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Abstract

The central complex (CX) in the brain of insects is a highly conserved group of midline-
spanning neuropils consisting of the upper and lower division of the central body,
the protocerebral bridge, and the paired noduli. These neuropils are the substrate
for a number of behaviors, most prominently goal-oriented locomotion. Honeybees
have been a model organism for sky-compass orientation for more than 70 years, but
there is still very limited knowledge about the structure and function of their CX. To
advance and facilitate research on this brain area, we created a high-resolution three-
dimensional atlas of the honeybee’s CX and associated neuropils, including the poste-
rior optic tubercles, the bulbs, and the anterior optic tubercles. To this end, we devel-
oped a modified version of the iterative shape averaging technique, which allowed us to
achieve high volumetric accuracy of the neuropil models. For a finer definition of spatial
locations within the central body, we defined layers based on immunostaining against
the neuropeptides locustatachykinin, FMRFamide, gastrin/cholecystokinin, and allato-
statin and included them into the atlas by elastic registration. Our honeybee CX atlas

provides a platform for future neuroanatomical work.

KEYWORDS
average shape brain atlas, central complex, honeybee, navigation, neuropeptides, optic tubercle,
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In many insects including tropical sweat bees, electrophysiological

evidence has suggested that the CX is involved in sky-compass orien-

The central complex (CX) is a group of midline-spanning neuropils
in the center of the insect brain. It consists of the central body with
its upper division (CBU, fan-shaped body in some insect species), its
lower division (CBL, ellipsoid body in some insect species), the proto-
cerebral bridge (PB), and the paired noduli (NO). The CX houses the
internal compass of insects and is involved in goal-directed behaviors,

sleep regulation, and decision making (Pfeiffer & Homberg, 2014).

tation (locust: Heinze & Homberg, 2007, cricket: Sakura et al., 2008,
monarch butterfly: Heinze & Reppert, 2011, dung beetle: el Jundi
et al,, 2015, sweat bee: Stone et al., 2017, fruit fly: Hardcastle et al.,
2021). Further work in Drosophila shows that the internal compass in
the CX can also be driven by other visual stimuli, proprioceptive feed-
back, and wind information (Okubo et al., 2020; Seelig & Jayaraman,
2015).
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Visual information enters the CX via two parallel pathways from
the eye through the anterior optic tubercle. Neuronal signals related
to celestial cues are processed and relayed by the sky-compass path-
way, also called the anterior visual pathway (Hardcastle et al., 2021;
Held et al., 2016; Zeller et al., 2015). Polarized light information of the
sky is picked up by the dorsal rim area of the eye and is processed
in the optic lobes and relayed to the lower unit complex of the ante-
rior optic tubercles (AOTU-LUC, locust: Homberg et al., 2003; Pfeif-
fer et al., 2005, honeybee: Mota et al., 2011; Zeller et al., 2015, bum-
blebee: Pfeiffer & Kinoshita, 2012). In locusts, it has been shown that
this neuropil also processes unpolarized light information about solar
azimuth and the chromatic contrast of the sky (Kinoshita et al., 2007;
Pfeiffer & Homberg, 2007). From the AOTU-LUC, sky-compass infor-
mation is forwarded to the lateral and medial bulbs of the lateral com-
plex, which in turn provide input to the CBL (Held et al., 2016). Unpolar-
ized light information is passed through the upper unit of the anterior
optic tubercle to the lateral accessory lobe and likely enters the CBU
from there (Homberg et al., 2003).

Honeybees are well known for their exquisite orientation capabil-
ities as central place foragers and have long been a behavioral model
organism for learning and sky-compass orientation (von Frisch, 1965).
Yet, little is known about the neurobiology of the honeybee’s CX.
Some details are described in older neuroanatomical work (Jonescu,
1909; Kenyon, 1896; Mobbs, 1985) and two studies report responses
of honeybee CX neurons to visual, mechanical, and olfactory stimuli
(Homberg, 1985; Milde, 1988). A more recent study from our group
provides an anatomical description of neuronal cell types in the CX of
honeybees (Hensgen et al., 2020). Many of these neurons have also
been found in the highly similar CX of bumblebees (Sayre et al., 2021).
Here, we extend this base by providing a three-dimensional atlas of the
honeybee’s CX and associated neuropils, which includes distinct lay-
ers of the central body derived from neuropeptidergic immunostain-
ing. The insect CX is heavily innervated by peptidergic neurons (Galizia
& Kreissl, 2012; Kahsai & Winther, 2011; Kreissl et al., 2010; Nassel
& Homberg, 2006; Schiirmann & Erber, 1990; Strausfeld et al., 2000).
While there is only little known about the functions of neuropeptides
in the insect CX (Kahsai et al., 2010; Sareen et al., 2021), immunostain-
ings against peptides have been used for along time as a neuroanatom-
ical tool that help to understand the neuronal organization of the
brain.

Three-dimensional brain atlases are important tools in neu-
roanatomical research and are becoming available for increasing
numbers of insect species (for a review see: el Jundi & Heinze, 2020,
jewel wasp: Groothuis et al., 2019, bumblebee: Rother et al., 2021).
They allow coregistration of neurons or neuronal populations into a
common frame of reference and to make predictions about potential
overlap of branching areas (el Jundi et al., 2010). One of the first insect
brain atlases was the one of the honeybee (Brandt et al., 2005). This
atlas, however, had its focus rather on the mushroom bodies than the
CX, which is only represented as a single neuropil that includes CBU,
CBL, and the NO, but not the PB. Furthermore, due to limited hardware
power in 2005, the resolution of the honeybee standard brain atlas
had to be restricted to 3.8 x 3.8 x 8 um3_ To get the most out of a
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brain atlas, it is desirable to have a high spatial resolution and a clear
compartmentalization. Also, the compartments need to be easy to
reproduce experimentally by other researchers. We therefore created
a standard atlas with a voxel size of 0.76 x 0.76 x 1.5 um?® and layers of
the central body that are based on peptidergic immunostaining. These
stainings are easy to reproduce and can be combined with general
neuropil staining techniques as well as with tracing methods. This will
facilitate future neuroanatomical work on the honeybee’s CX.

2 | MATERIALS AND METHODS
2.1 | Animals

Honeybee colonies were maintained at the University of Marburg and
at the Ecological Station of the Federal University of Minas Gerais (Belo
Horizonte, Brazil). Honeybees were kept outdoors during the whole
year in Belo Horizonte and between April and October in Marburg.
Between October and April, hives in Marburg were moved to a green-
house, where they were kept under natural light conditions at a tem-
perature of 20—25°C and relative humidity between 60 and 80%. Bees
in the greenhouse could freely forage for ground pollen and honey
water (20-30% v/v) within a volume of 2 m x 2 m x 2 m. Foraging
worker bees were caught as they were leaving the hive, or at the feed-

ing site in the greenhouse.

2.2 | Osmium staining

Osmium staining was used to assess the general anatomy of the honey-
bee’s CX. This contrasting technique, which has been previously used in
honeybees (Mota et al., 2011), allows to visualize neuropils (appearing
dark), while at the same time, tracts are not, or only weakly stained and
appear in lighter shades of gray, thus allowing to assess both the struc-
ture of neuropils and tracts. Foragers were collected from a feeder
containing 30% (v/v) sugar solution, 50 meters from the hives. Each bee
was cold anesthetized in a small glass vial for two min and then decap-
itated. The head was fixed in a small bowl containing hard beeswax
and opened frontally with a fine scalpel blade. The brain was carefully
dissected out under phosphate-buffered saline (PBS) (1x, containing
in g/L: Na,HPOQy, 1.78; KH,PO4, 0.24; NaCl, 8.0; KCI, 0.2, pH 6.8) and
fixed for 12 h at 4°C in phosphate-buffered 4% formaldehyde solution
(pH 6.8; Sigma-Aldrich/Merck, Brazil; catalog No.: 100496). Brains
were rinsed four times in PBS 1 (10 min under agitation) and then
stained in 1% aqueous osmium tetroxide solution for 2 h at 4°C, and
one additional hour at room temperature. After this period, brains
were rinsed three times in water (1 h under agitation), dehydrated in
ascending concentrations of ethanol (35, 50, 70, 90, 95, and 100%;
10 min each), embedded in glycol methacrylate (Technovit® H7100;
Electron Microscopy Sciences, Hatfield, PA, USA) and polymerized
at 40°C. Brains were sectioned on a sliding microtome (Biocut 2030;
Leica ReichertJung, Germany) at 10 um thickness, mounted on glass

slides with Entellan (Merck, Darmstadt, Germany) and coverslipped.
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TABLE 1 Primary antibodies used in this study
Antibody Dilution Raised in Immunogen Reference Source RRID
Synapsin 1:50 Mouse SYN1 Klagges et al. Dr. E. Buchner/Dr.C. AB_2315425
(1996) Wegener (Wirzburg,
Germany)
Dip-Ast A 1:10,000 Rabbit APSGAQRLYGFGLamide Vitzthum et al. Dr. H. Agricola (Jena, AB_2313971
(1996) Germany)
FMRFamide # 671N 1:4000 Rabbit FMRFamide Marder et al. Dr. E. Marder (Brandeis AB_2314417
(1987) Univ., USA)
LomTK Il 1:10,000 Rabbit APLSGFYGVRamide Veenstra et al. Dr. H. Agricola (Jena, AB_2341129
(1995) Germany)
Gastrin/cholecystokinin 1:500 Rabbit CCK 1-26 Homberg et al. J. Polak (London, UK) NA
#1199 (1991)

2.3 | Antibody characterization

For immunolabeling, we used polyclonal antibodies against FMR-
Famide, allatostatin-A (AST), locustatachykinin Il (LomTK 1), gas-
trin/cholecystokinin, and a monoclonal antibody against the synaptic
vesicle protein synapsin (Table 1). All antisera were originally donated
to Dr. Uwe Homberg, who kindly shared them with us.

The FMRFamide antiserum (No. 671N; RRID: AB_2314417) was
donated by Dr. Eve Marder (Brandeis University, USA). It was raised
in rabbit against synthetic FMRFamide conjugated to thyroglobulin
(Marder et al., 1987). Specificity tests by radioimmunoassay showed
cross-reactivity of the antiserum with various N-terminally extended
RFamides (Marder et al., 1987).

The AST antiserum (RRID: AB_2313971) was a donation from Dr.
Hans Agricola (University of Jena, Germany). It was raised in rab-
bit against Diploptera punctata allatostatin | (APSGAQRLYGFGLamide)
coupled to bovine thyroglobuline using glutaraldehyde. Competi-
tive enzyme-linked immunosorbent assay (ELISA) showed that the
antiserum cross-reacts with other members of the A-type allato-
statin family that carry a C-terminal Y/FXFGLamide (Vitzthum et al.,
1996). Preadsorption with 10 pmol L~! Dip-allatostatin | abolished
all immunostaining in brain sections of Schistocerca gregaria (Vitzthum
etal., 1996). Preadsorption with 1 pmol L1 Dip-allatostatin | abolished
all immunostaining in whole mount brain preparations of Aedes aegypti
(Sijuetal., 2014).

The LomTK Il antiserum (K1-50820091; RRID: AB_2341129) was
donated by Dr. Hans Agricola. It was raised in rabbit against the full
LomTK Il peptide (APLSGFYGVR-NH,) (Veenstra et al., 1995). ELISA
with synthetic LomTK | and Il and callitachykinins | and Il as antigens
demonstrated specificity (Nassel et al., 1995). In S. gregaria, immunos-
taining was completely abolished by preadsorption of the antiserum
with 10 umol L1 synthetic LomTK II (Vitzthum & Homberg, 1998).

The antiserum against gastrin/cholecystokinin (CCK; # 1199) was
donated by Dr. Julia Polak (Imperial College of London). It was raised in
rabbit against CCK 1-26 (Davis et al., 1996). Its specificity was previ-
ously demonstrated by liquid-phase preadsorption experiments in var-
jous insects. Immunostaining was abolished by 200 nmol L= CCK8 in

Manduca sexta (Homberg et al., 1991), 10 umol L~ CCK8 in S. gregaria
(Wiirden & Homberg, 1995), 40 umol L~1 CCK 26-33 in Rhyparobia
maderae (Petrietal., 1995), and 1 umol L~1 gastrin/CCK in Apis mellifera
(Strausfeld et al., 2000).

The monoclonal antibody against the synaptic vesicle protein
synapsin (SYNORF1, RRID: AB_2315425) was donated by Drs. Erich
Buchner/Christian Wegener (University of Wirzburg, Germany).
It was raised in mouse against fusion proteins of glutathione-S-
transferase and Drosophila SYN1 protein (Klagges et al., 1996). The
specificity of the antibody has been characterized by Klagges et al.
(1996). This antibody has been previously used as a neuropil marker
in a variety of insect species, including honeybees (Brandt et al., 2005;
Held et al., 2016; Zeller et al., 2015).

2.4 | Gelatin sections

Before dissection, animals were chilled on ice for 15 min and waxed
to a custom-made perspex holder. Immediately after opening the
head capsule frontally, a drop of fixative was added. This was
either 4% paraformaldehyde (Merck, Darmstadt, Germany) for
gastrin/cholecystokinin or 4% formaldehyde made from a 37%
formaldehyde solution that contained 10% methanol for stabilization
(Rotipuran 37%; p.a. ACS, Roth, Karlsruhe, Germany) for all other
peptide antisera. Fixative solutions were buffered by 0.1 M PBS
(containing in g/L: Na,HPO,4-2 H,0, 14.02; NaH,PO4-H,0: 2.62; pH
7.4). Glands, trachea, and air sacs were removed to expose the brain,
which was then dissected from the head capsule. After removing the
outer neural sheath, the brain was fixated overnight at 4°C or for at
least 1 h at room temperature. After four 15 min rinses in sodium
phosphate buffer (containing: 200 ml PBS, 900 ml H,0, and 8.8 g NaCl;
pH 7.4), brains were embedded in albumin gelatin (12% ovalbumin,
4.8% gelatin in demineralized water) and fixated overnight at 4°C with
8% formaldehyde in 0.1 M PBS. The next day, brains were sectioned in
the frontal or sagittal plane at 40 um using a vibrating blade microtome
(VT1200 S; Leica Microsystems, Wetzlar, Germany). All following
steps including incubation with antisera were carried out at room
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temperature under agitation. Slices were rinsed for 4 x 15 min in saline
substituted Tris-buffer (SST, pH 7.4, containing in g/L: NaCl, 17.53;
Tris/HCI, 13.22; Tris base, 1.94) with 0.1% Triton-X 100 (TrX). To block
unspecific binding sites, sections were preincubated in 5% normal goat
serum (NGS; Jackson ImmunoResearch, West Grove, PA, USA,; catalog
No. 005-000-121, RRID: AB_2336990) in SST with 0.5% TrX. After
1 h, the blocking solution was removed, and the primary antibody
solution was added. It consisted of the primary antibody (see Table 1
for dilutions of primary antibodies), 1% NGS and 0.5% TrX in SST. After
rinsing 3 X 10 min in SST with 0.1% TrX, the secondary antibody solu-
tion was added. All secondary antibodies were obtained from Jackson
ImmunoResearch (Ely, UK) and applied at a dilution of 1:300 for 1 h
at room temperature. For detection of the synapsin antibody we used
goat anti-mouse 1gG conjugated to Cy5 (GAM-Cy5; catalog No. 115-
175-166,RRID: AB_2338714). Peptide antibodies raised in rabbit were
detected using goat anti-rabbit IgG conjugated to Cy2 or Cy3 (GAR-
Cy2; catalog No. 111-225-144; RRID: AB_2338021; GAR-Cy3; catalog
No. 111-165-144, RRID: AB_2338006). Following 3 x 10 min rinses in
SST with 0.1% TrX, slices were mounted on chrome alum (chromium(l11)
potassium sulfate)/gelatin-coated microscope slides and dehydrated
in an ascending ethanol series (30, 50, 70, 90, 95, 100, 100%; 3 min
each). After clearing in xylene (2 x 5 min), slices were embedded and

coverslipped using Entellan (Merck, Darmstadt, Germany).

2.5 | Double labeling of allatostatin and
FMRFamide in gelatin sections

For double labeling against allatostatin-A and FMRFamide using antis-
era both raised in rabbit, we prepared brain slices as described above.
All following steps were performed at room temperature under agita-
tion. After four 15 min rinses in PBS with 0.3% TrX, slices were preincu-
bated with 5% normal donkey serum (NDS; Jackson ImmunoResearch;
catalog No.017-000-001, RRID:AB_2337254) in SST with 0.5% TrX for
1h. Next, slices were incubated for at least 18 h with a solution contain-
ing the allatostatin-A antiserum (for dilutions of primary antibodies see
Table 1), 1% NDS, and 0.5% TrX in SST. Incubation was followed by rins-
ing 3 x 10 min in SST with 0.1% TrX. All following rinsing steps were
carried out in the same way. Next, the rabbit-specific binding sites of
the allatostatin antiserum were masked by monovalent, unconjugated
goat anti-rabbit Fab fragments (Jackson ImmunoResearch; catalog No.
111-007-003, RRID:AB_2337925) diluted 1:50 in SST and 0.5% TrX
for 2 h at room temperature. After another rinsing step, sections were
incubated with donkey anti-goat IgG conjugated to Cy3 at a dilution
of 1:300 (Jackson ImmunoResearch; catalog No. 705-165-003, RRID:
AB_2340411) at room temperature for 1 h. After the next washing
steps, sections were incubated with FMRFamide antiserum with 1%
NDS, and 0.5% TrX in SST for at least 18 h at room temperature. Fol-
lowing another rinse, slices were incubated with donkey anti rabbit IgG
conjugated to Cy2 IgG (1:300; Jackson ImmunoResearch; catalog No.
711-225-152, RRI-D:AB_2340607) for 1 h at room temperature. After
rinsing, slices were mounted, dehydrated, cleared, and embedded as

described above.

KT —— 2419
WILEY- 2

THE JOURNAL OF COMPARATIVE NEUROLOGY

2.6 | Wholemount preparations (peptide staining)

Preparation was identical to the procedures used for gelatin sections,
except for the fixative. To facilitate antibody penetration, we fixated in
10% methanol and 4% formaldehyde in 0.01 M PBS overnight at 4°C.
After four 15 min rinses in 0.01 M PBS at room temperature, brains
were preincubated overnight at 4°C in 5% NGS, 0.3% TrX in 0.01 M
PBS with 0.02% sodium azide. Next, the primary antibody solution
consisting of the primary antibodies (for dilutions of primary antibod-
ies see Table 1), 1% NGS, 0.3% TrX and 0.02% sodium azide in 0.01 M
PBS was applied for 6 days at 4°C. After rinsing 6 x 20 min in 0.01 M
PBS with 0.3% TrX at room temperature the secondary antibody
solution was applied for 3-4 days at 4°C. It contained the secondary
antibodies at a dilution of 1:300, 0.3% TrX, 0.02% sodium azide, and
1% NGS in 0.01 M PBS. This and all subsequent steps were conducted
in darkness if possible. After incubation, brains were rinsed 6 x 20 min
in 0.01 M PBS with 0.03% TrX and subjected to an ascending ethanol
series (25, 50, 70, 90 95, and 100%; 15 min each). After clearing in
a 1:1 mixture of 100% ethanol and methyl salicylate for 40 min and
in pure methyl salicylate for 40 min, brains were embedded in Per-
mount (Fisher Scientific, Hampton, NH, USA) between two coverslips
using eight hole reinforcement rings (Zweckform, Oberlaindern) as

spacers.

2.7 | Wholemount preparations (synapsin staining)

Synapsin staining was performed according to a modified version of
the protocol from Ott (2008) as described in Hensgen et al. (2020).
As for gelatin sections animals were cold anesthetized, waxed to a
holder and the head capsule was opened frontally. The brain was
covered in HEPES-buffered saline (HBS; 150 mM NaCl, 5 mM KCI,
5 mM CaCly, 25 mM sucrose, 10 mM HEPES (4-[2-hydroxyethyl]—1-
piperazineethanesulfonic acid)) and tissue around the brain was
removed. The brains were fixated in the opened head capsule for
1 h with zinc-formaldehyde (18.4 mM ZnCl,, 135 mM NaCl, 35 mM
sucrose, 1% formaldehyde; Ott, 2008), then the head was cut off and
fixation was continued for 20 h at room temperature. The brains were
dissected from the head capsule under HBS, rinsed 8 x 25 min in
HBS and 3 x 10 min in TRIS buffer (pH 7.4). After incubation for
85-90 min in 20% dimethyl sulfoxide (DMSQ)/80% methanol (Dent’s
fixative; Dent et al., 1989) brains were rinsed again 3 x 10 min in
TRIS buffer. Brains were preincubated overnight at 4°C in 5% NGS
in PBSTD (0.01 M PBS with 1% DMSO and 0.3% TrX). Next, brains
were incubated for 7-8 days at 4°C with the primary antibody solu-
tion containing the antibody against synapsin (see Table 1 for dilu-
tions of primary antibodies), 1% NGS, and 0.02% sodium azide in
0.01 M PBSTD. Following incubation, brains were rinsed 8 x 30 min
in PBSTD and subsequently incubated for 8 days at 4°C with the sec-
ondary antibody goat anti-mouse IgG conjugated to Cy5 (1:300) with
1% NGS and 0.02% sodium azide in 0.01 M PBSTD. After incuba-
tion, brains were rinsed 6 x 30 min in PBSTD and 2 x 30 min in PBS.

Brains were dehydrated, cleared, and embedded as described above
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except that the 1:1 mixture of 100% ethanol and methyl salicylate
was added for 15-20 min and pure methyl salicylate was added for
60 min.

2.8 | Image acquisition and processing

Specimens were scanned using a confocal laser scanning microscope
(Leica TCS SP5 or TCS SP8; Leica Microsystems) using either an oil
immersion objective (HCX PL APO 20x/0.70 Imm Corr Lbd. bl.), or a
63x glycerinimmersion objective (HCX PLAPO 63x/1.3 GLY CORRCS
21). Laser lines used for excitation of Cy2/Cy3/Cy5 were provided by
the SP5 through an argon laser (488 nm), a diode pumped solid state
laser (561 nm) and a helium/neon laser (633 nm), and for the SP8 by
diode pumped solid state lasers (488 nm/ 552 nm/638 nm). Multiple
chromophores in the same sample were always scanned sequentially.
Image stacks were acquired at a scanning frequency of 200 Hz with
an xy-resolution of 1024 x 1024 pixels at a z-step size of 1.5 pm (20x
objective) or 0.5 pm (63x Objective). The pinhole was always set to 1
Airy unit.

Confocal stacks were loaded into Amira (version 5.33 or 6.0; Thermo
Fisher Scientific Inc., Waltham, MA, USA) and further processed. Opti-
cal sections were visualized using the OrthoSlice module.

For 3D-reconstructions, wholemount preparations were scanned
with the 20x objective from anterior and posterior at a resolution of
0.75 pm x 0.75 pm x 1.5 um. The two image stacks were then com-
bined in Amira using the Merge module. Reconstructions of the 3D
structure of the CX were made using the segmentation editor. Out-
lines were drawn in selected sections of the three cardinal orthogo-
nal planes. Using the Wrap function this scaffold was then interpo-
lated to represent a 3D structure. Since the result of this operation
usually extends beyond the original neuropil borders, the 3D volume
was shrunk by 1 voxel and subsequently smoothed once. Images were
exported from Amira as TIFF files and further processed in Photoshop
(Adobe Systems, San Jose, USA; RRID:SCR_014199), Photoshop Light-
room (Adobe Systems; RRID:SCR_018012), and Corel Draw (Corel
Corporation, Ottawa, Canada; RRID:SCR_014235).

2.9 | Generation of standard average model
of the CX

Standardization of the CX, the bulbs, the posterior optic tubercles, and
the anterior optic tubercles was carried out on 10 confocal data stacks
of antisynapsin labeled wholemount preparations. To prepare the data
for the averaging procedure, all voxels in the synapsin stainings that
were lying more than 10 voxels outside the 3D-reconstructed areas
in the corresponding labelfields were replaced by black voxels using
the arithmetic module in Amira. This was necessary to facilitate the
registration. The gray values of the remaining voxels in each data set
were normalized to a range of 8 bits (256 gray values). The actual stan-
dardization was done by applying the iterative shape averaging (ISA)
protocol as described by Rohlfing and Maurer (2003) and adjusted by

Kurylas et al. (2008), using the computational morphometry toolkit
(CMTK, version 3.2.3, RRID:SCR_002234). Voxel counts of the 3D-
reconstructed neuropils allowed us to determine the specimen that
represented the median neuropil volume of the 10 data sets. This
specimen was chosen as the template for the averaging procedure. The
choice of the template strongly influences the volume of the averaged
data set but has only minor impact on its shape. In the first step of the
standardization procedure, the remaining nine data sets were affinely
registered onto the template, first using six degrees of freedom
(translation and rotation along/around the x, y, and z axes) and then
using nine degrees of freedom (additional scaling along the three axes).
Next, we calculated the average of each voxel across all 10 data sets
(including the template). The result of this operation served as the tem-
plate for an elastic registration using B-spline free-form deformation
model. In this process, a 3D grid is applied to the image stack and the
grid nodes are moved to best match the local features of the current
brain to the template brain. After applying these calculations to all 10
data stacks, their voxels were averaged, to yield the template for the
next elastic registration. This process was carried out seven times in
total, with a finer grid in each iteration. The registration parameters
from each registration step were stored for each individual data stack
and subsequently applied to the corresponding 3D-reconstructions
of the neuropils. For each step in the entire registration process, we
calculated a shape-based average of the 3D-reconstructions based
on signed Euclidean distance maps (Rohlfing & Maurer, 2007). Next,
the volume of each neuropil from the averaged 3D-reconstruction
was measured and its deviation from the median volume of the 10
original 3D-reconstructions was calculated. For each neuropil, we
then identified the registration step that had yielded the average with
the lowest volume deviation and used this for the assembly of the
shape-based average. For two neuropils, the posterior optic tubercles
and the PB (Figure 5), this strategy did not yield sufficiently faithful
results with regard to the shape because these brain areas had variable
parts, like the tips of the PB (Figure 4). This led to missing voxels in
the output like the left posterior optic tubercle, and the left tip of PB
(indicated by a white ellipse at bottom left of Figure 6). We therefore
repeated the shape-based averaging, this time excluding voxels that
were identified as local outliers. A voxel was regarded as an outlier if its
distance to the nearest voxel with the same label exceeded a threshold
computed from the set of distances over all data sets. Thresholds were

calculated as:

lower threshold = Q1 — 1.5 x (Q3 — Q1)
upper threshold = Q3 + 1.5 x (Q3 — Q1),

where Q1 and Q83 are the first and the third quartile of the distances of
all inputs.

Removal of voxels that met the criterion for local outliers yielded
more natural shapes for neuropils, that are elongated and variable in
shape (posterior optic tubercle, PB), but a more jagged surface for neu-
ropils that are less variable and more spherical in shape (central body
neuropils, upper division of anterior optic tubercle). This procedure led
to a more symmetric, and hence more representative shape of the PB,
which was therefore included into the final average.
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2.10 | Central body layers

Layers within the central body neuropils were reconstructed in
3D, based on immunolabeling against four different peptides using
Amira software. Borders of layers were defined either by a change
in presence or absence of immunolabeling, or by clear changes in
the structure of labeled neuronal processes. For better comparison
between the layers obtained from different immunostainings, the 3D
reconstructions obtained from the different immunostainings were
individually registered into the standard average CX. This was achieved
by first using the AffineRegistration module in Amira with nine degrees
of freedom (rotation, translation, scaling) and subsequently using the
warp function in CMTK to perform an elastic registration. To obtain a
3D model that contains all identified layers, we combined the model
of the stained FMRFamide layers with the model of the AST layers
using the Relabel module in Amira. Individual voxels of the anterior
AST-layer in the CBU (I+lla) that remained on the outside of the
FMRFamide layer of the CBU (lb) after this operation were manually
assigned to the FMRFamide layer.

2.11 | Statistical inference

Statistical calculations were computed in Matlab R2021b (The Math-
works, Inc., Natick, MA, USA). To test if the outermost slices of the CBL
differ in volume from the other slices, we used the Wilcoxon signed
rank test and tested the volumes of each of the two outer slices against
each of the inner slices. The significance level of 5% was accordingly

adjusted for 14 comparisons using Bonferroni correction.

2.12 | Axes and naming conventions

Body axis rather than neuraxis is used to provide positional information
when describing brain structures. Whenever possible, we followed the

naming conventions proposed by Ito et al. (2014).

3 | RESULTS
3.1 | General anatomy of the honeybee CX

The CX is situated in the center of the brain and consists of the upper
division of the central body (CBU, fan-shaped body in some species),
the lower division of the central body (CBL, ellipsoid body in some
species), the noduli (NO), and the protocerebral bridge (PB). In the
honeybee, the central body is laterally and anterior-ventrally flanked
by the pedunculi and the medial lobes (ML) of the mushroom body
(Figures 1(a)-1(c) and 1(a’)-1(c’)). The large CBU sits dorsally on the
smaller CBL. Its anterodorsal boundary is adjacent to the anterior
superior optic tract (ASOT; Figure 1(a); Ehmer & Gronenberg, 2002).
The NO are located posterior to the CBL (Figures 1(d), 1(e), 1(d’),
and 1(e’)) and are divided into an upper and a lower unit (NOU, NOL;
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Figures 1(e) and 1(e’)). The large PB is situated between the CBU and
the posterior surface of the brain, partly embedded in the cell body
rind (Figures 1(f) and 1(f’)). The medial bulb (MBU) and the lateral bulb
(LBU), which are not part of the CX but serve as an input station to
the CBL, are located laterally to the CBL, immediately posterior to the
vertical lobes of the mushroom body (Figures 1(c) and 1(c’)).

The CBL is subdivided into nine wedge-like slices that are clearly
separated from each other (Figures 1(a)-1(c) and 2(a) and 2(b)). Volume
reconstructions of the nine slices, based on antisynapsin labeling, were
made from 10 brains. These reconstructions showed that the outer-
most slices are considerably shorter in the anterior-posterior axis
than all other slices (Figure 2(b)). Consequently, the median volume of
each of the outermost slices (28.0 x 103 um?3) was significantly smaller
than the median volume of any of the inner slices (41.3 x 103 pm?,
p = .98 x 1073 for each of the 14 comparisons of outer against inner
columns, Wilcoxon signed rank test with Bonferroni correction, see
Materials and Methods).

3.2 | Posterior optic tubercle

The posterior optic tubercles (POTUs) are tightly associated with
the PB. They are located at the posterior end of the brain between
the lateral calyx of the mushroom body and the posterior optic com-
missure, embedded in the cell body rind (Figures 3(a) and 3(b)). The
honeybee POTU is an elongated structure of 80-100 pm length and
approximately 30 um width with a jagged appearance. Its distal end
is connected to the PB via a small fiber bundle. The proximal end is
tapered. The ventral side of the neuropil has a conspicuous groove
(Figure 3(a), arrowhead). Immunostaining with an antiserum against
locustatachykinin revealed a strongly stained fiber bundle that runs
through this groove to the retrocerebral complex via the Nervus
corporis cardiaci Il (Figure 3(c), arrowhead). Immunostaining with an
antiserum against AST revealed a staining pattern of large varicosities
within the POTU (Figures 3(d) and 3(e)). Furthermore, this antiserum
labeled a weakly stained, thin fiber connection between the POTUs of
both sides of the brain (Figures 3(d) and 3(e) arrowheads). Individual
fibers could not be resolved, but the small diameter of this connection

suggests that it is made up of a very small number of neurons.

3.3 | Volumetric measurements of the CX and
associated neuropils

Volumetric measurements are based on the 10 specimens that were
3D-reconstructed for the standard average (Figure 4 and Table 2).
The largest of the reconstructed CX neuropils was the CBU. It had
a median volume of 14.5 x 10° um3, contributing 62.7% to the total
CX neuropil volume (Figure 5(a)). Second and third largest were the
PB (4.0 x 10° um3, 17.9%) and the CBL (3.1 x 10° um?3, 13.6%).
The smallest CX neuropils were the two NO with a total volume of
1.3 x 10° um?, contributing 5.8% to the total CX volume (Figure 5(b)).
Of the associated neuropils, the AOTU-UU had the largest median

volume (11.9 x 10° pm3, both sides combined), which also made them
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FIGURE 1 Neuroanatomy of the honeybee’s central complex in frontal view. (a-f) Osmium contrasted 10 um sections reveal both neuropils
and fibers. (a’-f’) Corresponding optical sections from antisynapsin stained wholemount preparations allow for a better assessment of neuropil
structure. (a-c, a’-c’) Sections at different depths in the anterior-posterior axis show the central body upper division (CBU) and the central body
lower division (CBL). ASOT, anterior superior optic tract; CA, calyx of the mushroom body; ML, medial lobe of the mushroom body. (d, d’) Posterior
aspects of the CBU and anterior parts of the noduli (NO). (e, e’) The NO consists of an upper unit (NOU) and a lower unit (NOU). OCN, ocellar
neurons. (f, f’) Protocerebral bridge (PB). Scale bars = 100 um. Scale bars in (a) and (a’) also apply to (b-f) and (b’-f’), respectively
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FIGURE 2 Structure and volume of the slices of the lower division of the central body (CBL). (a, b) Surface model of the central body neuropils.
(a) Frontal view. The nine slices of the CBL are numbered. R right side of animal; L left side of animal. CBU Central body upper division. (b) Ventral
view reveals the shorter anterior-posterior extent of the lateral slices of the CBL. (c) Volumes of the nine individual slices from 10 animals. Upper
and lower bound of box signify the 75th and 25th percentile respectively. Horizontal line in box displays the median. Whiskers: 5th and 95th
percentile. Asterisks indicate significant differences (p = .98 x 1072 for each of the 14 comparisons of outer against inner columns, Wilcoxon
signed rank test with Bonferroni correction). Scale bar = 100 um

LomTK-ir

N-I1;

FIGURE 3 Posterior optic tubercle (POTU). (a) Direct volume rendering of antisynapsin staining. The POTU is attached to the protocerebral
bridge (PB) through a small fiber bundle. LCA, lateral calyx. Arrowhead points to a groove on the ventral side of the POTU. (b) Osmium-contrasted
10 pm-section shows that the POTU is dorsally and laterally embedded in the cell body rind and that it lies dorsally of the posterior optic
commissure (POC). (c) Locustatachykinin-immunoreactivity (LomTK-ir) reveals a fiber bundle that runs through a groove on the ventral side of the
POTU (arrowhead) and projects to the retrocerebral complex. (d, e) Allatostatin-A immunoreactivity (AST-ir) reveals varicosities within the POTU
and a thin connection between the POTUs on either side of the brain (arrowheads). EF, esophageal foramen. Scale bars = 50 uym

TABLE 2 Volumes of reconstructed neuropils

Neuropil Median volume (10° pm?3) IQR (10° pm?3) Q1 (10° pm?3) Q3(10° pm3) % of CX volume
CBU 14.46 1.05 13.96 15.01 62.7

CBL 3.13 0.40 2.86 3.26 13.6

PB 4.04 0.67 3.61 4.28 17.9

NO 1.30 0.11 1.27 1.38 5.8

AOTU-UU 11.88 1.28 11.43 12.71 NA

AOTU-LUC 1.35 0.26 1.19 1.46 NA

POTU 0.33 0.13 0.23 0.36 NA

MBU 0.36 0.13 0.32 0.45 NA

LBU 0.27 0.13 0.21 0.34 NA

All volumes of paired neuropils are reported as the combined volume of the right and left structure. IQR, interquartile range (Q3-Q1); Q1: 25th quantile; Q3:
75th quantile.
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FIGURE 4 Three-dimensional reconstructions of the 10 individual
specimens used in this study. Left column: anterior view, right column:
posterior view. AOTU-LUC, lower unit complex of the anterior optic
tubercles; AOTU-UU, upper units of the anterior optic tubercle; CBL,
lower division of central body; CBU, upper division of central body;
LBU, lateral bulb; MBU, medial bulb; NO, noduli; PB, protocerebral
bridge; POTU, posterior optic tubercle. Scale bar = 150 pym.
Interactive 3D-view of specimen #1: https://insectbraindb.org/app/
connectomics;experiment=222;handle=EIN-0000222.1

the second largest of all reconstructed neuropils. The other recon-
structed neuropils (Figure 5(b)) had volumes of 0.27 x 10> um?3 (LBU,
both sides combined), 0.36 x 10> pm3 (MBU, both sides combined),
0.33 x 10° pm3 (POTU, both sides combined), and 1.35 x 10° um?
(AOTU-LUC, both sides combined).

3.4 | Standard average

The standard average of the CX and associated neuropils was created
using a method based on ISA of antisynapsin staining. The registration
process started with an affine registration, followed by seven rounds of
elastic registrations with increasingly finer resolution. The results from
each iteration are shown in Figure 6. We averaged across 10 specimen
and included nine neuropils: CBU, CBL, PB, NO, MBU, LBU, the AOTUs
(upper unit and lower unit complex), and the POTUs. The AOTUs
were included because TuBu neurons that directly connect to tangen-
tial neurons of the CBL (TL neurons, R or ring neurons in Drosophila)
originate in this neuropil. The posterior optic tubercles were included
because they have not been described before in A. mellifera and they are
connected to the PB via tangential neurons (TB neurons, A7 neurons in
Drosophila) that are an important part of the compass network.

When comparing the volumes of neuropils in the shape-based
average after seven iterations of elastic registration to the median
volumes of the underlying data set, we noticed that the deviation
strongly depended on the absolute size of the respective neuropil. The
general trend was that neuropil volume increased at every iteration of
the procedure for all neuropils (Figures 6 and 7(a)). In the first regis-
tration steps, the number of overlapping voxels between the individual
reconstructed specimens was small. Shape-based averaging therefore
led to neuropil models that were a lot smaller than the population
median. This was especially obvious for small neuropils (Figures 6
and 7(a)). In subsequent iteration steps, larger neuropils reached the
population median volume after a few iterations, but smaller neuropils
took up to seven iterations. This was also true, when we excluded
voxels that were regarded as outliers (Figures 6 and 7(b); for definition
of outliers see Materials and Methods). The number of iterations needed
to obtain the volumes that had the smallest deviation from the median
volume of the underlying data set was well described by an exponential
decay function (Figure 7(c)). All neuropils with volumes larger than
3x 10° um3, except for the AOTU-UU, reached the best fitting volume
after three iterations of elastic registration. To obtain an average
3D-model that is representative of the data set both in shape and in
volume, we selected each neuropil from the iteration that resulted in
the smallest deviation from the median volume of the data set. This
resulted in an average deviation of each neuropil’s volume from the
median of the underlying data set of only 2.9% (interquartile range:
3.5%; Figure 8).

3.5 | Layers of the central body neuropils

To investigate layering of the central body neuropils, we used antibody
stainings against four different peptides: FMRFamide, allatostatin-A,

locustatachykinin, and gastrin/cholecystokinin.
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FIGURE 5 Volumes of central-complex compartments and associated neuropils of the 10 specimens that were used in the standard average.
Volumes of bilateral neuropils are given as the sum of both sides. (a) Large neuropils. CBU, upper division of central body; CBL, lower division of
central body; PB, protocerebral bridge; AOTU-UU, upper units of the anterior optic tubercle. (b) Small neuropils. NO, noduli; AOTU-LUC, lower
unit complex of the anterior optic tubercles; POTU, posterior optic tubercles; MBU, medial bulbs; LBU, lateral bulbs

3.6 | FMRFamide immunoreactivity

Inthe CBU the antiserum against FMRFamide labeled an anterior layer
ranging from the dorsal to the ventral edge and spanning roughly a
quarter of the anterior-posterior extent of the neuropil (Figure 9(a)).
Staining did not extend all the way to the anterior edge of the neu-
ropil and also spared the ventral edge anteriorly, thus revealing a
thin anterior/anterior-ventral layer of the CBU (Figure 9(a)). Poste-
rior aspects of the CBU were devoid of immunostaining. The stain-
ing had an unusual, conspicuous appearance of irregularly shaped
patches (Figures 9(b) and 9(c)). In the CBL, FMRFamide immunolabel-
ing revealed a weakly stained thin layer covering ventral aspects of the
neuropil (Figures 9(d) and 9(e)). No staining was observed in the PB or
the NO.

3.7 | Allatostatin

Immunoreactivity to the antiserum against D. punctata allatostatin
| (AST-ir) was abundant in the CX and allowed us to clearly delin-
eate three layers within the CBU and two layers within the CBL
(Figure 10(a)). In the CBU, we were able to distinguish between an
anterior and a posterior immunoreactive layer enclosing an unstained
layer. The staining in the anterior aspects of the CBU consisted of
large varicose structures forming a reticulated pattern (Figures 10(b)
and 10(c)). In posterior aspects of this layer, the staining was restricted
to the dorsal part of the CBU with varicosities that were smaller and
more evenly spaced (Figure 10(d)). The posterior layer was innervated
by large varicosities (Figure 10(e)). Staining in the CBL revealed a
dorsal AST-immunoreactive layer and a ventral AST-immunonegative

layer. The fine varicose staining in the CBL stems from tangential

neurons that enter the CBL ventrally (Figure 10(d)). The neurites of
these neurons run in the isthmus tract and send ramifications through
the spaces between the CBL layers into a dorsal layer of the CBL.
These neurons are most likely identical to TL5 neurons (Hensgen et al.,
2020). Staining in the NO was weak and restricted to their upper
part (Figure 10(e)). Strongly stained fibers between the NO and the
CBU (Figure 10(e)) and immunoreactivity in the PB (Figure 10(f))
suggest that the staining in the NO stems from CPU4 neurons (Hens-
gen et al, 2020, PFN neurons in Drosophila). The AST antiserum
also stained fibers that connect the PB to the AST-immunoreactive
processes in the POTU (arrowheads in Figure 10(f)) suggesting the
staining of TB neurons (A7 neurons in Drosophila). AST-ir was also
observed in the anterior lip region, which is associated with the
CX (Figures 10(g) and 10(g’)). To further differentiate the layering
revealed by AST-ir, we performed double immunostainings for AST
and FMRFamide. As expected from the different appearance of AST-ir
and FMRFamide-immunoreactivity (FMRFamide-ir) in the individual
stainings, no colabeling of the two peptides was detected. Rather, the
two staining patterns were complementary to each other, with the
patchy FMRFamide-ir embedded in the reticulated AST-ir pattern
(Figure 11). Thus, the FMRFamide-immunoreactive layer corresponds
to the reticulated part of the anterior AST-immunoreactive layer (with
the exception of the anteriormost and anterior/ventral parts of the
AST-ir that are not labeled by the FMRFamide antiserum).

3.8 | Locustatachykinin

Immunoreactivity to the antiserum against Locusta migratoria
tachykinin Il (LomTK-ir) in the CBU was similar to AST-ir show-

ing staining in an anterior and a posterior layer and no staining in

ASUBOIT SUOWIO)) dANEAI) d[qearidde ) Aq pauIoA0S aIe SOPIIE V() asn JO $a[nI 10j AIeIqI] AUIUQ AS[IAL UO (SUONIPUOD-PUB-SULIA)/WOD K[1M" ATeIqI[aur[uo//:sdny) SUONIpuoy) pue swia], ay) 39S “[$207/60/21] uo Areiqry auruQ LIM ‘SHAVD £q 6£€ST2U/Z001°01/10p/wod" K3[im* Kreiqauruoy/:sdiny woiy papeoumod ‘v ‘7207 ‘19869601



RESEARCH IN
2426 SYSTEMS NEUROSCIENCE
W l l E Y THE JOURNAL OF COMPARATIVE NEUROLOGY

KAISER ET AL.

local outliers rem.

y 4 ) AN

P LN

regular

elastic 1

elastic 2

elastic 3

<
O
=
7
i
O]

elastic 5

elastic 6

elastic 7

regular local outliers rem.

FIGURE 6 Shape-based averages after each iteration of the registration procedure. First row: result of affine registration. Other rows: results
of elastic registrations with successively finer grid spacing. Left columns: anterior view. Right columns, posterior view. Shape-based averaging was
either done using all voxels (regular) or after removing local outliers (local outliers rem.). For a mathematical definition of local outliers, see
Materials and Methods. White ellipse at bottom left model indicates missing tip of PB and missing POTU. AOTU-LUC, lower unit complex of the
anterior optic tubercles; AOTU-UU, upper units of the anterior optic tubercle; CBL, lower division of central body; CBU, upper division of central
body; LBU, lateral bulb; MBU, medial bulb; NO, noduli; PB, protocerebral bridge; POTU, posterior optic tubercle. Scale bar = 150 um

between (Figure 12(a)). In contrast to AST-ir, the anteriormost and
anterior-ventral parts of the CBU remained without staining, similar to
FMRFamide-ir. The strongly stained anterior LomTK-immunoreactive
layer had a reticulated appearance in its anterior aspects (Figures 12(b)
and 12(c)) and evenly distributed varicosities in its more posterior
parts (Figures 12(d) and 12(e)) similar to the AST-ir. In contrast to
AST-ir, however, the size of the varicosities within this layer was
similar in the anterior and posterior part. The posterior layer showed
weaker staining with smaller varicosities (arrowheads in Figure 12(g)).
The CBL was densely filled with fine granular structures through-
out (Figures 12(b)-12(e) and 12(h)). While LomTK-ir did not reveal

any layering in the CBL, it clearly revealed the slices of the CBL
(Figures 12(c)-12(e)). The NO showed no LomTK-ir (Figure 12(f)).
Staining in the PB was weak and consisted of alternating areas with
higher and lower density of staining, possibly corresponding to slices

of this neuropil (Figure 12(g)).

3.9 | Gastrin/cholecystokinin

Gastrin/cholecystokinin immunoreactivity (GCCK-ir) was confined to

an anterior layer in the CBU. Similar to LomTK-ir and FMRFamide-ir,
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FIGURE 7 Relationship between median neuropil volume and change of 3D-model volume during the registration process. Open circles mark
data points that correspond to models used in the final standard atlas. (a) Deviation of the 3D-model volume from median volume of the underlying
data set is dependent on the number of iterations of elastic registration. (b) Same as (a), but voxels in individual 3D-models that met the criterion
for outliers (see Materials and Methods) were excluded from averaging over all 10 models. (c) Number of iterations of elastic registration needed to
obtain a 3D-model with a volume that had the smallest deviation from the median volume of the underlying data set, depends on neuropil volume.
This relationship was well fitted with an exponential decay function of the form Y = Yy + A x e*/4) with Y = offset, A = amplitude and d = decay
constant. Yo=32+0.3,A=44+0.8,d=9.5x 10° + 4.5 x 10°> pm3,R? = 0.896
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FIGURE 8 Average shape standard atlas of the honeybee central complex and associated neuropiles. (a-f) Averaged antisynapsin staining after
seven iterations of elastic registration. (a, b) Frontal optical slices at different depths (indicated as blue lines in (c)). (c-f) Direct volume rendering of
averaged antisynapsin grayscale data in lateral (c), frontal (d), posterior (e), and ventral (f) view. (g-i) Shape-based average of 3D-reconstructions in
frontal (g), posterior (h), and ventral (i) view. AOTU-LUC, lower unit complex of anterior optic tubercle; AOTU-UU, upper unit of anterior optic
tubercle; CBL, central body lower division; CBU, central body upper division; LBU, lateral bulb; MBU, medial bulb; NO, noduli; PB, protocerebral
bridge; POTU, posterior optic tubercle. Scale bars = 100 um. Scale bar in (a) also applies to (b), scale bar in (d) also applies to (e-i). Interactive
3D-view of average shape atlas, including layers shown in Figure 14:
https://insectbraindb.org/app/connectomics;experiment=227;handle=EIN-0000227.1
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FIGURE 9 Layersinthe central body revealed by FMRFamide-immunoreactivity. (a) 3D-model of FMRFamide layers in the central body. From
left to right: surface model in frontal view, frontolateral view of sagittally cut surface model, sagittal slices through 3D-model from medial to
lateral. Green: FMRFamide positive layers, magenta: FMRFamide negative layers. (b-d) Frontal confocal images of FMRFamide- and
synapsin-immunostained gelatin sections at different planes from anterior to posterior. (e) Sagittal confocal image of FMRFamide-immunostained
gelatin section. Arrowheads in (d) and (e) indicate weakly stained layer in the central body lower division (CBL). CBU, central body upper division;
ML, medial lobe of the mushroom body. Scale bars = 100 pm. Scale bar in (b) also applies to (c-e). Interactive 3D-view of model shown in (a):
https://insectbraindb.org/app/connectomics;experiment=235;handle=EIN-0000235.1

GCCK-ir was not found in the anteriormost and anterior/ventral
aspects of the CBU. In addition, a small anterior dorsal part remained
unstained as well (Figure 13(a)). Staining in the CBU was weak and
consisted of medium sized varicosities. The CBL was densely filled with
small, intensely stained varicosities (Figures 13(b)-13(e) and 13(h)).
Owing to a lack of staining between the slices of the CBL, the slices
became clearly visible in this staining (Figures 13(b)-13(e)). Like anti-
LomTK, labeling the PB was rather weak and revealed a stripe-pattern
of alternating staining densities. The clear visibility of slices in the PB
and the CBL indicates that the GCCK antiserum labels columnar neu-
rons in these neuropils. Staining of neurites between the CBL and the
PB (Figure 13(g) arrowheads) suggest that these neurons correspond
to CL1 neurons (Hensgen et al., 2020; EPG/PEG neurons in Drosophila).

3.10 | Inclusion of layers into CX-atlas

By comparing the layers identified in the four antipeptide immunos-
tainings (Figure 14(a)) we were able to define a total of five layers in the
CBU and three layers in the CBL (Figures 14(b) and 14(c)). In the CBU,
we defined an anterior layer consisting of two sublayers (CBU-la and
CBU-Ib), a medial layer consisting of two stacked sublayers (CBU-lla
and CBU-IIb) and a posterior layer (CBU-III). In the CBL a dorsal layer
(CBL-I) and a ventral layer consisting of two sublayers (CBL-l1la and
CBL-1lb) were defined. In the CBU, layer la was only stained by the AST
antiserum. Layer |b was stained by all four antisera and corresponds
to the patched or reticulated area. Layer lla was stained by all antisera
except the one raised against FMRFamide, while layer Ilb remained

unstained in all preparations. Layer Ill was stained by the antisera

against AST and LomTK. In the CBL, layer information could only be
extracted from the stainings for AST and FMRFamide, where layers |
and lIb were stained, respectively. Antisera against LomTK and GCCK

stained all CBL layers.

4 | DISCUSSION

We created a standard average 3D atlas of the honeybee CX and asso-
ciated neuropils using a new approach, based on ISA. We demonstrate
that in the iterative standardization process, the number of iterations
that yields the best match between the neuropil volumes in the final
standard and the data set is different for each neuropil. It depends
mostly on the absolute size of the neuropil and, to a lesser degree,
on its shape. By choosing each neuropil from the iteration that gives
the best matching volume, we obtained a standard average, that is
both faithful in shape and in volume. To obtain an even more detailed
reference model, we then registered 3D-models of central body layers,
obtained from immunostainings against four different peptides to that
reference and were able to identify five layers in the CBU and three
layers in the CBL.

4.1 | Standardization procedure

The ISA procedure was originally developed to create platforms that
allow registration of individual reconstructed neurons from differ-
ent individuals and was first applied to the honeybee brain (Brandt
et al,, 2005; Rohlfing et al., 2001). After an initial affine registration
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FIGURE 10 Layersinthe central body revealed by allatostatin-A (AST) immunoreactivity. (a) 3D-model of AST layers in the central body. From
left to right: surface model in frontal view, frontolateral view of sagittally cut surface model, sagittal slices through 3D-model from medial to
lateral. Green: ASTpositive layers, magenta: AST-immunonegative layers. (b-f) Frontal confocal images of AST- and synapsin-immunostained
gelatin sections at different planes from anterior to posterior. (f) Arrowheads indicate fibers from the PB running towards the POTU. (g, g’) Sagittal
confocal image of AST-immunostained gelatin section. ALI, anterior lip; CBL, central body lower division; CBU, central body upper division; ML,
medial lobe of the mushroom body; NOL, nodulus lower unit; NOU, nodulus upper unit. Scale bars = 100 um. Interactive 3D-view of model shown
in (a): https://insectbraindb.org/app/connectomics;experiment=234;handle=EIN-0000234.1
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FIGURE 11 Double immunostaining for allatostatin-A (red) and FMRFamide (cyan). (a, b) Frontal view at different depths. (c) Sagittal view.
CBL, central body lower division; CBU, central body upper division; ML, medial lobe of the mushroom body. Scale bar = 100 pm. Scale bar in (a) also
applies to (b and c)
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interindividual differences are removed through iterative elastic reg-
istration and averaging, and a smooth final average is obtained (Kury-
las et al., 2008). The ISA protocol is optimized to obtain the best spatial
representation of the neuropils in the model, but not for faithful rep-
resentation of the neuropil volume, for which the virtual insect brain
(VIB) protocol was developed (Jenett et al., 2006). For the locust stan-
dard brain, Kurylas et al. (2008) showed that the models created using
the ISA method have a better spatial representation of the neuropils
and their relative position than models created by the VIB method, but
are less accurate in volume. It also becomes clear from their data, that
the deviation between the volumes of the standard brain atlas and the
underlying data set using the ISA protocol is larger in the smaller neu-

ropils, which is consistent with observations presented in this paper.

Layers in the central body revealed by locustatachykinin-immunoreactivity. (a) 3D-model of locustatachykinin layers in the
central body. From left to right: surface model in frontal view, frontolateral view of sagittally cut surface model, sagittal slices through 3D-model
from medial to lateral. Green: tachykinin positive layers, magenta: locustatachykinin negative layers. (b-g) Frontal confocal images of tachykinin-
and synapsin-immunostained gelatin sections at different planes from anterior to posterior. (h) Sagittal optical section of confocal image from
locustatachykinin-immunostained wholemount preparation. CBL, central body lower division; CBU, central body upper division; NOL, nodulus
lower unit; NOU, nodulus upper unit; PB, protocerebral bridge. Scale bars = 100 um. Scale bar in (b) also applies to (c-h). Interactive 3D-view of
model shown in (a): https://insectbraindb.org/app/connectomics;experiment=237;handle=EIN-0000237.1

While the accurate spatial representation of neuropils is an important
feature of average shape atlases, it is also desirable that neuropil vol-
umes match the population median as closely as possible. This is impor-
tant for two reasons. First, the better the volumetric match to the pop-
ulation median, the smaller the average deformation that is needed
when registering individual data sets onto the standard. Second, a
proper volume representation of all neuropils in the atlas allows it to
be used for volumetric comparison with individual brains, for example,
in plasticity studies.

Our method achieves volume fidelity by assembly of the final stan-
dard atlas from the iterations in the ISA procedure that yield the
best volumetric representation of the neuropil, resulting in a median

deviation between the final standard atlas and the median of the

ASUADI' SUOWO)) dANEAI) d[qeordde oy Aq pauroA0S aIe sA[ONIE Y SN JO SA[NI 10§ AIRIQIT AUITUQ) KS[IA UO (SUOTIIPUOI-PUE-SULID)/WO0Y" KA[IM’ AIRIQI[AUT[UO//:sdN) SUONIPUOL) PUe SULIAL, A 99§ [$207/60/¢1] U0 Areiqry auruQ AIa ‘SAAVD £q 6££ST2Ud/Z001 0 1/10p/wod Ko Kreqraur[uoy/:sdny woiy papeoumod “#1 ‘20T ‘19869601



KAISER ET AL.

THE JOURNAL OF COMPARATIVE NEUROLOGY

KT —— 2431
WILEY- 2

FIGURE 13 Layersinthe central body revealed by gastrin/cholecystokinin-immunoreactivity. (a) 3D-model of gastrin/cholecystokinin layers
in the central body. From left to right: surface model in frontal view, frontolateral view of sagittally cut surface model, sagittal slices through
3D-model from medial to lateral. Green: gastrin/cholecystokininpositive layers, magenta: gastrin/cholecystokinin-immunonegative layers.

(b-g) Frontal confocal images of gastrin/cholecystokinin- and synapsin-immunostained gelatin sections at different planes from anterior to
posterior. (h) Sagittal confocal image of gastrin/cholecystokinin-immunostained gelatin section. Arrowheads indicate neurites of CL1 (EPG/PEG)
neurons. CBL, central body lower division; CBU, central body upper division; NOL, nodulus lower unit; NOU, nodulus upper unit; PB, protocerebral
bridge. All scale bars = 100 pm. Scale bar in (b) also applies to (c-e€). Interactive 3D-view of model shown in (a):
https://insectbraindb.org/app/connectomics;experiment=236;handle=EIN-0000236.1

underlying population of only 2.9%. For comparison we calculated the
median deviation between the neuropil volumes in the average shape
atlas and the mean volumes of the underlying data set for four other
species: the desert locust (16.0%; Kurylas et al., 2008), the madeira
cockroach (3.0%; Wei et al., 2010), the jewel wasp (9.1%; Groothuis
et al, 2019), and the bumblebee (14.6%; Rother et al., 2021). In all
cases, except for the cockroach the deviation was three to five times
higher than the value reported here. It is unclear, why the deviation
is small for the cockroach, despite the use of the standard procedure.
It is unlikely that larger sample size (n = 20) in comparison with the
jewel wasp and bumblebee is the reason, because locust standard brain

is also based on 20 specimens. It is not clear if the number of voxels

plays a role because total voxel number was not reported for the cock-
roach. However, between the locust and the bumblebee standard brain,
voxel numbers are higher for the locust, but volume deviation is higher.
Possibly the variation between the individual specimen was lower for
the cockroach than for the other species. While under unknown cir-
cumstances, it seems possible to achieve high volume fidelity using the
standard ISA method, our new approach offers a straightforward and
reliable method for significant improvement of the volume fidelity of
ISA-based standard atlases.

It should be noted, however, that our new procedure might not be
applicable to all data sets. In cases where two neuropils are in close

proximity to each other, using neuropil models from different iterations
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FIGURE 14 Summary of central body layers. (a) Summary of layers identified by antibody stainings. (b) Central body 3D-model comprising all
layers identified in this study. Left: oblique view of surface model sagittally sliced in the middle. Right: frontal view of surface model. Shades of blue:
CBU. Shades of orange and yellow: CBL. (c) Sagittal planes of 3D-model from medial to lateral. Scale bars = 100 pm. Interactive 3D-view of average
shape atlas, including layers and neuropils shown in Figure 8: https://insectbraindb.org/app/connectomics;experiment=227;handle=EIN-

0000227.1

for the assembly of the final standard might lead to overlapping vox-
els. This is especially likely, when the volume deviation of the neuropils
used is positive, that is, when they are larger than the corresponding
values of the population. In such cases, there would be two possible
compromises that could be made. (1) If the priority lies on shape fidelity,
one could use the neighboring neuropil from the iteration that deliv-
ers the second-best volume fit and results in no overlapping voxels. (2)
If volume fidelity is more important, the overlapping voxels could be
assigned to either of the two neuropils, if a good argument can be made

todoso.

4.2 | Posterior optic tubercle

The POTU has been identified in a variety of insect species, includ-
ing the desert locust (Wirden & Homberg, 1995), the cockroach R.

maderae (Stengl & Homberg, 1994), the jewel wasp Nasonia vitripennis
(Groothuis et al., 2019), and three lepidopteran species (Danaus plex-
ippus: Heinze & Reppert, 2012; Helicoverpa armigera: Tang et al., 2019;
Agrotis infusa: Adden et al., 2020), but seems to be lacking in Drosophila
(Wolff et al., 2015) and dung beetles (el Jundi et al., 2018). In honey-
bees, an anatomical description of the POTU was so far lacking, but
it has been previously shown that fibers, which show immunoreac-
tivity to pigment dispersing factor (PDF-ir) branch in and around this
neuropil (Beer et al., 2018). This suggests that circadian information
is combined with compass information at this stage, which might con-
tribute to the time compensation of the honeybee’s sky compass. A sim-
ilar connection has been shown in the desert locust, where the POTU
has been investigated in some detail (Homberg & Wiirden, 1997). An
ultrastructural study demonstrated that PDF-ir is found in fibers that
have output synapses in the POTU (Held et al., 2020), suggesting that

the POTU in locusts receives direct input from the accessory medulla.
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FIGURE 15 Comparison of relative volumes of the compartments of the central complex in different species. Horizontal lines indicate relative
volume in Apis (from this study). Shades of purple: Hymenoptera, shades of brown Polyneoptera, yellow: Coleoptera, orange: Lepidoptera, green:
Diptera. Data compiled from Wei et al. (2010) (R. maderae), Kurylas et al. (2008) (S. gregaria), Rother et al. (2021) (B. terrestris), Groothuis et al.
(2019) (N. vitripennis), Dreyer et al. (2010) (T. castaneum), Vries et al. (2017) (A. segetum), Adden et al. (2020) (A. infusa), el Jundi et al. (2009)

(M. sexta), Heinze et al. (2013) (D. plexippus), Rein et al. (2002) (D. melanogaster).

As in the honeybee, the locust POTU is therefore assumed to play a
role in time-compensation of the sky-compass. Intracellular recordings
demonstrated that tangential neurons of the PB with branches in the
POTU represent preferred directions of polarization in the slices of
the PB and additionally respond to an artificial sun stimulus (Heinze
& Homberg, 2007; Pegel et al., 2018; Pegel et al., 2019). It has further
been shown that the POTUs of both brain hemispheres are connected
through polarization-sensitive interneurons (pTuTU neurons; el Jundi
& Homberg, 2010). This connection has been speculated to stabilize
the polarotopic layout of the PB (Beetz et al., 2015). In the honeybee,
we found a similar bilateral connection that showed AST-ir (Figures 3(c)
and 3(d)) underlining a high degree of conservation of the CX network,
even between distantly related species.

4.3 | Comparison with volumetric data from other
species

To compare our volumetric data with that obtained in other insect
species, we compiled a list of relative volumes of the CBU, CBL, PB and
NO from eleven species across six insect orders, including the honey-
bee (Figure 15). Relative volume of the CBU ranges between 44% in
Rhyparobia maderae and 71% in Agrotis segetum. The honeybee ranges
approximately in the middle with 63% (neglecting the extreme value
of R. maderae). For the CBL of the holometabolous species, the range
was between 12% in Nasonia vitripennis and 21% in Manduca sexta
and Drosophila melanogaster. Along with the two other Hymenopteran

species, the bee ranges at the lower end of the spectrum (14%), while

the hemimetabolous species hold the extreme values (R. maderae: 31%,
Schistocerca gregaria: 10%). Relative volumes of the PB range between
10% (Agrotis infusa) and 22% (Tribolium castaneum). The relative volume
of the honeybee’s PB is at the upper end of the range (18%) and the
largest of the three Hymenopteran species. Relative volumes of the
noduli range between 2.2% (S. gregaria) and 5.9% (D. melanogaster).
The relative volume of the honeybee’s NO ranged at the upper end
(5.7%).

4.4 | Layers of the central body

We provide the first detailed 3D-analysis of layers in the honeybee CX.
While immunostaining for AST-A, FMRFamide, LomTK II, and GCCK
have been done in the honeybee brain before, the focus of these
reports was not on the CX or its layers (AST: Kreissl et al., 2010,
FMRFamide: Schiirmann & Erber, 1990; Strausfeld et al., 2000, GCCK:
Strausfeld et al., 2000, LomTK Il: Galizia & Kreissl, 2012). The lay-
ers defined in this work are based on the combination of results from
different immunostainings. Some of the individual layer boundaries
were identified across different immunostainings. This suggests that
the neuropil borders identified by these stainings are not merely a neu-
roanatomical feature but define functional units of the CX. Multiple
examples from Drosophila show that anatomically defined layers in the
CX are linked to specific functions (e.g. Hardcastle et al., 2021; Hu et al.,
2018; Liu et al., 2006; Weir & Dickinson, 2015; Xie et al., 2019). In
the honeybee, a lack of electrophysiological data precludes the attri-

bution of specific tasks so far. The identity of the layers defined here
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FIGURE 16 Summary of immunocytochemically identified neuronal cell types. Schematic drawing shows CL1 neurons, that were labeled by
LomTK and GCCK antisera and three types of neuron labeled by the AST antiserum (TB1, CPU4, and TL5). Abbreviations in brackets indicate

names of the corresponding neurons in Drosophila.

is also supported by other reports of immunostainings in the honey-
bee CX, where some of the layers presented here have been identified.
Most notably layer CBU-Ib can be readily identified due to its unusual
patchy staining pattern (Figures 9 and 11). Such a pattern has been
previously reported in Acetylcholinesterase staining (Kreiss| & Bicker,
1989), immunolabeling of dopamine (Schifer & Rehder, 1989), and
tyrosine hydroxylase (Timm et al., 2021). Tyrosine hydroxylase stain-
ing labels the three main layers of the CBU (I, I1, IlI), but does not allow
to distinguish the sublayers (a, b). In the CBL, tyrosine hydroxylase-
ir is mostly found in a dorsal layer probably corresponding to CBL-I
(Timm et al., 2021). A similar threefold layering of the CBL as reported
here seems to emerge from immunolabeling of the tyramine receptor
AmTAR1, which labels the CBL layers | and lIb (Timm et al., 2021).

45 | Comparison with layers defined by neuron
type and functional implications

One major function of the CX is to serve as an internal navigation sys-
tem by coding head direction, movement direction and producing out-
put commands necessary for goal directed motor responses (Lu et al.,
2022; Lyu et al., 2022; Pfeiffer & Homberg, 2014; Seelig & Jayara-
man, 2015). Immunohistochemistry allowed us to identify four types
of neuron of the CX circuitry based on characteristic ramifications
and branching patterns (summarized in Figure 16). LomTK and GCCK
stained CL1 neurons (EPG/PEG neurons Drosophila). The exact sub-
type could not be determined from the stainings. EPG neurons are a
core element of the ring-attractor network in in the CX and hold a
representation of current head direction of the animal with respect
to an external frame of reference (Seelig & Jayaraman, 2015; Stone
et al., 2017). In locusts, a subset of CL1 neurons has also been shown
to be immunoreactive to the locustatachykinin Il antiserum (Vitzthum
& Homberg, 1998). This is noteworthy, because the distribution of
LomTK-ir, like that of other neuropeptides is rather variable between
species (Vitzthum & Homberg, 1998). AST-ir allowed us to identify

three types of neuron in the CX: TB (A7 in Drosophila), CPU4 (PFN in
Drosphila) and TL5. Both TB and CPU4 neurons are an integral part of
the compass network. Inlocusts, TB neurons have been shown to hold a
representation of the animal’s head direction with respect to polarized
light (Heinze & Homberg, 2007). Newer work in Drosophila shows that
these neurons are essential to the compass-network, as all neurons
downstream of EPG neurons that carry a heading signal receive input
from A7 neurons (Hulse et al., 2021). One type, to which this applies are
CPU4 neurons (PFN in Drosophila). CPU4 neurons receive an optic flow
signal in the NO, a heading signal in the PB and project to the CBU. In
a computational model for path integration, these neurons have been
speculated to carry a memory signal for the home vector (Stone et al.,
2017). Work in Drosophila shows that subsets of these neurons play an
important role in transforming the heading signal from body-centric to
world-centric coordinates (Lu et al., 2022; Lyu et al., 2022). In bumble-
bees, it was shown that PFN neurons are the most abundant columnar
cell type in the CX with a total count of 854 (Sayre et al., 2021). As in
CL neurons, where isomorphic sets of neurons can be distinguished by
their peptide- or transmitter content, the AST antiserum labels only a
subset of these neurons. Kreissl et al. (2010) counted 70 AST-positive
cell bodies in the PI, which likely belong, at least in part, to the CPU4
neurons. The third neuronal cell type labeled by the AST antiserum
were TL5 neurons, which were identified by their conspicuous branch-
ing pattern (Hensgen et al., 2020).

In a previous study, targeting neuronal cell types in the honeybee
CX, we have identified some of the layers described here based on
staining of individual neurons or groups of neurons through electro-
poration (Hensgen et al., 2020). It should, however, be noted that this
does not necessarily mean that the neurons mentioned in the follow-
ing are stained by the antisera used to identify the respective lay-
ers. A layer that corresponds to layer CBU-I was identified based on
staining of pontine neurons (PoU). These neurons are intrinsic to the
CBU and connect two slices, one in each hemisphere and eight slices
apart. According to the nomenclature of Sayre et al. (2021) in bumble-

bees, these neurons would be called hA type 6. A subtype of pontine

ASUBOIT SUOWIO)) dANEAI) d[qearidde ) Aq pauIoA0S aIe SOPIIE V() asn JO $a[nI 10j AIeIqI] AUIUQ AS[IAL UO (SUONIPUOD-PUB-SULIA)/WOD K[1M" ATeIqI[aur[uo//:sdny) SUONIpuoy) pue swia], ay) 39S “[$207/60/21] uo Areiqry auruQ LIM ‘SHAVD £q 6£€ST2U/Z001°01/10p/wod" K3[im* Kreiqauruoy/:sdiny woiy papeoumod ‘v ‘7207 ‘19869601



KAISER ET AL.

KT —— 2435
WILEY- 2

neurons in Drosophila, called hAB has recently been shown to signal
the allocentric travelling direction, that is, the direction, in which the
body moves, irrespective of head direction (Lu et al., 2022; Lyu et al.,
2022). It is, however, not clear if these neurons are homolog to PoU
neurons in the honeybee. Columnar neurons of the CBU (CPU1 and
2) were restricted to posterior aspects of the CPU. While the branch-
ing areas of CPU1a type 2 neurons seem to be identical to CBU layer
I1l, those of the other CPU neuron types were not clearly consistent
with the layers described here, indicating that there might be fur-
ther subcompartments in the CBU. CPU1/2 neurons (PFL1, 2, and 3
in Drosophila) are regarded as the output stage of the compass system
(e.g., Heinze & Homberg, 2008; Hensgen et al., 2020), therefore layer
Il and possibly parts of layer lla are likely to be the areas where the
last processing steps before the premotor output take place. This idea
is further strengthened by ramifications of tangential TUVES2 neurons
in the same areas which have been proposed to receive input in the
superior intermediate protocerebrum (SIP) and send output to the lat-
eral complex. These neurons belong to the largest groups of neurons
described from the CBU of honeybees: tangential neurons or TU neu-
rons. Some ramification patterns of TU neurons clearly matched the
layers defined here (e.g., TUPI1: layers I/lla; TUVES2, TUSLP2: layer3).
Based on the light microscopic appearance of their branches, many of
the TU neurons receive input in the superior neuropils (superior lat-
eral, superior intermediate and superior medial protocerebrum, SLP,
SIP, SMP). In Drosophila, it has been recently shown through a connec-
tomics study, that mushroom body extrinsic neurons and TU neurons
have direct synaptic connections, suggesting that navigational infor-
mation might get modulated by experience-dependent inputs in the
CBU (Hulse et al., 2021; Li et al., 2020). In honeybees, mushroom body
extrinsic neurons have also been shown to have ramifications into the
superior neuropils (Rybak & Menzel, 1993). We therefore assume that
a similar direct connection between the mushroom bodies and the CX
also exists in honeybees. TU neurons were found in all layers of the
CBU, except for layer llb.

In the CBL, most identified neuronal cell types branched in layer I.
This includes three types of tangential neuron (TL1, TL3 and TLé, ER
or ring neurons in Drosophila) as well as two types of columnar neuron
(CL2, CL1, in Drosophila: P-EN, E-PG). While the three tangential
neuron types and the columnar CL2 neurons branch exclusively in
layer CBL-I, CL1 neurons branch in the entire CBL. TL2 neurons,
on the other hand, branch exclusively in layer II. In Drosophila, it has
been shown, that P-EN neurons and E-PG neurons are part of the
internal compass network that signals head direction with respect to
an external frame of reference (Green et al., 2017; Seelig & Jayaraman,
2015; Turner-Evans et al., 2017). While E-PG (CL1) neurons signal
current head direction through a single bump of activity within the
ellipsoid body (CBL, Seelig & Jayaraman, 2015), P-EN (CL2) neurons
are responsible for shifting this bump, when the animal turns. In addi-
tion to the head-direction signal, P-EN neurons signal rotation velocity
(Green et al,, 2017; Turner-Evans et al., 2017). We therefore suggest
that rotation velocity signals of the compass network are processed
in CBL-I in the honeybee, while the heading signal is processed in the
entire CBL.

THE JOURNAL OF COMPARATIVE NEUROLOGY

5 | CONCLUSION

Our study presents the first detailed three-dimensional atlas of the CX
and associated neuropils of a bee. We demonstrate that a new method
of constructing such an atlas yields a reliable volumetric represen-
tation of neuropils with volumes spanning roughly three orders of
magnitude. Inclusion of peptidergic layers will facilitate the use of this
atlas as a platform for neuroanatomical studies for other researchers.
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