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Abstract

The Madeira cockroach Rhyparobia maderae is a nocturnal insect and a prominent
model organism for the study of circadian rhythms. Its master circadian clock, con-
trolling circadian locomotor activity and sleep-wake cycles, is located in the accessory
medulla of the optic lobe. For a better understanding of brain regions controlled
by the circadian clock and brain organization of this insect in general, we created a
three-dimensional {(3D) reconstruction of all neuropils of the cerebral ganglia based
on anti-synapsin and anti-y-aminobutyric acid immunolabeling of whole mount brains.
Forty-nine major neuropils were identified and three-dimensionally reconstructed.
Single-cell dye fills complement the data and provide evidence for distinct subdivisions
of certain brain areas. Most neuropils defined in the fruit fly Drosophila melanogaster
could be distinguished in the cockroach as well. However, some neuropils identified in
the fruit fly do not exist as distinct entities in the cockroach while others are lacking in
the fruit fly. In addition to neuropils, major fiber systems, tracts, and commissures were
reconstructed and served as important landmarks separating brain areas. Being a noc-
turnal insect, R. maderae is an important new species to the growing collection of 3D
insect brain atlases and only the second hemimetabolous insect, for which a detailed
3D brain atlas is available. This atlas will be highly valuable for an evolutionary com-
parison of insect brain organization and will greatly facilitate addressing brain areas

that are supervised by the circadian clock.

KEYWORDS
3D reconstruction, brain atlas, insect brain, Leucophaea maderae, neuroanatomy, Rhyparobia
maderae

Abbreviations: ABR, anterior bridge; AFP, anterior fiber plexus; AL, antennal lobe; ALA, accessory lamina: AL anterior lip; ALO, anterior lobula; ALT, antennal lobe tract; AME, accessory medulla;

AMMC, antennal mechanosensory and motor center; AOT, anterior optic tract; AOTU, anterior optic tubercle; ASOC, anterior superior optic commissure: ATL, antler; AVLP, anterior ventrolateral
protacerebrum; BU, bulb; CA, calyx; CB, central body; CBL, lower division of the CB; CBU, upper division of the CB; CL, clamp; CO, cones; CRE, crepine; CX, central complex; dALA, dorsal ALA;
DAMMC, dorsal AMMC; DLO, dorsal lobula; EPA, epaulette; GA, gall; GABA. y-aminobutyric acid; GC, great commissure; GLO, glomerular lobe; GOR, gorget; hWLPF, horizontal ventrolateral
protacerebrum fascicle; 1B, inferior bridge; IBC, |B cap; ICA, inner CA; ICL, inferiar CL; IFS, inferior fiber system; INP, inferior neurapils; I T, isthrmus tract; LA, lamina; LAL, lateral accessory lobe;
LALC, LAL commissure; IALT, lateral ALT; LAMMC, lateral AMMC; LCA, lateral CA; LEF, lateral equatorial fascicle; LH, lateral horn; LLAL, lower LAL; LO, lobula; LOVT, LO valley tract; LOX, LO
complex: LU, lower unit of the AQTU; LX, lateral complex; MAL, medial accessory labe: mALT, medial ALT; MAMMC, medial AMMC: MB, mushroom body: MBDL, median bundle; MC, median
crescent: MCA, medial CA: ME, medulla: MEF, medial equatorial fascicle; ML, medial lobe; mIALT, mediolateral ALT; N, neck; NO, noduli; NOL, lower unit of the NO; NOU, upper unit of the NO;
QCA, outer CA; OCN, ocellar nerve; OL, optic lobe; OLO, outer LO; OR, ocellar root; PB, protocerebral bridge; PC, protecerebrum; PDH, pigment-dispersing hormone; PED, pedunculus: PEDD,
PED divide; PENP, periesophageal neuropils; PLF, posterior lateral fascicle; PLP, posterior lateral PC; POC, posterior optic commissure; POTU, posterior optic tubercle; pPLPC, posterior PLP
commissure; PRO, prong: PS, posterior slope; PVLP, posterior ventrolateral PC; PYF, pyriform fascicle: RUB, rubus; SCL superior CL; SFS, superior fiber system; SIP, superior intermediate PC; SLP,
superior lateral PC; SMP, superior medial PC; SNP, superior neuropils; SPU, spur; TC, tritecerebrum; TH, teeth; TUBUT, tubercle-bulb tract; ULAL, upper LAL: UU, upper unit of the AOTU; vALA,
ventral ALA; VES, vest: VFA, ventral area of flagellar afferents: VL, vertical lobe; VLNP, ventrolateral neuropils; VLP, ventrolateral PC; VMNP, ventromedial neuropils; VX, ventral complex; WED,

wedge.
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1 | INTRODUCTION

The cerebral ganglia of insects consist of the trito-, deuto-, and pro-
tocerebrum. Except for some well-characterized neuropils such as
mushroom bodies (MBs) or optic lobes (OLs), many brain areas are
still poorly defined. To provide a basis for a uniform noemenclature and
to facilitate interspecies comparisons, a detailed map of brain areas
has been established for the fruit fly Drosophila melanogoster (Ito et al.,
2014). Synapsin immunolabeling and additional morphological data
often not available for other insect species support segmentation of
the fly's brain into distinct neuropils, fiber tracts, and commissures.
This atlas has greatly facilitated interpretation of gene expression
studies (Brovero et al.,, 2021), as well as brain wide networks under-
lying sensory processing (Pacheco et al., 2021; Patella & Wilson,
2018; Tsubouchi et al., 2017), sensory motor control (Cheong et al.,
2020), sexual brain differences (Nojima et al., 2021), and sleep control
(Tomita et al., 2017). Using the same principles of segmentation and
nomenclature as in D. melanegaster, detailed 3D atlases are meanwhile
available for the desert locust Schistocerca gregaria (von Hadeln et al.,
2018), the dung beetles Scarabaeus lamarcki and Scarabaeus satyrus
{Immonen et al.,, 2017), the ants Cardiocondyla obscurior (Bressan et al.,
2014) and Cataglyphis nodus (Habenstein et al., 2020), the monarch but-
terfly Danaus plexippus (Heinze & Reppert, 2012), and the Bogong moth
Agrotis infusa (Adden et al., 2020). These atlases are highly valuable
for interspecies comparisons and were often motivated by analysis of
brain functions that encompass multiple brain areas, such as spatial ori-
entation (Heinze & Reppert, 2012; Immonen et al., 2017; von Hadeln
et al., 2018) or multisensory memory formation (Bressan et al., 2014;
Habenstein et al., 2020).

Here, we provide a digital 3D atlas of the brain of a cockroach.
As nocturnal animals, cockroaches largely depend on their antennal
sense organs for spatial orientation (Baba et al., 2010; Okada & Toh,
2000). Chemosensory processing has been intensely investigated in
the American cockroach Periplaneta americana, both at the level of
the antennal lobe (AL) and antennal mechanosensory and motor cen-
ter (AMMC; Boeckh & Ernst, 1987; Boeckh & Tolbert, 1993; Fusca &
Kloppenburg, 2021; Watanabe et al.,, 2010), but also at the level of
secondary processing centers, the lateral horn (LH) and MB in the pro-
tocerebrum (Strausfeld & Li, 1999; Takahashi et al., 2017, 2019). An
enlarged macroglomerulus in the AL of male P. americana, not present
in females, receives input from receptor cells specialized to process
the primary component of the female sex pheromone. Neurons of the
MBs not only receive olfactory but alse visual input, indicating mul-
timodal information processing (Li & Strausfeld, 1997, 199%; Nishino
etal.,, 2012).

Functional studies on the central complex (CX) in the cockroach
Blaberus discoidalis contributed substantially to understanding the role
of this brain area in spatial orientation. The CX comprises a group of
midline brain neuropils integrating multisensory inputs for the con-
trol of orientation in space (Fisher, 2022; Heinze & Reppert, 2012;
Homberg et al., 2011; Honkanen et al,, 201%; Ritzmann et al., 2012).
Extracellular recordings and electrical stimulation in fixed and walk-
ing cockroaches showed that the CX is not only involved in coding of
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heading direction but also controls walking direction, walking speed,
and turning (Martin et al,, 2015; Varga et al., 2017).

The Madeira cockroach R. maderge is an established model organ-
ism in circadian rhythm research (Homberg et al., 2003b; Page, 1982;
Stengl & Arendt, 2016; Stengl et al., 2015). Lesion and transplantation
experiments identified the accessory medulla (AME) as the circadian
clock that controls sleep-wake cycles entrained to the light-dark cycle
(Reischig & Stengl, 2003a; Stengl & Homberg, 1994). Prominent neu-
rons of the AME with wide ramifications throughout the brain contain
the neuropeptide pigment-dispersing factor (PDF). These neurons are
responsible for circadian rhythms in rest and activity and are, likewise,
involved in light entrainment and gating of photic inputs to the cir-
cadian clock (Arnold et al., 2020; Loesel & Homberg, 2001; Stengl &
Arendt, 2016). While a morphological analysis of the PDF neurons and
their implementation into a general standard cockroach brain has been
achieved (Wei et al., 2010), a detailed map of cockroach brain neuropils
is still missing. The present work provides a detailed 3D analysis and
rendition of brain organization of the cockroach R. maderae to serve
as the basis for implementation of morphologically and physioclogically
identified neurons and to promote studies on brain organization and
control of behavior in a highly adaptive ancient insect species.

2 | MATERIAL AND METHODS

2.1 | Animals

Madeira cockroaches (Rhyparobia maderae, formerly termed Leu-
cophaea maderae) were raised in crowded colonies at the Institute of
Biology, University of Kassel. Animals were kept at a temperature of
25-26°C and 50% relative humidity and were reared under a 12:12 h
light/dark cycle. Only adult males were used for the whole mount
preparations. Cockroaches used in all other experiments were raised at
the Department of Biology, University of Marburg under similar con-
ditions. Individuals of both sexes were used for these supplementary
experiments.

2.2 | Preparation and immunohistochemistry of
whole mounts

Cockroaches were anesthetized by placing them for around 30 min
at 4°C in the refrigerator. Brains were dissected from the head
and fixed for 2 h at room temperature in 4% formaldehyde (FA) in
0.1 mol L~ sodium phosphate buffer (PBS; containing 78.8 mmol L™1
NasHPO, x 2H,0 and 19 mmol L~ NaH,PO, x HpO at pH 7.4;
Rothi-Histofix; Roth, Karlsruhe, Germany). To prevent dehydra-
tion of the brain, further preparation was carried out in insect
saline (128 mmol L= NaCl, 2.7 mmol L= KCI, 2 mmol L=! CaCl,,
1.2 mmol L=1 NaHCOg, dissolved in 2x distilled H,O, pH 7.25). The
brains were transferred into Tris-buffered saline (TBS; containing
0.1 mol L=! Tris-HCI and 0.3 mol L™1 NaCl, pH 7.4) and rinsed

6 % 20 min in TBS. To facilitate antibody penetration, the brains were



Dianova, 1:300), 1% NGS and 0.02% sodium azide in TBS (0.3% TrX) for
6 days at 4°C. After 4 x 20 min final washing steps in TBS (0.1% TrX),
the brains were dehydrated using an ascending ethanol series (50, 70,
90, 95, and 100% ethanol solution) each step for 15 min. Following,
the brains were transferred into a 1.1 solution of ethanol/methyl
salicylate for 15 min and further placed in 100% methyl salicylate
for 1 h. Finally, the brains were embedded in Permount mounting
medium (Permount™; Fisher Scientific, Schwerte, Germany) under
coverslips.

2.3 | Immunolabeling on 130-um sections

For detailed analysis of selected brain areas, 130-um sections of the
cockroach brain were double labeled with antibodies against pigment-
dispersing hormone (PDH) and synapsin, or triple-labeled with anti-

Bl

in 5% NGS for PDH/synapsin immunoclabeling in 0.1 mel L~' PBT.
The brains were transferred into the primary antibodies. For triple
labeling, we used anti-synapsin {(mouse monoclonal, SYNORF1, 1:50,
kindly provided by Dr. E. Buchner and C. Wegener, Wirzburg, Ger-
many), anti-serotonin (goat polyclonal, ImmunoStar, 1:10,000) and
anti-orcokinin (1:6000; Bungart et al,, 1994) in PBT with 2% NDS.
For the PDH/synapsin double immunolabeling, anti-synapsin and anti-
Leptuca-PDH (rabbit pelyclonal, 1:20,000; kindly provided by Dr. H.
Dircksen, Stockholm, Sweden) in PBT with 2% NGS were used. Sec-
tions were incubated for 3 days at 4°C and, after rinsing with PBT
for 6 x 15 min, the brains were incubated in the secondary antibodies
for 5 days at 4°C. For serotonin/orcokinin/synapsin immunolabeling,
Cy2-conjugated donkey-anti-mouse (DaM-Cy2; Dianova; 1:300), Cy3-
conjugated donkey-anti-rabbit (DaR-Cy3; Dianova, 1:300), and Cy5-
conjugated donkey-anti-goat (DaG-Cy5; Dianova, 1:300) in 1% NDS
in PBT were used. For PDH/synapsin double staining Cy2-conjugated




































Co






CB






CC



CD



CF



C7



C1






DO






DB






DC



DD



DF



# 9

# 3

D7



D1






FO






FB






FC



FD



FF



F7



F1






70






7B






7C



7D



7F



77



71






10






1B






1C



1D



1F



17



11






0-0






0-B






0-C



0-D



0-F



0-7



0-1



00-



000



00,



00B



00.



0oC



00D



OO0F



007



001






00

0,0






0B

0,B






) * +
4 5#$ "6
/ /I &
& & 6 & I
/
# G 2# JI*
M* # "
E#
* | 5 4 +
& 1 *
& $ &
#0002
% # 4 (
5 9 5 3 4% —1R |
| Q & * -C4
- E
. * OR; 4* -OR 6 4
" .
! $ ;
IM 3
M (
5 & '
41 6
* 2 * 4 "
5 2 (3  4*-0*
5 1 5
. 2 .
A 7 1&
J%>" % 7( 3%
JNy*
1 'A% (
Y##E ) &

/ # G4
# * &
& & 4
J1% 4
9 "l46 %
IM % *
9
* 4 #
' + 4* -07 4 (
/
9 A
45 9
X .
IM # 5 30Q
*-O0F4 JIM
/ 4 (
# 4
(
4
Y#
/o 3 $ $
6
07 & E *
* I 4* -0C
4* -, 4 J1%
5  4%-0 2 (3
E 4
1( 4 ° (
7 # b
* M (
4

0,C



)i ;o IM* ( # *

! 41 *
3#*D 23# & * &
'0 &  23# / 4
9 % 3# ( *
* 9 ( IM
4 9 9
& ! & ' E
M (4
(
+ *14F] x 4+4%" FE4*Q * 4 074 $
# G4 )" *.DO[,DB-4_#8>> 4 >0-40--> 4,.C.-
5 3% J4 4  *144+Q; *i44,  -14] &
2 4 7$ 2 )) *0.DB[0.FD4_#8>> 4 >
0-40,..>A 4-,7B70
5 3*J4 4*Q; *44,0-4 3 #G #
4 7$ 2 )" * 7CO[,7D.4_#8>> 4 >
0-40,..>A 4-..11
5 %A% ## *(4*59 *(4*+ *(4*(3 *+4*Q5  *%4 -,4 3  3##
# G 1 3 %
## 4 "5 * F7,[,7-04 #8>> 4 >0-40--> 4,CBF.
5 *I4E4*5  *54* & *i4%2 $& *4¥2  *(A\4F| *24r  x 4 x
4 xJ4xn kAR5 x4 g 4 4Q+3 *64 -04
* #G & G & G$
# 4 7 54 #8>> 4 >0-4FCC.b, ) 4DD-B1
. %4 4*5 3*J4 4 *E4 42 K14 AR % AHA* | K44 4% U4 B * 44
E *44%  *J41 *44Q= *:4 4 0,4 3 45
& ) C ' * 1F4
#8>> 4 >0-4BB71> 4,-0,4--1F
(3*44%2# *4] & “+4“E # * +4*Q5 *(4 -04 # A $
# G4 7 5* D71004_#8>> 4 >0-4FCC.>) 4D7100
6 *A44*E x4 4 <44v4r v 44Q; *i44 OF4AH &
#G8( 30 ¢ * 4 C 2 *
A_#8>> 4 >0-4BB71> 4,-OF4---.
| *+424%; %4 4% *(4 4 Q" * 4+4 - 4] *
2 I4E 4 3, - *B1[CB4_#8>> 4 >0-4
0--F> --BC1$--,$-,FF$3
| *44Q& *+4)4 -C4 $ 3
* # 4 7% 2 )5- *

F,O[FBC4__#8>> 4 >0-40,.>A 4-0.07
0,D




| *24%/3 * 4 4*Q; * 4 4 -0C4 3
#G8 )$ #
)" *11F[0-BF4_#8>> 4 >0-40--> 4,BF-C

0,F



0,7

# G



0,1



0B-



0BO



0B,



0BB



0B.



0BC



0BD



OBF



0B7



0B1






0.0






0.B






0.C



0.D



0.F



0.7



0.1



0C-



0CO



0C,



0CB



0C.



* %

*

# & 4

46 #'

I 4/ * &

+ *2 *) *;A*+
4 9 ?

0CC

*%

9



0CD



OCF



0C7



