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Fig. 2. MicroCT analysis of ventral nerve cord ganglia and nerve roots. External morphology. A: 3D reconstruction of walking leg gang-
lion G10, dorsal view. Eight pairs of nerves are associated with each hemiganglion. Nerves N2 and N3, N4 and N5, as well as N7 and N8
possess joint nerve roots. The small nerve N5 branches dorsally from nerve N4 (only proximal part reconstructed). Nerves N7 and N8 are
located at the posteriormost border of the ganglion (compare Fig. 4D). B: The same ganglion (A) visualized within its anatomical context,
dorsal view with virtual horizontal section of the trunk. Muscle M1 traverses the posterior connectives dorsally. Muscle M2 traverses all
nerves except N8 dorsally. N8 projects further dorsally to innervate the dorsal heart nerve above the subsequent ganglion (not shown).
C: Virtual sagittal section of the posterior trunk with reconstructed G15 (associated with the ultimate legs) and the fused terminal ganglion.
Nerves N4 and N5 of G15 are directed posteriad (as appendages are directed posteriad). The neuraxis of the terminal ganglion is bent
dorsad. Several nerves are associated with the terminal ganglion and innervate the caudal trunk. — Scale bars: 200 um. — Abbreviations:
con: connective, G: ganglion, hdg: hindgut, HG: hemiganglion, M: muscle, N: nerve, S: sternite, SGp: gonopodial sternite, T: tergite, vdf:

vas deferens.

cle M1 traverses the posterior connectives dorsally (Figs.
2B, 4C,D). The smaller terminal ganglion (TG) succeeds
the G15 without discernible connectives (Figs. 1B, 2C,
4A). However, a small central cavity between G15 and
TG is visible after dissection (Fig. 1B). The neuraxis of
the TG is prominently bent dorsad, which is not evident
in dissected specimens (Figs. 1B vs. 2C, 4A). Several
nerves are associated with the TG, innervating the caudal
region (Fig. 2C). As the ultimate (or terminal) legs are
held along the body axis, leg-associated nerves N4 and
NS5 of G15 project posteriad rather than laterad, as in the
preceding walking leg ganglia (Fig. 2C).

MicroCT analysis reveals that the neurilemma sur-
rounding the ganglion appears brighter due to a higher
density than the nervous tissue of the ganglion (Fig. 3).
Hemiganglia are medially fused; however, in the gangli-
on’s midline there are several (up to seven) dorso-ventral
penetrations sheathed by neurilemma (Fig. 3A,C,E; ar-
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rowheads). Several internal structures are discernible
based on density differences. From the joint nerve root
of N4 and NS5, two major intraganglionic projections
continue mediad (Fig. 3B,D; compare also anti-synap-
sin labeling in 5D). In cross sections, the dorsal projec-
tion could not be traced further. The ventral projection
splits into a smaller, posteriad projecting portion and a
larger, anteriad projecting portion (Fig. 3B,D; white
semicircles) associated with the ventral neuropilar do-
main (Fig. 3B,D,F; vnd). Paraffin sections reveal that
the neuronal somata form a cortex surrounding the gan-
glionic neuropil ventrally and laterally, while its dorsal
surface and emanating connectives are mostly soma-free
(Fig. 4). In contrast, the terminal ganglion is enveloped
by a contiguous cortex (not shown). Similar to microCT
analysis, paraffin histology indicates that dorso-ventral
penetrations are sheathed by neurilemma (Fig. 4D; ar-
rowheads). The ganglia are characterized by interweav-
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Fig. 3. MicroCT analysis of walking leg ganglion 10. Internal anatomy. A: Virtual cross-section. Note the brighter neurilemma and the
median dorso-ventral penetrations sheathed by neurilemma (arrowhead). B: Virtual cross-section with intraganglionic projections from
walking leg associated nerves N4 and N5. Projections target the dorsal and ventral areas of the hemiganglion. In the ventral part of the
hemiganglion, a distinct ventral neuropilar domain (vnd) is evident. C: Virtual horizontal midsection. Dorso-ventral penetrations (arrow-
heads) penetrate the ganglion medially. Note the commissural neurites in the anterior part of the ganglion. D: Virtual horizontal section
of the ventral domain. Neurites associated with nerves N4 and N5 project medially and further anteriorly and posteriorly. Longitudinal
parallel elements of the ventral neuropilar domain are evident. E: Virtual sagittal midsection. Arrowheads mark dorso-ventral penetrations
sheathed by neurilemma. F: Virtual sagittal section of a hemiganglion visualizing the ventral neuropilar domain with anteriad and posteriad
projections. Note the parallel arrangement of neurites within the connectives. — Scale bars: 100 pm. — Abbreviations: con: connective,
nl: neurilemma, vnd: ventral neuropilar domain.

sal part of the ganglion (Fig. 5A, compare Fig. 3B,C);
however, a distinct anterior or posterior commissure

ing neurites and dense neuropilar regions, while connec-
tives are highly structured by parallel neurites (Fig. 4D).

Paraffin histology likewise reveals a ventrally located
neuropilar domain of slightly convoluted appearance
with anteriad projection (Fig. 4B,D; compare Fig. 3D,F).
Phalloidin labeling lends further insight into walking
leg ganglion anatomy (Fig. SA—C,E—G). The majority
of neurites in the horizontal midsection proceed longi-
tudinally (Fig. 5B), but no distinct tracts were identified.
Several commissural neurites are found in the anterodor-
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seems absent based on the applied methods. Sequential
horizontal sections of a ganglion (Fig. SE—G) highlight
the structured ventral neuropilar domain, with two dis-
tinct innervations near the joint nerve root of N4 and
N5 (Fig. 5D; white semicircle vs. black semicircles),
anteriad and posteriad projections, and dense allantoidal
(i.e. sausage-shaped) domains in its ventral-most area
(Fig. 5G; arrows). Synapsin-immunoreactivity in whole
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Fig. 4. Azan stained paraffin sections. A: Sagittal section of the posterior trunk with ganglia of the ventral nerve cord. Neuropilar domains
are detectable in the ventral part of the ganglia (dark grey). Note the heteronomy of long and short tergites typical for Lithobiomorpha. B:
Walking leg ganglion G14, sagittal section of a hemiganglion. The neurilemma (blue) coats the nervous system, somata are concentrated
ventrally. Denser profiles of the ventral neuropilar domain are evident. C: Cross section of G10 (posterior region). Note that somata are
concentrated ventrally. D: Horizontal section of G13 and G14, ventral area. In contrast to ganglia, connectives appear highly ordered by
parallel neurites. Medially, ganglia are penetrated by dorso-ventral penetrations (arrowheads). Likewise, these penetrations are sheathed
by a (blue) neurilemma. In G14 (right ganglion) projections from nerves N4 and N5 are evident. Ventral neuropilar domains are arranged
in minor-convoluted elements with anteriad direction. Note the joint root of nerves N7 and N8. — Scale bars: 200 um. — Abbreviations:
con: connective, G: ganglion, M: muscle, N: nerve, nl: neurilemma, S: sternite, SGp: gonopodial sternite, so: soma, T: tergite, TG: terminal
ganglion, TGp: tergite of gonopodial segment, vnd: ventral neuropilar domain.
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mount preparations appears less structured, but indicates
a similar pattern to phalloidin labeling (Fig. 5D). Within
the ganglion, the joint nerve root of N4 and N5 splits into
a dorsal and a ventral branch (compare Figs. 3B, 5E),
which are associated with a thicker medial and thinner
lateral domain, respectively. Both domains traverse the
entire ganglion along its anteroposterior axis (Fig. 5D;
compare Fig. 3D). In the connectives, there is no distinct
anti-synapsin labeling.

3.2. Dip-allatostatin 1-like immunoreactivity
(ASTir)

ASTir is distributed in the walking leg ganglia with
several prominent longitudinal neurites, which are para-
medially located in each hemiganglion (Fig. 6A; black
semicircles). All labeled neurons are unipolar. Somata
are located in anterior and posterior positions (Fig. 6B).
In the anterior part of the ganglion, a pair of ASTir so-
mata is located close to the midline (Fig. 6A,B; AM).
Neurite trajectories could not be traced in detail, but
might be ipsilateral, with further projections along the
longitudinal ASTir neurites. In the posterior ganglion
portion, two medially located groups of ASTir somata
are present (Fig. 6A—C; PM1 and PM2). A slight varia-
tion in number (two or three) is detected in and between
specimens. The more anterior group (PM1) consists of
up to three somata; neurites project ipsilateral to the
prominent longitudinal ASTir neurites (Fig. 6A—C).
The more posterior group (PM2) consists of up to three
ASTir somata (Fig. 6B,C). At least one neurite projects
contralaterally (Fig. 6C). In few preparations, weakly la-
beled somata were detected in the posterolateral part of
the ganglion (Fig. 6A; asterisks). In vibratome sections,
but not in whole-mounts, two distinct commissural neu-
rites (Fig. 6D) were detected in the dorsal-most region
of walking leg ganglia. The two neurites traverse the
entire ganglion at its posterior end, enclosing a dorso-
ventral penetration (Fig. 6D; black and white arrows).
Their associated somata could not be identified.

3.3. FMRF-amide-like immunoreactivity
(RFir)

RFir is distributed in the walking leg ganglia with sev-
eral prominent longitudinal neurites in each hemigan-
glion (Fig. 7A; black semicircles). All labeled neurons
are unipolar. Somata are located in anterior and poste-
rior positions (Fig. 7B). Three RFir somata are located
anterolaterally (Fig. 7A—C; AL). Neurite trajectories
could not be traced further but probably remain ipsilat-
eral, contributing to the longitudinal neurites. A cluster
of RFir somata with contralateral projecting neurites is
located anteromedially (Fig. 7A—F; AM). A single AM1
soma is located in the anterior-most part of the ganglion
(Fig. 7C,E). Two AM2 somata are present slightly more
posterior to AM1 (Fig. 7A—C,E). Their neurites project
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contralaterally in anterior direction, and further into the
anterior connectives (Fig. 7A—D). In the preceding gan-
glion, these neurites enter the joint root of nerves N7 and
N8 and project into both nerves (Fig. 7B,H). It remains
unclear, however, which of the two neurons contributes
to which nerve. A third group (AM3) is located parame-
dially between AM2 and AL (Fig. 7A—E). AM3 neurites
project contralaterally and probably contribute to the lon-
gitudinal neurites (Fig. 7E,F). Another pair of RFir so-
mata is located paramedially in the posterocentral part of
the ganglion (Fig. 7A,B,G; PCM). Their neurites project
medially, but it remains unclear whether they cross the
midline or stay ipsilateral (Fig. 7G).

3.4. Histamine-like immunoreactivity
(HISir)

HISir is sparsely distributed in the ganglia with thin
longitudinal paramedial neurites in each hemiganglion
(Fig. 8; black semicircles). All labeled neurons are uni-
polar. A centromedial cluster of three neurons is located
slightly anterior to the center, possessing contralateral
projecting neurites (Fig. 8A,B; ACM, black arrow-
heads). These neurites project to the lateral region of the
ganglion close to the base of the nerve roots of N1-3.
A single centromedial soma (PCM) with contralateral
neurite projection is located slightly posterior to the
center (Fig. 8A; black and white arrowheads). At the
posterolateral border of the ganglion, the neurite of a
single neuron (PL) projects anteromediad contributing
to the ipsilateral longitudinal neurites (Fig. 8A,B; black
arrows).

4. Discussion

4.1. External morphology of walking leg

ganglia

The spectrum of methods applied shows that walking
leg ganglia have comparable external morphology. Only
in the ganglion associated with the ultimate legs (G15),
nerves innervating the legs are directed posteriad. The
results on external morphology are in concordance with
most previous investigations and descriptions (VER-
HOEFF 1905; HANSTROM 1928; FAHLANDER 1938; RILLING
1960, 1968; HeckmanN & KutscH 1995; Harzsch 2004;
SomBKE & STEMME 2017). The identity of trunk segments
and walking leg ganglia may be confusing, as the first
walking leg is associated with the third VNC ganglion,
and the ultimate 15th legs are thus associated with the
17th VNC ganglion (SomBKE & STEMME 2017). HARZSCH
(2004) described 16 well-separated trunk ganglia (i.e.
G1-G16, including the forcipular ganglion) and the ter-
minal ganglion. We follow the description by RiLLING
(1960, 1968) counting the subesophageal ganglion, the
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dorsal

ventral
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Fig. 5. Phalloidin histochemistry and synapsin-immunoreactivity (wholemounts). A: Phalloidin labeling in the anterodorsal G10; hori-
zontal view showing commissural neurites (black arrowheads). White profiles are dorso-ventral penetrations. B: Phalloidin labeling in
the posteromedial ganglion (G10); horizontal view. In contrast to (A), in the midsection the majority of neurites proceed longitudinally
(white semicircle). C: Phalloidin labelling in G10; left hemiganglion, horizontal view, depth-color coded. Five nerve roots emerge from
the ganglion. Based on color (depth) differences, actin richer areas are evident that corroborate microCT results (compare Fig. 3D) and
synapsin-immunoreactivity (D). Projections associated with nerves N4 and N5 proceed mediad into the ganglion, condensing into distinct
longitudinal tracts that traverse the hemiganglion in anteroposterior axis. D: Anti-synapsin labeling reveals several longitudinal domains
that show a distinct immunoreactivity and traverse the entire ganglion in its anteroposterior axis. Both domains are associated with the
nerves N4 and N5 (white semicircles, compare E), horizontal view. E—G: Virtual horizontal sections of a phalloidin labeled wholemount.
The ventral neuropilar domain is associated with the joint nerve N4 and N5 (white semicircle) and innervated by two distinct branches (E;
black semicircles) projecting anteriad as well as posteriad (E, F). G: Further ventrally and close to the peripheral cluster condensed allan-
toid domains are evident (white arrows). — Scale bars: 100 pm. — Abbreviations: con: connective, N: nerve, PHAL: phalloidin labeling,

so: soma, SYN: synapsin-immunoreactivity, vnd: ventral neuropilar domain.

forcipular ganglion, 15 walking leg ganglia (G1-G15),
and the fused terminal ganglion (TG). RiLLING (1960) de-
scribed that eight pairs of nerves are associated with each
walking leg ganglion. This numbering was adopted by
HEeckmaNN & KutscH (1995) and Harzsch (2004). Some
nerves are fused proximally in a joint nerve root; differ-
ent authors described a variable number: 5 (FAHLANDER
1938), 4 (RiLLING 1968), or 6—8 (HEckmanN & KutscH
1995). In our samples, we found 5 separate nerve roots
(N1, N2+N3, N4+N5, N6, N7+N8; Figs. 2A, 5C, 9).
We did not detect a joint root of N1-3 as described by
RiLLING (1960, 1968) and HEckmanN & KuTtscH (1995).
We found no indications of a median nerve (an unpaired
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nerve between the connectives), which was also not de-
tected by RiLLING (1960, 1968). Most of the eight nerves
innervate trunk and walking leg musculature (RiLLING
1960, 1968; HEckmaNN & KuTscH 1995). Nerves N1, N2
and N8 are described to be purely motoric, while the other
five nerves (N3—N7) also contain sensory axons (RILLING
1968). According to HEckMANN & KuTsch (1995), nerves
N7 and N8 project into the posterior adjacent segment,
targeting the dorsal longitudinal muscles (DLM) as well
as the dorsal heart nerve, and the intersegmental muscle
(ISM), respectively, which is in accordance with descrip-
tions by RiLLING (1960). This innervation pattern in L.
forficatus is similar to the description in Geophilus flavus

385



SCHENDEL et al.: Ventral nerve cord of Lithobius

Fig. 6. Allatostatin-like immunoreactivity (ASTir) in walking leg ganglia (wholemounts and sections). A: Maximal projection of a 100 pm
vibratome section showing anteromedial (AM) and posteromedial (PM1, PM2) cell clusters as well as longitudinal neurites (black semicir-
cles). The asterisks indicate weakly labeled somata in the posterolateral part of the ganglion that were inconsistently found in few prepara-
tions, horizontal view. Box outlines details shown in C. B: Schematic representation of intraspecific individually identifiable ASTir neurons
with identified neurite projection patterns. Grey dashed lines indicate ordinate as longitudinal midline and abscissa set at the joint root of
N4+NS5. C: Projection of a 100 pm vibratome section showing neurites of PM2 somata projecting contralaterally (white and black arrows),
horizontal view D: Projection of a horizontal 100 um vibratome section showing distinct commissural neurites traversing the ganglion
latitudinal (black and white arrows) and enclosing a dorso-ventral penetration in the dorsalmost region of the posterior ganglion. Associ-
ated somata could not be identified. — Scale bars: 100 pm. — Abbreviations: AM: anteromedial neurons, PM1: posteromedial neurons

(anterior group), PM2: posteromedial neurons (posterior group with contralateral projecting neurons).

(De Geer, 1778), where the posterior-most nerve (nervus
dorsalis or segmental heart nerve) also innervates the
dorsal heart nerve above the posterior adjacent ganglion
(ErnsT 1971). Our results on RFir additionally indicate
an efferent contribution of the posteriorly adjacent seg-
ment, according to neurite trajectories. Consequently,
N7+N8 are to be interpreted as intersegmental nerves.
The term intersegmental nerve is often used in devel-
opmental studies, in which a nerve is established early
on between two adjacent neuromeres, and is thoroughly
documented for different tetraconate taxa (e.g. WHITING-
ToN et al. 1993; WHITINGTON 1995; HaRrzscH et al. 1997;
UNGERER & SchoLrz 2008). In all species, intersegmen-
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tal nerves extend dorsally and innervate the musculature
(and if applicable the heart). However, developmental
studies in centipedes did not detect intersegmental nerves
(WHITINGTON et al. 1991).

The ganglia of the VNC are sheathed by a neuri-
lemma (Figs. 3A, 4B—E), which in arthropods serves as
a barrier between hemolymph and nervous system, and
consists mainly of collagen fibers and glia cells (FULLER
1964). The small dorso-ventral penetrations in the mid-
line of ganglia are covered by the neurilemma and prob-
ably enclose tracheae. RiLLING (1968) mentioned them as
three to four ‘median fibrils’ (mediane Fibrillen), pierc-
ing the ganglion vertically.
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Fig. 7. FMRFamide-like immunoreactivity (RFir) in walking leg ganglia (wholemounts). A: Maximal projection of a ganglion with RFir
neuron groups AL, AM1-3, PCM, and longitudinal neurites (black semicircles) in both hemiganglia, horizontal view. Dashed semicircles
indicate the nerve root of N4 and N5. Boxes outline details shown in C,D,G,E. Grey dashed lines indicate ordinate as longitudinal midline
and abscissa set at the joint root of N4+N5. B: Schematic representation of intraspecific individually identifiable RFir neurons with identi-
fied neurite projection patterns. C: Anterior part of the ganglion with anterolateral and anteromedial clusters 1—3. Black arrows indicate
contralateral projecting neurites of AM2 neurons into the connectives. D: Anteromedial cluster of RFir somata (AM1-3). Neurites of
AMI1 neurons project contralaterally (black and white arrows). Neurites of AM2 neurons project contralaterally in anteriad direction and
further into the anterior connectives. Neurites of AM3 neurons project contralaterally (compare E,F). E: AM3 neurons with contralaterally
projecting neurites (black and white arrows). F: Contralaterally projecting neurites of AM3 neurons (black and white arrows). G: In the
posterocentral part of the ganglion, a pair of RFir somata (PCM) is located paramedially with mediad neurite projection. H: Neurites from
AM2 neurons enter the preceding ganglion and project into nerves N7 and N8 (black arrows, compare B,C). The faintly visible somata in
A,C, and D are the result of a nonspecific broad band fluorescence of the nuclear counterstain. — Scale bars: A,C,D,H 100 um, E-G 50
wm. — Abbreviations: AL: anterolateral neurons (with contralateral projections), AM: anteromedian neurons (with contralateral projec-
tions), con: connective, N: nerve, PCM: posterior centromedial neurons.

SENCKENBERG 387



SCHENDEL et al.: Ventral nerve cord of Lithobius

4.2. Anatomy of walking leg ganglia

As all walking legs are of comparable morphology, the
neuroanatomy of ganglia G1-G14 likewise is similar.
However, in Lithobius forficatus the last pair of legs is
larger in size, and has a distinct morphology and non-
locomotory function (KennING et al. 2017). These dif-
ferences are mirrored in the anatomy of G15, which will
not be addressed here but comprehensively discussed
in a separate contribution (KENNING et al. accepted). All
ganglia of the VNC possess a peripheral cortex of vari-
able thickness (with most somata located ventrally; Figs.
4, SE—QG) and a central neuropil that is most structured
in the ventral area. Neuropilar regions could be consist-
ently visualized by paraffin histology, microCT analy-
sis, and phalloidin and anti-synapsin labeling. The most
prominent neuropilar domains are associated with two
branches, originating from the joint leg nerve N4 and N5
(compare Figs. 3B,D,F, 5SC—G). These neuropils expand
predominantly in the anterior direction. In phalloidin la-
beling, parallel arranged elements are detectable within
the ventral neuropilar domain, which is corroborated by
anti-synapsin-labeling. Moreover, in the ventral-most
ganglion portion, distinct compact neuropilar domains
are evident (Fig. SE—G). In general, tetraconate VNC
ganglia associated with appendages possess structured
neuropilar domains. In hexapods, thoracic ganglia fea-
ture several dorsal longitudinal tracts of intersegmental
neurites, a central neuropil of great complexity, and sev-
eral ventral longitudinal tracts, as well as sensory neu-
rites and associated neuropils in the ventral part of the
ganglion (i.e. ventral association center VAC; BuLLock
& HorrIDGE 1965; PFLUGER et al. 1981, 1988). Tetraco-
nate VNC ganglia exhibit a strong structural correspond-
ence, as this stereotypic organization is also found in
crayfish (e.g. SKINNER 1985a,b; ELson 1996). The VAC
of locusts and crayfish as well as the ventral neuropilar
domain in L. forficatus receive prominent afferent pro-
jections from leg-associated nerves. However, in locusts
and crayfish, the neuropil appears either medially fused
or strongly interconnected by commissural tracts, while
in L. forficatus two distinct neuropilar regions without
obvious contralateral connections are present (Figs. 3D,
SE—G). In order to further investigate efferent and affer-
ent projections as well as interconnectivity of hemigan-
glia, additional experiments (e.g. selective backfilling)
are desirable.

In many mandibulate taxa, at least one anterior and
one posterior commissure connect both hemiganglia (Lo-
EsiL et al. 2013). In L. forficatus, hemiganglia are largely
fused medially, and commissures within the ganglia are
not evident. Although our experiments revealed commis-
sural neurites, their condensation into prominent, densely
packed midline spanning tracts appears only weakly pro-
nounced (Fig. 5A, 6, 7, 9). In tetraconate arthropods, the
anterior and posterior commissures have often been used
as landmarks in describing specific structures within a
ganglion, and when comparing somata positions of indi-
vidually identifiable neurons in different taxa (e.g. HAR-
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zscH & WaLoszek 2000). However, BRENNEIS & SCHOLTZ
(2015) — in their study of serotonergic neurons in Pyc-
nogonida (Chelicerata) — noted that commissures may
not always be a reliable criterion for comparing soma po-
sition, as not all representatives of Arthropoda possess a
(single) anterior and posterior commissure. In Lithobius
forficatus, ASTir, RFir, and HISir somata are located in
the anterior and in the posterior parts of a ganglion. At
least one neuronal pair (one neuron per hemiganglion)
of each neurotransmitter investigated possesses con-
tralaterally projecting neurites. Moreover, longitudinal
neurites of respective transmitter systems are present in
each hemiganglion. The only available data on single
neurons in the VNC of L. forficatus (except for seroton-
ergic neurons) were provided by Heckmann & KutscH
(1995) using NiCl, backfills, HArzscH et al. (2005) using
GABA immunohistochemistry, and AGricoLA & BRAUNIG
(1995) demonstrating Perisulfakinin immunoreactiv-
ity. Perisulfakinin immunoreactive somata are located
in most ganglia in a centrolateral position with neurite
projections probably into nerve N6. GABAIr revealed an
anterior and a posterior cluster of inhibitory motoneurons
as well as 2—5 neurons with contralateral projections. In
comparison with tetraconate and chelicerate representa-
tives, HarzscH et al. (2005) concluded that inhibitory
motoneurons, or groups thereof, in centipedes possess
intriguingly similar characteristics in terms of soma loca-
tion, anatomical features, and innervation patterns of leg
muscles (HarzscH et al. 2005; LokskL et al. 2013). NiCl,-
backfills in walking leg ganglia (i.e. N7 of G3; Fig.10 in
HEeckmaNN & KutscH 1995) revealed a highly arborizing
termination domain in the respective hemiganglion. Ad-
ditionally, ascending neurites pass through the posterior
connectives and project into the posteriorly adjacent gan-
glion. The origin of respective neurites is a group of about
4 anteromedial somata in the contralateral hemisphere.
This pattern of motoneurons innervating the ipsisegmen-
tal dorsal longitudinal muscles is rather similar to that
seen in hexapods and crustaceans (see e.g. HECKMANN &
Kursch 1995; WHITINGTON & Bacon 1998). Although the
identity of respective neurons remains unclear, this pro-
jection pattern is highly similar to that of the anterome-
dial RFir neurons in L. forficatus.

4.3. Individually identifiable neurons (lINs)

Based on the criteria of IINs by KurscH & BREIDBACH
(1994), specific neurons can be identified intra- and in-
terspecifically, and thus offer the possibility to establish
homologies at the single cell level. Specific immuno-
reactive neurons in Lithobius forficatus were scored as
IINs based on the criteria mentioned above (schema-
tized in Figs. 6B, 7B, 8B, and 9). Regarding compari-
sons between different taxa, a wealth of studies described
serotonergic neurons in various arthropods (HarzscH &
Waroszek 2000; HarzscH 2004; BRENNEIS & ScHOLTZ
2015; StemMmE et al. 2017; SomBKE & STEMME 2017 and
references therein), and in giving further support for
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Fig. 8. Histamine-like immunoreactivity (HISir) in walking leg ganglia. A: Maximal projection of a wholemount, horizontal view. Within
each hemiganglion, several HISir neuron clusters (ACM, PCM, PL) and characteristic thin longitudinal neurites (black semicircles) are
visible. An anterior centromedial cluster (ACM) of three somata is located close to the midline possessing contralateral projecting neurites
(black arrowheads). These neurites project into a diffuse HISir domain in the lateral region of the ganglion, close to the base of the nerve
roots of N1-3. Further posterior, a single centromedial soma (PCM) with contralateral neurite projection is located (black and white arrow-
heads). At the posterolateral border of the ganglion, a single neuron (PL) with an anteromediad projecting neurite contributes to the longi-
tudinal neurites (black arrows). B: Schematic representation of intraspecific individually identifiable HISir neurons with identified neurite
projection patterns. The faintly visible somata in A are the result of a nonspecific broad band fluorescence of the nuclear counterstain. Grey
dashed lines indicate ordinate as longitudinal midline and abscissa set at the joint root of N4+N5. — Scale bars: 100 pm. — Abbreviations:
ACM: anterior centromedial neurons (with contralateral projections), PCM: posterior centromedial neurons, PL: posterolateral neurons.

Mandibulata, demonstrated the potential of IINs as in-
dependent characters in evolutionary considerations. In
Mandibulata, serotonergic neurons are generally located
in anterior, posterior, and central positions in VNC gan-
glia as recently discussed by SomBkE & STEMME (2017).
However, beyond the extensive research on arthropod
serotonergic neurons, information on neurons in the ar-
thropod VNC featuring other neurotransmitters is scarce,
hampering further comparison and thus homologization.

The biogenic amine histamine is a common neuro-
transmitter in the visual system of arthropods (e.g. BAT-
TELLE et al. 1991; NAsseL 1999; SomBkE & HARzscH
2015), and also present in the VNC. Within Hexapoda,
a constant pattern is present with a single centro- to pos-
teromedial pair of HISir somata in all ganglia, exclud-
ing the prothoracal ganglion of the VNC (NAssEL et al.
1990; NAsseL 1996; Horner 1999). However, taxon-
specific variations concerning number and size of addi-
tional somata and neurite trajectories occur. In investi-
gated species, most neurites project ipsilateral with few
contralateral branches in the anterior ganglion. In the
cricket Gryllus bimaculatus, HISir neurites originating
from various somata — including a ventromedial cluster —
contribute to longitudinal HISir neurites (HORNER 1999).
In Calliphora vomitoria, thinner longitudinal neurites
traverse the ganglia both anteriorly and posteriorly, while
thicker neurites project only anteriad. The respective so-
mata are located in a ventromedial position (NASSEL et al.
1990). Only few descriptions on HISir neurons for the
crustacean and xiphosuran VNC are available (Artemia
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salina: HarzscH & GLOTZNER 2002; Triops cancriformis:
FritscH & RicHTER 2010; Balanus nubilus: CALLAWAY &
StuarT 1999; Limulus polyphemus: HarzscH et al. 2005).
These descriptions mostly consider larval developmental
aspects, and are thus of questionable comparability with
the adult nervous system. Even so, late larval stages of
L. polyphemus and T. cancriformis possess medial HISir
somata. In contrast to representatives of Mandibulata,
HISir somata are absent in the VNC of Arachnida. In the
wandering spider Cupiennius salei and few other spiders,
only three somata are located anteriorly to the arcuate
body, with omnisegmental arborizations into all neu-
romeres of the synganglion and opisthosomal ganglion
(Scamip & DuNcker 1993; ScHmiD & BECHERER 1999).
In Lithobius forficatus, several centromedially situated
HISir neurons, as well as lateral longitudinal neurites, are
present. In comparison to representatives of Tetraconata,
the number and position of somata (absence of anterolat-
eral and presence of posterolateral neurons), and major
projection patterns differ. However, our data, as well as
published descriptions of histamine-immunoreactivity,
indicate that the medial group of HISir neurons may be a
promising candidate for the mandibulate ground pattern.
Given that histamine-immunoreactivity can generally
be compared with available antibodies, a much broader
taxon sampling is both possible and desirable.

In contrast to serotonin and histamine, allatostatins
and FMRF-amides are members of large peptide families
(e.g. OrcHARD et al. 2001; Duve et al. 2002). Both anti-
bodies used may label a variety of respective expressed
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epitopes (A type allatostatins and FaRPs, respectively,
see below); the criterion of a specific shared neurotrans-
mitter in those putative IINs is rather problematic in
terms of establishing interspecific comparability (SWALES
& Evans 1995). Apart from the focus on a neuroanatomi-
cal characterization of VNC ganglia in L. forficatus, the
antibodies used revealed robust intraspecific patterns.
This consequently raises the question of whether they
can also be used in comparative investigations across ar-
thropods. Allatostatins in general have been suggested to
be conserved during invertebrate evolution, given their
wide distribution (Cnidaria, Nematoda, Anellida, Mol-
lusca, Arthropoda; SMART et al. 1994). In arthropods, they
play a variety of physiological roles as regulatory neu-
ropeptides (e.g. VitztHuM et al. 1996). In the cockroach
Diploptera punctata, seven allatostatins have been iden-
tified, and in the green shore crab Carcinus maenas, at
least 20 members of the allatostatin familiy were isolated
from thoracic ganglia (ViTztHuM et al. 1996; DuVE et al.
1997). ASTir neurons have been reported in the VNC
of several species of Tetraconata (e.g. DUVE & THORPE
1994; VEELAERT et al. 1995; NASSeL 1996; MAESTRO et
al. 1998; DirckseN et al. 1999; Duve et al. 2002). Dip-
allatostatin 1 (APSGAQRLYGFGL-amide, the antibody
applied in this contribution) has only been used in a few
arthropod species to visualize neurons in the VNC (AG-
RICOLA & BRAUNIG 1995; DircksEN et al. 1999). In Peri-
planeta americana, a regular pattern of a single postero-
lateral ASTir neuron with anteriad projection is present
in all abdominal ganglia. In abdominal ganglia 1-4,
two additional medial somata are present (AGRICOLA &
BrAUNIG 1995). Within Crustacea, abdominal ganglia of
Orconectes limosus house an undefined number of ASTir
somata in anterolateral or lateral position, several somata
of varying number in the ventral or ventromedial part,
and several longitudinal ASTir neurites (DIRCKSEN et al.
1999). In contrast to tetraconate representatives, in VNC
ganglia of L. forficatus, ASTir somata are located ante-
ro- and posteromedially. The tetrapeptide FMRF-amide
and FMRF-amide-related peptides (FaRPs) are prevalent
among various invertebrates and vertebrates (e.g. Hexap-
oda, NAsseL 1996; Nematoda, HENNE et al. 2017, PEYMEN
2014; Cnidaria, GRIMMELIKHUIJZEN & SPENCER 1984; Mol-
lusca, Moroz et al. 1994). For example, in Periplaneta
americana, at least 23 peptides share the RFamide motif
(PreDEL et al. 2004). RFir neurons have been reported in
the VNC of crustacean and hexapod species, indicating
a rather consistent distribution. In Hutchinsoniella mac-
racantha, RFir neurons are present in the anterior part
of the ganglion; in the crayfish Procambaraus clarkii,
an anterolateral and a posterolateral cluster are present,
along with several centromedial somata (MERCIER et al.
1991; ErLorssoN 1992). In Schistocerca gregaria, RFir
neurons are present in anterolateral and centromedial
and — depending on the antibody used — also in poste-
rolateral position (FMRF-amide vs. SchistoFLRF-amide;
SwaLEs & Evans 1995; NAsseL 1996). In VNC ganglia
of L. forficatus, RFir somata are located anterolaterally,
anteromedially, and centromedially. As it remains to be
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Fig. 9. Individually identifiable neurons of Lithobius forficatus
walking leg ganglia. In addition to the neuropeptides analyzed
in this contribution, serotonergic IINs as demonstrated in SOMBKE
& StEMME (2017) are displayed. Grey dashed lines indicate ordi-
nate as longitudinal midline and abscissa set at the joint root of
N4+NS5.
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determined which of the known allatostatins and FMRF-
amide related peptides are expressed and recognized by
both antibodies used, interspecific homologization in
terms of the criteria of IINs (i.e. shared neurotransmitter)
is impossible. The lack of data in further arthropod taxa
currently hampers a broader comparison. Thus, for com-
parative interspecific analyses across arthropods, there
is a need of specific antibodies, which recognize single
peptides (without cross-reactions).

4.4. Neuronal characters for phylogenetic
analyses

In terms of morphology-based phylogenetic reconstruc-
tions, using neuronal characters can be advantageous (at
least on the level of higher ranking categories like orders),
as the nervous system is not only evolutionarily stable, but
also mostly independent of external morphological diver-
sity (STRAUSFELD & ANDREW 2011). In Mandibulata, there
are several examples of specific neuronal character sets
(e.g. number, interconnectivity, and composition of sub-
compartments of deutocerebral chemosensory lobes and
visual neuropils, or location and number of serotonergic
neurons in the VNC) that can be used in support of phylo-
genetic relationships (e.g. SOMBKE et al. 2012; STRAUSFELD

SENCKENBERG



ARTHROPOD SYSTEMATICS & PHYLOGENY — 76 (3) 2018

2012; SANDEMAN et al. 2014; SomBKE & Harzsch 2015;
Scammt 2016; STEMME et al. 2017; SOMBKE & STEMME
2017). Serotonergic neurons in the VNC were analyzed
in numerous arthropod species and provide a character
set for evolutionary considerations, as mentioned above.
However, taxon sampling is often sparse, resulting in a
lack of suitable data (especially with a focus on myria-
pods). Correspondingly, we provide the following list of
morphological and anatomical characters (compiled from
HeckmanN & Kutsca 1995; SoMBKE et al. 2011b; SOMBKE
& ROSENBERG 2016; STEMME & SoMBKE 2017; this study)
in the centipede Lithobius forficatus as a basis for com-
parative neuroanatomical research and subsequent clad-
istic analysis. Based on this approach, detailed analyses
of additional centipede and millipede taxa are desirable
to reconstruct neuronal ground patterns at specific taxo-
nomic levels (e.g. Lithobiomorpha). Relying on evolu-
tionary stability — and hence phylogenetic utility — of neu-
ronal character sets, anatomical studies of diverse species
of Scutigeromorpha and Craterostigmomorpha promise
to contribute to the clarification of the ambiguous posi-
tioning of these taxa (e.g. Heteroterga-hypothesis sensu
Ax 2000, or the position of Craterostigmomorpha versus
Lithobiomorpha sensu FERNANDEZ et al. 2016).

Brain

- tripartite syncerebrum (protocerebrum, deutocerebrum,
and tritocerebrum)

Protocerebrum

- protocerebral glands with paired nerve

- two visual neuropils (lamina and medulla)

- translaminar retinula cell axons

- kenyon cells, mushroom body pedunculus with contra-
laterally confluent connection

Deutocerebrum

- deutocerebral chemosensory lobe with typically 43
elongated olfactory glomeruli

- two olfactory glomeruli feature a contralateral connec-
tion

- corpus lamellosum (deutocerebral mechanosensory
neuropil) composed of at least 4 neuropilar lamellae,
with contralateral connection

Tritocerebrum

- frontal ganglion fused with tritocerebrum, with poste-
riad projecting nervus recurrens featuring a small hy-
pocerebral ganglion

Ganglia of the ventral nerve cord

- rope-ladder-like VNC with 18 ganglia interconnected
by paired connectives

- fused subesophageal ganglion formed by neuromeres
of the mandibular, maxillal, and maxilla2 segments

- segments of forcipule and 15 walking legs each with
separate ganglia

- fused terminal ganglion

- all ganglia medially fused

- distinct commissures absent (but commissural neurites
present)

- ganglia with continuous cortex (no distinct soma clus-
ters), cortex thicker in the ventral part of the ganglia
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- each walking leg hemiganglion associated with 8 ner-
ves originating from 5 distinct nerve roots

- N7 and N8 are intersegmental nerves

- nerve N7 innervates the dorsal longitudinal muscles
and the dorsal heart nerve (dorsally of posterior adja-
cent ganglion)

- nerve N8 innervates intersegmental muscle M10

- median nerve absent

- neuropilar condensations in the ventral ganglion (ven-
tral neuropilar domain) with prominent anteriad and
thinner posteriad projections

Individually identifiable neurons in walking leg hemi-

ganglia

- 2 ASTir neurons in anteromedial position, unknown
projections

-+ 3 ASTir neurons in posteromedial position, ispilateral
projections

-+ 3 ASTir neurons in posteromedial position, contralat-
eral projections

-+ 3 RFir neurons in anterolateral position, contralateral
projections

-+ 4 RFir neurons in anteromedial position, contralateral
projections (neurites of the two most medial neurons
project into nerves N7 and N8 of the preceding anterior
ganglion)

- 2 RFir neurons in posterior centromedial position, ipsi-
lateral projections

- 3 HISir neurons in anterior centromedial position, con-
tralateral projections

-1 HISir neuron in posterior centromedial position, con-
tralateral projection

- 1 HISir neuron in posterolateral position, ipsilateral
projection

- 1 5HTir neuron in anteromedial position, ipsilateral
projection

- 2 5HTir neurons in centrolateral position, ipsilateral
projections

-+ 2 5HTir neurons in paramedial posterior position, con-
tralateral projections

- 1 5HTir neuron in centromedial position, ipsilateral
projection

- up to 13 motoneurons innervate the dorsolateral mus-
culature (9 posteroventral and 4 anterodorsal somata,
occasionally 2 additional centromedial somata)

- posteroventral motoneurons form dense dendritic
fields

- anterodorsal motoneurons project into the preceding
anterior ganglion

- the intersegmental muscle is innervated by six moto-
neurons located in the ventral ganglion
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