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Abstract

Many predatory animals, such as the praying mantis, use vision for prey detection

and capture. Mantises are known in particular for their capability to estimate dis-

tances to prey by stereoscopic vision. While the initial visual processing centers

have been extensively documented, we lack knowledge on the architecture of cen-

tral brain regions, pivotal for sensorymotor transformation and higher brain functions.

To close this gap, we provide a three-dimensional (3D) reconstruction of the cen-

tral brain of the Asian mantis, Hierodula membranacea. The atlas facilitates in-depth

analysis of neuron ramification regions and aides in elucidating potential neuronal

pathways. We integrated seven 3D-reconstructed visual interneurons into the atlas.

In total, 42 distinct neuropils of the cerebrum were reconstructed based on synapsin-

immunolabeledwhole-mount brains. Backfills from the antenna andmaxillary palps, as

well as immunolabeling of γ-aminobutyric acid (GABA) and tyrosine hydroxylase (TH),

further substantiate the identification and boundaries of brain areas. The composition

and internal organization of the neuropils were compared to the anatomical organi-

zation of the brain of the fruit fly (Drosophila melanogaster) and the two available brain

atlases ofPolyneoptera—thedesert locust (Schistocerca gregaria) and theMadeira cock-
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roach (Rhyparobia maderae). This study paves theway for detailed analyses of neuronal

circuitry and promotes cross-species brain comparisons. We discuss differences in

brain organization between holometabolous and polyneopteran insects. Identification

of ramification sites of the visual neurons integrated into the atlas supports previous

claims about homologous structures in the optic lobes of flies andmantises.

KEYWORDS

3D reconstruction, brain atlas, Hierodula membranacea, insect brain, neuroanatomy, praying
mantis

1 INTRODUCTION

Insects show astonishing visual perception abilities employed for spa-

tial orientation (Heinze et al., 2018; Merlin et al., 2012; Warrant &

Dacke, 2011), object categorization (Avarguès-Weber et al., 2011;

Giurfa, 2021), and object tracking (Gonzalez-Bellido et al., 2016; Nord-

ström & O’Carroll, 2009; O’Carrol, 1993; Olberg, 2012), which often

rival those of vertebrates. Understanding the neuroarchitectures that

enable these abilities requires an in-depth analysis of brain areas

and neuronal networks. The insect brain comprises neurons with cell

bodies arranged in a peripheral cell body rind enclosing the neural

processes and synaptic contacts in cell-body-free neuropils that are

interconnectedbyaxonal fiber tracts (Ito et al., 2014; Strausfeld, 1976).

Certain brain areas like the central complex (CX) (Pfeiffer & Homberg,

2014), the antennal lobe (AL) (Schachtner et al., 2005), the optic lobe

(Strausfeld, 2005), and the mushroom body (MB) (Fahrbach, 2006)

are well-defined brain areas in the insect brain. These neuropils have

been described inmany insect species and are extensively studied, due

to their pivotal roles in sensory–motor transformation, learning and

memory (Kinoshita &Homberg, 2017; Strausfeld, 2012).

For a faithful comparison ofmorphological data fromdifferent spec-

imens, standardized digital 3D brain atlases have been created by

averaging the morphologies of 10 or more individual brains (el Jundi

& Heinze, 2020; Rybak et al., 2010). Such atlases exist for the honey-

bee (Brandt et al., 2005), the fruit fly (Chiang et al., 2011), the desert

locust (Kurylas et al., 2008), the Madeira cockroach (Wei et al., 2010),

and the tobacco budworm (Kvello et al., 2009). These standard brains

were largely designed to register the morphologies of individual neu-

rons from different experiments into a common platform, but usually

suffer from inclusion of only a small number of well-delineated brain

areas such as the ALs, MBs, and CX. To overcome this problem, more

detailed standard atlases were created for selected brain areas such

as the CX and associated areas (el Jundi et al., 2010; Heinze et al.,

2013; Kaiser et al., 2022). Many areas in the brain, however, are exten-

sively interconnected and, thus,more difficult to identify and subdivide

into distinct neuropils than the glia-ensheathed MBs or ALs. By clear

definitions of boundaries, Ito et al. (2014) provided a detailed and com-

prehensive atlas of all brain areas in the fruit fly, which served as a

template for comparative detailed subdivisions of the cerebrum across

insects. Based on the criteria defined by Ito et al. (2014), fully seg-

mented 3D digital brain atlases have been established for the ants

Cardiocondyla obscurior (Bressan et al., 2015) and Cataglyphis nodus

(Habenstein et al., 2020), the locust Schistocerca gregaria (von Hadeln

et al., 2018), the monarch butterfly Danaus plexippus (Heinze & Rep-

pert, 2012), the Bogong moth Agrotis infusa (Adden et al., 2020), the

cockroach Rhyparobia maderae (Althaus et al., 2022), the honey bee

Apismellifera (Habenstein et al., 2023), and the dung beetles Scarabaeus

lamarcki and Scarabaeus satyrus (Immonen et al., 2017). In contrast to

the average standard brains, these detailed atlases are based on an

individual immunolabeled brain that was reconstructed in detail.

This study provides a detailed 3D atlas of the brain of a third poly-

neopteran insect (Wipfler et al., 2019), the praying mantis (Hierodula

membranacea). Being a predatory insect, it occupies an ecological niche

that is different from that of the locust and cockroach. Behavioral stud-

ies inprayingmantises examinedprey recognition, distanceperception,

prey capture, mating behavior, and defensive behavior (Hurd, 1999;

Kral & Prete, 1999; Nityananda, Bissianna, et al., 2016; Nityananda,

Joubier, et al., 2019; Nityananda, O’Keeffe, et al., 2019; Poteser & Kral,

1995). Mantises are ambush predators that rely strongly on vision for

hunting and spatial orientation. They are the only insect group known

to use stereopsis for distance perception (Nityananda, Tarawneh, et al.,

2016; Read, 2023; Rossel, 1983). Their compound eyes provide a

nearly full panoramic view and exhibit binocular overlap in the frontal

visual field (Rossel, 1979). Recent studies have examined the anatomi-

cal basis of visual performance in mantises in more detail. Their optic

lobe comprises a larger volume than the central brain (Rosner et al.,

2017) and consists of a thin lamina covering a large medulla (ME) and

a joint lobula complex (LOX). The mantis LOX is highly segregated and

consists of five neuropils. In contrast, the LOX of the closely related R.

maderae shows a simpler organization into only three neuropils (Ros-

ner et al., 2017). The composite structure of the LOX goes along with

the processing of different aspects of the visual scenery. Intracellu-

lar recordings from individual neurons suggest that the processing of

widefieldmotion is segregated fromobjectmotion (Rosner et al., 2019,

2020; Yamawaki, 2019).

To advance these functional insights on an anatomical level, we

digitally segmented the cerebrum of the giant Asian mantis H. mem-

branacea, one of the most commonly studied species, into distinct

neuropils. While most neuropils have counterparts in the fruit fly,

and the two other polyneopteran species studied, the desert locust
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and Madeira cockroach, their relative volumes and shapes usually

differ considerably. Integration of physiologically characterized visual

interneurons into the 3D brain allows us now to clearly define their

central targets. This will facilitate dissecting parallel visual inputs to

the mantis brain with respect to prey recognition and capture as well

as other visually driven behaviors.

2 MATERIAL AND METHODS

2.1 Animals

Praying mantises (H. membranacea) were obtained as nymphs from a

commercial breeder (M&M Wüst). They were raised under a 12:12-h

light/dark cycle and a temperature of 24◦C at the Department of Biol-

ogy of the University of Marburg. Animals used for single cell staining

were kept as previously reported (Rosner et al., 2019, 2020) at 25◦C

at the Biosciences Institute of Newcastle University. The animals were

fedwith desert locusts or crickets. Only femalemantises were used for

the 3D atlas, for immunolabeling, and for the single-cell stainings that

were used for integration into the atlas.

2.2 Immunolabeling of whole mounts

Analysis of the different brain areas is largely based on whole mount

brains labeled with antibodies against synapsin and supplemented by

whole mount preparations immunolabeled for tyrosine hydroxylase

(TH), the rate limiting enzyme in dopamine synthesis. Animals were

cold-anesthetized for about 20 min at 4◦C. Afterward, the head cap-

sule of the animals was opened, and the brains were pre-fixed with

4% formaldehyde (FA) in phosphate-buffered saline (PBS; containing

78.8 mmol/L Na2HPO4 × 2H2O and 19 mmol/L NaH2PO4 × H2O; pH

7.4) for 10–60 min. After prefixation, the brains were dissected (in

PBS) and fixed overnight in 4% FA in PBS at 4◦C. For TH immunolabel-

ing, the brains were fixed overnight in 2% PFA in Millonig’s phosphate

buffer (containing 0.13 mol/L NaH2PO4 × H2O, 0.1 mol/L NaOH,

0.3 mmol/L CaCl2, 1.2% glucose; pH 7.3–7.4). The next day, the brains

were rinsed 4 × 10 min in 0.1 mol/L PBT (PBS, containing 5% Tri-

ton X-100, TrX). To facilitate penetration of the synapsin antibody,

the brains were treated for 1 h with 1 mg/mL collagenase/dispase in

0.05 mol/L Tris-HCl (pH 7.6). After several washing steps, the brains

were preincubated overnight with 5% normal goat serum (NGS; RRID:

AB_2336990) in PBT (for TH immunostaining with extra 2% bovine

serum albumin) at 4◦C. Brains were incubated for 5 days at 4◦C

with anti-synapsin (mouse monoclonal, SYNORF1, 1:50, kindly pro-

vided by Drs. E. Buchner and C. Wegener, University of Würzburg;

RRID: AB_2315425) or with the TH antibody (Immunostar, 1:1000;

RRID: AB_572268) in a solution of 1% NGS in 0.1 mol/L PBT. After

incubation, the brains were washed 3 × 10 min with PBT. For incu-

bation with the secondary antibodies, the brains were transferred

to cyanine-3-conjugated goat-anti-mouse (GaM-Cy3, 1:300, Jackson

ImmunoResearch; RRID: AB_2338006) diluted in PBT with 1% NGS

for 3 days at 4◦C. The brains were finally rinsed 2 × 20 min in PBT

and 3 × 20 min in PBS, followed by dehydration in an ascending

ethanol series (25%, 50%, 70%, 90%, 95%, and 100%; 15 min each).

For clearing the tissue, brains were transferred to a solution of 50%

ethanol and 50% methyl salicylate (Merck) for 20 min and cleared for

20 min in 100% methyl salicylate. The whole mounts were embed-

ded in Permount medium (Fisher Scientific) between two cover slips.

Reinforcement rings were used as spacers.

2.3 In vivo backfills of the antenna and maxillary
palp

Animals were cold-anesthetized on ice for about 30 min. One maxil-

lary palp or antenna was transected, and the cut nerve was submerged

for 1 min in demineralized H2O. The cut antennal nerve or maxillary

nerve was subsequently placed in a drop of 4% Neurobiotin in 1 mol/L

potassium chloride (KCl), sealed with petroleum jelly, and incubated at

4◦C overnight in the refrigerator. The next day, the brains were dis-

sected from the head capsule and transferred into fixative solution

(4% paraformaldehyde [PFA], 0.25% glutaraldehyde, and 0.2% satu-

rated picric acid; pH 7.4) in 0.1 mol/L PBS for 3 h at room temperature.

Afterward, they were washed 3 × 15 min in 0.1 mol/L PBT (0.3% TrX).

The brains were preincubated with 5% NGS in PBT for 1–2 h at room

temperature and subsequently incubated with streptavidin-cyanine-3

(Strep-Cy3, 1:1,000, Dianova; RRID: AB_2337244) and anti-synapsin

in a solution of 2% NGS in 0.1 mol/L PBT. After 3–4 days at 4◦C,

the brains were washed 4 × 10 min in PBT, followed by incubation

in secondary antibody, goat-anti-mouse-cyanine-5 (GaM-Cy5, 1:300,

Dianova), and Strep-Cy3 (1:1,000) in PBT with 2% NGS for 2–3 days

at 4◦C. Brains were, finally, washed 2 × 15 min in PBT and 2 × 15 min

in PBS. Afterward, dehydration, clearing, and embedding of the whole

mounts were performed as described above.

2.4 Immunolabeling on 30-µm sections

To facilitate the establishment of neuropil boundaries, brain sections

were labeledwith antiserum against γ-aminobutyric acid (GABA) using

the indirect peroxidase–antiperoxidase (PAP) technique (Sternberger,

1979). Brains of cold-anesthetized animals were dissected in 0.1mol/L

PBS from the head capsule. They were incubated in fixative contain-

ing 25%glutardialdehyde, 74% saturated picric acid, and 1%acetic acid

for 4 h at room temperature. After rinsing 4 × 10 min in PBS and once

in 0.1 mol/L PBT (0.3% TrX), the brains were frontally embedded in

gelatin/albumin blocks and again fixed at 4◦C in 8% PFA overnight for

sectioning. The next day, the brains were sliced with a vibrating blade

microtome (VT 1200 S; Leica Biosystems) in frontal plane to 30-µm

sections, followed by preincubation for 1 h at room temperature in

8% NGS diluted in saline-substituted Tris buffer (SST; containing 1%

TrX). Sections were incubated in anti-GABA antiserum raised in rab-

bit (1:8000, kindly provided by Dr. T. G. Kingan, University of Arizona;

RRID: AB_2314457) in SST with 2% NGS for 20 h at room tempera-

ture. Following, brains were washed in SST (0.1% TrX) and transferred
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to the secondary antibody solution, goat anti-rabbit IgG (1:40; RRID:

AB_261363) in SST (containing 0.5% TrX and 1% NGS) for 1 h at room

temperature. After rinsing in SST (0.1%TrX), sectionswere transferred

to rabbit-PAP solution (1:300; RRID: AB_2315056) in SST (contain-

ing 0.5% TrX and 1% NGS) for 1 h. To remove excess PAP, the brains

were washed 5 × 10 min with SST (0.5% TrX). 3,3′-Diaminobenzidine

tetrahydrochloride (DAB; 0.03mg/mL)was applied to the sectionswith

H2O2 (0.02%) in 0.1 mol/L phosphate buffer (pH 7.4). After staining,

the sections were washed for 3 × 10 min in phosphate buffer to stop

the reaction andmounted on coatedmicroscope slides. Afterward, the

sections were dehydrated in an ascending ethanol series, cleared in

xylenes, andmounted in Entellan (Merck) under cover slips.

2.5 Antibody characterization

The anti-GABA antiserum (# 9/24, provided by T. G. Kingan; RRID:

AB_2314457) is an affinity-purified antiserum raised in rabbit against

conjugates of GABA–glutaraldehyde–keyhole limpet hemocyanin

(KLH; Hoskins et al., 1986). The antiserum has been used to char-

acterize GABA-immunoreactive neurons in many insect species,

including the praying mantis H. membranacea (Homberg et al., 2018;

Rosner et al., 2017). On brain sections of the sphinx moth Manduca

sexta, immunostaining was abolished by preadsorption of the diluted

antiserum with 24 nmol/L GABA–KLH conjugates, but staining was

not reduced by preadsorption with conjugates of L-glutamic acid, L-

glutamine, taurine, or β-alanine (Hoskins et al., 1986). Preadsorption of
the diluted antiserum with 50 µmol/L GABA–glutaraldehyde complex

abolished all immunostaining on vibratome sections ofH.membranacea

brains (Rosner et al., 2017).

The monoclonal antibody against synapsin (#3C11, SYNORF1;

RRID: AB_2315425) was obtained from Drs. E. Buchner and C.

Wegener. It was raised in mice against fusion proteins consisting

of glutathione-S-transferase and parts of the Drosophila melanogaster

synaptic vesicle protein SYN1 (Klagges et al., 1996). Its specificity has

been demonstrated in D. melanogaster by Klagges et al. (1996). The

antibody labels synaptic neuropils as shown in different insect species,

includingH. membranacea (Rosner et al., 2017).

The monoclonal TH antibody (Immunostar, cat# 22941; RRID:

AB_572268) was raised in mouse against full-length TH purified from

rat PC12 cells. The antibody recognizes an epitope in the catalytic

core of the TH, which is highly conserved during evolution (Calvo

et al., 2011). Being the rate-limiting enzyme in dopamine synthe-

sis, the antibody labels putatively dopaminergic neurons in a wide

range of animals including various insect species (Hamanaka et al.,

2016; Timm et al., 2021). Staining patterns obtained with the TH anti-

body and a dopamine antiserum were highly similar in the brain of a

cockroach (Hamanaka et al., 2016) and a locust (Timm et al., 2021).

In immunoblots of brain homogenates from crickets, backswimmer,

cockroaches, and water strider, the antibody labels a single lane at 54–

66 kDa (Hamanaka et al., 2016; Timm et al., 2021), which corresponds

well with themolecular weight of human TH (60 kDa; Immunostar).

2.6 Image acquisition

Fluorescently labeled whole-mount preparations and sections were

scanned by a confocal laser scanningmicroscope (Leica, TCS SP5; Leica

Microsystems). Preparations were scanned with a 20× oil immersion

objective lens (HC PL APO 20×/0.75 Imm Corr CS2). Cy3 fluores-

cence was excited by a diode-pumped solid-state laser (561 nm,

DPSS 10 mW) and the Cy5 fluorescence with a helium neon laser

(633 nm, HeNe 10 mW). The synapsin-stained whole mounts were

scanned at a resolution of 1024 × 1024 pixels in the xy-plane (pixel

size: 0.75 × 0.75 µm), with a z-step size of 1 µm, a line aver-

age of 4, and scanning velocity of 400 Hz for the synapsin labeling

and a line average of 2 for the backfills. The resulting data stacks

were further processed in Amira 6.5 and 5.6 (Thermo Fisher Scien-

tific).

Images ofGABA-labeled sectionswere obtained using a digital cam-

era (ProgRes C12plus; Jenoptik) connected to a transmission light

microscope (Axioskop; Zeiss). Contrast and brightness of the images

were adjusted in Affinity Photo (Serif), and the final figures of all

created images weremade in Affinity Designer (Serif).

2.7 Anatomical reconstruction of neuropils and
neurons

Three-dimensional reconstructions of neuropils were created with the

software Amira 6.5. Sequential scans of a selected synapsin-labeled

whole-mount brain were opened and processed in the Segmentation

editor. Boundaries of the neuropils were set manually by comparing

synapsin labeling with GABA and TH immunostaining. Levels of neu-

ropils, in which boundaries to neighboring structures like fiber tracts

were particularly obvious, weremarked in all planes of the image stack

resulting in a 3Dgrid that built the basis for a polygonal surface. To gen-

erate a 3Dmodel from the grid, we used theWrap-module. It created a

polygonal surface,whichwas visualized using SurfaceGen and displayed

with SurfaceView. To smooth and minimalize the generated data size,

the reconstruction was Simplified. We reconstructed neuropils and, in

addition, some fiber tracts and commissures that were used as bound-

aries between these neuropils. The number of glomeruli in the AL was

counted using the Landmark tool.

We identified the arborization areas of seven visual interneurons

that were recorded and labeled by Neurobiotin injections in previous

studies (Rosner et al., 2019, 2020). Four of these neurons were pub-

lished in Rosner et al. (2020) and the other three in Rosner et al. (2019).

The reconstruction of the individual neurons was done in Amira 5.6 by

using the Skeletonize plugin. Neurites, somata, and branches wereman-

ually traced in the confocal data stacks by fitting the diameter and path

of each part/segment of the neuron corresponding to the gray values in

the staining. The complete reconstructions of all seven neurons were

integrated into the 3D atlas to identify their arborization areas in the

cerebrum in detail, in addition to their innervation sites in the optic

lobes examined previously (Rosner et al., 2019, 2020).
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2.8 Integration of neurons in the mantis brain
atlas

Neuron integration was performedmanually using Amira 6.5. For each

neuron, three associated neuropils of the cerebrum were individually

3D-reconstructed within the brain containing the stained neuron to

ensure a correct spatial arrangement. The integration process began

by transforming the individually reconstructed neuropils into the cor-

responding neuropils of the brain atlas. Alignments were based on

adjustments in translation, rotation, and isotropic scaling, using the

Transform editor. Once both reconstructions were aligned with the

atlas, the transformation parameters from the three reconstructed

neuropils were transferred to the associated neuron using the con-

sole commands > getTransform, > setTransform, and > applyTransform.

Accurate integrationof theneuronswas confirmedby closelymatching

neuron positions in the brain of origin and the 3D brain atlas.

3 RESULTS

We reconstructed 42 major neuropils, some with additional sub-

units, and 12 fiber tracts and commissures of the cerebrum from

a mature female mantis H. membranacea (Figure 1; Video S1). The

reconstruction is based on a synapsin-immunolabeled whole-mount

brain and additional data from GABA-immunolabeled brain sections,

TH immunolabeling, individually injected neurons, and backfills of the

antennal flagellum and maxillary palp. To facilitate the identification

of neuropils and fiber tracts, a series of annotated frontal optical sec-

tions through the mantis brain is provided in Figures 2–5. Neuropil

boundaries were set based on the criteria of Ito et al. (2014). For the

periesophageal neuropils (PENP), the 3D reconstructions of the locust

(vonHadeln et al., 2018) and the cockroach (Althaus et al., 2022) brains

were used as references, because correspondence of these brain areas

in polyneopteran insects with those in the fly and other Holometabola

has not yet been resolved. The optic lobe is not included here, because

a 3D reconstruction of optic-lobe neuropils was already provided by

Rosner et al. (2017). This study will facilitate neural network analyses

in the mantis brain. To demonstrate these possibilities, we integrated

seven neurons previously characterized by Rosner et al. (2019, 2020)

into the 3D-reconstructed brain.

3.1 Mushroom body

The MBs are distinct bilaterally paired neuropils in the cerebrum of H.

membranacea. Each MB comprises a pedunculus (PED), a medial lobe

(ML), a vertical lobe (VL), two calyces (CAs), each consisting of an inner

(ICA) and outer calyx (OCA), and an accessory calyx ring (ACAR). The

MBsextend fromthe level of the central body (CB) to thedorsal surface

and through the whole depth of the protocerebrum (Figure 6a,b).

In each brain hemisphere, two cup-shaped structures—a medial

(MCA) and a lateral CA (LCA)—are present. The cups in each hemi-

sphere are fused (Figures 4b,c, 5 and 6a–c) and are the most dorsal

neuropils in the mantis cerebrum. Each cup is further subdivided

into an inner (ICA) and outer (OCA) structure. The ICAs consist of

fiber bundles of Kenyon cells (Strausfeld & Li, 1999) and can be

seen as extensions of the PED (Figure 6e). They are free of GABA

immunolabeling (Figure 6e) and show only weak synapsin staining

(Figure 6c). In contrast, the OCAs are densely innervated by GABA-

immunolabeled neurons and thereby clearly distinguishable from the

rest of theMB (Figure 6e). A ring-shaped neuropil, the ACAR, emerges

ventrally attached to the CAs and spans around both strands of

the PED (Figures 4c, 5a, and 6a,b). It shows a smooth texture of

synapsin immunolabeling, but conspicuous accumulations of synapsin

(Figure 6d), which is unique to the region of the ACAR.

Thepoint of fusionof theML,VL, andPED, calledPEDdivide (PEDD;

Figure 6b), is located at the anterior-most part of the MB. The PEDD

wasnot reconstructed as an individual neuropil, because it could not be

distinguished from the lobes by synapsin immunolabeling (Figure 2b,c).

Furthermore, no structural equivalent of a spur, a small lateral protru-

sion of the PEDD described in S. gregaria (von Hadeln et al., 2018), A.

infusa (Adden et al., 2020), and D. melanogaster (Ito et al., 2014; Tanaka

et al., 2008), but not in R. maderae (Althaus et al., 2022), was found.

TheML extends horizontally from the PEDD toward the brain midline,

nearly touching its contralateral counterpart, but without apparent

fusion (Figures 2b,c, 3 and 4a,b). Adjacent to theML, the medial acces-

sory lobe (MAL) is positioned ventrally, while the anterior lip (ALI) and

CB are dorsally to the ML (Figures 3 and 4a,b). The VL extends dor-

sally from the PEDD, passing through the protocerebrum. Its dorsal

tip almost contacts the ventral border of the MCA. Both the VL and

PED are essential landmarks for defining boundaries of the superior

(SNP) and inferior neuropils (INP). The VL touches laterally the supe-

rior clamp (SCL) and medially the ALI, a small bulge of the crepine

(CRE), and the superior medial protocerebrum (SMP). It shows, similar

to theML, smoothly structured synapsin labeling andwas easily identi-

fied by its concise borders (Figures 2b,c, 3 and 4a,b). The PED leaves

the PEDD laterally and is ventrolaterally limited by the extension of

the anterior (AVLP) andposterior ventrolateral protocerebrum (PVLP).

The PED extends through the inferior protocerebrum and turns dor-

sally between the superior lateral protocerebrum (SLP) and inferior

clamp (ICL) toward the CAs (Figures 2b,c, 3, 4, and 5a,b). Near its dor-

sal end, thePEDbifurcates at the regionof thePEDneck. ThePEDneck

wasnot reconstructed as a separate neuropil, because itwas not recog-

nizable by synapsin immunolabeling. However, it is located at the point

of fusion of the two strands of Kenyon cell axons originating from the

MCA and LCA (Figure 6e).

3.2 CX, ALI, and lateral complex

The CX is a midline crossing group of neuropils (Figure 6h) and com-

prises the CB, the protocerebral bridge (PB), and the paired noduli

(NO). The CB is composed of an upper (CBU) and a lower division

(CBL), both having a semitoroidal shape. The CBU is larger than the

CBL and encases the latter dorsoposteriorly (Figures 4 and 6i–g). In

D. melanogaster, the equivalents are referred to as the fan-shaped
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6 of 31 ALTHAUS ET AL.

F IGURE 1 Three-dimensional reconstruction of the cerebrum of themantis. (a) Anterior (left) and posterior (right), (b) lateral, and (c) dorsal
(left) and ventral (right) views of the reconstructed neuropils (labeled in black) and tracts, fiber systems, and commissures (labeled in gray) of the
mantis brain. a, anterior; ABR, anterior bridge; ACAR, accessory calyx ring; AL, antennal lobe; ALI, anterior lip; AMMC, antennal mechanosensory
andmotor center; AOT, anterior optic tract; AOTU, anterior optic tubercle; ATL, antler; AVLP, anterior ventrolateral protocerebrum; CA, calyx;
CBU, upper division of the central body; CRE, crepine; d, dorsal; DAMMC, dorsal AMMC; GA, gall; GC, great commissure; GLO, glomerular lobe; IB,
inferior bridge; IT, isthmus tract; l, lateral; LAL, lateral accessory lobe; LALC, LAL commissure; LAMMC, lateral AMMC; LCA, lateral CA; LEF, lateral
equatorial fascicle; LH, lateral horn; LLAL, lower LAL; LU, lower unit of the AOTU;MAL, medial accessory lobe; mALT, medial antennal lobe tract;
MAMMC,medial AMMC;MBDL, median bundle; MCA, medial CA;MEF, medial equatorial fascicle; ML, medial lobe; NO, noduli; OCN, ocellar
nerve; OR, ocellar root; p, posterior; PB, protocerebral bridge; PED, pedunculus; PLP, posterior lateral protocerebrum; POC, posterior optic
commissure; POTU, posterior optic tubercle; PS, posterior slope; PVLP, posterior ventrolateral protocerebrum; SIP, superior intermediate
protocerebrum; SLP, superior lateral protocerebrum; SMP, superior medial protocerebrum; TC, tritocerebrum; ULAL, upper LAL; UU, upper unit of
the AOTU; v, ventral; VES, vest; VFA, ventral area of flagellar afferents; VL, vertical lobe;WED, wedge;WEDC,WED commissure. Scale
bars= 200 µm.

body (FB) and ellipsoid body (EB), respectively, denoting their distinct

shapes. Both subdivisions of the CB are surrounded by a large mass of

fibers. They are covered by the SMP and the ALI (anterior), and the

inferior bridge (IB) and the antler (ATL; posterior). We distinguished

10 vertical slices in the CBU based on synapsin immunolabeling and

GABA immunolabeling, consistent with the findings of Rosner et al.

(2017). Although we could not discern horizontal layers of the CBU,

Timm et al. (2021) identified at least three layers using TH immuno-

labeling. Similar to the CBU, the CBL is composed of 10 bean-like

vertical subunits, five per hemisphere. As reported by Rosner et al.

(2017), the outermost columns (R5, L5) in the CBL and CBU are

noticeably smaller than the other slices. GABA-immunolabeled fibers

of tangential neurons enter the CBL through the isthmus tract (IT)

and give rise to strong immunostaining in the columns of the CBL

(Figure 6g).

The paired NO (Figures 4b,c and 6h) are located ventral to the CB.

They are small neuropils, in most insect species separated into upper

and lower units, but we were unable to identify these subunits here.

The third neuropil of the CX is the paired PB (Figures 5b,c and 6j).

Positioned dorsoposterior to the CB, the PB consists of two elongated

neuropils that bend laterally in posterior direction, resembling a han-

dlebar shape as a whole. The two arms, one in each brain hemisphere,

are spatially separated but connected by a fiber bundle crossing the

midline.

The ALI is a slender elongated synapsin-rich area (Figure 3) that

extends horizontally across the brain midline, directly anterior to the

CB. TheALI appears anteriorly between theCREs,VLs, andMLsof both

hemispheres (Figure 3). The SMP and the CRE are the dorsal and ante-

rior limits of the ALI, respectively. A small region ventrolateral to the

ALI was assigned to the CRE based on GABA immunolabeling. While
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ALTHAUS ET AL. 7 of 31

F IGURE 2 Series of frontal optical sections through themantis brain from a depth of 86 µm relative to the anterior brain surface (a) to a depth
of 158 µm (c). Right panels show synapsin immunolabeling in confocal sections, and left panels show the same sections overlayed with a
transparent surface cut of the three-dimensional reconstructions. Tracts, fiber systems, and commissures are labeled in yellow and neuropils in
white. ABR, anterior bridge; AL, antennal lobe; ALH, AL hub; AOT, anterior optic tract; AOTU, anterior optic tubercle; AVLP, anterior ventrolateral
protocerebrum; BU, bulb; CRE, crepine; GA, gall; IT, isthmus tract; LAL, lateral accessory lobe; LLAL, lower LAL; LU, lower unit of the AOTU;MAL,
medial accessory lobe;MBDL, median bundle; ML, medial lobe; PED, pedunculus; SCL, superior clamp; SIP, superior intermediate protocerebrum;
SLP, superior lateral protocerebrum; SMP, superior medial protocerebrum; Syn, synapsin; TUBUT, tubercle–bulb tract; ULAL, upper LAL; UU,
upper unit of the AOTU; VFA, ventral area of flagellar afferents; VL, vertical lobe. Scale bar= 200 µm.

the CRE is widely pervaded by GABA-immunolabeled fibers, the ALI is

nearly devoid of GABA staining (Figure 6f). In holometabolous insects

such as the fruit fly D. melanogaster, the ALI has not been observed

as a distinct neuropil, but in other Polyneoptera like the cockroach R.

maderae or locust S. gregaria, the ALI is closely associated with the CX

(Jahn et al., 2023; Timm et al., 2021; von Hadeln et al., 2020).

Another prominentCX-associated neuropil group is the lateral com-

plex (LX; Figure 7). It is divided into the bulb (BU) and the lateral

accessory lobe (LAL), which is further subdivided into the lower (LLAL)

and upper (ULAL) LAL, along with the gall (GA). The LAL is positioned

ventrolaterally from the CX and is, among other criteria, character-

ized by the quite prominent LAL commissure (LALC) that connects the

bilateral LALs across the brain midline segregating the LLAL from the

ULAL (Figure 3b,c). The LAL is further traversed by the IT, a major fiber

bundle containing GABA-labeled neurites that connect the LX and CX.

The IT courses from the CX through the LAL and serves as an addi-

tional boundary between the ULAL, LLAL, and BU (Figure 7a,b,c’). The

ULAL (Figures 2b,c, 3, and 4a) emerges at the anterior surface of the
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8 of 31 ALTHAUS ET AL.

F IGURE 3 Series of frontal optical sections through themantis brain from a depth of 196 µm (a) to a depth of 231 µm (c). Right panels show
confocal sections of synapsin immunolabeling, and left panels show the same sections overlayed with a transparent surface cut of the
three-dimensional reconstructions. Tracts, fiber systems, and commissures are labeled in yellow and neuropils in white. ALI, anterior lip; AMMC,
antennal mechanosensory andmotor center; AOT, anterior optic tract; AVLP, anterior ventrolateral protocerebrum; BU, bulb; CRE, crepine;
DAMMC, dorsal AMMC; GLO, glomerular lobe; IT, isthmus tract; LAL, lateral accessory lobe; LALC, LAL commissure; LAMMC, lateral AMMC; LH,
lateral horn; LLAL, lower LAL; LU, lower unit of the AOTU;MAL, medial accessory lobe; mALT, medial antennal lobe tract;MAMMC,medial AMMC;
MBDL, median bundle; ML, medial lobe; PED, pedunculus; PVLP, posterior ventrolateral protocerebrum; SCL, superior clamp; SIP, superior
intermediate protocerebrum; SLP, superior lateral protocerebrum; SMP, superiormedial protocerebrum; Syn, synapsin; TC, tritocerebrum; TUBUT,
tubercle–bulb tract; ULAL, upper LAL; VES, vest; VFA, ventral area of flagellar afferents; VL, vertical lobe;WED, wedge. Scale bar= 200 µm.

cerebrum between the PED, ML, and AL. It is, thus, posteriorly and

medioventrally attached by the LLAL, separated by the LALC and the

IT. The VL adjoins at the dorsal surface of the ULAL, the ventrolat-

eral protocerebrum (VLP) laterally, and the MAL and LLAL medially.

The posterior boundaries are demarcated by the appearance of the

epaulette (EPA) and the great commissure (GC), which is noticeably

large in the mantis. The medial antennal lobe tract (mALT) serves as a

landmark indicating the posterior boundary of the LAL (Figure 4a,b),

as described in the locust (von Hadeln et al., 2018) and the cockroach

(Althaus et al., 2022), together with the inferior fiber system (IFS). Its

medial boundaries (Figures 2b,c, 3 and 4a) from anterior to posterior

include the cell body rind, median bundle (MBDL), mALT, vest (VES),

and MAL. Ventrally, the LAL is delimited by the mALT, IFS, and the

neuropils of the antennal mechanosensory andmotor center (AMMC).

The uniform BU is embedded dorsoanteriorly between the ULAL

and LLAL. It lies posterior to the CRE, anterolateral to the IT, and
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ALTHAUS ET AL. 9 of 31

F IGURE 4 Series of frontal optical sections through themantis brain from a depth of 261 µm (a) to a depth of 339 µm (c). Right panels show
confocal sections of synapsin immunolabeling, and left panels show the same sections overlayed with a transparent surface cut of the
three-dimensional reconstructions. Tracts, fiber systems, and commissures are labeled in yellow and neuropils in white. ACAR, accessory CA ring;
AMMC, antennal mechanosensory andmotor center; ATL, antler; CA, calyx; CB, central body; CBL, lower division of the CB; CBU, upper division of
the CB; EPA, epaulette; GC, great commissure; GLO, glomerular lobe; GOR, gorget; IB, inferior bridge; ICA, inner CA; ICL, inferior clamp; IFS,
inferior fiber system; LAL, lateral accessory lobe; LALC, LAL commissure; LAMMC, lateral AMMC; LH, lateral horn; LLAL, lower LAL;MAL, medial
accessory lobe; mALT, medial antennal lobe tract; MAMMC,medial AMMC;MBDL, median bundle; ML, medial lobe; NO, noduli; OCA, outer CA;
OCN, ocellar nerve; PED, pedunculus; PLP, posterior lateral protocerebrum; PVLP, posterior ventrolateral protocerebrum; SCL, superior clamp;
SIP, superior intermediate protocerebrum; SLP, superior lateral protocerebrum; SMP, superior medial protocerebrum; Syn, synapsin; TC,
tritocerebrum; ULAL, upper LAL; VES, vest; VL, vertical lobe;WED, wedge. Scale bar= 200 µm.

ventral to the PED/ML (Figures 2c, 3a,b, 6f, and 7c’). The BU was

identified by its finer and denser synapsin staining compared to sur-

rounding regions, as well as intense GABA immunolabeling (Figure 6f),

as it houses the dendrites of GABA-immunoreactive tangential neu-

rons of the CBL. Furthermore, we discovered the tubercle–bulb tract

(TUBUT), which connects the anterior optic tubercle (AOTU) with the

BU (Figures 2 and 3a,b).

The GA, characterized as a distinct area of axonal projections of

CX outputs in D. melanogaster (Wolff et al., 2015), the dung beetles S.

lamarcki and S. satyrus (el Jundi et al., 2018), the cockroach R. maderae
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10 of 31 ALTHAUS ET AL.

F IGURE 5 Series of frontal optical sections through themantis brain from a depth of 364 µm (a) to a depth of 453 µm (d). Right panels show
confocal sections of synapsin immunolabeling, and left panels show the same sections overlayed with a transparent surface cut of the
three-dimensional reconstructions. Tracts, fiber systems, and commissures are labeled in yellow and neuropils in white. ACAR, accessory CA ring;
AMMC, antennal mechanosensory andmotor center; ATL, antler; CA, calyx; GC, great commissure; IB, inferior bridge; ICA, inner CA; ICL, inferior
clamp; LAMMC, lateral AMMC; LEF, lateral equatorial fascicle; LH, lateral horn; mALT, medial antennal lobe tract; MAMMC,medial AMMC;MEF,
medial equatorial fascicle; OCA, outer CA; OCN, ocellar nerve; OR, ocellar root; PB, protocerebral bridge; PED, pedunculus; PLP, posterior lateral
protocerebrum; POC, posterior optic commissure; POTU, posterior optic tubercle; PS, posterior slope; PVLP, posterior ventrolateral
protocerebrum; SLP, superior lateral protocerebrum; Syn, synapsin; TC, tritocerebrum; VES, vest;WED, wedge;WEDC,WED commissure. Scale
bars= 200 µm (a, applies to b and c), 200 µm (d).
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ALTHAUS ET AL. 11 of 31

F IGURE 6 Organization of themushroom body (MB) (a–e), central complex (CX) (g–j), and anterior lip (ALI) (f, h) in frontal views. (a, b)
Three-dimensional reconstruction of themushroom body in a semi-transparent brain hemisphere in anterior (a) and posterior (b) view. Dotted
lines show the region of the pedunculus divide (PEDD). (c, d) Frontal optical sections showing synapsin immunolabeling in the calyx (CA) (c) and the
accessory CA ring (ACAR). Yellow arrowhead in (d) points to accumulation of synapsin staining in the ACAR (dotted outline). (e–g)
Thirty-micrometer sections immunolabeled for GABA. Dotted lines mark the borders of the CA (e), the ALI, CX, and the bulb (BU). (h)
Three-dimensional reconstruction of the CX in posterior (top), anterior (middle), and anterior surface cut (bottom) views. (i, j) Frontal optical
sections showing synapsin immunolabeling in the neuropils of the CX. CB, central body; CBL, lower division of the CB; CBU, upper division of the
CB; CRE, crepine; d, dorsal; GABA, γ-aminobutyric acid; ICA, inner CA; IB, inferior bridge; IT, isthmus tract; l, lateral; LCA, lateral CA;MAL, medial
accessory lobe;MCA, medial CA;ML, medial lobe; NO, noduli; OCA, outer CA; PB, protocerebral bridge; PED, pedunculus; VL, vertical lobe. Scale
bars= 100 µm.

(Althaus et al., 2022), and the locust S. gregaria (Hensgen, Göthe,

et al., 2021), was identified based on its strong synapsin immunola-

beling, smooth and demarcated structure, and similar positioning to

that observed in the other insects. The GA has a small elongated shape

and lies on the ventral anterior border between the LLAL and ULAL

(Figures 2b and 7c).

3.3 SNP and lateral horn

The SLP, superior intermediate protocerebrum (SIP), SMP, anterior

bridge (ABR), and the lateral horn (LH) are neuropils located in the

superior protocerebrum and occupy the most dorsal parts of the

mantis brain (Figures 1 and 8a).

The SLP (Figure 2b,c, 3, 4, and5a,b) is themost lateral neuropil of the

cerebrum and is through the optic stalk directly attached to the stalk

lobe (SLO) of the LOX. It occupies a large volume of the dorsolateral

brain region and encases dorsally the LH. The SLP extends from the

superior space posterior-laterally to the SIP and laterally to the PED.

Its medial boundaries include the ICL and posterior slope (PS; poste-

rior region), as well as the SIP, SCL, and PED (anterior region). The SLP

is separated ventrally from the PVLP by the LH and GC (Figure 4c).

The medially lying SCL was differentiated from the SLP by numer-

ous fibers penetrating this brain area, creating a porous appearance

in synapsin immunolabeling (Figure 3). Distinguishing the SIP from the

SLP was more challenging; their boundaries were set by the presence

of stronger and smoother synapsin immunolabeling in the SIP com-

pared to the SLP (Figures 2, 3, and 4a,b). The SIP (Figures 2, 3, and 4a,b)
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12 of 31 ALTHAUS ET AL.

F IGURE 7 Organization of the lateral complex (LX). (a)
Three-dimensional reconstruction of the LXwith prominent tracts in a
semi-transparent brain hemisphere, frontal view. The central complex
(CX) is included for better orientation. (b) Lateral view of neuropils of
the LX (labeled in black) and prominent tracts (labeled in gray). (c, c’)
Frontal optical sections showing synapsin immunolabeling in the LX.
Dotted lines mark the neuropils of the LX and the blue arrowhead the
isthmus tract (IT). a, anterior; AL, antennal lobe; BU, bulb; CB, central
body; CBL, lower division of the CB; CBU, upper division of the CB; d,
dorsal; GA, gall; l, lateral; LAL, lateral accessory lobe; LALC, LAL
commissure; LLAL, lower LAL; m, medial; ML, medial lobe; NO, noduli;
PED, pedunculus; PB, protocerebral bridge; Syn, synapsin; ULAL,
upper LAL; VL, vertical lobe. Scale bars= 100 µm.

emerges anteriorly between the anterior optic tract (AOT) and AVLP

and expands posterior to the AOTU. As an elongated neuropil, the SIP

extends anteriorly to themALTandCAsalong thedorsal soma rind. The

boundary between the SIP and the medially lying SMP was set at the

level of the ascending VL (Figure 3). The distinction between the SIP,

SLP, and nearby CRE was made by GABA-immunolabeled fibers that

run through the SCL, targeting the CRE (Figure 9c–e). The ventral limi-

tation of the SIP is formed by the AVLP and SCL, identifiable by strong

synapsin immunolabeling of the SIP (Figure 2b,c).

The SMP was identified by its characteristic shape and its

synapsin immunolabeling that is distinctive by large penetrating fibers

(Figures 2b,c, 3, and 4). Unlike in the locust (von Hadeln et al., 2018)

and cockroach (Althaus et al., 2022), the SMP is fused across the mid-

line (Figure 3). It extends posteriorly to the ABR, partly surrounding

the strands of the MBDL (Figure 8a). The SMP is situated medially to

the SIP, medioposteriorly to the CRE, and dorsally to the ALI. It is lat-

erally demarcated by the VLs and more posteriorly by the CAs of the

MBs. ThemALT defines the posterior boundary of the SMP (Figures 4c

and 5a), and dorsally the SMP is bordered by the soma rind, while the

fiber system around the CX and ALI covers most of its ventral face. It

is attached to the SCL and ICL ventrolaterally, separated at the point

where the VL ascends (Figure 4). At the dorsoanterior brain surface,

the ABR, a thin neuropil, spans across the brain midline (Figures 2b,c

and 8a,b). It has a grainy and fibrous structure, which is best visible in

GABA immunolabeling (Figure 8b). TheMBDL runs posterior from the

ABR (Figure 8a). The ABR has also been identified as a distinct neu-

ropil in the cockroach and locust (Althaus et al., 2022; vonHadeln et al.,

2018), but not in holometabolous insects.

Theolive-shapedLH (Figures3b,c, 4 and5a) protrudes laterally from

the SLP toward the optic lobe (OL) and shows dense GABA immuno-

labeling (Figure 8c). The prominent mALT passes through the SLP,

targeting the LH, thereby serving as a landmark for the identification

of the LH (Figures 4c and 8d). The entire neuropil is separated from the

surrounding neuropils, such as the SLP dorsally and the PVLP ventrally,

by diverse fibers, clearly visible in synapsin immunolabeling and GABA

immunolabeling (Figure 8c,d).

3.4 Ventrolateral neuropils

The ventrolateral neuropils (VLNP; Figure 8e,f) comprise the VLP with

an anterior (AVLP) and a posterior (PVLP) region, the posterior lateral

protocerebrum (PLP), the wedge (WED), and the AOTU with a smaller

lower unit (LU) and a larger upper unit (UU).

Massive fiber tracts crossing the ventral protocerebrum were used

as landmarks to divide the VLP into an anterior and a posterior region

(Figures 2 and 3). The AVLP (Figure 2) commences directly beneath the

cell body rind and is located in the lower lateral part of the anterior

brain. It touches medially the CRE and more posteriorly the PED and

ULAL. Its dorsal boundaries are the SIP, SCL, and SLP, while the PVLP

supersedes the AVLP at its posterior surface (Figures 3 and 8e,f). The

AVLP has a denser and smoother texture (Figure 2), whereas the PVLP,

the posterior part of the VLP, has a glomerular structure in synapsin

staining (Figure 8h) and is heavily interspersed by fibers and large

tracts (Figures 3 and 8h). Both parts of the VLP are limited by the cell

body rind laterally and ventrally. The PVLP lies ventrally to the SCL,

SLP, and the LH, while the PED, ICL, ULAL, and the WED adjoin medi-

ally (Figure 3). The GCmarks the dorsal and posterior boundary of the

PVLP to the adjacent PLP (Figures 4c, 5a, and 8e,f). The PLP in theman-

tis brain is relatively small and extends from the PVLP to the posterior

brain surface (Figure 5a–c). It is medially limited by the lateral equato-

rial fascicle (LEF; Figures 5b and 8e,f), the ICL, and is more posteriorly

surrounded by the PS. Dorsally, the PLP is limited by the SLP, ICL, and

the lateral extensionof thePS,while theWED is attachedventromedial

to the PLP (Figures 5a–c and 8e,f).

One of the most ventrally lying neuropils of the protocerebrum is

the WED (Figure 8e). It differs from the surrounding neuropils by its

texture in synapsin immunolabeling (Figure 4) and by many tracheae

and tracts that penetrate it. It is framed medially by parts of the LLAL,

IFS, and the VES and is dorsally flanked by the EPA, GC, VES, and

dorsoposteriorly by the PLP and PS (Figures 3b,c, 4 and 5a–c). The

PVLP adjoins laterally, while the AMMCand bundles of intersegmental

neurons limit theWED ventrally. It is covered posteriorly by the PS.

The AOTU is the most anterior neuropil of the protocerebrum

(Figure 8e,f). It lies dorsally on the surface of the CRE (Figure 1). As

in the cockroach (Althaus et al., 2022) but in contrast to the AOTU of
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ALTHAUS ET AL. 13 of 31

F IGURE 8 Organization of the superior (SNP) (a–d) and ventrolateral neuropils (VLNP) (e–h). (a) Anterior view of the SNPwith prominent
tracts in a half-transparent brain hemisphere. (b, c) Thirty-micrometer sections immunolabeled for GABA. Dotted linesmark the SNP and adjoining
neuropils. (d) Frontal optical section of the synapsin-immunolabeled brain with outlines of the reconstructed label fields. (e, f) Anterior (e, left),
posterior (e, right), and dorsal (f) views of the neuropils of the VLNP in a half-transparent brain hemisphere. (g) Frontal optical sections of the
synapsin-immunolabeled brain with outlines of the reconstructed label fields. (h) Frontal projection view of 10 slices showing synapsin
immunolabeled glomerular structures in the posterior ventrolateral protocerebrum (PVLP). ABR, anterior bridge; AOT, anterior optic tract; AOTU,
anterior optic tubercle; AVLP, anterior ventrolateral protocerebrum; CA, calyx; d, dorsal; GABA, γ-aminobutyric acid; GC, great commissure; IFS,
inferior fiber system; l, lateral; LH, lateral horn; LU, lower unit of the AOTU; m, medial; mALT, medial antennal lobe tract; MBDL, median bundle;
LEF, lateral equatorial fascicle; p, posterior; PLP, posterior lateral protocerebrum; PVLP, posterior ventrolateral protocerebrum; SIP, superior
intermediate protocerebrum; SLP, superior lateral protocerebrum; SMP, superior medial protocerebrum; TUBUT, tubercle–bulb tract; UU, upper
unit of the AOTU;WED, wedge;WEDC,WED commissure. Scale bars= 200 µm (a, d–g) and 100 µm (b, c, h).

bees (Habenstein et al., 2023) and locusts (von Hadeln et al., 2018), it

is relatively small. Two subunits, a larger upper unit (AOTU-UU) and a

smaller lower unit (AOTU-LU), are distinguishable (Figure 8g). TheAOT

extends from theOL dorsolaterally along the SIP and enters the AOTU

laterally. The TUBUT served to distinguish the two subunits, because it

separates the UU from the LU (Figure 8g) and connects the AOTUwith

the BU in the LX (Figures 2 and 3a,b).

3.5 Inferior neuropils

The INP consist of the CRE, SCL and ICL, IB, ATL, ocellar root (OR), and

the MAL. In the mantis, the CRE is a flat neuropil forming the anterior

surfaceof thebrain (Figure9a,b). TheCRE lies ventral to theAOTU. The

TUBUT runs through theCRE and targets the BU (Figure 2). The lateral

boundaries of the CRE are demarcated by several neuropils, the AVLP,
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14 of 31 ALTHAUS ET AL.

F IGURE 9 Organization of the inferior neuropils (INP) (a–e) and ventromedial neuropils (VMNP) (f–i). (a) Anterior (left) and posterior (right)
view and (b) ventral view of the INPwith prominent tracts (labeled in gray) in a half-transparent brain hemisphere. Red dashed circles mark the
penetration of the pedunculus/pedunculus divide (PED/PEDD) in (a) and the vertical lobe (VL) in (b). (c–e) Thirty-micrometer sections
immunolabeled for GABA. Dotted lines mark the neuropils of the INP and associated neuropils. (f) Dorsal view of the VMNPwith prominent tracts
(labeled in gray). (g) Posterior view of the reconstructed VMNPwith prominent tracts (labeled in gray) in a half-transparent brain hemisphere. The
posterior slope (PS) is presented semi-transparently for better visualization of the underlying neuropils. (h) Posterior projection view of 20 optical
sections showing tyrosine hydroxylase (magenta) immunostaining of the posterior optic commissure (POC) and posterior optic tubercle (POTU). (i)
Frontal optical section showing the reconstructed label fields of VMNP in synapsin staining. a, anterior; AL, antennal lobe; ALI, anterior lip; AOTU,
anterior optic tubercle; ATL, antler; AVLP, anterior ventrolateral protocerebrum; BU, bulb; CB, central body; CRE, crepine; d, dorsal; EPA,
epaulette; GABA, γ-aminobutyric acid; GC, great commissure; GOR, gorget; IB, inferior bridge; ICL, inferior clamp; IFS, inferior fiber system; l,
lateral; LALC, lateral accessory lobe commissure; LEF, lateral equatorial fascicle; m, medial; MAL, medial accessory lobe; mALT, medial antennal
lobe tract; MBDL, median bundle; MEF, medial equatorial fascicle; ML, medial lobe; OCN, ocellar nerve; OR, ocellar root; POC, posterior optic
commissure; POTU, posterior optic tubercle; SCL, superior clamp; VES, vest. Scale bars= 200 µm (a–d, f, g, i) and 100 µm (e, h).
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SIP, SCL, VL, and the PED.Medially, the SMPemerges and extends over

the dorsoposterior region of the CRE (Figure 2). The posterior termi-

nation of the CRE corresponds to the level of the PEDD, except for

a small protrusion between the ALI and ML (Figure 3). It almost sur-

rounds the PEDD and ends dorsally at the ULAL (Figure 3). This bulge

of the CRE is distinguishable from the ALI by GABA immunostaining,

which is absent in the ALI (Figure 9c). The identification of the CRE

was based on its fibrous appearance in synapsin immunolabeling and

the presence of GABA-immunolabeled fibers that innervate the CRE

after running through the SCL (Figure 9c–e, blue arrowheads), similar

to findings in the cockroach (Althaus et al., 2022).

TheMAL in the mantis is a midline-spanning neuropil (Figure 9a–c),

like in the locust (von Hadeln et al., 2018). It lies ventrally to the ML

and extends from the posteriorly lying IB toward the anteriorly lying

CRE (Figures 3 and 4a,b). Themassive LALC serves as a prominent ven-

tral boundary of the MAL (Figure 9c). The MAL is relatively easy to

identify by glomerular appearance of synapsin staining (Figures 3, 4a,b,

and 6i). In contrast to the dorsally adjacent MLs, it exhibits a distinct

pattern with numerous tracheae and tracts passing through it, result-

ing in dense perforated synapsin immunolabeling. In addition, theMAL

shows strong GABA immunostaining (Figure 9c).

Another large midline-spanning neuropil of the INP is the IB cov-

ering the CB posteriorly (Figure 9a,b). Its lateral boundaries are

determined by the mALT and the medial equatorial fascicle (MEF).

Posterior-laterally, the IB is flanked by the ORs, which are defined as

the entry neuropils of the ocellar nerves (OCNs), and the PS, distin-

guished by weaker synapsin immunolabeling (Figures 4a and 5a–c).

The OR extends from the OCN posteriorly and curves medially to

the posterior bend of the PB (Figure 5c). The anterior surface of the

IB is attached to the MAL (Figure 4b,c), and the dorsoanterior side

is covered by the ATL that spreads over the entire surface of the IB

(Figure 9a,b). Further posteriorly, the fiber system space below the PB

serves as the dorsal boundary of the IB (Figure 5b). Ventrally, the IB is

mainly framedby theGC (Figure 5a–c) and,more anteriorly, by another

large undefined commissure and the VES (Figure 4c).

Asmentioned above, theATL extends along the dorsal surface of the

IB and is, thus, the thirdmidline-spanning neuropil of the INP. It is posi-

tioned ventroposteriorly to the CB (Figure 4c). The ATL extends from

themidline into both hemispheres andhas a club-like shape (Figure 5a).

It is dorsally framed by the mALT and ventrally by the ICL and MEF

(Figure 5a). The posterior part of the ATL is superseded by the PS and

IB (Figure 5a,b).

The most inferior region of the hemispheres is occupied by the

clamp (CL). Similar to the locust and cockroach (Althaus et al., 2022;

von Hadeln et al., 2018), the ascending PED serves as a boundary

between the two subdivisions of the CL (Figure 3), the SCL and ICL

(Figure 9b). The latter is positioned anterior to the PS, separated from

it by the LEF (Figure 5a,b). Posterior medial boundaries are defined

by the MEF, while the anterior medial boundaries are formed by the

IB, ATL, and the fiber system around the CX. Laterally, the ascending

PED limits the ICL, and its ventral borders are marked by the ULAL,

EPA, gorget (GOR), GC, and PVLP/PLP (Figures 4 and 5a). The area

located anteriorly to the PED and laterally to the VL is defined as the

SCL (Figures 2, 3, and 4a,b). The SCL lies anteriorly between the CRE,

the SIP, and the AVLP. In the more posterior part, the SCL is encased

by the SIP/VL/SMP (dorsally), the CX/ICL/VL (medially), the SLP (later-

ally), and the PED and PVLP (ventrally). GABA-immunolabeled fibers

run through the SCL along the lateral face of the VL and target the CRE

(Figure 9c–e, blue arrowheads).

3.6 Ventromedial neuropils

The ventromedial neuropils (VMNP) are located posterior and infe-

rior to the AL. This group of neuropils in the ventromedial cerebrum

includes the EPA, GOR, VES, PS, and the posterior optic tubercle

(POTU).

The POTU was identified by synapsin immunolabeling and more

clearly by TH immunolabeling at the posterior surface of the mantis

brain (Figure 9h). It lies posterior from the PS and is dorsally attached

to the posterior optic commissure (POC; Figures 5d and 9h). The EPA,

GOR, and VES comprise the ventral complex (VX), with the VES being

the largest in volume (Figure 9g). The VES (Figures 4, 5a–c, and 9g,i)

extends along the esophageal passage posterior to themALT. Its lateral

boundaries are defined by the IFS, LLAL, EPA, andWED. Ventrally, the

boundary is formedby theAMMC,while the dorsoanterior boundary is

marked by theMAL and EPA. Its dorsoposterior limitation is set by the

GC (Figure 5a,b). The posterior surface of the VES is covered by the PS,

and theWED commissure (WEDC) serves as a significant landmark for

distinguishing PS and VES (Figure 5c).

The other VX-associated neuropils, the EPA and GOR, are signif-

icantly smaller in size. The GOR (Figures 4b and 9f,g,i) is attached

dorsally to the VES and has been described in D. melanogaster as

an extension of the VES (Ito et al., 2014). In the mantis brain, it

protrudes lateral to the mALT, corresponding to the GOR in the cock-

roach (Althaus et al., 2022). It is characterized by its conspicuous

porous synapsin immunolabeling and the presence of surrounding

tracts (Figures 4b and 9i). The GOR ascends toward the ICL and is

laterally limited by the EPA. The EPA (Figures 4b and 9f,g,i) lies dor-

solaterally from the VES. It lies anterior to the GC and posterior to

the ULAL. The EPA serves as a “connection” between the VES and ICL,

similar to its description in the fruit fly (Ito et al., 2014).

In addition to the VX, the PS (Figures 5b–f and 9f,g) is also part of

the VMNP. It occupies a large volume and coversmost parts of the pos-

terior surface of the brain. The PS is located posterior to the GC and

may be further divided into a superior and inferior PS as described in

the fruit fly, where both are divided by the POC (Ito et al., 2014). How-

ever, in themantis, no subdivisions of the PSwere recognized, so that it

is considered as a single unit.

3.7 AL and PENP

The AL occupies a position ventral from the LX and the VMNP and

covers the PENP anteriorly (Figures 2 and 3). It consists of about 61

olfactory glomeruli that exhibit dense synapsin labeling. The glomeruli
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16 of 31 ALTHAUS ET AL.

F IGURE 10 Organization of the antennal lobe (AL), the periesophageal neuropils (PENP), and the tritocerebrum (TC). (a) Anterior (left) and
posterior (right) views of the reconstructed neuropils in a semi-transparent brain hemisphere. The AL and the inferior fiber system (IFS) are,
likewise, displayed half-transparently for better visualization of the adjoining neuropils. (b) Projection view of a stack of 190 labeled sections
showing a backfill of themaxillary nerve from themaxillary palp (magenta). (c, c’) Single frontal optical sections showing the PENP following a
backfill of the antennal nerve from the flagellum of the antenna. (c’’) Projection view of a stack of 70 optical sections showing the projections of
antennal afferents revealed by a backfill of the antennal nerve from the scapus–pedicel joint (magenta). AMMC, antennal mechanosensory and
motor center; DAMMC, dorsal AMMC; GLO, glomerular lobe; LAMMC, lateral AMMC;MAMMC,medial AMMC; T5–7, tract 5–7; TC,
tritocerebrum; VFA, ventral area of flagellar afferents. Scale bars= 200 µm (a) and 100 µm (b–c’’).

are largely arranged along the periphery of the AL, while the center of

the AL, the antennal lobe hub, consisting of fibers of projection and

local neurons, shows considerably lower levels of synapsin staining

(Figure 2a). Surrounded by extensive glial sheaths, the AL is clearly dis-

tinguishable fromadjacent brain areas. ThePENPare locatedposterior

to the AL and comprise the strongly interconnected AMMC subunits

and the glomerular lobe (GLO) and the more ventrally lying tritocere-

brum (TC) that is positioned most ventrally within the cerebral ganglia

(Figure 10a).

The AMMC is the most voluminous area of deutocerebral origin

and is subdivided into four units: the dorsal AMMC (DAMMC), the

lateral AMMC (LAMMC), the medial AMMC (MAMMC), and the ven-

tral area of flagellar afferents (VFA). Originating in the AL, the mALT

sets the anterior border of the DAMMC that follows the AL posteri-

orly (Figures 3a,b and 10a). The VFA lies at its ventral border, while

the DAMMC adjoins the ULAL ventrally. The LAMMC (Figures 3, 4,

5a, and 10a,c’,c’’) lies posterior-laterally from the DAMMC and is char-

acterized by its hill-like bulge that protrudes laterally toward the cell

cortex. It is ventrally bound by the VFA, GLO, and TC and bordered

dorsally by theWED and LLAL. The LAMMC is surrounded by massive

intersegmental fibers in medioposterior direction, and the majority

of its medial parts are covered by the MAMMC. The third area of

the AMMC, the MAMMC, borders on a medial soma cluster along

the esophageal foramen, lies ventroposterior to the DAMMC, and

touches the WED, LLAL, and the VES mediodorsally (Figures 3, 4, 5a,

and 10a,c’,c’’). It is ventrally limited by the GLO and the TC, and its

most posterior region is surrounded by fibers of the circumesophageal

connective. The last unit of the AMMC, the VFA (Figures 2c, 3a,b,

and 10c), adjoins the AL at its posterior face and is enclosed by the

compartments of the AMMC. It is located dorsally to the GLO. Its iden-

tification is based on backfills from the antennal flagellum (Figure 10c).

It receives innervation from flagellar afferents, clearly differentiating it

from surrounding areas. Mechanosensory afferents labeled by anten-

nal backfills split into several tracts and fascicles, corresponding to
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tracts T5–T7 in the cricket (Staudacher & Schildberger, 2000). Tract

5/6 terminates in the AMMC, previously called dorsal lobe, and splits

into two strands, T6I and T6II. T6I spreads into the MAMMCwith two

strings running into parts of the LAMMC (Figure 10c’, white arrow-

heads) and ventral parts of the DAMMC (Figure 10c’’). In contrast, T6II

runs more ventrally with projections in the MAMMC (Figure 10c’,c’’)

and furtherprojects ventrally into thepharyngeal connectives. TractT7

projects into the VFA (Figure 10c).

The TC, the most ventral neuropil of the mantis brain (Figures 3, 4

and10a,b),was clearly discernible by synapsin immunostaining. Agran-

ular region appears ventrally to the AL, embedded in the dorsal region

of the TC, and extends further posteriorly. This texture is characteristic

for the GLO. The identification of the GLO by synapsin immunolabel-

ing in the mantis brain was challenging (Figures 3b,c and 4a,b). It is less

distinctive than in the cockroach, where it is a prominent glomerular

neuropil (Althaus et al., 2022). Therefore, we confirmed its presence

by backfills from the ipsilateral maxillary palp. The GLO was strongly

stained by backfilled maxillary afferents (Figure 10b), enabling clear

differentiation for the 3D reconstruction.

3.8 Tracts and commissures

We identified and reconstructed 12 fiber tracts, fiber systems, and

commissures (Figure 1) that served as landmarks in the mantis brain.

Theywere determined based on the absence of synapsin labeling in the

wholemount preparation.

The mALT is one of the most prominent tracts (Figures 3 and 4). It

originates in the AL and runs dorsally between the AMMC and LLAL.

It then continues medially between the LLAL and VES/MAL. Along the

lateral CX, themALT extends dorsally and protrudes laterally along the

dorsal surface of the ATL. It bypasses the PED anteriorly, runs through

the SLP, and targets the LH from dorsal direction. Another easily iden-

tifiable tract is the IT (Figure 3a,b), characterized by strong GABA

immunostaining (Figure 6g). The IT contains numerous neurons con-

necting the LX to the CX. These includemanyGABA-labeled tangential

neurons arborizing in the CBL and BUwith somata in a cluster near the

AL (Homberg et al., 2018). The IT serves to differentiate the ULAL and

LLAL, similar to the LALC. Two tracts associatedwith theAOTUare the

AOT and the TUBUT (Figures 2 and 3a,b). The AOT connects the optic

lobe with the AOTU. It runs along the anterior face of the SLP and SIP.

Its identification, along with the TUBUT, was essential for recognizing

theAOTU.TheTUBUToriginates between the lower andupper units of

the AOTU (Figure 8g) and establishes connections with the BU. It runs

from the AOTU through the CRE, along the medial border of the SCL,

to the BU and delineates the boundary between the SCL andULAL/BU

(Figure 3a,b). The OCNs (Figures 4c and 5a–c) were easy to identify,

as they comprise the neurites of ocellar interneurons. These neurons

enter the brain from dorsal direction, bypass the PB posteriorly, and

target theOR.

Two prominent fascicles that were identified in themantis brain are

the LEF and MEF, both located in the posterior protocerebrum. The

LEF (Figure 5a,b) emerges from the GC between the ICL and VES and

runs dorsally through the ICL, extending further posteriorly through

the dorsal area of the PS. The MEF (Figure 5a–c) is positioned more

medially than the LEF. It extends from the posterior tip of the PB ven-

trally toward the GC, forming the lateral boundary of the IB. Another

dominant tract is the MBDL (Figures 2c, 3 and 4a,b). It contains fibers

of neurosecretory cells of the pars intercerebralis, among others, and

extends along the anterior midline of the brain. Ventral to the MAL, it

splits into two fiber bundles that continue their ventral course along

the lateral sides of the esophagus before many of its fibers enter the

corpora cardiaca nerve. The MBDLmarks the posterior borders of the

ABR and SMP.

In the fruit fly, two major fiber systems, the IFS and superior fiber

system (SFS), were used for identifying neuropil boundaries. In the

mantis brain, we could only identify the IFS, as the SFS is not as promi-

nent as in the fruit fly or the Madeira cockroach. The IFS is a fiber

system in the ventral brain region, lying between the VES and WED,

which limits the LAL posteriorly (Figure 4a,b).

We identified four commissures that cross the midline of the man-

tis brain. These commissures primarily connect bilateral neuropils of

both brain hemispheres. Notably, the GC and LALC stand out due to

their large size. The LALC (Figures 3b,c and 4a,b) connects the right

and left LAL, and served as the boundary between the ULAL and

LLAL, along with the IT. Moreover, the LALC forms the ventral bor-

der of the MAL as it crosses the brain midline. The GC (Figures 4c

and 5a–c) connects both OLs with each other. It was used for the sep-

aration of the LH and PVLP, as well as PVLP and PLP. It also defined

the border between the ICL and the VES. While crossing the brain

midline, the GC also sets the ventral border of the IB. The POC runs

along the dorsoposterior brain surface, between the PS and the POTU

(Figure 5d). It connects both optic lobes with each other and contains

TH-immunoreactive neurons that innervate the POTU (Figure 9h).

Lastly, we identified the WEDC (Figure 5b,c), which connects the two

WEDs with each other. The WEDC helped in determining the bound-

aries of the WED and partly served as the border between the VES

and PS.

3.9 Anatomical organization of optic lobe
neurons

To demonstrate the usefulness of the atlas for the analysis of the loca-

tion of neuronal arborizations in the mantis brain, we integrated seven

intracellularly recorded neurons of the optic lobes into the 3D atlas.

The cells were published by Rosner et al. (2019, 2020) and comprise

four projection neurons (TOpro1, TOpro2, TAproprox1, and TAOpro),

two centrifugal neurons (TAcen and TMEcen), and a commissural neu-

ron (COcom) interconnecting both optic lobes.We list the ramification

sites of these neurons in Table 1. Additionally, we scrutinized the

branching areas of the remaining types of neurons published by Ros-

ner at al. (2019, 2020) and took into account the insights from this

study about neuropil locations within the central brain. We provide

the updated information about the ramification sites of these cells in

Table 1 as well.
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The TOpro1 and 2 neurons are tangential projection neurons with

input in the outer lobes (OLOs) 1 and 2 of the LOX (Rosner et al., 2020).

The soma of TOpro1 is located in the OL, specifically in the dorsoan-

terior region near the SLO. The cell body fiber runs ventrally through

the “tunnel” of the SLO and connects to themain neurite (Rosner et al.,

2020). This main neurite enters the brain through the GC and has

widely spreadbeadedarborization in several neuropils in the ipsilateral

brain, including thePLP, PS,WED, EPA, and the dorsal region of theVES

(Figure 11a,b’’). The innervation of the transition area from thePVLP to

the PLP (Figure 11b’; small area above the GC) is particularly notewor-

thy, as this area is also innervated by the TOpro2 and COcom neurons.

The axon of the TOpro2 runs along the ventral part of the GC and gives

rise to beaded projections in the PVLP and PLP of the ipsilateral hemi-

sphere of the brain (Figure 11c,d), as well as in the transition area from

the PLP to the PVLP (Figure 11c).

The TAproprox1 neuron ramifies in proximal parts of the ventral lobe

of the anterior lobe of the lobula complex (ALO; Rosner et al., 2020)

and has axonal terminals in the ipsilateral protocerebrum. The soma

of the TAproprox1 is located in the soma rind near the PVLP (Rosner

et al., 2020; Figure 12b’’). From the OL, the main neurite runs anteri-

orly through the AOT. It enters the AVLP and gives off small, beaded

processes in the anterior shell of the AVLP (Figure 12a,b’). The neurite

continues posteriorly, makes a ventral turn, and sends side branches

into anterior parts of the LLAL and small, beaded branches into the

anterior ULAL. Wide arborizations are finally concentrated in the VES

andWED (Figure 12a,b’). The TAOpro neuron is a tangential projection

neuronwith dendrites inOLO1/2 and in the distal layer of the ALO and

axonal terminals in the ipsilateral protocerebrum. Its soma is located

posterior to the SLO (Rosner et al., 2019; Figure 12c,d’). The main neu-

rite runs from theOL through theGC into the central brain. The neuron

shows sparse ramifications in the PLP and PVLP, as well as in the tran-

sition area of the PLP and PVLP dorsal to the GC (Figure 12d), like the

TOpro1and2neurons. TheTAOproneuron continues from theGC into

the IFS along the lateral side of the VES, with two fine branches that

innervate the VES (Figure 12c,d).

TheCOcomneuron is a commissural neuronconnecting theOLO1/2

of both optic lobes. Its main neurite runs along the GC and has mir-

rored ramifications in both hemispheres of the central brain, but differs

in the optic lobes. The neuron has smooth ramification in the OL ipsi-

lateral to the soma (input) and beaded endings in the contralateral OL

(output). The arborizations, from lateral tomedial, invade the transition

area from the PLP to the PVLP (adjacent dorsally to the GC), the PLP,

theWED, and theVESwith bleb-like endings (Figure 13a,b’). TheTAcen

neuron is a tangential centrifugal neuron with broad ramifications in

the distal parts of the ALO (Rosner et al., 2019; Figure 14a,b). The

soma of this neuron is located near the ventromedial edge of the AVLP.

The cell body fiber enters the protocerebrum posteriorly, runs along

the dorsoanterior surface of the PLP, and then continues in anterome-

dial direction. Sparse fine side branches are given off into the DAMMC

and MAMMC, while the main second neurite runs through the WED

and sends a side branch posteriorly into the PLP and PS (Figure 14a,b)

before it continues dorsolateral to the PLP in the optic stalk. The

TMEcen neuron is a tangential centrifugal neuron with wide ramifi-

cations across the contralateral ME (Rosner et al., 2019; Figure 14d).

Its soma is located in the posterior soma rind of the central brain. The

neuron ramifies bilaterally in the central brain (Figure 14d’). Ipsilat-

eral ramifications are in the posterior lateral VES, fromwhich the main

neurite crosses themidline posteriorly. It further exhibits contralateral

processes in the PS, VES, WED, PLP, and a small branch projecting into

the GOR (Figure 14c,d’).

4 DISCUSSION

We have analyzed and reconstructed a total of 42 neuropils and 12

tracts and commissures of the cerebrumof themantisH.membranacea,

in addition to the seven reconstructed neuropils of the mantis OL

presented by Rosner et al. (2017). This opens up new possibilities

for detailed anatomical analysis. Therefore, we integrated seven 3D-

reconstructed neurons published in Rosner et al. (2019, 2020) into

the 3D atlas, allowing for detailed identification of their arborization

areas in the central brain (Figure 15). This provides a basis for mapping

neuronal connections in future anatomical and physiological studies.

We found prominent, strongly innervated neuropils, including the PLP,

PVLP, as well as theWED and VES targeted by the optic lobe neurons.

The GC is strikingly prominent in the mantis brain, potentially serving

binocular computations. Brain areas, such as the ALI, ABR, and MAL,

present in themantis brain, seem to be unique in polyneopteran insects

(cockroach [R. maderae] and locust [S. gregaria]). However, a correspon-

dence of the neck, identified in the locust and cockroach,was not found

in the mantis brain. The MB of the mantis appears relatively slim com-

pared to the MB of the cockroach and locust. Other chemosensory

neuropils such as the GLO and AL are, likewise, less prominent, while

visual neuropils of the OL are large and partitioned in a highly com-

plex manner in the mantis brain. This is likely due to the mantis’ strong

reliance on visual input.

4.1 Mushroom body

The CAs vary in number and complexity across different insect species

and, in aquatic species, may be completely absent (Strausfeld et al.,

2009). Our findings in the mantis support the previously described

fuseddouble cuporganizationof theCA (Rosner et al., 2017) andunveil

the presence of an ICA and OCAwithin each CA. In addition, an ACAR

encircling the PED neck of the MB is present. As demonstrated in var-

ious insects, like the honey bee A. mellifera, the cockroach P. americana,

and the fly D. melanogaster, the MBs are strongly involved in learning,

memory, and integration of multisensory, in particular olfactory, inputs

(Heisenberg, 1998; Li et al., 2020;Menzel, 2022;Mizunami et al., 1998;

Modi et al., 2020; Nishino et al., 2012). The MBs in the mantis have

relatively slender dimensions, in contrast to their counterparts in the

cockroach (Althaus et al., 2022, Wei et al., 2010), locust (Kurylas et al.,

2008; von Hadeln et al., 2018), or honey bee (Strausfeld, 2002). This

differencemay be related to the ecology ofmantises, which relymainly

on visual input, rather than olfaction.
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20 of 31 ALTHAUS ET AL.

F IGURE 11 Three-dimensional reconstructions of the TOpro1 and TOpro2 neurons (Rosner et al., 2020) integrated into the 3D atlas of the
mantis brain. (a) TOpro1 neuron integrated into the half-transparent 3D atlas, showing innervated, colored neuropils in posterior (right), dorsal
(middle), and ventral views (left bottom). Red arrowheads point to arborizations in the posterior slope (PS). Inset (top left) shows the reconstructed
neuron fromRosner et al. (2020) with innervated neuropils of the optic lobe. (b–b’’) Anterior projection view of 100 slices (b), 115 slices (b’), and 25
slices (b’’) of the Neurobiotin-injected TOpro1 neuron. Yellow asterisk marks the connection to the posterior ramifications of the neuron (b’’). It
arborizes widely in the outer lobe of the lobula complex (OLO) and enters the cerebrum via the great commissure (GC). The neuron has wide
arborizations in the ipsilateral brain hemisphere. (c, c’) Projection view of 120 slices of the Neurobiotin-injected TOpro2 neuron in the ipsilateral
cerebrum (c) and of 120 slices of the optic lobe (c’). The neuron has wide arborizations in theOLO, anterior lobe of the lobula complex (ALO), and
the stalk lobe of the lobula complex (SLO), anterior view. (d) TOpro2 neuron integrated into the 3D brain atlas with innervated neuropils
highlighted in color in posterior (top) and dorsal views (bottom). Inset shows image of the reconstructed neuron fromRosner et al. (2020) with the
innervated areas in the optic lobe (right middle). a, anterior; AVLP, anterior ventrolateral protocerebrum; CX, central complex; d, dorsal; EPA,
epaulette; l, lateral; LA, lamina; m, medial; ME, medulla; OL, optic lobe; PLP, posterior lateral protocerebrum; PVLP, posterior ventrolateral
protocerebrum; VES, vest;WED, wedge. Scale bars= 200 µm (a, b), 100 µm (b’–c’), and 400 µm (d).
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F IGURE 12 Three-dimensional reconstructions of the TAproprox1 (Rosner et al., 2020) and TAOpro neurons (Rosner et al., 2019). (a)
Three-dimensional reconstruction of the TAproprox1 neuron integrated into the half-transparent 3D atlas with colored innervated neuropils in
posterior (right) and anterior lateral views (left). Inset shows neuron fromRosner et al. (2020) in anterior viewwith innervated areas of the optic
lobe (middle). (b–b’’) Anterior projection views from posterior (130 slices in b) to anterior (50 slices in b’ and 60 slices in b’’). (c) Three-dimensional
reconstruction of the TAOpro neuron integrated into the half-transparent 3D atlas with innervated neuropils and the great commissure (GC) in
colors, posterior (top) and dorsal (bottom) views. Inset shows neuron fromRosner et al. (2019) in anterior viewwith innervated areas of the optic
lobe (OL). (d, d’) Anterior projection view of the Neurobiotin-injected TAOpro neuron from 80 slices of the central brain (d) and 60 slices of theOL
(d’). a, anterior; ALO, anterior lobe of the lobula complex; ALO-V, ventral ALO; AVLP, anterior ventrolateral protocerebrum; CX, central complex; d,
dorsal; IFS, inferior fiber system; l, lateral; LLAL, lower lateral accessory lobe; m, medial; OLO, outer lobe of the lobula complex; PLP, posterior
lateral protocerebrum; PVLP, posterior ventrolateral protocerebrum; SLO, stalk lobe of the lobula complex; ULAL, upper lateral accessory lobe;
VES, vest;WED, wedge. Scale bars= 200 µm (a), 100 µm (b, b’, b’’, d), 200 µm (d’), and 300 µm (c).

 10969861, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cne.25607 by T

est, W
iley O

nline L
ibrary on [02/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



22 of 31 ALTHAUS ET AL.

F IGURE 13 (a) Three-dimensional reconstruction of the COcom neuron (Rosner et al., 2019) integrated into the half-transparent 3D atlas
with innervated neuropils and the great commissure (GC) in colors, posterior view. Inset shows neuron fromRosner et al. (2019) in anterior view
with innervated areas of the optic lobes (OLs). (b, b’) Anterior projection view of the Neurobiotin-injected COcom neuron from 70 slices of the
whole neuron (b) and 20 slices of the arborization in the transition area from the posterior lateral protocerebrum (PLP) to the posterior
ventrolateral protocerebrum (PVLP) (b’). CX, central complex; d, dorsal; m, medial; OLO, outer lobe of the lobula complex; VES, vest;WED, wedge.
Scale bars= 500 µm (a), 600 µm (b), and 200 µm (b’).

4.2 CX, ALI, and LX

The CX is a structure highly conserved across insect species. In the

mantis, both divisions of the CB are divided into 10 vertical slices (five

per hemisphere). Their shape can be described as wedge-like, similar

to the teeth in the CBL of the cockroach (R. maderae) (Althaus et al.,

2022; Jahn et al., 2023). The outer slice of the CBL was previously

described as half-sized (Rosner et al., 2017), which is consistent with

our observations. The CX is strongly involved in controlling spatial

behavior and processing of navigational information. It receives input

from various sensory sources, including various visual and antennal

mechanosensory cues (Honkanen et al., 2019; Pfeiffer, 2022; Pfeiffer

& Homberg, 2014). Extracellular recordings in the freely moving Chi-

nese mantis (Tenodera sinensis) suggest that CX neurons are involved

in prey detection and tracking (Wosnitza et al., 2022). The ALI, cover-

ing the CB frontally, has been identified as a CX-associated neuropil in

the cockroach (Althaus et al., 2022; Jahn et al., 2023), locust (Heinze &

Homberg, 2008; Vitzthum et al., 1996), and honey bee (Hensgen, Eng-

land, et al., 2021). In the polyneopteran species, the ALI is large; it is

considerably smaller in bees and not present as a distinct neuropil in

fruit flies (Ito et al., 2014).

The neuropils of the LX are closely linked with the CX and serve as

an input and output site for various information to and from the CX

(Hensgen, Göthe, et al., 2021; Hulse et al., 2021; Pfeiffer & Homberg,

2014). In the mantis, the LX is largely unexplored, but we discovered

input fromoptic lobeneurons (TAproprox1, TADpro; Table1). In the fruit

fly (D. melanogaster), descending neurons convey information from the

LAL downstream to regions involved in motor control (Namiki, Dickin-

son, et al., 2018) thatmaybe similar in themantis. Themicroglomerular

organization of theBU in themantis is less prominent than in the honey

bee (Habenstein et al., 2023) or fruit fly (Ito et al., 2014), and it appears

to be undivided, as in the cockroach (Althaus et al., 2022; Homberg

et al., 2018). In contrast, the BU in the desert locust constitutes two

spatially separated subunits, a medial and a lateral part (Hensgen,

Göthe, et al., 2021; Träger et al., 2008). The BU houses arborizations

of GABA-immunoreactive tangential neurons of the CBL and is part of

the sky-compass pathway (S. gregaria: Homberg et al., 2023; D. plexip-

pus: Beetz & el Jundi, 2023; Heinze & Reppert, 2011; A. mellifera: Held

et al., 2016;D. melanogaster: Hardcastle et al., 2021).

The nearby GA is defined by the arborization area of CL columnar

neurons of the CBL (Hensgen, Göthe, et al., 2021; Hensgen, England,

et al., 2021; Jahn et al., 2023). Although little is known about the

neuronal organization of the mantis CX, we identified a distinct area

between theULAL and LLAL as theGAbased on its identical position in

the locust, cockroach, fruit fly, and honey bee (Hensgen, England, et al.,

2021; Ito et al., 2014; Jahn et al., 2023). Future investigations using

single-cell tracer injections will be necessary to confirm the identity of

this region as the GA.

4.3 SNP and LH

The LH, along with the MB, is a higher order neuropil involved in

processing olfactory information from the AL. The LH can be easily

identified by GABA immunolabeling and synapsin immunolabeling, as

well as by tracing the prominent mALT that projects into it. In the

mantis, the LH lies at the same position as in the Madeira cockroach

(Althaus et al., 2022) and desert locust (von Hadeln et al., 2018) and is

dorsally encased by the SLP. However, unlike in the fruit fly (Ito et al.,

2014), dung beetles (Immonen et al., 2017), or desert ants (Haben-
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F IGURE 14 Three-dimensional reconstructions of the TAcen and the TMEcen neurons (Rosner et al., 2019). (a) Three-dimensional
reconstruction of the TAcen neuron (Rosner et al., 2019) integrated into the half-transparent 3D atlas with innervated colored neuropils in
anterior lateral (right) and posterior views (left). (b) Anterior projection view of the Neurobiotin-injected TAcen neuron, displaying 100 slices. Inset
shows neuron fromRosner et al. (2019). Red arrowhead points to the soma, white arrowheads point to fine arborizations in the antennal
mechanosensory andmotor center (AMMC), and the yellow asterisk marks the connection to arborizations in the posterior brain. (c)
Three-dimensional reconstruction of the TMEcen neuron integrated into the half-transparent 3D atlas with innervated neuropils in color,
posterior (left) and dorsal (bottom right) views. Inset shows neuron fromRosner et al. (2019) in anterior viewwith innervated areas of theOL. (d)
Anterior projection view of the TMEcen neuron from 60 slices showing the arborizations in theOL. (d’) Anterior projection view of the
Neurobiotin-injected TMEcen neuron from 115 slices of the central brain. Arrowheads point at neurites that are stained weakly. a, anterior; CX,
central complex; d, dorsal; DAMMC, dorsal AMMC; GOR, gorget; m, medial; MAMMC,medial AMMC; PS, posterior slope; VES, vest;WED, wedge.
Scale bars= 600 µm (a), 400 µm (b, c), and 200 µm (d, d’).

stein et al., 2020), the LH in the mantis is not laterally attached to the

SLP.

The SLP, SIP, and SMP, forming the dorsal face of the brain, are dis-

tinguished in all available insect brain atlases. These neuropils contain

prominent arborization areas of neurosecretory cells of the pars inter-

cerebralis and lateralis (Reinhard et al., 2022). In mantises, the SMP

is relatively large and fused across the midline, similar to the SMP in

dung beetles (Immonen et al., 2017), where it is directly attached to the

midline crossing ATL. This is in contrast to other polyneopteran insects

where the SMPs of both hemispheres are not fused and appear smaller
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24 of 31 ALTHAUS ET AL.

F IGURE 15 Integration of all seven reconstructed optic lobe neurons (Figures 11–14) into the semi-transparent 3D atlas of themantis
cerebrum. Frontal posterior view (a) and dorsal view (b) showing the spatial arrangement of branching areas in the brain. Scale bar= 300 µm.

(Althaus et al., 2022; von Hadeln et al., 2018). An additional distinct

neuropil, the ABR, was identified within the SNP, which is apparently

exclusive to polyneopteran insects. TheABR spans themidline and cov-

ers the anterodorsal part of the SMP. It could be clearly distinguished

by its fibrous structure observed in synapsin immunolabeling. In other

insects, it may have been considered as part of the SMP (Habenstein

et al., 2020, 2023; Ito et al., 2014). The SIP, like the SMP and SLP,

extends from the anterior to the posterior surface of the brain. Its posi-

tion and shape strongly correspond to those in other polyneopteran

insects, but it occupies more space than in the fruit fly (Ito et al., 2014).

In the mantis, the SIP does not completely surround the VL, but rather

covers its dorsal surface and surrounds it anteriorly. Tracing experi-

ments conducted in fruit flies have revealed that olfactory information

from the LH may enter the SLP and SCL, possibly forming connections

to the SIP and SMP (Yu et al., 2013). In honey bees, the SIP (also known

as the ring neuropil) is targeted by output neurons from the MB (Abel

et al., 2001; Rybak &Menzel, 1993).

4.4 Ventrolateral neuropils

The VLP in the mantis mirrors the shape and position observed in the

cockroach and locust (Althaus et al., 2022; von Hadeln et al., 2018)

and is divided into an anterior and posterior region in all three species.

The PVLP has been described as a region with glomerular structure

in flies and bumblebees (Ito et al., 2014; Paulk et al., 2009), and we

have, likewise, identified a glomerular organization in the mantis brain

(Figure 8h). In D. melanogaster, the WED and PVLP serve as secondary

auditory neuropils connected by interneurons to auditory afferents

from Johnston’s organ that terminate in the AMMC (Matsuo et al.,

2016; Patella & Wilson, 2018). Direct input from Johnston’s organ to

the VLPwas also found in ants (Grob et al., 2021). In desert locusts, the

PLP and PVLP receive massive input from ascending neurons provid-

ing auditory and cercal wind-sensory input (Staudacher et al., 2023).

The glomerular organization of the PVLP and PLP in D. melanogaster

is largely based on a visual feature map provided by parallel projec-

tions of lobula columnar neurons signaling various aspects of moving

objects (Aptekar et al., 2015;Klapoetke et al., 2022;Wuet al., 2016). As

shown in the fruit fly and silk moth, some of these sensory inputs likely

converge onto specific descending neurons (Namiki, Dickinson, et al.,

2018; Namiki, Wada, et al., 2018). In the mantis, the VLP and WED,

likewise, receive prominent input from visual interneurons (Table 1).

Consequently, the VLNP in the mantis might function as a premotor

center, processing visual data and facilitating swift, accurate responses

to visual stimuli.

The anterior ventrolateral area of the mantis brain houses the

AOTU, which consists of a larger UU and a smaller LU separated by

the TUBUT. The separation of the AOTU into UU and LU appears to be
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consistent across various insect species, while the number of subunits

of the LU appears to be more variable (Adden et al., 2020; Hardcastle

et al., 2021; Heinze & Reppert, 2012; Homberg et al., 2003; Immo-

nen et al., 2017; Mota et al., 2011). The LU of the AOTU is involved

in the processing of celestial cues, including the sun’s position and

the polarization pattern of the sky (Hardcastle et al., 2021; Homberg

et al., 2023), while the UU receives LOX input from neurons involved

in object detection (Aptekar et al., 2015; Collett, 1972; Ribeiro et al.,

2018). This information is transmitted through the TUBUT, via the BU,

andaparallel fiber bundle via the LAL to theCX,where further process-

ing related to goal-directed navigation takes place (Hardcastle et al.,

2021; Heinze, 2017; Homberg et al., 2003, 2023). While central neu-

ral substrates such as the AOTU, TUBUT, and its connection to the CX

are present in themantis, their involvement in sky compass orientation

or other functions still needs to be established.

4.5 Inferior neuropils

The large group of INP includes the CRE. In the fruit fly, the CRE sur-

rounds the shaft of theML, which has not been observed in themantis,

locust (von Hadeln et al., 2018), and cockroach (Althaus et al., 2022).

GABA-immunolabeled fibers from the CRE target the CA (Strausfeld &

Li, 1999; Yamazaki et al., 1998) and have also served in the cockroach

brain for the identification of the CRE (Althaus et al., 2022). In the fruit

fly (Ito et al., 2014) and cockroach (Althaus et al., 2022), a small spher-

ical neuropil is part of the CRE, called the rubus (RUB). While we were

unable to distinguish the RUB by synapsin labeling in themantis, it may

be identified by tracer injections into columnar neurons of the CBU,

whose arborizations outside the CX are confined to the RUB (Hulse

et al., 2021; Ito et al., 2014; Jahn et al., 2023). The remaining parts of

the CRE are connected to the LAL as examined in the locust (Hensgen,

Göthe, et al., 2021) and fruit fly (Hulse et al., 2021). In the fruit fly, the

CRE is also innervated by output neurons of the MB (Li et al., 2020),

although little is known about the physiology of these neurons.

The SCL and ICL in the mantis stretch from the CB to the lateral

SLP. In the fruit fly, the CL is divided into SLC and ILC by the superior

arch- and ellipsoid commissures (Ito et al., 2014). Because we did not

observe corresponding landmarks in themantis, we referred to the 3D

atlases of the locust (von Hadeln et al., 2018) and the cockroach brain

(Althaus et al., 2022), where the CL was subdivided with the help of

the arising PED.Medially adjacent to the ICL, the IB crosses the poste-

rior brain midline. The IB has been identified in the brains of the locust,

cockroach, dung beetle, ant, honey bee, and fly, but not in Tribolium cas-

taneum (Farnworth et al., 2022), C. obscurior (Bressan et al., 2015), A.

infusa (Adden et al., 2020), and D. plexippus (Heinze & Reppert, 2012).

The IB in themantiswas, as in the locust and cockroach, discernible due

to strong synapsin staining and the lateral adjoining fascicles (MEF and

LEF).

The ATL in the mantis differs in its shape from that of other insect

species. It is fused at themidline and elongated along the dorsal surface

of the IB. This suggests that, similar to the findings in D. melanogaster

(Ito et al., 2014), the ATL may be part of the IB. This is consistent

with our results, as the ATL was difficult to differentiate from the IB

and shows elongation along its dorsal surface. In contrast, the OR was

much easier to identify by tracing the course of the OCN. In H. mem-

branacea, the number of ocelli corresponds to the number of theORs in

the brain, with one ocellus per hemisphere. The ORs serve as the input

station of visual input from the ocelli. Their position is similar to those

in the locust (von Hadeln et al., 2018) and cockroach (Althaus et al.,

2022). The mantis brain features a quite prominent MAL, which has

not been described in holometabolous insects but is easily distinguish-

able in polyneopteran insects. In the mantis, the MAL is fused across

themidline, as in the locust (vonHadeln et al., 2018), but different from

themore closely relatedMadeira cockroachwhere it does not span the

midline (Althaus et al., 2022).

4.6 Ventromedial neuropils

The functional role of the VMNP is not well understood. The POTU is

involved in the processing of celestial cues and is connected to the PB

via tangential neurons. In the cockroach (R. maderae), the POTU is also

associated with the circadian system and is strongly labeled by antis-

era against pigment-dispersing factor (Stengl &Homberg, 1994). In the

mantis, we specified the POTU by TH labeling, along with the identifi-

cation of the POC that projects to the POTU and connects both OLs.

In D. melanogaster, the PS is subdivided into a superior and an inferior

region separated by the POC (Ito et al., 2014). In the mantis, a subdi-

vision, like in the cockroach, dung beetles, and locust (Althaus et al.,

2022; Immonen et al., 2017; von Hadeln et al., 2018), was not obvious.

The PS is a major target of motion-sensitive projection neurons from

the ME and LOX signaling ego motion (Namiki, Dickinson, et al., 2018;

Paulk et al., 2008, 2009; Ryu et al., 2022; Strausfeld, 1976; Straus-

feld & Bassemir, 1985a, 1985b; Suver et al., 2016) and is innervated

by numerous descending and ascending neurons (Okada et al., 2003;

Ryu et al., 2022; Staudacher, 1998; Staudacher et al., 2023; Strausfeld,

1976). In addition, the PS receives input from numerous brain areas

including the LAL, as reported in the silk moth (Bombyx mori), where

these neurons seem to be involved in motor control for pheromone

processing (Namiki, Wada, et al., 2018). Neurons connecting the LAL

andPS in the desert locustmayplay a role in spatial orientation (Heinze

& Homberg, 2009). As shown in Table 1, seven out of 15 characterized

visual interneurons of the OL of the mantis arborize in the PS. Five out

of these are projection neurons from the LOX thatmay target descend-

ing neurons in the PS for initiating orientation responses. The presence

of branches within the LAL in one of these neurons (Table 1, TADpro)

shows parallel processing of visual input in the PS and LAL.

The VX comprises the EPA, GOR, and VES, with the VES being

the largest region. This organization aligns with findings from D.

melanogaster (Ito et al., 2014), S. gregaria (vonHadeln et al., 2018), andR.

maderae (Althauset al., 2022). In themonarchbutterfly, theVX is recon-

structed as a single structurewithin the ventromedial anterior neuropil

(Heinze&Reppert, 2012), while in ants, it is considered part of the ven-

tromedial protocerebrum (Bressan et al., 2015). Major landmarks for

identifying theVES in themantis are the IFS andGC, as also reported in
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other establishedbrain atlases. TheEPAandGORaredorsally attached

to the VES and have similar positions in the fruit fly (Ito et al., 2014). In

themantis, the GORwas difficult to distinguish and could only be iden-

tified by its shape and position, similar to data in the fruit fly (Ito et al.,

2014) and in the cockroach (Althaus et al., 2022).

4.7 PENP, TC, and the AL

Many insects rely on olfactory stimuli for various behaviors, such as

foraging or searching for sexual partners. Despite the relatively small

size of their antennae, studies have shown that praying mantises are

responsive to olfactory cues (Allen et al., 2012; Carle et al., 2014).

Male mantises can recognize a female’s willingness to mate based on

sex pheromones released by the females (Lelito & Brown, 2008). The

primary olfactory center of insects is the glomerular AL (Hansson &

Anton, 2000). InH. membranacea, the AL has relatively large glomeruli,

similar to those in the cockroach (R. maderae), although in a smaller

number, probably due to the mantis’ strong reliance on visual input. In

the Chinese mantis (Tenodera aridifolia), 54 glomeruli were identified in

the AL (Carle et al., 2017), slightly less than the 61 glomeruli counted

in H. membranacea. The glomeruli are connected through different AL

tracts to higher brain areas for further processing of olfactory cues.We

identified one of these tracts, themALT, which contains a large number

of projection neurons targeting the CA of theMB and LH.

The VFA is closely linked to the antennae and can be reliably iden-

tified by backfills of the antennal flagellum, as it receives massive

innervation by flagellar afferents (Staudacher & Schildberger, 2000;

Staudacher et al., 2005). In contrast, differentiating the mantis VFA

solely by synapsin staining was difficult, unlike in the cockroach or

locust, where the VFA is a synapsin-rich area between the AL and GLO

(Althaus et al., 2022; von Hadeln et al., 2018). The mantis VFA is rel-

atively small compared to the VFA of the cricket or cockroach, which

may relate to differences in lifestyle and the less prominent organi-

zation of the mantis antennae. The VFA has not been recognized in

holometabolous insects studied thus far. It is part of the AMMC, which

also includes the DAMMC, LAMMC, and MAMMC. In fruit flies, these

regions likely correspond to the saddle, which contains the fly AMMC.

The organization of the mantis AMMC into a dorsal, medial, and lat-

eral region follows the corresponding organization in the locust (von

Hadeln et al., 2018). The subdivisions were established by consider-

ing their spatial arrangement in the brain and were aided by antennal

backfills.

The GLO, a termination site for maxillary palp afferents in poly-

neopteran insects (Ignell et al., 2000), was also identified in a

holometabolous insect, the beetle T. castaneum (Dippel et al., 2016). It

was proposed that the GLO is involved in odor processing by olfactory

neurons of the mouthparts, without involvement of the ALs (Dippel

et al., 2016). In the migratory locust (Locusta migratoria), the GLO is

involved in odor-induced vomiting (Sun et al., 2022). In the cockroach

(R. maderae), the GLO is a highly glomerular neuropil and is easily

identified using synapsin immunolabeling (Althaus et al., 2022). In the

mantis, the GLO is less prominent and was only established by back-

fills of the maxillary palps. The GLO is assumed to be of tritocerebral

origin, because the TC is, among other neuronal connections, inner-

vated by nerves from the mouthparts and the stomatogastric system

(Aubele &Klemm, 1977; Farris, 2008; Rajashekhar & Singh, 1994). The

mantis TC, the most ventral area of the central brain, appears to be

undivided as in other polyneopteran insects (Althaus et al., 2022; von

Hadeln et al., 2018). Owing to fusion of the gnathal and cerebral gan-

glia in holometabolous insects, its correspondence with neuropils like

the prow and saddle in the fruit fly (Ito et al., 2014) is difficult and has

not been investigated.

4.8 Insights from ramification sites of optic lobe
neurons

We integrated sevenneurons publishedpreviously (Rosner et al., 2019,

2020) into the mantis brain atlas (Figures 11–15) and, in addition,

provide detailed information about ramification sites of additional

neurons not integrated here (Table 1). Registration of neurons from

different experiments into a reference system is usually done by warp-

ing different brains into an average standardized 3D brain atlas to be

used as a common platform (el Jundi & Heinze, 2020; Rybak et al.,

2010). However, integration of neurons from different brains into a

3D-reconstructed single brain, as done here, has previously also been

achieved for theCXof the dungbeetle (el Jundi et al., 2018). That study,

based on transformation of neurons using 12 degrees of freedom,

revealed detailed information on the layering and columnar organiza-

tionof theCX. Integrationof themantis neurons into the3Dbrain atlas,

in contrast, was achieved by transformationwith only seven degrees of

freedom (translation, rotation, and isotropic scaling). The high level of

accuracy we obtained is illustrated by the fact that axonal fibers of all

neurons were correctly positioned in the same fiber tracts in the 3D

atlas as in their brain of origin (TOpro1, TOpro2, TAOpro, and COcom

in GC; TAproprox1 in AOT; TAOpro within IFS), although fiber tracts

were not considered in the integration process. For future studies on

neural networks in the mantis brain, it might, nevertheless, be useful

to establish a standard 3D brain platform, which might reveal even

more precision, especially when analyzing details in projection sites

and possible synaptic contacts.

Rosner et al. (2017, 2019, 2020) suggested corresponding substruc-

tures in the LOX inmantises and flies. The data presented here support

these claims. The fly LOX comprises two nested neuropils, the lobula

plate and the lobula. Widefield motion is processed in a directionally

selective manner in the lobula plate, while in the lobula, several types

of projection neurons respond to motion of small, dark targets (Klapo-

etke et al., 2022; Ryu et al., 2022). In the mantis, widefield motion is

processed in a directionally selective manner by neurons ramifying in

distal layers of the ALO (TADpro, TAprodist1, and TAcen in Rosner et al.

[2019, 2020]; TAproM1 and TAproM2 in Yamawaki [2019]) and, addi-

tionally, by neurons with input exclusively in the dorsal lobe of the LOX

(Yamawaki, 2019). Thus, these neurons share physiological properties

with lobula plate tangential cells in flies. Lobula plate tangential cells

have central brain ramifications in the PS and PLP but not in the VLP
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(Ito et al., 2014; Namiki, Wada, et al., 2018; Ryu et al., 2022). As shown

here, this also holds for the investigated widefield sensitive cells in the

mantis (TADpro, TAprodist1, and TAcen).

All other LOX neurons presented in Table 1 ramify in the VLP (AVLP

or PVLP). In the fly, VLP ramifications are indicative of lobula neu-

rons (Ito et al., 2014; Otsuna & Ito, 2006). Mantis neurons that have

LOX ramifications exclusively in theOLOor the SLO (TOproM/TOpro1,

TOproL, COcom, and Scom) respond strongly to motion of small, dark,

prey-like objects (Rosner et al., 2020; Yamawaki, 2019). The physi-

ological features of the OLO and SLO in conjunction with the VLP

ramifications of neurons originating inOLO and SLO (TOpro1, TOpro2,

COcom, TOpro3, and Spro in Table 1) support previous claims that the

OLO, perhaps together with the SLO, corresponds to the fly lobula.

Two tangential projection neurons (TAproprox1 and TADpro) pro-

vide input to the LAL. TAproprox1 responds to dark flashing bars

(Rosner et al., 2020), while the TADpro/TAproM2 neuron responds

best to bright flashing bars and moving gratings, that is, widefield

motion (Rosner et al., 2020; Yamawaki, 2019). The LALs are sensory

motor relay neuropils that are highly linkedwith theCX. In bees, theCX

is suspected to harbor neurons that determine traveled distances by

integrating optic flow (Stone et al., 2017). Widefield motion-sensitive

neurons in the CX suggested to play a role in distance perception

receive input in the LALs (Stone et al., 2017). Thus, homologs of the

mantis TADpro neuron in bees could link the optic lobewith theCXand

provide signals for travel distance estimation in path integration.

The praying mantis is a formidable predator of the insect world

with a highly specialized visual system attuned to detecting and hunt-

ing prey. The identification and 3D mapping of neuropils and fiber

tracts in the mantis brain is an important step toward linking behav-

ioral data to activities in particular brain areas. The mantis brain atlas

has been enriched by integrating specific neurons previously studied,

offering a more detailed understanding of the brain’s structure and

function. The data underscore potential homologies between theman-

tis and other insects, particularly in the LOX region. Distinct pathways

in the LOX allow the mantis to detect both small moving objects and

widefield motion, a feature also observed in flies. The integration of

these neurons into the atlas not only provides insights into the unique

visual system of the mantis, but also emphasizes the atlas as a tool for

analyzing neural networks involved in visual perception and behavior.
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Aptekar, J. W., Keleş, M. F., Lu, P. M., Zolotova, N. M., & Frye, M. A. (2015).

Neurons forming optic glomeruli compute figure–ground discrimina-

tions in Drosophila. Journal of Neuroscience, 35, 7587–7599. https://doi.
org/10.1523/JNEUROSCI.0652-15.2015

Aubele, E., &Klemm,N. (1977).Origin, destinationandmappingof tritocere-

bral neuronsof locust.Cell andTissueResearch,178, 199–219. https://doi.
org/10.1007/BF00219048

Avarguès-Weber, A., Deisig, N., & Giurfa, M. (2011). Visual cognition in

social insects.Annual Review of Entomology,56, 423–443. https://doi.org/
10.1146/annurev-ento-120709-144855

Beetz,M. J., & el Jundi, B. (2023). Theneurobiologyof theMonarchbutterfly

compass.CurrentOpinion in Insect Science,60, 101109. https://doi.org/10.
1016/j.cois.2023.101109

Brandt, R., Rohlfing, T., Rybak, J., Krofczik, S.,Maye,A.,Westerhoff,M.,Hege,

H.-C., &Menzel, R. (2005). Three-dimensional average-shape atlas of the

honeybee brain and its applications. Journal of Comparative Neurology,
492, 1–19. https://doi.org/10.1002/cne.20644

 10969861, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cne.25607 by T

est, W
iley O

nline L
ibrary on [02/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.6084/m9.figshare.25074674
https://doi.org/10.6084/m9.figshare.25074674
https://orcid.org/0000-0001-8018-0555
https://orcid.org/0000-0001-8018-0555
https://orcid.org/0000-0002-8229-7236
https://orcid.org/0000-0002-8229-7236
https://orcid.org/0000-0002-5829-8626
https://orcid.org/0000-0002-5829-8626
https://publons.com/publon/10.1002/cne.25607
https://publons.com/publon/10.1002/cne.25607
https://doi.org/10.1002/cne.1289
https://doi.org/10.1002/cne.1289
https://doi.org/10.1002/cne.24866
https://doi.org/10.1002/cne.24866
https://doi.org/10.1111/j.1440-6055.2011.00843.x
https://doi.org/10.1111/j.1440-6055.2011.00843.x
https://doi.org/10.1002/cne.25396
https://doi.org/10.1523/JNEUROSCI.0652-15.2015
https://doi.org/10.1523/JNEUROSCI.0652-15.2015
https://doi.org/10.1007/BF00219048
https://doi.org/10.1007/BF00219048
https://doi.org/10.1146/annurev-ento-120709-144855
https://doi.org/10.1146/annurev-ento-120709-144855
https://doi.org/10.1016/j.cois.2023.101109
https://doi.org/10.1016/j.cois.2023.101109
https://doi.org/10.1002/cne.20644


28 of 31 ALTHAUS ET AL.

Bressan, J.M. A., Benz,M., Oettler, J., Heinze, J., Hartenstein, V., & Sprecher,

S. G. (2015). A map of brain neuropils and fiber systems in the ant

Cardiocondyla obscurior.Frontiers inNeuroanatomy,8, 166. https://doi.org/
10.3389/fnana.2014.00166

Calvo, A. C., Pey, A. L., Miranda-Vizuete, A., Døskeland, A. P., & Martinez,

A. (2011). Divergence in enzyme regulation between Caenorhabditis ele-
gans and human tyrosine hydroxylase, the key enzyme in the synthesis of

dopamine. Biochemical Journal, 434, 133–141. https://doi.org/10.1042/
BJ20101561

Carle, T., Toh, Y., Yamawaki, Y., Watanabe, H., & Yokohari, F. (2014). The

antennal sensilla of the praying mantis Tenodera aridifolia: A new flagel-

lar partition based on the antennal macro-, micro- and ultrastructures.

Arthropod Structure & Development, 43, 103–116. https://doi.org/10.
1016/j.asd.2013.10.005

Carle, T., Watanabe, H., Yamawaki, Y., & Yokohari, F. (2017). Organization

of the antennal lobes in the praying mantis (Tenodera aridifolia). Journal
of Comparative Neurology,525, 1685–1706. https://doi.org/10.1002/cne.
24159

Chiang, A. S., Lin, C. Y., Chuang, C. C., Chang, H. M., Hsieh, C. H., Yeh, C. W.,

Shih, C. T., Wu, J. J., Wang, G. T., Chen, Y. C., Wu, C. C., Chen, G. Y., Ching,

Y. T., Lee, P. C., Lin, C. Y., Lin, H. H., Wu, C. C., Hsu, H. W., Huang, Y. A.,

. . . Hwang, J. K. (2011). Three-dimensional reconstruction of brain-wide

wiring networks in Drosophila at single-cell resolution. Current Biology,
21, 1–11. https://doi.org/10.1016/j.cub.2010.11.056

Collett, T. (1972). Visual neurones in the anterior optic tract of the privet

hawk moth. Journal of Comparative Physiology, 78, 396–433. https://doi.
org/10.1007/BF01417943

Dippel, S., Kollmann, M., Oberhofer, G., Montino, A., Knoll, C., Krala, M.,

Rexer, K.-H., Frank, S., Kumpf, R., Schachtner, J., &Wimmer, E. A. (2016).

Morphological and transcriptomic analysis of a beetle chemosensory

system reveals a gnathal olfactory center. BMC Biology, 14, 90. https://
doi.org/10.1186/s12915-016-0304-z

el Jundi, B., Heinze, S., Lenschow, C., Kurylas, A., Rohlfing, T., & Homberg,

U. (2010). The locust standard brain: A 3D standard of the central

complex as a platform for neural network analysis. Frontiers in Systems
Neuroscience, 3, 21. https://doi.org/10.3389/neuro.06.021.2009

el Jundi, B., & Heinze, S. (2020). Three-dimensional atlases of insect brains.

In R. Pelc, W. Walz, & J. R. Doucette (Eds.), Neurohistology and imaging
techniques. Neuromethods (Vol. 153, pp. 73–124). Humana. https://doi.

org/10.1007/978-1-0716-0428-1_3

el Jundi, B., Warrant, E. J., Pfeiffer, K., & Dacke, M. (2018). Neuroarchitec-

tureof thedungbeetle central complex. Journal of ComparativeNeurology,
526, 2612–2630. https://doi.org/10.1002/cne.24520

Fahrbach, S. E. (2006). Structure of the mushroom bodies of the insect

brain. Annual Review of Entomology, 51, 209–232. https://doi.org/10.
1146/annurev.ento.51.110104.150954

Farnworth, M. S., Bucher, G., & Hartenstein, V. (2022). An atlas of the devel-

oping Tribolium castaneum brain reveals conservation in anatomy and

divergence in timing to Drosophila melanogaster. Journal of Comparative
Neurology, 530, 2335–2371. https://doi.org/10.1002/cne.25335

Farris, S. M. (2008). Tritocerebral tract input to the insect mushroom bod-

ies. Arthropod Structure & Development, 37, 492–503. https://doi.org/10.
1016/j.asd.2008.05.005

Giurfa, M. (2021). Learning of sameness/difference relationships by honey

bees: Performance, strategies and ecological context. Current Opinion in
Behavioral Sciences, 37, 1–6. https://doi.org/10.1016/j.cobeha.2020.05.
008

Gonzalez-Bellido, P. T., Fabian, S. T., & Nordström, K. (2016). Target detec-

tion in insects: Optical, neural and behavioral optimizations. Current
Opinion in Neurobiology, 41, 122–128. https://doi.org/10.1016/j.conb.
2016.09.001

Grob, R., Tritscher, C., Grübel, K., Stigloher, C., Groh, C., Fleischmann,

P. N., & Rössler, W. (2021). Johnston’s organ and its central projec-

tions in Cataglyphis desert ants. Journal of Comparative Neurology, 529,
2138–2155. https://doi.org/10.1002/cne.25077

Habenstein, J., Amini, E., Grübel, K., el Jundi, B., & Rössler, W. (2020). The

brain of Cataglyphis ants: Neuronal organization and visual projections.

Journal of Comparative Neurology, 528, 3479–3506. https://doi.org/10.
1002/cne.24934

Habenstein, J., Grübel, K., Pfeiffer, K., & Rössler,W. (2023). 3D atlas of cere-

bral neuropils with previously unknown demarcations in the honey bee

brain. Journal of ComparativeNeurology,531, 1163–1183. https://doi.org/
10.1002/cne.25486

Hamanaka, Y., Minoura, R., Nishino, H., Miura, T., & Mizunami, M. (2016).

Dopamine- and tyrosine hydroxylase-immunoreactive neurons in the

brain of the American cockroach, Periplaneta americana. PLoS ONE, 11,
e0160531. https://doi.org/10.1371/journal.pone.0160531

Hansson, B. S., & Anton, S. (2000). Function and morphology of the anten-

nal lobe: New developments. Annual Review of Entomology, 45, 203–231.
https://doi.org/10.1146/annurev.ento.45.1.203

Hardcastle, B. J., Omoto, J. J., Kandimalla, P., Nguyen, B.-C. M., Keleş, M. F.,
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