d). Based on
this expression profile, the cells can be categorized as being
astrocyte-like glia (see Boyan et al. 2011). HRP-positive
neuronal somata, by contrast, are found in cortical regions
such as the pars intercerebralis (PI), their axon projections
within the CB, but no neuronal somata are located in the
region immediately surrounding the CB (Fig. 2b). Since
only very few Repo-positive/GS-negative cells appear to
be present (Fig. 2d), we conclude that the great majority of

glia surrounding the CB, and where intracellular dye injec-
tions were undertaken, are of the GS-positive/astrocyte-like
type. As an additional control, the glial identity of dye-
injected cells was independently confirmed after each ex-
periment (see below).

Pattern of dye coupling at 100 % (prior to hatching)

As shown above (see Fig. 1), central complex neuropils,
such as the central body, form during the latter half of
embryogenesis, and by the 80 % stage, the glial distribution
around this neuropil already has an adult-like character (see
Fig. 9; Boyan et al. 2011). We therefore chose the 100 %
stage just prior to hatching to initially test whether these glia
were linked via dye coupling. We chose cells located at four
sites with respect to central complex neuroarchitecture for
intracellular injection (Fig. 2d). Site 1 lies between the
central body neuropil and the PI—a region where migrating
glia have been identified (Boyan et al. 2011); site 2 lies
between the highly structured central body neuropil and that
of the so-called diffuse neuropil more lateral in the proto-
cerebrum; site 3 lies between the central body neuropil and
that of the lateral accessory lobe (LAL); and site 4 lies
dorsally between the CB, the ellipsoid body (EB) and/or
the more posterior noduli (N).

Intracellular injection of Alexa® 568 fluorochrome into
individual cells surrounding the CB revealed a population of
dye-coupled cells at each of the four locations tested
(Figs. 2d, 3). Dye coupling was observed using Alexa®
568, Alexa® 488, and Lucifer yellow fluorochromes, al-
though Alexa® 568 was by far the most convincing fluoro-
chrome based on the rate of dye spreading, the intensity of
the staining, and its retention in stained cells. Dye injections
were performed 31 times, and dye coupling was observed
on 25 occasions (81 %). In each experiment, the cell chosen
for injection was selected at random from within the popu-
lation visible with DIC optics at each site. On those occa-
sions where dye coupling failed, a repeat penetration was
performed elsewhere in the same brain slice and was inva-
riably positive for dye coupling. Such failures may be due to
dye coupling never having been established among the cells
tested or that an uncoupling has occurred at some earlier
stage.

For each site tested, our data include a photomicrograph
(DIC optics) showing the glass capillary located in the cell
selected for staining (Fig. 3a, e, i, m), and then the staining
present on initiation of current injection (0 min) (Fig. 3b, f, j,
n), again after 3 min (Fig. 3c, g, k, o), and finally after
10 min (Fig. 3d, h, l, p) of dye injection. Dye injection was
continuous, and where successful, dye began to spread from
the injected cell to its neighbors within 3 min. The coupling
pattern present after 10 min did not change with longer dye
injection. Closer examination of the data reveals several

Fig. 2 Glia compartmentalizing central complex neuropils at the end
of embryogenesis (100 %) are predominantly astrocyte-like. a–c Con-
focal images of a brain slice following double labeling for antiglut-
amine synthetase (GS, green) and anti-HRP (red). Separate channels
(red/green) are viewed in a and b. a Green channel only. Immunolab-
eling reveals GS-positive astrocyte-like glia (white arrowheads) sur-
rounding the central body (CB) and directing extensive projections
(open/white arrowheads) into its neuropil. Note sparsity of GS-positive
profiles in the pars intercerebralis (PI). b. Red channel only. Anti-HRP
immunolabeling reveals band of HRP-positive neurites (white arrow-
heads) within the CB, as well as numerous HRP-positive somata
(open/white arrowheads) within the PI. Note absence of HRP-
positive profiles in the zone immediately surrounding the CB (green
arrowheads). c Combined channels (red/green) reveal cells surround-
ing the CB are GS-positive/HRP-negative (open white arrowheads)
and therefore astrocyte-like glia. d Confocal image of a brain slice
following double immunolabeling (anti-Repo/anti-GS) reveals all GS-
positive astrocyte-like glia (green) also coexpress anti-Repo (red).
Other unidentified glia types (white arrowheads) are Repo-positive/
GS-negative. Numbers represent the sites at which cells were intracel-
lularly injected with dye to test for dye coupling (c.f. Fig. 3). LAL
lateral accessory lobe, PC protocerebrum. Arrow points to ventral
according to neuraxis. Scale bar in b represents 38 μm in a–c,
33 μm in d
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features of dye coupling: (a) the DIC images (Fig. 3a, e, i,
m) show the cells from frozen, unfixed, brain slices to be
intact, and for tissue preservation to be comparable to that
found in slices following alternative histological fixation
and staining methods (see Boyan et al. 2011); (b) the intra-
cellular electrode was still in place at the completion of each
experiment (Fig. 3d, h, l, p), which precluded an uncon-
trolled injection of dye into neighboring cells; and (c)
stained cells could be several somal diameters distant from
the injected cell and separated from it by unstained cells.
These data suggest firstly that dye transfer via intersomal
contact is not the only means of coupling and secondly
argue against staining being due to a leaking of injected
dye. To control for such a general extracellular “wash over”
effect, dye was injected into the extracellular space immedi-
ately surrounding a small cluster of glia cells. The dye was not
taken up by any cell of the cluster or by any neighboring cells
(see Fig. 10 in the supplementary materials). Additionally,

when a proven gap-junctional blocker was added to the bath-
ing medium, the dye did not leak from the injected cell and no
other cells were stained (see below).

The pattern of dye coupling we observed at the equiva-
lent site in repeated experiments appears sufficiently con-
sistent and sufficiently different from that seen at other sites
(except for sites 2 and 3, which are very similar), as to
suggest that distinct subpopulations of glia are involved
(Fig. 4a). Dye-coupled glia at sites 2 and 3 appear more
compactly organized than at sites 1 and 4 where extended
arrays are present. This may relate to the anatomical features
existing at each site (Fig. 2d). Site 1 lies ventral to the CB
and extends into the PI, which is an expansive cortical
region; sites 2 and 3 are sandwiched between the CB and
the neighboring protocerebral neuropil; and site 4 lies dorsal
to the CB and cells can extend laterally to either side but are
bounded further dorsally by commissural fibres, by the
ellipsoid body (EB), and more posteriorly by the noduli.

Fig. 3 Dye coupling between putative glia following intracellular
injection of Alexa® Fluor 568 into single cells at four sites (labeled
1–4) surrounding the central body (CB) in brain slices at 100 % of
embryogenesis. Glass capillary remained in place for the duration of
the experiment. Photomicrographs were made on initial penetration of
the cell (DIC: a, e, i,m), on commencement of dye injection (0 min., b,
f, j, n), at +3 min (c, g, k, o) and again at the completion of the
experiment (+10 min, d, h, l, p). Dye injection was continuous over
this period. A cluster of dye-coupled cells with a configuration stereo-
typic for each site appears during the course of dye injection. Neuro-
pilar regions are outlined (dashed white), and labeling in the DIC

panels (a, e, i,m) also applies to the other images from each respective
site. Fluorescence images are non-confocal photomicrographs. Simul-
taneous background illumination via transmitted light is used to reveal
non-dye-coupled cells at each site, which leads to the slight color
differences between image sets. Fluorescence images were taken using
UV filter settings, which decreases the background but renders the
Alexa® 568 fluorochrome orange. EB ellipsoid body, N nodule, PC
protocerebrum, PI pars intercerebralis. Arrow in i indicates ventral
according to the neuraxis, the scale bar represents 73 μm throughout
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Coupled cell numbers at each site also differ (Table 1).
Comparisons of dye-coupled cell numbers from 20 experi-
ments reveal that a mean of 19 cells (range, 18–20; n03)
were coupled at site 1; a mean of 7 cells (range, 4–10, n08)
were coupled at site 2; a mean of 9 cells (range 7–10, n05)
were coupled at site 3; and a mean of 17 cells (range, 14–18,
n04) were coupled at site 4. The sample sizes are too small
to allow statistically meaningful conclusions to be drawn,
but these data support the visual impression of a regulated
flow of dye from cell to cell so that the coupling pattern is
stereotypic for each recording site.

A further factor to consider relates to the extent to which
fields of coupled cells might overlap and what this might

mean for information processing in the glial cellular net-
work. In the experiments reported above, a single glia cell at
one of four sites was injected with dye (Figs. 2d and 3). A
montage of the dye-coupled cells stained at a series of sites
surrounding the CB (Fig. 4b) suggests that additional dye-
injection experiments conducted at intercalated sites would
result in the populations of dye-coupled glia completely
enveloping the CB. However, we cannot say if this popula-
tion represents a single functional entity.

The 2D views of dye-coupled cells presented thus far do not
allow an estimate to be made of what proportion of the total
population of cells at a given site are dye-coupled. This issue
was addressed by performing injections at a given site in two
successive brain slices of the same preparation, providing an
overall sample depth of 32 μm and then recording the total
number of dye-coupled cells found. The representative sites
chosen were sites 2 and 4 (see Fig. 2d). The results were then
compared with confocal data generated from brain slices of
approximate equal thickness (50 μm) and at the equivalent
anatomical depth in the brain, followingDAPI staining and 3D
reconstruction, which allowed all cells present at each site to be
visualized (Fig. 5). The number of dye-coupled cells recorded
over the two successive brain slices was 14 cells at site 2 and
23 cells at site 4. The data collated from five preparations
following DAPI staining show the mean number of cells at
site 2 was 16.0 cells (SD±2.55), and at site 4 was 23.2 cells
(SD±8.44). The figures for the two sets of results cannot be
conclusive but at least suggest that the majority of cells present
at each site is likely to be dye-coupled. If so, then the CB is
effectively enveloped by a 3D network of dye-coupled cells.

Pattern of dye coupling at 70 % (during embryogenesis)

Our interest then turned to the question of when the pattern
of dye coupling described above is established—just prior to
hatching, or earlier during embryogenesis. We therefore
repeated the experiments at the 70 % stage of embryogen-
esis, an age at which the central complex neuroarchitecture
is emerging and glia are assuming the locations around this
developing neuropil, which they will maintain into postem-
bryonic development (cf. Fig. 1 and see Fig. 9).

Dye injection experiments were performed in 16 prepara-
tions and at the equivalent sites around the central body to
those at 100 % (Fig. 6). Target cells in these brain slices had
the same histological appearance as those at 100% (cf. Fig. 3).
After 5 min of continuous dye injection into a single cell, a
population of dye-coupled cells appeared in 11 of these prep-
arations (Fig. 6, Table 1). The pattern of dye coupling was
stereotypic for a given site and almost identical to that found at
100 % (c.f. Figs. 3 and 4). Although the sample sizes are
small, the cell numbers present in each dye-coupled cluster
also appear similar to those at 100 % (Table 1). The success
rate for dye coupling (69 %) was considerably less than that at

Fig. 4 Pattern of dye-coupled cells surrounding the CB at 100 % of
embryogenesis as revealed by intracellular injection of Alexa® Fluor
568 into a single cell at each of the four sites (sites 1–4) tested. a Black
dots represent stained cells (not to scale), and patterns were derived
from overlays of fluorescence photomicrographs such as in Fig. 3
above. Cell clusters in each column represent the results of three repeat
experiments at site 1, five repeat experiments at each of sites 2 and 3,
and four repeat experiments at site 4. Differences in alignment between
experiments at a given site reflect slight differences in the orientation
and section plane of the original brain slice. b. Drawing of the midbrain
region (semi-schematic) from an actual horizontal brain slice super-
imposed with representative clusters of dye-coupled cells from injec-
tion experiments at sites 1–4 as collated from different preparations.
Arrow indicates ventral according to the neuraxis

Table 1 Comparison of the mean number of stained cells resulting
from dye coupling following intracellular dye injection into an indi-
vidual glia cell at each of four sites (1–4, see Fig. 4) around the central
body at 70 and 100 % of embryogenesis

Age Site

1 2 3 4

70 % 22 (20–25) 7 (6–8) 11 (0) 12 (11–12)

n03 n04 n02 n02

100 % 19 (18–20) 7 (4–10) 9 (7–10) 17 (14–18)

n03 n08 n05 n04

Range of values (in brackets) and number of observations (n) are given
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100 % of embryogenesis (81 %), perhaps associated with the
fact that 70 % of embryogenesis represents a developmental
watershed at which central complex glia are first generating
their gliopodia (cf. Fig. 9a, b). We therefore interpret the data
as indicating that our sample included, on the one hand,
preparations that were developmentally slightly more ad-
vanced, and so contained cells with more extensive gliopodial
contacts, thus mediating the dye-coupling successes; on the
other hand, preparations that were slightly less developmen-
tally advanced and containing cells with few or no gliopodal
contacts, thus leading to the failures.

Since glia only arrive at their locations around the central
body at approximately 70 % of embryogenesis (c.f. Fig. 1),
our data suggest that they are linked into a dye-coupled
network or soon after this time. When we performed further
dye injection experiments in preparations at 50 % of em-
bryogenesis, we again found occasional groups of dye-
coupled glia in the midbrain, but since the central complex
is not formed at this stage, and we are unable to individually
identify those cells that ultimately translocate to central
complex modules, we did not pursue the analysis further.

Coupled cells are glia

Confirmation that dye-coupled cells are indeed glia was via
immunolabeling subsequent to intracellular injection at both
70 % (Fig. 7a–c) and 100 % of embryogenesis (Fig. 7d–f). At

70 %, confocal analysis reveals a dye-injected cell from site 3
coupled to its neighbors (Fig. 7a). Immunolabeling reveals a
cluster of GS-positive cells to be present at this site (Fig. 7b),
and the combined images (Fig. 7c) show all injected cells to be
GS-positive, confirming they are astrocyte-like glia. On repe-
tition at 100 % of embryogenesis, three cells were separately
impaled at location 4 (for reference see Fig. 2d) between the
central body (CB) and noduli (N) (Fig. 7d) and injected with
dye. Each was found to dye-couple to a number of neighboring
cells (Fig. 7d). Immunolabeling with anti-GS revealed all the
dye-coupled cells to also be GS positive (Fig. 7e), and the
combined images (Fig. 7f) show a co-localization of Alexa®
568 and glutamine synthetase, confirming that both the injected
and dye-coupled cells have an astrocyte-like glial identity.

Gap junctional blocker

Our initial controls (see Fig. 10, supplementary materials)
showed that dye injected into extracellular space was not
taken up by surrounding cells, consistent with dye coupling

Fig. 5 Dye coupling incorporates most cells found at a given site
around the central body at 100 % of embryogenesis. Insets show
fluorescence photomicrographs from successive brain slices (red
dashed lines, combined thickness 32 μm) at each of two sites (sites 2
and 4) associated with the central body (CB) of a given preparation.
Injection of Alexa® Fluor 568 into a single cell (white star) revealed
dye-coupled cells present in each slice. Dye-coupled data are compared
(white arrows) with a confocal 3D view of a 50-μm brain slice taken at
the same depth in the midbrain as for the dye injections but following
DAPI staining to reveal the total cell population present at each site.
Border of the CB is outlined (dashed white) throughout. Data from
sites 2 and 4 are from different preparations. All images are in oblique
view to provide a depth profile. Note that the more anterior image
at location 4 forms part of the data set of Fig. 3. Scale bar represents
44 μm for photomicrographs with dye-injected cells, 29 μm for
confocal image

Fig. 6 Dye coupling between putative glia following intracellular
injection of Alexa® Fluor 568 into single cells at four sites (labeled
1–4) surrounding the central body (CB) in brain slices at 70 % of
embryogenesis. Injection sites, experimental conditions, and image
acquisition are the same as described for the 100 % stage (cf. Fig. 3
above). Photomicrographs were made on initial penetration of the cell
(DIC: a, c, e, g) and again at the completion of the experiment
(+5 min., b, d, f, g). The cluster of dye-coupled cells has a configura-
tion that is stereotypic for each site and almost identical to that reported
at the 100 % stage (cf. Figs. 3 and 4). Neuropilar regions are outlined
(dashed white). Fluorescence images are non-confocal photomicro-
graphs. PC protocerebrum, PI pars intercerebralis. Arrow in f indicates
ventral according to the neuraxis and the scale bar represents 60 μm
throughout
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being mediated in a regulated way. The manner of dye transfer
in our brain slices was revealed by applying the proven gap
junctional blocker n-heptanol to the bathing saline (Fig. 8).
Intracellular penetration of cells in repeated preparations—
associated either with the noduli (Fig. 8a–c) or the central
body (Fig. 8d–f)—followed by dye injection, revealed that
even after 9 min of constant injection, the dye did not leak
from the injected cell nor did the dye spread to any neighbor-
ing cells in the presence of n-heptanol. To control for the
possibility of a failed dye-coupling experiment, cells at other
locations in each brain slice were then impaled, but again, no
dye coupling was observed. The data are consistent with dye
coupling between the glia surrounding the CB being mediated
via gap junctional communication, so that the dye-coupled
cells belong to a cellular network.

Development of glial projections (gliopodia)

The injection experiments described above revealed that not all
the somata of dye-coupled cells are in direct physical contact
with one another (see Fig. 3). This suggests that dye coupling

might also take place elsewhere such as through glial projec-
tions (gliopodia). That the astrocyte-like glia associated with
the central complex later in embryogenesis do generate exten-
sive projections, including into neuropils, can be demonstrated
immunohistochemically (Fig. 9, inset i). That such gliopodia
also contact one another, and that these contacts maybe in-
volved in dye coupling, is evidenced by the network of pro-
jections linking coupled cells in the vicinity of the central body
neuropil following intracellular injection of either Alexa®
fluorochrome (Fig. 9, inset ii) or cobaltous chloride (Fig. 9
inset, iii) into a single cell soma at 100 % of embryogenesis.

When such projections arise during development was then
established via immunolabeling at 70 % (Fig. 9a), 80 %
(Fig. 9b), and 100 % (Fig. 9c) of embryogenesis and also at
the first postembryonic instar (Fig. 9d). Reconstructions from
confocal images show that at 70 % of embryogenesis (Fig. 9a),
the majority of GS-positive/HRP-negative astrocyte-like glia
located around the CB has yet to generate gliopodia. At 80 %
of embryogenesis (Fig. 9b), most of the cells have sprouted
processes, and these may infiltrate the CB itself or extend
around it. By 100 % of embryogenesis (Fig. 9c), all the GS-
positive/HRP-negative glia have generated gliopodia to a
greater or lesser extent. This projection pattern is then main-
tained into postembryonic development (Fig. 9d).

Discussion

Glia of the invertebrate nervous system are involved in the
formation of a blood–brain barrier (Schofield et al. 1984;

Fig. 7 Dye-coupled cells are astrocyte-like glia. Confocal images of
brain slices at 70 % (a–c) and 100 % (d–f) of embryogenesis on injection
of Alexa® Fluor 568 into single cells (red channels) and subsequent
immunolabeling with anti-GS (green channels). a At 70 %, dye injection
into a single cell (white arrowhead) at site 3 (c.f. Fig. 3) reveals a small
cluster of dye-coupled cells (open/white arrowhead). b Immunolabeling
(green channel only) reveals the cluster at site 3 to contain GS-positive
astrocyte-like glia. White arrowhead points to dye-injected cell, open/
white arrowhead to dye-coupled cells, from a. c Confocal image of the
same brain slice as in a, b viewed with combined red/green channels
shows the injected cell (white arrowhead) and the dye-coupled cells
(open/white arrowhead) to also be GS-positive (yellow) and therefore
astrocyte-like glia. dAt 100%, Alexa® Fluor 568 was injected into single
cells (white arrowheads) at three locations within site 3 (red channel
only). Dye-coupled cells (open/white arrowheads) are associated with the
injected cells. e Immunolabeling (green channel only) reveals GS-
positive astrocyte-like glia (e.g., open/white arrowheads) within the
cluster at site 3. White arrowheads point to dye-injected cells from d. f
Confocal image of the same brain slice as in d, e now viewed with
combined red/green channels shows the injected cells (white arrow-
heads) and the dye-coupled cells (open/white arrowheads) to also be
GS-positive (yellow) and therefore astrocyte-like glia. Scale bar in a
represents 54 μm in a–c, 21 μm in d–f

Fig. 8 n-Heptanol blocks dye coupling between glia associated with
the central complex. Photomicrographs from two brain slices (a–c, d–
f) at 100 % of embryogenesis following intracellular injection of
Alexa® Fluor 568 into single glia from different sites with respect to
central complex neuropils and in the presence of 1×10−5 M n-heptanol
in the bathing medium. Photomicrographs were made on initial pene-
tration of the cell (DIC: a, d), 3 min. after commencement of dye
injection (b, e), and at the completion of the experiment (+9 min., c, f).
The glass capillary remained in place throughout and dye injection was
continuous. Varying background illumination with transmitted light
accounts for color differences in the fluorescence images. No dye
coupling to other neighboring cells occurred in the presence of n-
heptanol. Arrow indicates ventral according to the neuraxis, and the
scale bar represents 65 μm throughout
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Swales and Lane 1985; Carlson and Saint Marie 1990; Carlson
et al. 2000; Pereanu et al. 2005; Banerjee and Bhat 2007), in
phagocytic functions (Doherty et al. 2009), and in modulating
synaptic transmission, for example, via K+ and Ca2+ signaling
(Schmidt and Deitmar 1996; Edwards and Meinertzhagen
2010; Koussa et al. 2010). Glial/neuronal interactions are also
an integral component of insect nervous system development.
Glia are a source of secreted cues for neuronal navigation and
differentiation (see Silies and Klämbt 2011), they ensheath
axons (Noordermeer et al. 1998), play a role in the commis-
sural organization of the VNC (Tiemeyer and Goodman 1996;
Page 2004), and, as a consequence of their own migration, glia

can exert secondary effects on neuronal development (Bastiani
and Goodman 1986; Jacobs and Goodman 1989; Fredieu and
Mahowald 1989; Copenhaver 1993; Hidalgo and Booth 2000;
Sepp and Auld 2003; Klämbt 2009; Silies and Klämbt 2011).

Dye coupling and gap junctions

The central complex of the grasshopper is functional on
hatching, so that glia/glia and glia/neuronal interactions
must not only be established, but reach considerable matu-
rity, during embryogenesis (see Boyan and Reichert 2011).
Prior to the formation of the central complex in the grass-
hopper, glia are initially found in the PI and distributed
among the commissural fascicles of the grasshopper mid-
brain (Fig. 1a; Boyan et al. 2011). As the central complex
becomes established, these glia migrate to envelop the
emerging neuroarchitecture as previously reported for mid-
line brain neuropils in a range of species (Nordlander and
Edwards 1969; Vanhems 1985; Ito et al. 1994; Hähnlein and
Bicker 1996, 1997; Hartenstein et al. 1998; Pereanu et al.
2005; Boyan et al. 2011). Migration of glia in the central and
peripheral nervous system of insects has been shown to
depend on both neuron/glia and glia/glia interactions
(Rangarajaran et al. 1999; Silies et al. 2007; Klämbt 2009;
Silies and Klämbt 2011). Among the factors playing a role in
such glial interactions in the nervous systems of both insects
(Koussa et al. 2010) and vertebrates (Parys et al. 2010) is Ca2+

signaling via gap junctions, and one indicator of gap junction-
al communication is the presence of dye coupling as revealed
by fluorescent dyes (Hossain et al. 1995; Ball et al. 2007;
Lanosa et al. 2008; Koussa et al. 2010).

In vertebrates, glia are known to communicate via gap
junctions (Zahs and Newman 1997; Newman 2001; Rela et
al. 2010) resulting in cellular networks that may comprise
astrocytes alone (Theiss and Meller 2002; Houades et al.
2008; Tanaka et al. 2008), astrocytes and oligodendrocytes
(Parys et al. 2010), or astrocytes and neurons (Hatton 2002;
Schummers et al. 2008). In invertebrates, gap junctional com-
munication has been reported between neurons (Wilcox 1994;
Alexopolous et al. 2004; Dykes et al. 2004; Ducret et al. 2006)
and between glia (e.g. Swales and Lane 1985; Schmidt and
Deitmar 1996; Edwards and Meinertzhagen 2010) of several
species and the molecular basis of electrical coupling in iden-
tified neuronal systems such as the giant fiber system of
Drosophila examined (Phelan et al. 2008). The development
of gap junctional communication specifically between glia has
been investigated ultrastructurally in the ventral nerve cord of
the embryonic grasshopper (Swales and Lane 1985). Gap
junctions, tight junctions, and septate junctions have been
shown to assemble in glial cells during the latter half of
embryogenesis as a result of the lateral migration of so-
called intramembranous particles (Swales and Lane 1985).
The establishment of the resulting glial cellular network

Fig. 9 Dendritic projections from astrocyte-like glia associated with
the central body at four stages of development. Inset (i) is a confocal
image of GS-positive/HRP-negative astrocyte-like glia (white stars)
directing projections (white arrowheads) into central body (CB) and
protocerebral (PC) neuropilar regions (outlined dashed white) of the
midbrain at 100 % of embryogenesis. Inset (ii) is a confocal image of a
cluster of dye-coupled glia at the border of the CB (outlined dashed
white) following injection of Alexa® Fluor 568 into one of the cells
(white star) at 100 % of embryogenesis. Stained gliopodia (white
arrowheads) are evident, and cell somata are in contact (open/white
arrowhead). Inset (iii) is a photomicrograph of a brain slice after
intracellular injection of cobaltous chloride into a glia cell (white star)
and subsequent silver intensification of the tissue at 100 % of embryo-
genesis. Note the network of stained projections (white arrowheads)
linking coupled cells (white dots). Tissue preservation has unavoidably
suffered from the intensification process. a–d. Drawings of GS-
positive/HRP-negative astrocyte-like glia associated with the central
body (outlined dashed) from confocal images of brain slices at 70 % of
embryogenesis (a), 80 % of embryogenesis (b), 100 % of embryogen-
esis (c), and first postembryonic (P1) stage (d). Arrowheads in a point
to initial gliopodial extensions. Arrow points to ventral. Scale bar
represents 20 μm in inset i, 15 μm in insets ii and iii, 32 μm in a–d
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coincides temporally with the onset of mature electrical prop-
erties (Goodman et al. 1979; Goodman and Spitzer 1981) and
transmitter systems (Goodman et al. 1979; Goodman and
Spitzer 1980) in the lineages of neurons with which the glia
interact. Interestingly, electrical interactions in these same
lineages earlier in embryogenesis are also mediated by gap
junctional communication (Goodman et al. 1979; Goodman
and Spitzer 1981).

In the brain, dye coupling has been demonstrated using
both intracellular and extracellular markers in embryonic
lineages generating the central complex: in wholemount,
unfixed, embryonic brains (Ludwig et al. 1999; Boyan et
al. 2008); fixed agarose-embedded brain slices (Boyan et al.
2011); and unfixed, frozen brain slices (Figs. 3 and 6).
Prevention of dye coupling can be induced in both frozen
and unfrozen brain tissues via n-heptanol (Fig. 8; Boyan et
al. 2011), an acknowledged gap junctional blocker (Burt and
Spray 1980; Weingart and Bukauskas 1998; Juszczak and
Swiergiel 2009; Chapman et al. 2010). Unlike the segmental
giant neuropil glial cells in the leech (Schmidt and Deitmar
1996), the glia associated with the central body in this study
are not individually identifiable, so that even if equivalent
cells were to be present in different preparations, we would
not have been able to recognize them. Consequently, we
almost certainly injected a different individual cell at a given
location in each experiment. Nevertheless, the pattern and
number of dye-coupled cells for each site tested was so
similar at 70 and 100 % of embryogenesis (Figs. 3 and 6),
and so different between sites, that coupling pattern could be
said to match central body location independently of age.
We can conclude from this that once migratory glia have
assumed a particular location around the central body, the
network of connections they establish soon after is then
maintained during subsequent development.

A comparison of dye coupling found across more than one
brain slice at a given site with 3D reconstructions of the total
cell population at that site suggests that most of the cells
present are likely to be dye-coupled (Fig. 5). Superimposing
the patterns of staining from all sites shows that the central
body neuropil would be completely enveloped by dye-
coupled glial cells (Fig. 4b), although whether they form a
unified network remains unclear. While our data are consistent
with the existence of gap junctional communication between
central complex glia, molecular or electron microscopical
confirmation will ultimately be required because as shown
for the fly visual system, not all gap junctions in electrically
coupled cells allow dye coupling (Wilcox 1994).

Gliopodia and dye coupling during development

The fact that glia associated with the central complex need
not be in direct somal contact for dye coupling to occur
(Fig. 3) suggests that if gap junctions are responsible, these

may be regionalized to both the soma and gliopodia. On
translocating into the region surrounding the developing cen-
tral body at around 60–70 % of embryogenesis (Fig. 1), our
study shows that very few Repo-positive/GS-positive (astro-
cyte-like) glia have generated gliopodia (Fig. 9a). These glia
must therefore migrate to their target as largely naked somata.
Consistent with this anatomical finding, our microelectrode
injection experiments at 70 % of development reveal a lower
success rate of dye coupling than later. By 80 % of embryo-
genesis, gliopodal extension has markedly increased (Fig. 9b).
Assuming that gap junctions are already in place and func-
tional in midbrain glia by 70 %, as is the case in glia of the
ventral nerve cord (Swales and Lane 1985), we speculate that
the successful cases of dye coupling at 70 % were from
preparations where sufficient gliopodia were already present
to mediate the effect.

At the end of embryogenesis, the gliopodia from astrocyte-
like glia ramify extensively throughout central complex neu-
ropils (Fig. 9c; Boyan et al. 2011). This pattern is then main-
tained into postembryonic stages (Fig. 9d). In the case of the
central body, gliopodia project onto its stereotypic columnar
fiber system (Williams 1975; Heinze and Homberg 2008; el
Jundi et al. 2010; Boyan and Reichert 2011; Boyan et al.
2011). Genetic ablation of embryonic glial cells is known to
cause neuronal loss and neural wiring defects in Drosophila
(Booth et al. 2000; Hidalgo and Booth 2000), and ablation
experiments in the antennal lobe of Manduca show that the
organization of glomeruli depends on interactions between
neurites and migrating glia (Oland and Tolbert 1987, 1989;
Oland et al. 1999). Furthermore, gliopodia generated by mid-
line glia have been shown to contact neurites and for misex-
pression of Rac1N17 in these glia to downregulate gliopodia
and so alter the position of midline neuropils in the ventral
nerve cord of Drosophila (Vasenkova et al. 2006). It is an
intriguing speculation that in the grasshopper, the cellular
network of embryonic glia associated with the central
complex may, as in Drosophila, function as a stereotactic
positioning system regulating the position and extent of neu-
ropils and, in this capacity, represent one element adapting
such embryonic neuronal networks for postembryonic life
(Stevenson and Kutsch 1986).
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