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eLife Assessment

This valuable descriptive study describes the expression of a developmentally relevant
transcription factor in the adult Tribolium brain. The evidence supporting the claims is
convincing and based on a very detailed and rigorous analysis of light microscopy data,
which, however, lacks single-cell resolution. This neuroanatomical study is of interest to
the field of insect neural development and neuroscience.

https://doi.org/10.7554/eLife.111703.1.sa3

Abstract

The brain is one of the most complex animal organs but the development of the many different
neuron types remains enigmatic. A set of brain-specific transcription factors is known to be
involved in brain patterning but their specific contributions remain to be elucidated in most cases,
including foxQ2II. This transcription factor is known to be conserved in anterior neuroectodermal
patterning of most animals while it has been lost from vertebrates. However, the contribution of
foxQ2II-positive neurons to the adult brain has remained enigmatic. Here, we use an enhancer
trap, immunostainings and our newly established beetle brainbow system to categorize Tc-foxQ2II-
positive neurons into nine clusters with different projection patterns. All clusters contain neurons
with the fast activating neurotransmitters acetylcholine and glutamate while no Tc-foxQ2II
positive neuron is GABA-ergic or serotonin-positive. Interestingly, we found that many
dopaminergic neurons were Tc-foxQ2II positive and we homologize them with dopaminergic
neurons of the PPL2c, PPM1 and PPL1 cluster described in the Drosophila brain. Our results show
that Tc-foxQ2II marks subsets of fast-acting interneurons contributing to the higher order brain
centers mushroom bodies and central complex. Taken together, our work expands the known
functional range of foxQ2 genes from sensory and neurosecretory cell specification to
interneurons involved in the function of higher order brain centers.

Introduction

The brain is built by a plethora of different neural cell types, which are interconnected in a very
complex yet strictly ordered way. How this complexity develops and how the neural cell types are
specified remains one of the major enigmas of developmental biology. Insects have served as an
important model organism to understand basic principles of brain development because they
have comparably simple brains and are experimentally more accessible than vertebrates.
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Especially the fruit fly Drosophila melanogaster has served as excellent model organism to pioneer
molecular and genetic insights into nervous system development (Bellen et al., 2010(@). In contrast
to the brain, extensive research has revealed the principles of neural pattern formation and
genetic signals of cell specification in the ventral nerve cord (Skeath and Thor, 20032 ; Urbach and
Technau, 2004(2). In brief, the segmental neuroectoderm is subdivided by an orthogonal grid
formed by the expression of columnar and segment polarity genes while Hox gene expression
conveys regional identity. When the neural stem cells (neuroblasts, NBs) delaminate from the
neuroectoderm, they inherit this spatial pattern of transcription factors from the neuroectoderm
(e.g. different combinations of columnar, segment polarity and other genes). This “transcription
factor cocktail” confers different identities to the delaminating NBs, which subsequently develop
cell-autonomously into different neural lineages. On top of this spatial patterning, further neural
cell diversification occurs e.g. by temporal patterning and lateral inhibition (Miyares and Lee,

2019 ; Skeath and Thor, 2003 @ ; Truman et al., 2010%). In holometabolous insects, the
embryonic phase of brain development leads to a simplified but functional larval brain.
Postembryonic development adds to the scaffold provided by the larval brain and eventually leads

to the formation of the adult brain (Hartenstein et al., 2008 3 ; Truman and Riddiford, 2023 @).

The insect brain is composed of three neuromeres, which stem from different neuroectodermal
regions. The tritocerebrum and deutocerebrum derive from the intercalary and antennal
segments, respectively. Due to their segmental origin, the basic principles of patterning these
neuromeres are likely to be similar to the ventral nerve cord and indeed the expression of
patterning genes in their NBs is similar (Urbach and Technau, 2003b 2 ; Urbach and Technau,
2004 Z). The protocerebrum differs from the segmented ventral nerve cord in several respects. It
contains crucial neuropils not found more posteriorly such as mushroom bodies, central complex
and optic lobes. Further, it is built by a much larger pool of NBs and in addition to type I
neuroblasts, which build the VNC, the brain additionally contains some type II NBs. These NBs
produce more offspring by producing intermediate neural progenitors, which themselves divide
in a stem cell like fashion and contribute to the central complex (Bello et al., 2008 % ; Boone and
Doe, 2008 % ; Boyan et al., 2010 (3; Walsh and Doe, 2017 2). We and others have argued that the
protocerebrum derives from the anterior non-segmental part of the neuroectoderm and
evolutionary predated the segmentally organized ganglia. This lends an evolutionary explanation
for pronounced differences with the VNC (Posnien et al., 2023 % ; Scholtz and Edgecombe, 2006 (2).

Molecular divergence reflects these differences and in contrast to the VNC, the genes and

2012 ; Urbach and Technau, 2003b & ; Urbach et al., 2003(@). It is clear, however, that a different
set of genes must be involved because the Hox genes and most columnar and segment polarity
genes are not expressed in the anterior-most region of the embryo. Instead, a different set of
highly conserved transcription factors is involved in anterior head and brain patterning in all
animals (Gehring and Ikeo, 1999 (%; Hirth et al., 2003 (%; Leclére et al., 2016 2 ; Posnien et al.,
20112; Posnien et al., 2023 7 ; Simeone et al., 1992 3; Sinigaglia et al., 2022 @ ; Tomer et al.,
2010%). The regulatory input by this set of uniquely anterior genes likely contributes to the
development and specification of insect brain-specific structures such as central complex,
mushroom body and optic lobe neuropils (Posnien et al., 20232 ). However, the function of most
of these genes in insect brain development remains unknown.

Some foxQ2 gene family transcription factors are involved in early anterior and neural patterning.
Three members of the foxQ2 family were ancestrally present in the sister group to bilaterian
animals, the cnidarians. A complex pattern of losses led to a situation where the foxQ2II family is
the only one retained in many protostomes (e.g. arthropods, nematodes) while it had been lost in
tunicates and vertebrates including frogs, mice and fish (Gattoni et al., 2025b (). Here, we focus
on foxQ2II, which has been studied in many animals for its early anterior function and is the only
paralog present in arthropods. In previous works in arthopods, this gene had been referred to as
foxQ2 (Tc-foxQ2 in Tribolium) and it corresponds to Nematostella foxQ2a. foxQ2II genes show an
almost exclusive anterior expression in embryos of protostomes such as the fruit fly (Lee and

Frasch, 2004 (@), the red flour beetle (He et al., 20197 ; Kitzmann et al., 2017 @), spiders (Schacht et
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al., 2020@) and annelids (He et al., 2019 3; Kitzmann et al., 2017 @ ; Marlow et al., 2014 ). Similar

al., 2025b @; Yaguchi et al., 2008 @2). The gene is expressed at the aboral pole in a sister clade to all
bilaterian animals, the Cnidarians, indicating an ancestral function (Sinigaglia et al., 20132).
Other foxQ2 family members were found to be expressed in anterior neural calls in basal
chordates and were shown to be required for retinal patterning in fish (Gattoni et al., 2025a 2
Gattoni et al., 2025b @ ; Ogawa et al., 2021 (2). Involvement in sensory cell development has been
suggested for the foxQ2d paralog of a Cnidarian (Busengdal and Rentzsch, 2017 ).

While some members of the foxQ2 family have been related to neurosecretory and sensory cell
development, information on the neural types marked by foxQ2II has remained scarce and absent
from arthropods. This includes the fly ortholog fd102C for which functional data has been lacking
(Lee and Frasch, 2004 (%). Actually, Drosophila has a rather derived mode of head development.
During embryogenesis, the head and brain neuroectoderm are involuted outside-into the thorax
leading to a highly diverged and reduced situation, which has been technically difficult to analyze.
Drosophila is also derived within insects with respect to its comparably small number of brain
neuroblasts (Urbach and Technau, 2003a @), and its simplified larval brain, which for instance
lacks a central complex neuropil (Koniszewski et al., 2016 (7 ; Pfeiffer and Homberg, 2014 ). In
order to study the genetic control of brain development in a more insect-typical situation, the red
flour beetle Tribolium castaneum has been established as complementary model system (Posnien

editing, a strong RNAi response and genome-wide RNAi resources, which together allow for in
depth functional studies (Klingler and Bucher, 2022 ™). For instance, new insights have been
gained into the heterochrony of the central complex development and a diverging number of type
II neuroblasts was found compared to fly knowledge (Farnworth et al., 2020 2; Rethemeier et al.,
2025@).

In Tribolium, the role of foxQ2II has been well characterized with respect to embryonic brain
development. In the embryo, Tc-foxQ2II is co-expressed with six3/optix playing a key role at the top
of the anterior gene regulatory network (aGRN) (Kitzmann et al., 2017(%) and it interacts with
other brain-specific transcription factors, such as Tc-six3/optix, Tc-six4, Tc-chx/vsx, Tc-nkx2.1/scro,
Tc-ey, Tc-rx and Tc-fez1 (Kitzmann et al., 2017 @). Further, Tc-foxQ2II is expressed in several
embryonic neuroblasts, which have at least four different molecular identities based on co-

RNAIi knock-down prohibits the split of the primary brain commissure into several fascicles, from
which parts of the central complex develop. This leads to severe disturbance of the central complex
and secondarily to the aberrant arrangement of the mushroom body (He et al., 2019 & ; Kitzmann
et al,, 2017 (@). To identify the neural cells marked by Tc-foxQ2, an enhancer trap line was
generated by genome editing. This revealed that in the larval brain, Tc-foxQ2II marks at least three
clusters of neurons but no glia. Some neurons project into the larval central body among other

structures (He et al., 2019 @).

In contrast to embryonic development, the role of foxQ2II during postembryonic arthropod
development remains unknown. Here, we characterize the Tc-foxQ2II marked neurons in the adult
brain. We find and characterize nine neuron clusters and we established the brainbow system in
Tribolium to confirm projections of cell clusters by sparse marking. We found that many Tc-foxQ2IT
marked neurons project into mushroom bodies or central complex. Further, all Tc-foxQ2II positive
neurons are positive for the fast-acting neurotransmitters acetylcholine and glutamate while we
found no coexpression with GABA or serotonin. A subset is dopamine and octopamine positive
including a large part (~71.2%) of the adult dopaminergic neurons, which probably correspond to
fly neurons from the PPL2c, PPM1 and PPL1 clusters. Taken together, we show an important role
of foxQ2II in the specification of interneurons while in other animal clades, sensory and
neuroendocrine cell types were linked to foxQ2. Further, Tc-foxQ2II positive neurons contribute to
the higher order brain centers including both, columnar and tangential neurons of the central
complex.
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Results

Tc-foxQ2II positive cells of the adult brain are organized into nine
clusters

Tc-foxQ21II positive neurons contribute to the central complex both in the larval and the adult brain
19 ). While the larval projection pattern had been well described in Tribolium,
ormation on the adult brain was lacking in any insect. To close this knowledge gap, we
used our established transgenic foxQ2 imaging line (foxQ2-5"-line), which marks Tc-foxQ2II positive
cells with EGFP and Cre (He et al., 2019 (2). To check for the degree of overlap of EGFP and Tc-
foxQ2II expression in adult brains, we performed double immunohistochemistry with anti-FoxQ2
and anti-GFP antibodies (He et al., 2019 (3). We detected that 85.1% of cells expressing Tc-foxQ2II
also expressed EGFP, while 79.0% of EGFP-expressing cells overlapped with Te-foxQ2II (n= 3;
Supplementary Fig. 1 A-A” and B). We concluded that the expression patterns match sufficiently to

use EGFP expression of the foxQ2-5>line as proxy for studying match Tc-foxQ2II positive cells.

We found nine Tc-foxQ2II positive cell clusters in the adult brain based on cell body location and
their main projections (Fig. 1 A-D; Fig. 2 A,B(2). One additional cluster (anterior cluster, AC;
white star / yellow color in Fig. 1 A’, B'™2, and Fig. 22 ) was not marked by the Tc-foxQ2II antibody
(supplementary Fig. 2) and was therefore not considered further in this study. Three primary
clusters had been assigned by He for the embryonic and larval brain (He et al., 2019%): The
median cluster (MC), the lateral cluster (LC) and the posterior cluster (PC). We named the nine
clusters in the adult brain in accordance with this nomenclature. One brain was used for analysis
and 3D reconstructions (Fig. 1% and subsequent figures) while the statements were confirmed in

five additional brains (stacks for all brains shown in this work are available on FigShare
https://figshare.com/s/379a7896e38863e07aa7 ).

Ipsilateral projection neurons (MC1 and MC2) located near the
central complex

The neuropils reconstructed based on synapsin staining and their abbreviations are shown in Fig.

(PB) and project two long tracts through the PB (we found no projections into the PB) towards the
posterior slope (VMCpo/PS). According to the standard neuropil compartmentalization (Farnworth

the posterior slope (VMCpo/PS), with partial projections ultimately reaching the boundary
between the VMCpo/PS and the lateral accessory lobe (LAL) and arborizing within the LAL.
Compared to MC1, the cell bodies of MC2 (Fig. 3 C-C' @) are positioned closer to the midline,

residing in the central depression of the PB. Their projections do not cross the midline but extend
a tract towards the VMCpo/PS and LAL.

The location of the cell bodies of MC1 neurons and their projection ventrally along the midline
between the PB and the CB is similar to dopaminergic PPM1 cluster neuron from Drosophila
melanogaster (Supplementary Fig. 3 A-A’) (Hartenstein et al., 2017 2; Mao and Davis, 2009 @),
typed as PPM1205 in the Drosophila electron microscopy dataset (Schlegel et al., 2024%). MC2
neurons may equally correspond to the dopaminergic neurons of the same PPM1 cluster in adult
Drosophila and may be assigned to the neuron PPM1204 in the Drosophila electron microscopy
dataset (Schlegel et al., 2024(®).

The lateral cluster 1 comprises tangential neurons innervating the
mushroom body and the central complex

The projections and location of cell bodies allowed classifying lateral clusters (LC) into four

protocerebrum (SMP; yellow). Two different projections seem to emanate from LC1. The
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Medial Anterior Overview

Posterior

Figure 1. Overview on the Tc-foxQ2II positive cells.

Neuronal projection patterns were identified using immunohistochemistry against EGFP in the adult brain of foxQ2-5-line. (A-
D) Different parts of the adult brain stained for EGFP (green), Synapsin (magenta), and DAPI (blue). (A’-D’) The EGFP channel
is shown with the brain outline indicated by dashed lines. (A-A’) Overview of a projection of the entire brain; (B-B’) anterior
subsection; (C-C’') medial subsection; (D-D’) posterior subsection. White arrowhead: Lateral Cluster 1; white arrow: Lateral
Cluster 2; open arrowhead: Lateral Cluster 3; open arrow: Lateral Cluster 4; yellow arrowhead: Median Cluster 1; yellow
arrow: Median Cluster 2; yellow dashed circle: Posterior Cluster; white dashed circle: Tritocerebrum Cluster; white star:

Anterior Cluster. Scale bar: 100 ym.
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Antennal Lobe

Figure 2. Overview on the reconstruction of the nine Tc-foxQ2II positive cell clusters.

view in (A) and anterior view in (A’). The cluster AC (white star in A’) was not analyzed further as it was not Tc-foxQ2II positive.
White circle: Tritocerebral cluster; yellow circle: Posterior cluster 1 and 2. (B) Schematic overview of the cell body locations for
the ten clusters shown in the same colors as in A/A’ and subsequent figures. White arrowhead: Lateral Cluster 1 (orange);
white arrow: Lateral Cluster 2 (yellow); open arrowhead: Lateral Cluster 3 (purple); open arrow: Lateral Cluster 4 (dark
purple); yellow arrowhead: Median Cluster 1 (magenta); yellow arrow: Median Cluster 2 (pink); yellow dashed circle: Posterior
Cluster (PC1 is olive green and PC2 is vibrant green); white dashed circle: Tritocerebrum Cluster (light green and white
broken circle in A); white star: Anterior Cluster (grass yellow). Scale bar: 100 ym.
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Overview

MC1

MC2

LC1

synaptic
terminal

LC2

Figure 3. The morphology and distribution of EGFP-positive clusters.

(A-A") Posterior view and anterior views of the brain, showing major neuropils. (B-B’) Median cluster 1 (MC1). (B) Posterior
view. (B') Lateral view. The region enclosed by the red dashed square is magnified in the bottom-left corner, with a white
arrow indicating the specific projection area. (C-C’) Median cluster 2 (MC2). (C) Posterior view. (C') Lateral view. The central
complex (CX) region, enclosed by a red dashed square, is magnified in the top-right corner. A white arrow indicates
projections targeting the VMCpo/PS and LAL. (D-D’) Lateral cluster 1 (LC1). (D) Posterior view. (D’) Anterior view. (E-E’)
Posterior view of lateral cluster 2 (LC2). In (E’), a white arrow marks the VMCpo/PS region traversed by LC2. Abbreviations: AL:
Antennal lobe; CB: Central body (CBU: Upper unit of the central body; CBL: Lower unit of the central body); LH: Lateral horn;
MB: Mushroom body (CA: Calyx; ML: Medial lobe; PED: Peduncle; VL: Vertical lobe); OL: Optic lobe; PB: Protocerebral bridge;
SLP: Superior lateral protocerebrum; SMP: Superior medial protocerebrum; TR: Tritocerebrum; VMCpo/PS: Ventromedial
cerebrum postcommissural domain / Posterior slope.
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vertical lobe (VL, white) of the mushroom body (MB, white), then projects through the crepine
toward the ventral region, and eventually arborizes in the ML (Fig. 5 A-A’ @). The other, LC1b

protocerebrum directly between the VL and the peduncle (PED, white) of the MB, arborizing in the
anterior surface of the CB (Fig. 5 B-B' @).

Regarding the cell body location and the projections mainly to the mushroom body and the central
complex (Supplementary Fig. 3 C-C’), LC1 cluster neurons appear similar to dopaminergic PPL1
cluster neurons in the Drosophila brain (see below for further data) (Mao and Davis, 2011;
Hartenstein et al., 2017 (%). The LC1a subcluster appears to innervate mainly the medial lobes of

immunohistochemistry, we confirmed dopamine expression in LC1a neurons that was expected
for PPL1 neurons in Drosophila (see below). From the electron microscopy datasets (Scheffer et al.,
20203; Schlegel et al., 2024 2) it appears that one at least one dopaminergic PPL1 neuron, PPL108
(Supplementary Fig. 3) displays an interconnection between the horizontal mushroom body lobes

and the noduli of the central complex.

Lateral cluster 2-4 cells lie adjacent to the optic lobes and exhibit
divergent projections

In LC2 (Fig. 3 E-E' @), the cell bodies are located near the lateral horn (LH; mint green), with near-

horizontal projections traversing the VMCpo/PS and ultimately projecting toward the VMCpo/PS of
the opposite hemisphere. The cell bodies of LC3 (Fig. 4 A-A' (@) are located close to the optic lobe

on the projection into the main neuropils and comparison with neurons in the Drosophila brain,
LC3 is tentatively identified as a neuron similar to PPL2ab (Supplementary Fig. 3 E-E’) (Farnworth

neurons have their cell bodies close to the optic lobes and project to the contralateral hemisphere
without overt connectivity to MB or CX.

Note that due to the common origin of the four major projections from one large lateral cell
cluster and due to the lack of single cell resolution in this analysis, the described assignments into
LC1-4 subclusters remained tentative. We established and applied sparse marking of cells using
the Brainbow system and added neurotransmitter analyses to confirm the interpretation (see
below).

Posterior cluster cell bodies are located close to the PB but do not
project into the central complex

The PC is subdivided into two subclusters based on the locations of cell bodies and their
projections. The cell bodies of PC1 (Fig. 4 C-C' (@) are located adjacent to the lateral PB and project

to the VMCpo/PS, forming Y-shaped arborizations in the VMCpo/PS of the central brain (red arrow
in Fig. 4 C-C' @). PC2 cell bodies are distributed in the inferior protocerebrum, central domain

arrowhead marks cell bodies in D). Based on these characteristics, we hypothesize that the PC1
neurons may be homologous to the descending neurons (DNs) of Drosophila (Supplementary Fig. 3
F-F’) (Namiki et al., 2018 ().

The Tritocerebrum Cluster

In the adult brain we found a cluster not described in He et al. and we named it TC (tritocerebrum
cluster). The cell bodies of the TC are located between the antennal lobe (AL; blue) and the
tritocerebrum (TR; light purple; Fig. 4E 2 and white dashed circles in Fig. 1 A’-B' % and Fig. 2 A®)

Pang et al., 2026 eLife 15:RP111703. https://doi.org/10.7554/eLife.111703.1 8 of 30
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LC4

PC1

TC

Figure 4. The morphology and distribution of EGFP-positive clusters in the brain of the foxQ2-5’ line

(A- A’) Lateral cluster 3 (LC3). (A) Posterior view. (A’) Anterior view. (B-B’) Lateral cluster 4 (LC4). (B) Posterior view. (B’) Lateral
view. A white arrow indicates LC4 arborization in the LH and SLP. (C-C’) Posterior cluster 1 (PC1). (C) Posterior view. (C")
Lateral view. The region enclosed by the red dashed square is magnified in the top-right corner. A white arrow shows where
PC1 enters the VMCpo/PS. (D-D’) Posterior cluster 2 (PC2). (D) Posterior view. (D) Lateral view. The projection region,
enclosed by a red dashed square, is magnified in the top-right corner. A white arrow points to the arborization site. (E)
Anterior view of tritocerebrum cluster (TC). A white arrow indicates its arborization zone. Abbreviations: AL: Antennal lobe;
CB: Central body (CBU: Upper unit of the central body; CBL: Lower unit of the central body); LH: Lateral horn; MB: Mushroom
body (CA: Calyx; ML: Medial lobe; PED: Peduncle; VL: Vertical lobe); OL: Optic lobe; PB: Protocerebral bridge; SLP: Superior
lateral protocerebrum; SMP: Superior medial protocerebrum; TR: Tritocerebrum; VMCpo/PS: Ventromedial cerebrum
postcommissural domain / Posterior slope.
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LC1a

LC1b

Figure 5. Classification of Lateral Cluster 1 based on distinct projection patterns.

(A-A") Morphology and projection pattern of LC1a, shown without (A) and with (A’) brain compartments. The region enclosed
by the red dashed square shows where LC1a passes near the central body (CB) before crossing the midline. A magnified view
of this region (top-right corner) shows the LC1a projection adjacent to the CB, indicated by a white arrow. (B-B’) LC1b
projections. The boxed region in (B’) shows that LC1b projects toward the CB. A magnified lateral view (top-right) details the
contact point (white arrow). Abbreviations: VL: the vertical lobe; ML: the medial lobe; CBU: the upper unit of the central body.

Pang et al., 2026 eLife 15:RP111703. https://doi.org/10.7554/eLife.111703.1 10 of 30
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TC emerges only during postembryonic development or had been overlooked previously, we did
stainings in the L1 larval brain. Indeed, we found cells, which prefigure TC at that stage (white
arrows in Supplementary Fig. 4).

In addition to the above described clusters, there were also cells whose projections could not be
visualized or clearly tracked due to low signal (white arrows in Supplementary Fig. 5). In the
absence of identifiable projections, we refrained from homologizing these cells.

Establishing the brainbow system in Tribolium castaneum for sparse marking
of neurons

Due to the large number of marked neurons in the foxQ2-5line and the resulting overlapping
projection patterns, it was difficult to unequivocally reconstruct the projection patterns of certain
clusters (e.g. LC1). In order to test our hypotheses by an independent approach, we aimed at sparse
labelling of Tc-foxQ2II positive neurons by establishing the Brainbow system in Tribolium (Livet et

We generated a transgenic line with a Brainbow construct, which was adapted to Tribolium by
using the endogenous EFA promoter (Sarrazin et al., 2012 ) and a modified combination of
fluorescent proteins (mCherry, mEYFP and mCerulean; Supplementary Fig. 6A). By crossing this
Beetle-Brainbow-EFA line with the foxQ2-5"line, different fluorescent proteins were expected to be
turned on randomly within the EGFP/Cre marked set of neurons. EYFP and Cerulean are
derivatives of EGFP and are both recognized by the EGFP antibody, which was also used to mark
all cells of our imaging line. Therefore, only the third fluorescent protein, mCherry, was scored by
immunohistochemistry using an anti-RFP antibody. To test the system, we confirmed that mCherry
expression from the Beetle-Brainbow-EFA line was dependent on the presence of the Cre construct
(Supplementary Fig. 6 C). As the Cre recombinase activity increases with temperature (Buchholz et

reflect the upper and lower limits of the optimal living temperature of Tribolium (32 °C and 23 °C).
In 20 brains grown at 23 °C, a total of 79 cells were marked (Supplementary Fig. 7). Some clusters
were frequently marked with several cells, while others were marked much more rarely. The six
brains grown at 32 °C showed no clear increase in the number of marked cells (Supplementary
Fig. 7). As a comparably large number of cells were marked in each brain, the projections of the
neurons of interest often converged with those of other neurons, which made unequivocal
reconstruction of the entire projection pattern of the neurons impossible. In summary, the system
allows for sparse random marking of cells but does not provide single cell resolution.

Confirming cluster assignments using the Tribolium brainbow system

After mating the foxQ2-5>line with the Beetle-Brainbow-EFA line, we collected brains from the
offspring (grown at 23°C) and stained for mCherry. From 20 brains we reconstructed in total 79
single marked neurons or small neural clusters. For conservative analysis, we selected cells that
had no or comparably few marked neighbors and reconstructed only the main projections as far
as they were unequivocal. We were able to confirm all clusters described above except for LC3
(Fig. 62).

Two subclusters had tentatively been assigned to LC1 (Fig. 5(%) and we used sparse Brainbow
labeling to further test this hypothesis. We found that 10 cells from 9 brains reflected the LC1
projection pattern (Supplementary Fig. 8). After segmentation of these cells, we confirmed the
presence of two subclusters LCla and LC1b based on the fact that some neurons passed anterior of

the vertical lobe of the MB (LC1a, Fig. 5A2’) while others projected posterior to it into the central

Pang et al., 2026 eLife 15:RP111703. https://doi.org/10.7554/eLife.111703.1 11 of 30


https://doi.org/10.7554/eLife.111703.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/developmental-biology
https://elifesciences.org/subjects/neuroscience

°Ye o Developmental Biology | Neuroscience
w9 eLife

Figure 6. Eight clusters detected in the foxQ2-5"- line were also sparsely labelled by Brainbow.

(A) MC1. (B) MC2. (C) LC1. (D) LC2. (E) LC4. (F) PC1. (G) PC2. (H) TC. All panels show the brain of the foxQ2-5- line. Magenta
represents synapsin. Scale bar: 100 pm.
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Embryonic expression of Tc-foxQ2II is not maintained in all
daughter cells

The foxQ2-5>line is an enhancer trap reflecting the current state of expression of Tc-foxQ2. In
brainbow, in contrast, expression continues permanently once turned on by recombination.
Therefore, discrepancy in the patterns can be observed if cells had turned on brainbow e.g. during
embryonic Tc-foxQ2II expression but subsequently ceased to express Tc-foxQ2. Such cases would
be detectable by observing mCherry projections in the adult brain, which were not found in the
foxQ2-5"-line. Indeed, we observed Brainbow marked neurons in the adult brain, which had not
been observed in the foxQ2-5>-line (Supplementary Fig. 9 and 10(%). Notably, columnar neurons
were observed among these cells, connecting distinct neuropils of the central complex (CX) and
other brain structures through four prominent tracts (termed the WXYZ tracts) (Supplementary
Fig. 9 A). This marking was dependent on Cre from the foxQ2-5"-line because the Beetle-Brainbow-
EFA line alone showed no mCherry signal (Supplementary Fig. 6 C). We conclude that these cells
had expressed EGFP/Cre for some time during development but had shut down expression at later
stages. The marking of columnar neurons is in line with the embryonic expression of Tc-foxQ2II in
Type II neural lineages (He et al., 2019(%). In summary, during development, Tc-foxQ2II expression
seems to be shut down in subsets of neurons. It is noteworthy that some columnar neurons stem
from early Tc-foxQ2II positive cells while ongoing Tc-foxQ2II expression marks no columnar cells

but some tangential cells of the CX (among other types of cells).

LC1a interneurons innervate the mushroom body and the central complex

In our imaging line, we found plenty arborizations within the MBs and the CX (Fig. 72 ; arrows in

to the projection pattern of the LCla neurons from the dopaminergic PPL1 cluster in adult
Drosophila that have been identified as PPL101 in the electron microscopy dataset (Scheffer et al.,
2020Z; Schlegel et al., 20242) (Fig. 5 A’ @2).

We wondered, whether single neurons would innervate both, MB and CX but the resolution of our
standard LSM images did not allow separating the neurites clearly. To characterize the projections
of these neurons more in detail, we performed STED high resolution microscopy of that region
(Willig et al., 2006 @) and performed a more precise reconstruction of neurons belonging to the
two subclusters of LC1 (Fig. 8A-B@ and Supplementary Fig. 18). LC1 neurons arborize in both the

not suffice to unequivocally show or rule out that there are LC1 cluster neurons, which innervate
both, MB and CX. This hypothesis will have to to be tested by enhanced tools for single cell
marking (as opposed to sparse marking of our brainbow system). We note that there are EGFP-
marked projections also in other parts of the MBs and the crepine (e.g. Fig. A3 and B”). Due to

the dense labelling of Tc-foxQ2II positive neurons these could not be assigned unequivocally to
certain neurons but they all seemed to be dopaminergic.

Neurotransmitter content of Tc-foxQ2II positive cells

To better characterize the neuron subtypes within Tc-foxQ2II positive clusters, we examined the
expression of six major neurotransmitters (Lacin et al. 2019). Neither GABA nor serotonin (5-HT)
were expressed in neurons marked by EGFP (Table 12 and Supplementary Fig. 11 and 12). Most
adult Tc-foxQ2II neurons were positive for the fast-activating neurotransmitters acetylcholine
(visualized by immunohistochemistry targeting Choline Acetyltransferase (ChAT)) and Glutamate
(Supplementary Fig. 13 and 14). This suggests that the Tc-foxQ2II cells contribute to fast neural
circuits in the central nervous system (CNS). We found these neurotransmitters expressed in the

MB and CX as well (Supplementary Fig. 15 A and B).
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Mushroom bodies

Central body

Figure 7. EGFP-positive cells arborize in the mushroom body and the central complex.

(A-A"") Arborizations of EGFP-positive cells in the mushroom body (MB). (A) Overview of 3D reconstruction of the MB and
EGFP-positive projections, generated using VVDviewer. (A') Hemi-mushroom body with EGFP-positive projections. (A")
Immunohistochemistry result showing the MB and EGFP-positive projections. White arrows in (A’) and (A"") indicate EGFP-
positive projections arborizing in the a and a’ lobe of the MB. (B-B'’) Arborizations of EGFP-positive cells in the central body
(CB). (B) Overview of the 3D reconstruction of the CB with EGFP-positive projections. (B’) Side profile view of the area marked
by the white dashed rectangle in (B). (B"") Immunohistochemistry result showing the CB and EGFP-positive projections. White
arrowheads in (B’) and (B"’) indicate EGFP-positive projections arborizing in the upper unit of the central body (CBU). Open
arrowheads in (A’) and (B"’) indicate the EGFP-positive projections arborizing in the peduncle (PED). The White dashed circle
in (B") outlines the PED. Green, EGFP; magenta, synapsin; and white, neuropils (MB or CB).
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Figure 8. Reconstruction of STED-imaging of LC1a connection of mushroom body with the central complex
in the foxQ2-5"- line brain.

(A) LC1a seems to have two main branches: one innervates the mushroom body (MB), and the other innervates the upper
unit of the central body (CBU). (B) LC1b arborizes only within the central body (CB). (C) A higher-magnification view of the
projections in the CBU (region partially outlined by the white dashed rectangle in A). (D-F) Transverse sections through
distinct domains of the central body. (D) Median section. (E) A lateral section showing a single branch projecting into the CB.
(F) A section where two distinct tracts are visible. Green and magenta represent the main projections from different sides,
which are in close proximity around the midline (white). Yellow indicates arborizations within the CBU. CBU is shown in grey.
CBL: lower unit of the central body. The STED dataset used in this panel was acquired by Ying.
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Types of EGFP-positive cells in the foxQ2-5’-line

Neurotransmitters oy  mc2 L1 L2 L3 LA PCL PC2 TC

Acetylcholine (ChAT)

Glutamate

Dopamine (TH)

Octopamine (TBH)

GABA

Serotonin (5-HT)
(Color code: grey, positive; white, negative.)

Table 1. Neurotransmitter expression in different EGFP-positive cell types in the foxQ2-5"-line brain

Grey indicates clusters that contained at least one neuron expressing the respective transmitter. Hence, it does not mean
that all cells of a cluster have a respective transmitter nor that transmitters are co-expressed in the neurons.
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Five clusters included cells positive for the biogenic amines dopamine (detected by expression of
TH, Tyrosine Hydroxylase) and octopamine (detected by TBH, Tyramin-B-Hydroxylase) (Table 1 %;

Fig. 9 and 10, and Supplementary Fig. 16). Dopamine was found in projections within the MB
and CX (Supplementary Fig. 15 C-C’) while TBH stained only the cell somata (data not shown).

Biogenic amines are involved in learning and memory and setting arousal threshholds (Davis,

central complex in goal directed navigation, respectively. Therefore, we focused on the analysis of
dopamine in the Tc-foxQ2II positive neurons. First, we determined the number of cells within each
cluster that were dopamine-positive and calculated the overlap ratio for each cluster (Fi

across these clusters 60-90 % of the FoxQ2 neurons were dopamine-positive. On the other hand,
we sought to determine the proportion of dopaminergic neurons that express FoxQ2. By
quantifying the total number of dopamine-positive cells in the brain (excluding the optic lobe)
relative to those that are also FoxQ2-positive, we found that 25.8% of dopaminergic neurons were
FoxQ2-positive (n = 5).

Octopamine-labeled neurons were found in the same clusters as dopamine. For instance,
octopamine staining was observed in some cells within the median cluster (MC1 and MC2) and the
lateral clusters (LC1, LC2, and LC3) (Table. 1 and Supplementary Fig. 16). The portion of cells
positive for octopamine within the clusters (MC, LC1, LC2 and LC3) was 61.5%, 45.2%, 58.1%, and
62.1%, respectively (Supplementary Fig. 16 H). Hence, octopamine is expressed in fewer cells
compared to dopamine.

FoxQ2 positive dopaminergic neurons can be assigned to fly
neuron types and allow confirming clusters

Because only a subset of Tc-foxQ2II neurons are dopaminergic, we utilized TH staining as an
alternative way for sparse marking. This allowed the reconstruction of clusters with greater
clarity (Fig. 11 A and Supplementary Fig. 17). Analyzing the TH/EGFP double positive neurons

Specifically, we confirmed that the MC-cells do not cross the midline but project towards lateral
regions (Fig. 11 B(%) and that the dopamine-positive neurons in MC1 strongly resemble PPM1

comparison with the Drosophila database, we hypothesize that the dopamine-positive neurons in
LC2 may correspond to PPL2c, that show similarities with the neuron with the identity CB0452 in
the electron microscopy dataset (Schlegel et al., 2024 @), that recently has been predicted as being
dopaminergic (Eckstein et al., 2024 %) and those in LC3 may correspond to PPL2ab
(Supplementary Fig. 3) that have been identified as PPL204 in the electron microscopy dataset
(Scheffer et al., 2020 @ ; Schlegel et al., 2024 ().

With respect to the connection between MB and CX we found that all dopamine-positive cells from

The neurons potentially connecting CB with MB were dopamine positive and similar to the
Drosophila PPL1 subtype.
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Figure 9. A subset of Tc-FoxQ2-positive neurons are dopaminergic.

Co-immunostaining for GFP (green) and the dopamine marker Tyrosine Hydroxylase (TH, magenta) identifies dopaminergic
subtypes among the Tc-FoxQ2-positive neuronal populations. Dashed outlines indicate the brain contour. (A-A’’) The anterior
brain region containing lateral cluster 3 (LC3, white arrowheads). (A’) GFP channel. (A”") TH (dopamine) channel. (B-B"') A
medial section showing the median cluster (MC, open arrowheads), and lateral cluster 2 (LC2, white arrows). (C-C"') A
posterior section showing the median cluster (MC, open arrowheads), lateral cluster 1 (LC1, open arrows) and lateral cluster 2
(LC2, white arrows). Scale bar: 100 pm.
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Figure 10. Co-expression of Tc-foxQ2II and TH (dopamine) in distinct neuronal subsets.

A magnified view highlights neuronal subtypes co-expressing the dopaminergic marker Tyrosine Hydroxylase (TH) and Tc-
FoxQ2/EGFP, alongside an analysis of the signal overlap ratio. (A-D'’) A representative imaging plane showing co-

immunostaining for neurons expressing both EGFP (green) and TH (magenta). (E) Schematic of the left-brain hemisphere.
Four Tc-FoxQ2-positive neuronal subtypes are outlined with differently colored dashed circles. (F) Venn diagrams quantify the
overlap between TH-positive and Tc-FoxQ2-positive neurons for each of the four subtypes (n = 5). Scale bar: 20 pm.
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Figure 11. 3D reconstruction of Tc-foxQ2-Dopaminergic neuronal projections in the brain of foxQ2-5"line
using VVDviewer.

(A) Overview of the projections from the four neuronal subtypes. (B) Projections from the median cluster (MC). MC1 contains
two long tracts (indicated by a white arrowhead), consistent with previous descriptions. (C) Projections from all subtypes
within lateral cluster 1 (LC1). (D-D""") Individual projections of each LC1 subtype. (D) Overview of the hemi-LC1. (D’) LC1a
projection (see also Fig. 52 ). (D"'-D""") LC1b projections (see also Fig. 52). (E) Projections from LC2 and LC3.
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Discussion

Tc-foxQ2II is expressed in fast-acting neurons and may be involved
in the specification of subtypes of dopaminergic neurons

foxQ21II is an ancestral transcription factor involved in anterior patterning of most animal clades
but notably was lost from vertebrates. Given its documented role in apical organ development, it is
likely involved in specifying sensory and neuroendocrine cells. Indeed, other paralogs of that
family have been shown to be involved in sensory cells of the cnidarian apical organ and the fish
retina (Gattoni et al., 2025b 3 ; Ogawa et al., 2021 @2). However, the contribution of foxQ2II marked
neurons to the adult brain has remained unstudied. Therefore, our results give a first impression
of foxQ2II function in protostome brains and provides a basis for comparison with deuterostomes.
We found a wide range of different neuron types to be marked by Tc-foxQ2II. Nine clusters of
neurons were distinguished by cell body location and projection pattern. Cell body locations
ranged from median-anterior to posterior-lateral, arborizations innervated different neuropils
and both ipsilateral and contralateral projections were found. Hence, neurons marked by this
transcription factor have not much morphological similarity. Intriguingly, a pattern was found
with respect to the neurotransmitters: Adult Tc-foxQ2II positive neurons seem to be
predominantly fast acting as most of them express Glutamate and/or the marker for cholinergic
neurons (ChAT). None of the neurons was positive for serotonin (5-HT) or GABA. The former
function corresponds to studies of foxQ2 in sea urchin, where serotonergic neurons develop in a
region that has lost foxQ2 expression (Yaguchi et al., 2016 ). Interestingly, only a subset of
dopaminergic neurons was Tc-foxQ2II positive in Tribolium. We therefore hypothesize that it may
be involved in the specification of dopaminergic neuron subtypes. The fact that not all
dopaminergic neurons were Tc-foxQ2II positive and that only parts of the Tc-foxQ2II marked cells
of any given cluster was dopamine positive indicates additional regulation, e.g. by other
transcription factors and/or the Delta Notch pathway, which defines two divergent hemilineages
from one neural lineage (Truman et al., 2010®). Taken together, Tc-foxQZ21II is likely part of the
combinatorial specification system of adult neurons, where transcription factor “cocktails”
determine cell identity. This paradigm of neural specification has been established in the insect
ventral nerve cord (Skeath and Thor, 20032 ; Technau et al., 2006 ) and is thought to act in the
brain as well, albeit involving different genes (Epiney et al., 2025 ; Ozel et al., 2022 % ; Urbach et
al., 2003 %). To disentangle the precise regulatory function, it will be required to mark individual
or small subsets of Tc-foxQ2II positive neurons before performing functional tests with candidate
regulators.

Stage specific expression of Tc-foxQ2II in columnar and tangential
neurons of the central complex

The central complex (CX) is a highly complex neural structure composed of very distinct types of
neurons. Among them is the class of columnar neurons, which have their cell bodies in the pars
intercerebralis and interconnect slices of different CX subdivisions in a complex but largely
conserved projection pattern. Tangential neurons in contrast connect other brain regions to
certain CX subdivisions (Pfeiffer and Homberg, 2014 ). It came as a surprise that Tc-foxQ2IT
seems to be active in lineages giving rise to both, columnar and tangential neurons. Specifically,
the foxQ2-5’ enhancer trap activity indicated ongoing expression in the adult brain of Tc-foxQ2II in
tangential (but not columnar) neurons of the CX. In contrast, the permanent marking by the
brainbow system revealed columnar neurons as well (Supplementary Fig. 9). This indicates that
the enhancer trap line had been active in neural lineages that give rise to columnar neurons at
early stages but that Tc-foxQ2II expression was shut down in the adult brain. In line with this
hypothesis, we have detected embryonic Tc-foxQ2II expression in putative type II neuroblasts,
which are known to contribute to columnar neurons (He et al., 2019%). Hence, the same
transcription factor can be involved in the development of fundamentally different neuron types
of one brain center such as columnar and tangential neurons. Temporally separated activity in the
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different lineages may be required for that multifaceted role. Interestingly, the transcription factor
retinal homeobox also marks both, columnar and tangential neurons in Tribolium and Drosophila

principle.

FoxQ2II marks dopaminergic neurons of the higher brain centers mushroom
bodies and central complex

The mushroom bodies (MBs) and the CX are two higher order brain centers with functions in
learning and memory and spatial orientation, respectively (Heisenberg, 2003 @ ; Pfeiffer and
Homberg, 2014 (%). Only recently, connections between these two neuropils were found in flies
based on EM connectome and transsynaptic tracing. Specifically, some mushroom body output
neurons (MBONSs) seem to connect to the fan-shaped body (Kandimalla et al., 2023 3; Li et al.,
2020(Z; Scaplen et al., 2020%) and there is evidence for such connections in Heliconus butterflies
as well (Farnworth et al., 2025 ). With respect to dopaminergic neurons, in the electron
microscopy dataset it appears that the PPL108 neuron was found to connect the noduli of the CX
with the MBs(Scheffer et al., 20202 ; Schlegel et al., 2024 (% ). We find that Tc-foxQ21II is expressed
in some dopamine positive PPL1 neurons. Our reconstructions indicate that some of these neurons
have arborizations in the MBs and the fan-shaped body of the CX. We cannot rule out that there
are Tc-foxQ2II positive dopaminergic neurons from this cluster that provide direct connectivity
between these brain centers. For the time being, this has to remain a hypothesis because too many
neurons were marked to make clear statements. A transgenic system to mark single cells in
Tribolium will be required to unequivocally show such neurons. Our brainbow approach allowed
for sparse marking but did not reach single cell resolution. Localizing the fluorescent proteins to
the membrane for better resolution (Karapidaki et al., 2025%), increasing the expression level for
sensitivity and reducing the efficacy of Cre-recombination are steps that would enhance the
system.

3.1.6 Materials and methods
Animals

Tribolium castaneum stocks were raised under standard conditions at 32 °C or 23 °C. The foxQ2-5-
line (He, (%), an enhancer trap transgenic line generated by genome editing, was used for

chemical staining, behavioral testing and RNAi experiments. The Beetle-Brainbow-
EFA line (generated using the strategy described in (Schomburg, 2010 )) was used for sparse
labeling of Tc-foxQ2II positive cells.

Immunohistochemistry

Immunohistochemistry of larval and adult brains was performed according to a previously
described protocol (Hunnekuhl VS et al., 2020 2). The following primary antibodies were used:
chicken anti-GFP (1:2000, Abcam plc; RRID: ab13970), rabbit anti-GFP (1:1000, Thermo Fisher
Scientific Inc.; RRID: A-11122), rabbit anti-RFP (1:1000, Abcam; RRID:AB_945213 %), guinea pig
anti-FoxQ2 (1:1000) (He, 2019 %), mouse anti-Synapsin (1:25, DSHB; RRID: 3C11), mouse anti-
Tyrosine-Hydroxylase (1:1000, Immunostar Inc.; RRID: 22941), rabbit anti-Serotonin (1:1000,
Sigma-Aldrich, Merck KGaA; RRID: S5545), rabbit anti-GABA (1:100, Sigma-Aldrich, Merck KGaA;
RRID: A2052), mouse anti-Glutamate (1:1000, Sigma-Aldrich; RRID: G9282), mouse anti-ChAT4B1
(1:200, Developmental Studies Hybridoma Bank; RRID:AB_528122 (%) and rabbit anti-TBH (1:30, a
gift from Uwe Homberg). Secondary antibodies coupled with Alexa Fluor 488, Alexa Fluor 555 or
Alexa Fluor 647 (Thermo Fisher Scientific, RRID: A-11039, RRID: A-11070, RRID: A-21435, RRID: A-
21425, RRID: A-21430, RRID: A-21450, RRID: A-21235, RRID: A-21245) were used at 1:1000. STED
imaging was performed with the following secondary antibodies: Goat anti-rabbit STAR RED
(1:1000, Abberior, RRID: STRED-1002-500UG) and Goat anti-mouse STAR ORANGE (1:1000,
Abberior, RRID: STORANGE-1001-500UG). DAPI (1:2000, Thermo Fisher Scientific Inc.; RRID: D1306)
was used to stain nuclei.

Cell counting
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To quantify the number of cells in each cluster, we used the Cell counter plugin in FIJI to manually
count somata of neurons in confocal image stacks of the brains analyzed in this study. Cells of
interest were identified based on EGFP, mCherry or dopamine (TH) signals. Different clusters were
distinguished according to cell position and projection patterns. Cell counts were performed on
five standard brains.

3D reconstruction

The neuropil compartments of the adult brain were reconstructed using Amira software (Thermo
Fisher Scientific), based on synapsin immunostaining and following the morphological framework
described by Farnworth (Farnworth et al., 2022 (%). Neuronal projections were reconstructed from
confocal image stacks using VVD software (Lillvis et al., 2022 ).

Image processing and documentation

Immunohistochemical samples were imaged using a Zeiss LSM 980 confocal laser scanning
microscope to generate multichannel image stacks. Each stack, with a resolution of 1024 x 1024
pixels, contained 100-200 slices depending on the specimen. Stacks were processed and analyzed
using FIJI (Schindelin et al., 2012 (@), with brightness and contrast adjusted as needed. Final figures
were assembled in Adobe Ilustrator 2020 (Adobe). The original image stacks are available in both
TIF and AVI formats on Figshare (https:/figshare.com/s/379a7896e38863e07aa7 2).

Data availability

The original LSM stacks and respective videos of the specimen shown in the figures are available
on FigShare https://figshare.com/s/379a7896e38863e07aa7 2. The sequence of the Brainbow
construct is given in the supplementary. The transgenic stocks are kept in and are available from
the Bucher lab.
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Reviewer #1 (Public review):

Summary:

Pang et al. investigated the expression pattern of the transcription factor foxQ2II in an adult
beetle brain. They find nine distinct clusters, with many neurons expressing Glut/ChaT and
dopamine. Some of the dopamine neurons resemble cell types described in Drosophila.
Several neurons seem to project to prominent higher brain regions such as the MB and CX,
and might even connect to both.

Strengths:

The authors use state-of-the-art labeling techniques for the analysis of individual cell types,
such as beetle brainbow, to investigate the until now unknown expression of the
transcription factor in the adult beetle brain.

Rigorous cell reconstruction and image analysis revealed a better understanding of the
anatomy of the labeled cells.

Weaknesses:

The brainbow labeling seems to include all cells labeled by the enhancer trap line, as well as
the ones not expressing foxQ2II. Thus, it is unclear how useful this data is to compare
individual cells to other insects.

The functional relevance of this transcription factor in the adult brain cell is still unknown. It
is therefore unclear if the described neurons have any specific function and if they require
this transcription factor for normal function.

Overall, the neural reconstructions are missing single-neuron details; it is difficult to compare
the shown cell types to specific cell types in Drosophila based on the presented data, and this
finding remains speculative.

https://doi.org/10.7554/eLife.111703.1.sa2

Reviewer #2 (Public review):

Summary:

The authors provide the first thorough profiling of neurons in Tribolium characterized by the
expression of the transcription factor foxQ2, which will be useful for developmental
neurobiology. They use state-of-the-art methods convincingly to not only identify the
neurons, but also to further characterize them anatomically and neurochemically.

Strengths:

Thorough and meticulous application of state-of-the-art anatomical methods in a non-
standard laboratory organism.

Weaknesses:
No weaknesses were identified by this reviewer.
Comments:

I don't really have any major suggestions at all. Loved the work.
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There is only one tiny nitpicking aspect:

P21: "Biogenic amines are involved in learning and memory and setting arousal threshholds
(Davis, 2023), which are functions performed by the mushroom bodies and related to the
function of the central complex in goal directed navigation, respectively.”

MBs mainly process olfactory memory. At least in Drosophila, most other kinds of memories
are being supported elsewhere.

https://pubmed.ncbi.nlm.nih.gov/10454381/ 2

such as, e.g., visual pattern learning in the CX
https://pubmed.ncbi.nlm.nih.gov/16452971/ %

or motor learning in motor neurons
https://pubmed.ncbi.nlm.nih.gov/38779314/ %

or ventral ganglion, antennal lobes, and median bundle for place learning:
https://pubmed.nchi.nlm.nih.gov/10706599/ 2

If the authors focus on MBs, this sentence ought to reflect the fact that the function of the MBs
is much narrower than the current sentence appears to suggest.

https://doi.org/10.7554/eLife.111703.1.sa1

Author response:

We thank the editors and reviewers for their thoughtful and constructive assessment of
Toothy, and for recognizing it as a potentially valuable resource for standardizing dentate
spike (DS) analysis across labs. We are especially glad that the reviewers found the
manuscript clear and easy to follow, judged the detection and classification algorithms to be
appropriate and well-validated, and appreciated the tool's graphical user interface (GUI)
based, pip-installable design for lowering the barrier to entry for DS analysis.

We also understand the concerns raised. Most importantly, we will resolve the data-ingestion
and classification errors that reviewers encountered and release an updated version of
Toothy that we have verified end-to-end across input formats and datasets. Alongside this, we
will provide downloadable demo dataset(s) spanning multiple file formats, probe types, and
recording conditions, so that users can confirm a correct installation and see how these cases
differ.

To make the pipeline more transparent, we will add a section describing what Toothy does
between user steps, including the rationale for decisions users cannot change, such as
detection from a single representative channel. We will also expand the documentation of
parameter choices with supporting citations and alternatives, and surface this guidance
within Toothy where feasible, consistent with our aim that the tool not function as a black
box.

We will clarify Toothy's scope and current limitations. Recordings with irregular spatial
sampling (e.g., tetrodes) are supported for detection but not for CSD-based DS-type
classification, which requires a laminar probe spanning approximately the hippocampal
fissure to the hilus; we will state this explicitly and evaluate adding an optional waveform-
based classification mode (Santiago et al., 2024) to extend type classification to such
recordings. We will also add data-quality checks (including sampling rate and inter-electrode
spacing) that warn users when a recording may not support reliable results.
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Finally, we will situate Toothy among existing open-source toolboxes, describing how it
differs, extends beyond, and interoperates with them, and we will add a comparison of
Toothy's outputs to previously published analyses while being explicit about the limits of
such comparisons. We will of course also address the remaining technical clarifications and
figure edits raised by the reviewers.

We are confident that addressing these points will make Toothy clearer and more useful to
the hippocampal community.

https://doi.org/10.7554/eLife.111703.1.sa0

Pang et al., 2026 eLife 15:RP111703. https://doi.org/10.7554/eLife.111703.1 30 of 30


https://doi.org/10.7554/eLife.111703.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.7554/eLife.111703.1.sa0
https://doi.org/10.7554/eLife.111703.1.sa0
https://elifesciences.org/subjects/developmental-biology
https://elifesciences.org/subjects/neuroscience

	foxQ2 marks fast-acting brain interneurons including a subset of dopaminergic neurons innervating mushroom bodies and central complex in the beetle Tribolium castaneum
	eLife Assessment

	Abstract
	Introduction
	
	
	Results
	Tc-foxQ2II positive cells of the adult brain are organized into nine clusters
	Ipsilateral projection neurons (MC1 and MC2) located near the central complex
	The lateral cluster 1 comprises tangential neurons innervating the mushroom body and the central complex

	
	Figure 1.Overview on the Tc-foxQ2II positive cells.
	Figure 2.Overview on the reconstruction of the nine Tc-foxQ2II positive cell clusters.
	Figure 3.The morphology and distribution of EGFP-positive clusters.
	Lateral cluster 2-4 cells lie adjacent to the optic lobes and exhibit divergent projections
	Posterior cluster cell bodies are located close to the PB but do not project into the central complex
	The Tritocerebrum Cluster

	
	Figure 4.The morphology and distribution of EGFP-positive clusters in the brain of the foxQ2-5’ line
	Figure 5.Classification of Lateral Cluster 1 based on distinct projection patterns.
	Establishing the brainbow system in Tribolium castaneum for sparse marking of neurons
	Confirming cluster assignments using the Tribolium brainbow system
	Figure 6.Eight clusters detected in the foxQ2-5’– line were also sparsely labelled by Brainbow.
	Embryonic expression of Tc-foxQ2II is not maintained in all daughter cells
	LC1a interneurons innervate the mushroom body and the central complex
	Neurotransmitter content of Tc-foxQ2II positive cells


	
	Figure 7.EGFP-positive cells arborize in the mushroom body and the central complex.
	Figure 8.Reconstruction of STED-imaging of LC1a connection of mushroom body with the central complex in the foxQ2-5’- line brain.
	Table 1.Neurotransmitter expression in different EGFP-positive cell types in the foxQ2-5’-line brain
	FoxQ2 positive dopaminergic neurons can be assigned to fly neuron types and allow confirming clusters
	Figure 9.A subset of Tc-FoxQ2-positive neurons are dopaminergic.
	Figure 10.Co-expression of Tc-foxQ2II and TH (dopamine) in distinct neuronal subsets.
	Figure 11.3D reconstruction of Tc-foxQ2-Dopaminergic neuronal projections in the brain of foxQ2-5’-line using VVDviewer.


	Discussion
	Tc-foxQ2II is expressed in fast-acting neurons and may be involved in the specification of subtypes of dopaminergic neurons
	Stage specific expression of Tc-foxQ2II in columnar and tangential neurons of the central complex

	
	FoxQ2II marks dopaminergic neurons of the higher brain centers mushroom bodies and central complex
	3.1.6 Materials and methods

	
	Data availability
	Acknowledgements
	Additional information
	Funding
	Author ORCID iDs

	References
	Peer reviews
	Reviewer #1 (Public review):
	Reviewer #2 (Public review):
	
	Author response:


