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ZUSAMMENFASSUNG 
 

Torben Stemme 

Die chemische Architektur des Nervensystems als Merkmalskomplex der  

Arthropoda-Phylogenie 

Die phylogenetischen Beziehungen der Arthropoda werden seit über einem Jahrhundert 

kontrovers diskutiert. Obwohl eine nahe Verwandtschaft von Crustacea und Hexapoda, 

bezeichnet als Tetraconata, weitestgehend akzeptiert wird, sind ihre internen 

Verwandtschaftsbeziehungen noch immer ungelöst. Eine der umstrittensten Fragen ist die 

Schwesterngruppe der Crustacea zu den Hexapoda. Aufgrund zahlreicher oft 

widersprüchlicher Hypothesen sind unabhängige Daten unverzichtbar, um neue Einblicke in 

die Tetraconata- und Arthropoda-Phylogenie zu erlangen. Die Untersuchung der Struktur und 

Entwicklung von Nervensystemen mit Fokus auf deren Evolution hat zunehmend Beachtung 

erhalten und eine beeindruckende Zahl neuroanatomischer Studien wurde in den letzten 

Jahrzehnten hervorgebracht. Allerdings ist unser Wissen bezüglich des Nervensystems 

bestimmter Schlüsseltaxa, wie dem Crustacea-Taxon Remipedia und basaler Insekten, immer 

noch begrenzt. 

In der vorliegenden Arbeit habe ich mich auf zwei Aspekte des Tetraconata-Nervensystems 

als mögliche phylogenetische Merkmale konzentriert. Im ersten Teil habe ich die 

Neuroanatomie des Gehirns der Remipedia, speziell das olfaktorische System untersucht. 

Neuronale Verschaltungen sowie Neuropil-Morphologie wurden mithilfe von Antisera gegen 

acetyliertes alpha-Tubulin und Synapsin erforscht. Zur detaillierten Beschreibung des 

olfaktorischen Systems habe ich sowohl eine Immunmarkierung der katalytischen 

Untereinheit der cAMP-abhängigen Proteinkinase A (DC0) und der Glutamat-Decarboxylase 

(GAD), als auch DiI-Markierungen durchgeführt. Die Ergebnisse wurden durch eine ähnliche 

Studie an zwei Arten mariner Isopoda ergänzt. Im zweiten Teil habe ich die Verteilung 

individuell identifizierbarer Neurone und deren Neuriten-Morphologie in der ventralen 

Nervenkette der basalen Insektengruppen Archaeognatha und Zygentoma mit einem 

Antikörper gegen Serotonin beschrieben. Das Standardprotokoll wurde ergänzt durch 
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Immunmarkierung der Tryptophanhydroxylase und Präinkubations-Experimente mit dem 

Serotonin-Vorläufer 5-Hydroxy-L-Tryptophan und Serotonin. Die Präinkubations-

Experimente ermöglichten die Unterscheidung zwischen neuronaler Serotonin-Aufnahme und 

enzymatischer Serotonin-Synthese. 

Die Hirnanatomie der Remipedia, besonders aber die des olfaktorischen Systems, ähnelt der 

von Malacostraca und Hexapoda. Dies umfasst die Konnektivität der beiden unpaaren 

medialen Mittellinien-Neuropile (Protocerebrale Brücke und Zentralkörper) durch vier Trakte, 

welche als W-, X-, Y-, Z-Trakte bezeichnet werden. Eine auffällige Kreuzung der 

olfaktorischen globularen Trakte, welche die Axone der olfaktorischen Projektionsneurone 

enthalten, ist wahrscheinlich als eine Synapomorphie der Remipedia und Malacostraca zu 

betrachten. Das Vorhandensein einer GABAergen Rückkopplungsschleife im lateralen 

Protocerebrum vereint Remipedia und Hexapoda. Allerdings sind die meisten strukturellen 

Ähnlichkeiten des olfaktorischen Systems als plesiomorphe Merkmale in Tetraconata oder 

sogar Mandibulata zu interpretieren, welche der Überprüfung durch die Untersuchung 

weiterer Taxa bedürfen. Das Muster von Serotonin enthaltenden Neuronen in basalen 

Insekten, speziell das Vorhandensein individuell identifizierbarer Zellen in medialer Position, 

lässt eine nahe Verwandtschaft von Remipedia, Cephalocarida und Hexapoda vermuten. 

Allerdings sind Daten bezüglich der ontogenetischen Abstammung dieser Zellen und von 

Außengruppen der Tetraconata eher gering, was detaillierte phylogenetische 

Schlussfolgerungen erschwert. Die neuroanatomischen Daten dieser Arbeit liefern neuartige 

Merkmale für phylogenetische Analysen und unterstützen eine wachsende Anzahl von 

Studien, welche Remipedia als ein abgeleitetes Crustacea-Taxon mit einer potentiellen 

Verwandtschaft zu den Hexapoda einstufen. 
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ABSTRACT 
 

Torben Stemme 

The chemical architecture of the nervous system as a character complex of  

arthropod phylogeny 

The phylogenetic relationships within the Arthropoda are a matter of debate for more than a 

century. Although the close relationship of Crustacea and Hexapoda, termed Tetraconata, is 

now widely accepted, their internal affinities remain unresolved. One of the most 

controversial issues is the crustacean sister group to the Hexapoda. Because of numerous 

often conflicting hypotheses independent data are crucial to contribute new insights to 

tetraconate and arthropod phylogeny. The investigation of the structure and development of 

nervous systems with an evolutionary emphasis has gained increasing attention and an 

impressive amount of neurophylogenetic studies has emerged over the last decades. However, 

our knowledge of the nervous system in certain key taxa like the crustacean Remipedia and 

basal insects is still limited. 

In this thesis, I focused on two aspects of the tetraconate nervous system as phylogenetic 

characters. In the first part, I explored the neuroanatomy of the remipede brain and in 

particular the olfactory pathway. Neurite connectivity and neuropil outlines were investigated 

using antisera against acetylated alpha-tubulin and synapsin. I applied immunolabeling of the 

catalytic subunit of the cAMP-dependent protein kinase (DC0) and the glutamic acid 

decarboxylase (GAD), as well as DiI labeling. The results were supplemented by a similar 

study in two species of marine Isopoda. In the second part, I described the distribution of 

individually identifiable neurons and their neurite morphology in the ventral nerve cord of the 

basal insect taxa Archaeognatha and Zygentoma with an antibody against serotonin. This 

standard protocol was complemented by immunolabeling of tryptophan hydroxylase and 

preincubation experiments with the serotonin precursor 5-hydroxy-L-tryptophan and 

serotonin. The preincubation experiments allowed the distinction between neuronal serotonin 

uptake and enzymatic serotonin synthesis. 
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The brain anatomy of Remipedia, especially in the olfactory pathway, resembles that of 

Malacostraca and Hexapoda. This comprises the connectivity of the two unpaired medial 

midline neuropils (protocerebral bridge and central body) by four tracts termed W-, X-, Y-, Z-

tracts. A conspicuous chiasm of the olfactory globular tracts, which house the axons of 

olfactory projection neurons, is a synapomorphy of Remipedia and Malacostraca. The 

presence of a GABAergic interneuronal feedback loop in the lateral protocerebrum unites 

Remipedia and Hexapoda. However, most of the structural similarities in the olfactory 

pathway have to be interpreted as plesiomorphic features of Tetraconata or even Mandibulata 

requiring verification by denser taxon sampling. The pattern of serotonin containing neurons 

in basal insects, in particular the presence of medially positioned individually identifiable 

cells, suggests a close relationship of Remipedia, Cephalocarida, and Hexapoda. However, 

data on developmental origins of these cells and tetraconate outgroup taxa are rather sparse, 

hindering detailed phylogenetic conclusions. The neuroanatomical data on adult animals of 

this thesis provide novel characters for evolutionary analyses and support a growing corpus of 

studies proposing Remipedia as a derived crustacean taxon with a potential phylogenetic 

affinity to Hexapoda. 
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INTRODUCTION 
 

The phylogenetic relationships of arthropod species have always been a matter of dispute. 

Concerning the affinities between the four major groups of Arthropoda (Chelicerata, 

Myriapoda, Crustacea, Hexapoda) numerous hypotheses have been postulated and the 

discussion on this topic is still not settled. The traditional view of a close relationship between 

Myriapoda and Hexapoda, known as Tracheata or Antennata, has been challenged by 

independent morphological and molecular studies (e.g., Friedrich and Tautz, 1995; Roeding et 

al., 2007; Dunn et al., 2008), proposing a sister group relationship of Crustacea and 

Hexapoda, termed Pancrustacea (Zrzavý and Štys, 1997) or Tetraconata (Dohle, 2001; 

Richter, 2002; Fig. 1). The Myriapoda were postulated to be the next closest relatives to the 

Tetraconata, forming the Mandibulata (e.g., Regier et al., 2010; Rota-Stabelli et al., 2011;  

Fig. 1). However, some authors suggested a close relationship of Myriapoda and Chelicerata 

(e.g., Hwang et al., 2001), a clade named Myriochelata (Pisani et al., 2004) or Paradoxopoda 

(Mallatt et al., 2004), abandoning the Mandibulata concept. Although the Tetraconata 

hypothesis is widely accepted these days, the phylogeny within the major tetraconate lineages 

is far from clear. In these lines, the internal relationships of Crustacea and their affinities to 

the Hexapoda remain controversial. Using different kinds of morphological and molecular 

data, as well as fossil records, several crustacean subgroups, for example Copepoda, 

Branchiopoda, Malacostraca, Cephalocarida, Remipedia, or Xenocarida (Cephalocarida + 

Remipedia; Regier et al., 2010; Fig. 1) are currently discussed as the possible sister group of 

the Hexapoda (reviewed in Grimaldi, 2010; Jenner, 2010). 

Remipedia is one of the most recently discovered classes of crustaceans. First living 

specimens of these pale and eyeless crustaceans have been collected in 1979 in the Bahamas 

Archipelago (Yager, 1981). Remipedia inhabit hardly accessible flooded cave systems with 

both terrestrial freshwater input and tidal exchange with ocean waters located in the 

Caribbean Sea (reviewed in Neiber et al., 2011). Isolated populations have been found on 

Lanzarote (Spain) and in Western Australia (Neiber et al., 2011). Due to several 

morphological characters that were considered as plesiomorphic (e.g., the homonomously 

segmented trunk lacking tagmosis, paddle-like appendages, and a cephalic shield), Remipedia 
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were initially seen as a basal taxon within the Crustacea (e.g., Schram, 1986; Schram and Hof, 

1997; Wills, 1998; Ax, 1999). A gradually increasing body of phylogenetic studies proposed 

Remipedia to be a derived taxon within the Tetraconata, with close affinities to the Hexapoda 

(Moura and Christoffersen, 1996; Ertas et al., 2009; Oakley et al., 2012; von Reumont et al., 

2012; Stemme et al., 2013; Christie, 2014; Misof et al., 2014; Fig 1). Thus, Remipedia are 

considered to play a key role in understanding tetraconate phylogeny. 

 

 

 

Figure 1: One scenario of arthropod phylogeny based on molecular sequence information 
(modified after Regier et al., 2010). The analysis supports a close relationship of Crustacea 
(green) and Hexapoda (red), together forming the Tetraconata. The Myriapoda (blue) are the 
next closest relatives to the Tetraconata, a clade known as Mandibulata. The most basal taxon 
is the Chelicerata (yellow). Remipedia and Cephalocarida are closely related, forming the 
Xenocarida. 
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Due to the often contradicting hypotheses on arthropod phylogeny, which are mainly based on 

external morphology and molecular data, fresh independent characters are needed to verify 

existing phylogenetic concepts. One aspect, which received increasing attention in the last 

decades, is the investigation of the structure and development of the nervous system in an 

evolutionary context, often referred to as neurophylogeny (Paul, 1989, 1990; Harzsch, 2006, 

2007; Richter et al., 2010; Loesel and Richter, 2014). The first studies of arthropod nervous 

systems with the intention to contribute to evolutionary questions have mainly been done by 

the Swedish biologists Nils Holmgren and Bertil Hanström at the beginning of the  

20th century (e.g., Holmgren, 1916; Hanström, 1928). This field has regained attention at the 

end of the 20th century, as technological possibilities increased considerably. Some of these 

innovations are immunocytochemical labeling of neurotransmitters and structural molecules, 

confocal laser-scanning microscopy, as well as computer aided 3D reconstructions. This 

progress led to an impressive amount of neuroanatomical data, including numerous non-

model organisms (see Strausfeld, 2012; Schmidt-Rhaesa et al., 2016). Kutsch and Breidbach 

(1994) suggested a catalogue of criteria, which should be considered when proposing 

homology of neural structures. These aspects included position of cell bodies, size of somata, 

course and number of axons, as well as the transmitter phenotype and developmental origin, 

amongst others. The architecture of the nervous system has been studied on different levels, 

from the general architecture of whole nervous systems and brains (e.g., Sandeman et al., 

1993; Strausfeld, 1998; Haase et al., 2001; Fanenbruck and Harzsch, 2005; Brenneis and 

Richter, 2010; Krieger et al., 2010; Kollmann et al., 2011; Stegner and Richter, 2011; Böhm 

et al., 2012) and their development (e.g., Thomas et al., 1984; Dohle and Scholtz, 1988; 

Whitington et al., 1991; Truman and Ball, 1998; Ungerer and Scholtz, 2008; Brenneis et al., 

2013; Stegner and Richter, 2015; see also reviews by Stollewerk 2008, 2016), to detailed 

descriptions of brain subcompartments, like the visual (Wildt and Harzsch, 2002; Sinakevitch 

et al., 2003; Strausfeld, 2005; Harzsch et al., 2006) or olfactory centers (e.g., Schachtner et 

al., 2005; Galizia and Rössler, 2010; Harzsch et al., 2011; Mißbach et al., 2011; Sombke et 

al., 2012) and unpaired medial midline neuropils (e.g., Homberg, 1991, 2008; Utting et al., 

2000; Loesel et al., 2002, 2011; Loesel, 2004; Pfeiffer and Homberg, 2014), or the 

distribution of neurotransmitters and individually identifiable cells (e.g., Homberg, 1991; 

Harzsch and Waloszek, 2000; Dacks et al., 2006; Stern and Bicker, 2008; Stemme et al., 
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2013; Stegner et al., 2014a; Brenneis and Scholtz, 2015). Many of these studies have provided 

strong arguments in the ongoing debate on phylogenetic relationships, often supporting new 

systematic groupings (e.g., Ecdysozoa: Haase et al., 2001; Tetraconata: Utting et al., 2000; 

Ungerer and Scholtz, 2008).  

In this thesis, I address two aspects of the architecture of the tetraconate nervous system as a 

contribution to the discussion on tetraconate and, in a wider sense, arthropod relationships. 

The first part deals with the anatomy of the olfactory pathway, with special emphasis on the 

second order olfactory neuropils in the lateral protocerebrum. The second part focusses on the 

morphology and distribution of serotonin containing neurons in the ganglia of the ventral 

nerve cord. 

General brain anatomy and architecture of the olfactory pathway in 

Tetraconata 

The brain of Arthropoda consists of the proto-, deuto-, and tritocerebrum. Within these three 

brain compartments, certain substructures and neuropils have been described and 

homologized between arthropod taxa. For example, neuropils like the central body, a 

protocerebral bridge, and visual neuropils like lamina, medulla and lobula have been 

characterized in most arthropod lineages and evolutionary considerations have been 

postulated (e.g., Utting et al., 2000; Loesel et al., 2002; Harzsch, 2006, 2007; Strausfeld, 

2005, 2009; Homberg, 2008). Another promising system in the brain of arthropods regarding 

phylogenetic considerations is the olfactory pathway (e.g., Strausfeld and Hildebrand, 1999; 

Eisthen, 2002; Schachtner et al., 2005; Harzsch, 2006; Sombke et al., 2012). One benefit of 

this system is the fact that also blind representatives of Tetraconata like Remipedia 

(Fanenbruck et al., 2004; Fanenbruck and Harzsch, 2005) have an often well elaborated 

olfactory pathway, whereas other phylogenetic relevant systems, as for example the visual 

system, are largely reduced or lacking entirely. 

Most of our knowledge regarding olfactory pathways in Tetraconata has been gained by the 

investigation of certain model organisms, such as decapod crustaceans like the American 

lobster, the spiny lobster, and crayfish (e.g., Blaustein et al., 1988; Mellon et al., 1992; 

Sandeman et al., 1992; Schmidt and Ache, 1996, 1997; Beltz et al., 2003; McKinzie et al., 
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2003; Sandeman and Sandeman, 2003), or from pterygote insects, e.g., fruit fly, honey bee, 

sphinx moth, locust, or cockroach (e.g., Rospars and Hildebrand, 1992; Boeckh and Tolbert, 

1993; Laurent, 1996; Bicker, 1999; Shields and Hildebrand, 2001; Fiala, 2007; Galizia, 2014). 

Recently, the brain anatomy of the land hermit crab Coenobita clypeatus has been studied in 

great detail (Brown and Wolff, 2012; Wolff et al., 2012). The olfactory pathways of insects 

and malacostracans are constructed in a very similar way (Eisthen, 2002; Strausfeld and 

Hildebrand, 1999; Schachtner et al., 2005; Fig. 2). The antennae are equipped with olfactory 

receptors, which are called aesthetascs in Crustacea (Hallberg et al., 1992). From these 

sensilla numerous olfactory receptor neurons project via the antennal nerve to the olfactory 

neuropil (Crustacea) or antennal lobe (Hexapoda), which consist of small units called 

olfactory glomeruli (e.g.; Schachtner et al., 2005; Schmidt and Mellon, 2011; Fig. 2). Within 

the latter, the olfactory receptor neurons synapse with olfactory local interneurons 

(Schachtner et al., 2005; Polanska et al., 2012; Loesel et al., 2013). Furthermore, olfactory 

projection neurons relay olfactory information from the olfactory glomeruli to second order 

olfactory brain centers in the lateral protocerebrum, projecting via distinct tracts (olfactory 

globular tracts in Crustaceans, antennocerebral tracts in Hexapods; Schachtner et al., 2005; 

Loesel et al., 2013; Fig. 2). These protocerebral second order integration centers are termed 

hemiellipsoid body and medulla terminalis in Crustacea, and mushroom bodies and lateral 

horn in Insecta (see review by Schachtner et al., 2005; Fig. 2). 

Although many aspects of the anatomy of the olfactory pathway seem to be highly conserved 

within Malacostraca and Insecta, several details vary significantly. For example, the number 

and shape of olfactory glomeruli differ remarkably even between closely related species 

(Schachtner et al., 2005; Krieger et al., 2015; Fig. 2). In Crustacea, both arms of the olfactory 

globular tract form a chiasm in the center of the brain, meaning that olfactory projection 

neurons of one hemisphere innervate both lateral protocerebra (Johansson and Hallberg, 1992; 

Sandeman et al., 1993; Sullivan and Beltz, 2001, 2004; Fanenbruck et al., 2004; Kenning et 

al., 2013; Fig. 2A). In insects, the projection neurons stay ipsilaterally and the number of 

tracts projecting to the protocerebrum may vary (Hammer, 1997; Ignell, 2001; Ignell et al., 

2001; Stocker, 2001; Schachtner et al., 2005; Fig. 2B). 
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Figure 2: Simplified schematic drawing of the olfactory pathway in Crustacea (A) and 
Insecta (B). The general features are shown exemplarily in the left brain hemisphere for the 
land hermit crab (A) and in the right brain hemisphere for the locust (B). Olfactory receptor 
neurons (green) from the antenna synapse with olfactory interneurons (red) and olfactory 
projection neurons (magenta) in the olfactory glomeruli (grey) of the primary olfactory 
centers (ON and AL). The olfactory projection neurons project further to the lateral 
protocerebrum via distinct tracts. These tracts form a characteristic chiasm in the center of the 
crustacean brain, whereas in insects they stay ipsilaterally. In the lateral protocerebrum the 
olfactory projection neurons innervate the hemiellipsoid body in Crustacea and the calyx 
region of the mushroom body and the lateral horn in insects. Note that in other crustacean 
representatives also the medulla terminalis is innervated by olfactory projection neurons. In 
the HE and CA, olfactory projection neurons diverge to intrinsic neurons called globuli cells 
in crustaceans and Kenyon cells in insects (light blue). In insects, inhibitory GABAergic 
feedback neurons (dark blue) innervate both the mushroom body and the lateral horn. A 
similar feedback loop of GABAergic neurons has not been described for Crustacea. 
Abbreviations: AL: antennal lobe; CA: mushroom body calyx; HE: hemiellipsoid body; LH: 
lateral horn; LO: mushroom body lobes; MT: medulla terminalis; ON: olfactory neuropil; PE: 
mushroom body peduncle. 
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The second order olfactory centers in the lateral protocerebrum are even more modified. In 

the Malacostraca, two neuropils are the dominating structures within these brain regions: the 

medulla terminalis and the hemiellipsoid body (Sandeman et al., 1992; Sullivan and Beltz, 

2001, 2004; Fig. 2A). The hemiellipsoid body is a hemispherical complex of layered or 

glomerular neuropil regions of dense texture medial to the medulla terminalis, a complex 

neuropil that comprises several subregions (Sandeman et al., 1993; Sullivan and Beltz, 2004). 

Depending on species, the olfactory projection neurons associated to the olfactory neuropil 

innervate only the hemiellipsoid body (Fig. 2A), only the medulla terminalis, or both of these 

structures (Sullivan and Beltz, 2001, 2004). In insects, the lateral protocerebrum is composed 

of the lateral horn and the mushroom bodies. Both neuropils are innervated by olfactory 

projection neurons (e.g., Laurent and Naraghi, 1994; Anton and Hansson, 1996; Fig. 2B). The 

mushroom bodies consist of a calyx region, a peduncle and several lobes (e.g., Farris, 2005; 

Fahrbach, 2006; Strausfeld et al., 2009; Eickhoff and Bicker, 2012; Fig. 2B). 

Despite these notable differences in the structure of lateral protocerebra of Malacostraca and 

Insecta recent neuroanatomic studies suggested hemiellipsoid bodies and mushroom bodies to 

be homologous structures, due to the following characteristics (Brown and Wolff, 2012; 

Wolff et al., 2012; Wolff and Strausfeld, 2015, 2016): (A) parallel arrangements of intrinsic 

fibers extending from basophilic globuli cells, which, in insects, are referred to as Kenyon 

cells; (B) intrinsic and extrinsic neurons forming an orthogonal neural network; (C) enriched 

expression of the catalytic subunit of the cAMP-dependent protein kinase (DC0) first 

described in Drosophila (Skoulakis et al., 1993); (D) centrifugal neurons forming feedback 

pathways (Brown and Wolff, 2012; Wolff et al., 2012; Wolff and Strausfeld, 2015, 2016). In 

locusts for example, the calyces and lobes of the mushroom bodies are massively innervated 

by a giant GABA-immunoreactive interneuron, which functions as a negative feedback loop 

within the mushroom body to maintain sparse Kenyon cell output over a wide range of input 

conditions (Leitch and Laurent, 1996; Papadopoulou et al., 2011; dark blue cell in Fig. 2B). A 

feedback loop of GABAergic neurons has not been described for Crustacea so far. 

Histological investigations of the crustacean taxon Remipedia revealed certain similarities of 

their brain anatomy to Malacostraca and Hexapoda (Fanenbruck et al., 2004; Fanenbruck and 

Harzsch, 2005). In a recent account on the distribution of serotonin immunoreactive neurons 

in the ventral nerve cord in Remipedia we gave some support of a close relationship to the 
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Hexapoda (Stemme et al., 2013). However, detailed neuroanatomic studies of the olfactory 

pathway, especially the structure of the lateral protocerebrum of this enigmatic crustacean 

taxon, which is one of the promising candidates to be the crustacean sister group to the 

Hexapoda, are still lacking. Due to their key role in our understanding of arthropod evolution, 

the detailed investigation of the brain structure is fundamental for neurophylogenetic 

conclusions. 

The serotonin transmitter system in Arthropoda 

Serotonin (5-hydroxytryptamine) is known to be a neuroactive substance in the nervous 

system of both vertebrates and invertebrates. In Arthropoda, serotonin has been detected in 

interneurons of the central nervous system (Taghert and Goodman, 1984; Harzsch and 

Waloszek, 2000; Harzsch, 2004; Dacks et al., 2006; Stemme et al., 2013), in peripheral 

(Peters et al., 1987; Schachtner and Bräunig, 1995) and afferent neurons (Tyrer et al., 1984; 

Watanabe et al., 2014), and in the enteric nervous system (Klemm et al., 1986; Stern et al., 

2007). Serotonin is synthesized by hydroxylation of the amino-acid L-tryptophan by 

tryptophan hydroxylase (Livingstone and Tempel, 1983; Neckameyer and White, 1992; 

Blenau and Thamm, 2011). After this rate-limiting step, the resulting 5-hydroxy-L-tryptophan 

is decarboxylated to serotonin by the DOPA-decarboxylase (Hirsh and Davidson, 1981; 

Livingstone and Tempel, 1983; Blenau and Thamm, 2011). When stimulated, serotonin is 

released from presynaptic vesicles into the extracellular space. Then, serotonin binds and 

activates specific membrane receptors of the postsynaptic cells (reviewed in Blenau and 

Thamm, 2011). Reuptake into the presynaptic cell is mediated by the specific serotonin 

reuptake transporter (Giang et al., 2011).  

In the context of phylogenetic investigations based on neuronal characters serotonin 

containing neurons have been shown to be suitable candidates for comparisons at single cell 

level due to the following reasons (Harzsch and Waloszek, 2000): (A) The method of 

immunolabeling of serotonin is comparably simple, requiring only few prerequisites. (B) 

Since the first use of an antibody against serotonin, plenty of species have been explored, 

leading to a high amount of available data. (C) The number of neurons having this transmitter 

phenotype is comparably small, allowing for individual identification of neurons and their 
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characteristic neurite morphology. The central nervous system of the fly Calliphora 

erythrocephala contains only 148 serotonin immunoreactive neurons (Nässel, 1988). In the 

American lobster about 100 immunoreactive neurons have been detected (Beltz and Kravitz, 

1983). Most of these neurons are distributed in the brain, whereas each ganglion of the ventral 

nerve cord contains only a handful of serotonin immunoreactive interneurons (in Tetraconata 

up to eight pairs in the cephalocarid Hutchinsoniella macracantha, Stegner et al., 2014a).  

The striking morphological similarity of the serial homologous neurons showing serotonin 

immunoreactivity in insects led to the suggestion of cross-species homology (Tyrer et al., 

1984; Longley and Longley, 1986; Rehder et al., 1987). Cell lineage studies revealed that 

serotonin immunoreactive neurons in the ventral nerve cord of the grasshopper and fruit fly 

are progeny of the neuroblast 7-3 in both species (Taghert and Goodman, 1984; Lundell et al., 

1996; Karcavich and Doe, 2005). A common developmental origin of identified neurons in 

distinct crustacean and hexapod species has been demonstrated by Thomas et al. (1984). 

Tracer studies in Amphipoda and expression analyses of transcription factors supported 

homology of neuroblasts in Crustacea and Hexapoda (Duman-Scheel and Patel, 1999; 

Ungerer and Scholtz, 2008). 

With this background, an impressive amount of data accumulated over the last decades 

regarding distribution and neurite morphology of serotonin immunoreactive neurons in the 

ventral nerve cord of Arthropoda (e.g., Chelicerata and Myriapoda: Harzsch, 2004; Brenneis 

and Scholtz, 2015; Crustacea: e.g., Beltz and Kravitz, 1983; Real and Czternasty, 1990; 

Thompson et al., 1994; Harrison et al., 1995; Callaway and Stuart, 1999; Harzsch and 

Waloszek, 2000; Stemme et al., 2013; Stegner et al., 2014a; Hexapoda: e.g., Bishop and 

O’Shea, 1983; Taghert and Goodman, 1984; Tyrer et al., 1984; Nässel and Cantera, 1985; 

Longley and Longley, 1986; Vallés and White, 1988; Radwan et al., 1989; Hörner, 1999), 

resulting in the reconstruction of ground patterns for major lineages (Harzsch, 2003, 2004; 

Harzsch et al., 2005; Stemme et al., 2013; Stegner et al., 2014a; Brenneis and Scholtz, 2015). 

The comparison of these ground patterns generally supported the Tetraconata concept. 

However, conclusions concerning internal relationships in Tetraconata remain ambiguous 

(compare Stemme et al., 2013 and Stegner et al., 2014a), and certain key taxa need to be 

investigated in this context. The basal primary wingless hexapod groups Protura, Diplura, 

Collembola (all three groups forming the taxon Entognatha), Zygentoma and Archaeognatha 
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have largely been neglected, but are crucial for the reconstruction of a neuroanatomical 

ground pattern of Hexapoda and for meaningful conclusions on tetraconate relationships. 
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THESIS OUTLINE 
 

This thesis was prepared as a cumulative dissertation with four original publications, all of 

which I have first-authored. These original research articles are accompanied by two book 

chapters (publications 2 and 5). For clarity, articles are not presented in their chronological 

order of publication date. 

To contribute valuable characters to the ongoing debate on tetraconate phylogeny, I explored 

the neuroanatomy of certain crustacean and hexapod taxa with focus on two aspects. The first 

section describes the general brain anatomy and the olfactory pathway in detail, including its 

connection to higher order integration centers in several crustacean representatives 

(publications 1-4). Here, I focused on the investigation of Remipedia to contribute to the 

discussion of a possible sister group relationship to the Hexapoda (publications 1-3). In order 

to have structural reference I initially revisited the brain anatomy of Remipedia with 

immunocytochemical methods (publications 1 and 2). Detailed descriptions of the 

architecture and connectivity of the olfactory pathway were gained by immunolabeling of the 

glutamic acid decarboxylase (GAD), and catalytic subunit of the cAMP-dependent protein 

kinase (DC0), as well as lipophilic dye labeling (publication 3). These studies were 

supplemented by similar investigations on brains of Isopoda, a taxon belonging to 

Malacostraca (publication 4). The olfactory pathway shows considerable variation within 

Malacostraca. A denser taxon sampling helps to understand the evolution of this system and 

further to reconstruct a ground pattern for Malacostraca, facilitating comparisons to other 

major lineages of Tetraconata. The second part of this thesis examines individually 

identifiable serotonin containing neurons in the ventral nerve cord of representatives from the 

basal insect taxa Zygentoma and Archaeognatha (Publications 5 and 6). As several authors 

mentioned considerable variability in the staining intensity and irregular detection of certain 

neurons (e.g., Longley and Longley, 1986; Radwan et al., 1989; Hörner, 1999; Stemme et al., 

2013), I supplemented the standard protocol for immunolabeling of serotonin by 

immunolabeling of tryptophan hydroxylase and preincubation experiments with 5-hydroxy-L-

tryptophan and serotonin. Thus, I probed each step of the serotonin metabolism in order to 

assign a serotonergic neurotransmitter phenotype to identifiable neurons.  
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Publication 1 

 

 

Serotonin immunoreactive interneurons in the brain of the 

Remipedia: new insights into the phylogenetic affinities of an 

enigmatic crustacean taxon. 

Torben Stemme, Thomas M Iliffe, Gerd Bicker, Steffen Harzsch, Stefan Koenemann 

BMC Evolutionary Biology, 2012, 12:168. 

http://bmcevolbiol.biomedcentral.com/articles/10.1186/1471-2148-12-168 

DOI: 10.1186/1471-2148-12-168 

 

Abstract 

Background 

Remipedia, a group of homonomously segmented, cave-dwelling, eyeless arthropods have 

been regarded as basal crustaceans in most early morphological and taxonomic studies. 

However, molecular sequence information together with the discovery of a highly 

differentiated brain led to a reconsideration of their phylogenetic position. Various conflicting 

hypotheses have been proposed including the claim for a basal position of Remipedia up to a 

close relationship with Malacostraca or Hexapoda. To provide new morphological characters 

that may allow phylogenetic insights, we have analyzed the architecture of the remipede brain 

in more detail using immunocytochemistry (serotonin, acetylated α-tubulin, synapsin) 

combined with confocal laser-scanning microscopy and image reconstruction techniques. This 

approach allows for a comprehensive neuroanatomical comparison with other crustacean and 

hexapod taxa. 
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Results 

The dominant structures of the brain are the deutocerebral olfactory neuropils, which are 

linked by the olfactory globular tracts to the protocerebral hemiellipsoid bodies. The olfactory 

globular tracts form a characteristic chiasm in the center of the brain. In Speleonectes 

tulumensis, each brain hemisphere contains about 120 serotonin immunoreactive neurons, 

which are distributed in distinct cell groups supplying fine, profusely branching neurites to 16 

neuropilar domains. The olfactory neuropil comprises more than 300 spherical olfactory 

glomeruli arranged in sublobes. Eight serotonin immunoreactive neurons homogeneously 

innervate the olfactory glomeruli. In the protocerebrum, serotonin immunoreactivity revealed 

several structures, which, based on their position and connectivity resemble a central complex 

comprising a central body, a protocerebral bridge, W-, X-, Y-, Z-tracts, and lateral accessory 

lobes. 

Conclusions 

The brain of Remipedia shows several plesiomorphic features shared with other Mandibulata, 

such as deutocerebral olfactory neuropils with a glomerular organization, innervations by 

serotonin immunoreactive interneurons, and connections to protocerebral neuropils. Also, we 

provided tentative evidence for W-, X-, Y-, Z-tracts in the remipedian central complex like in 

the brain of Malacostraca, and Hexapoda. Furthermore, Remipedia display several 

synapomorphies with Malacostraca supporting a sister group relationship between both taxa. 

These homologies include a chiasm of the olfactory globular tract, which connects the 

olfactory neuropils with the lateral protocerebrum and the presence of hemiellipsoid bodies. 

Even though a growing number of molecular investigations unites Remipedia and 

Cephalocarida, our neuroanatomical comparison does not provide support for such a sister 

group relationship.  
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Publication 2 

 

 

Remipedia 

Torben Stemme, Steffen Harzsch 

In Structure and Evolution of Invertebrate Nervous Systems. Edited by Schmidt-Rhaesa A, 

Harzsch S, Purschke G. Oxford, New York: Oxford University Press, 2016, 522-528. 

https://global.oup.com/academic/product/structure-and-evolution-of-invertebrate-nervous-

systems-9780199682201?cc=de&lang=en& 

ISBN: 9780199682201 
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Publication 3 

 

 

Olfactory pathway in Xibalbanus tulumensis: remipedian 

hemiellipsoid body as homologue of hexapod mushroom body 

Torben Stemme, Thomas M Iliffe, Gerd Bicker 

Cell and Tissue Research, 2016, 363:635-648. 

http://link.springer.com/article/10.1007%2Fs00441-015-2275-8 

DOI: 10.1007/s00441-015-2275-8 

 

Abstract 

The Remipedia have been proposed to be the crustacean sister group of the Hexapoda. These 

blind cave animals heavily rely on their chemical sense and are thus rewarding subjects for 

the analysis of olfactory pathways. The evolution of these pathways as a character for 

arthropod phylogeny has recently received increasing attention. Here, we investigate the 

situation in Xibalbanus tulumensis by focal dye injections and immunolabelling of the 

catalytic subunit of the cAMP-dependent protein kinase (DC0), an enzyme particularly 

enriched in insect mushroom bodies. DC0 labelling of the hemiellipsoid body suggests its 

subdivision into a cap-like and a core neuropil. Immunofluorescence of the enzyme glutamic 

acid decarboxylase (GAD), which synthesizes γ-aminobutyric acid (GABA), has revealed a 

cluster of GABAergic interneurons in the hemiellipsoid body, reminiscent of the 

characteristic feedback neurons of the mushroom body. Thus, the hemiellipsoid body of 

Xibalbanus shares many of the characteristics of insect mushroom bodies. Nevertheless, the 

general neuroanatomy of the olfactory pathway in the Remipedia strongly corresponds to the 

malacostracan ground pattern. Given that the Remipedia are probably the sister group of the 

Hexapoda, the phylogenetic appearance of the typical neuropilar compartments in the insect 

mushroom body has to be assigned to the origins of the Hexapoda.  
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Publication 4 

 

 

Olfactory projection neuron pathways in two species of marine 

Isopoda (Peracarida, Malacostraca, Crustacea) 

Torben Stemme*, René Eickhoff*, Gerd Bicker 

Tissue and Cell, 2014, 46:260-263. 

http://www.sciencedirect.com/science/article/pii/S0040816614000470 

DOI: 10.1016/j.tice.2014.05.010 

* contributed equally 

 

 

Abstract 

The neuroanatomy of the olfactory pathway has been intensely studied in many 

representatives of Malacostraca. Nevertheless, the knowledge about bilateral olfactory 

integration pathways is mainly based on Decapoda. Here, we investigated the olfactory 

projection neuron pathway of two marine isopod species, Saduria entomon and Idotea 

emarginata, by lipophilic dye injections into the olfactory neuropil. We show that both arms 

of the olfactory globular tract form a chiasm in the center of the brain, as known from several 

other crustaceans. Furthermore, the olfactory projection neurons innervate both the medulla 

terminalis and the hemiellipsoid body of the ipsi- and the contralateral hemisphere. Both 

protocerebral neuropils are innervated to a comparable extent. This is reminiscent of the 

situation in the basal decapod taxon Dendrobranchiata. Thus, we propose that an innervation 

by the olfactory globular tract of both the medulla terminalis and the hemiellipsoid body is 

characteristic of the decapod ground pattern, but also of the ground pattern of Caridoida. 
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Publication 5 

 

 

Immunolocalization of Serotonergic Neurons in Arthropod 

Developmental and Phylogenetic Neuroanatomy 

Torben Stemme, Michael Stern 

In Serotonin Receptor Technologies, Neuromethods Volume 95, edited by Blenau W, 

Baumann A. Berlin: Springer, 2015, 223-239. 

http://link.springer.com/protocol/10.1007/978-1-4939-2187-4_12 

DOI: 10.1007/978-1-4939-2187-4_12 

 

Abstract 

Serotonin immunostaining is a widely used method not only in neuroanatomy but also in 

developmental and evolutionary biology over a wide range of animal phyla. In such 

phylogenetic or developmental analyses, the complete set of serotonergic neurons and their 

major branching patterns need to be visualized. Here, established standard staining methods 

are sometimes limited because of insufficient amounts of the neurotransmitter. In this chapter, 

we describe techniques that help to overcome some of these limitations by ensuring that all 

serotonergic cells contain a sufficient amount of serotonin for detection. We suggest two 

preincubation protocols for living nervous tissue to improve subsequent serotonin 

immunostaining: (1) Tissue is preincubated with the precursor of serotonin, 5-hydroxy-l-

tryptophan, resulting in the biosynthesis of serotonin in serotonergic neurons. (2) Tissue is 

preincubated with serotonin itself, resulting in specific uptake of the transmitter by the 

serotonin reuptake system. Other methods, like immunostaining of tryptophan hydroxylase, 

which is the rate-limiting enzyme in serotonin biosynthesis, and single-cell labeling aided by 

uptake of autofluorescent compounds, are briefly introduced.  
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Publication 6 

 

 

Serotonin containing neurons in basal insects: in search of ground 

patterns among Tetraconata 

Torben Stemme, Michael Stern, Gerd Bicker 

Journal of Comparative Neurology. submitted 

 

Abstract  

The ventral nerve cord of Tetraconata contains a comparably low number of serotonin 

immunoreactive neurons, facilitating individual identification of cells and their characteristic 

neurite morphology. This offers the rather unique possibility of establishing homologies at 

single cell level. Since phylogenetic relationships within Tetraconata are still discussed 

controversially, comparisons of individually identifiable neurons can help to unravel these 

issues. Serotonin immunoreactivity has been investigated in numerous tetraconate taxa, 

leading to reconstructions of hypothetical ground patterns for major lineages. However, 

detailed descriptions on basal insects are still missing, but are crucial for meaningful 

evolutionary considerations. 

We investigated the morphology of individually identifiable serotonin immunoreactive 

neurons in the ventral nerve cord of Zygentoma (Thermobia domestica, Lepisma saccharina, 

Atelura formicaria) and Archaeognatha (Machilis germanica, Dilta hibernica). To improve 

the immunocytochemical resolution, we performed also preincubation experiments with 5-

hydroxy-L-tryptophan and serotonin. Additionally, we checked for immunolabeling of 

tryptophan hydroxylase, an enzyme associated with the synthesis of serotonin. 

Besides the generally identified groups of antero-lateral, medial, and postero-lateral neurons 

within each ganglion of the ventral nerve cord, we identified several other immunoreactive 

cells, which seem to have no correspondence in other tetraconates. Furthermore, we show that 
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not all immunoreactive neurons produce serotonin, but have the capability for serotonin 

uptake. Comparisons with the patterns of serotonin containing neurons in major tetraconate 

taxa suggest a close phylogenetic relationship of Remipedia, Cephalocarida, and Hexapoda, 

supporting the Miracrustacea hypothesis.  

Introduction 

Within the last three decades, numerous investigations using the immunocytochemical 

detection of serotonin (Steinbusch et al., 1978), have unravelled the morphology of defined 

neurons in the ventral nerve cord of many arthropod nervous systems. These studies began 

with the mapping of serotonin immunoreactive (IR) neurons in the lobster (Beltz and Kravitz, 

1983) and were initially aimed at the investigation of the cellular basis of aminergic 

neuromodulation (Kravitz, 1988). Another incentive for serotonin immunocytochemistry in 

arthropods came from developmental studies investigating the differentiation and 

neurotransmitter determination of serotonergic neurons. Cell lineage studies in the ventral 

nerve cord of the grasshopper and fruit fly (Taghert and Goodman, 1984; Lundell et al., 1996; 

Karcavich and Doe, 2005) showed that uniquely identifiable serotonin IR neurons are derived 

from the same neuronal progenitor cell, the neuroblast 7-3. The common developmental 

origin of prominent identified neurons in distinct insect and crustacean species (Thomas et al., 

1984) provided a rationale for deriving cellular homologies.  

However, a caveat towards an approach that considers cellular homologies between arthropod 

taxa based on common developmental origin (Thomas et al., 1984) came from studies that 

showed different morphological mechanisms for neurogenesis among arthropods (Dohle and 

Scholtz, 1988; reviewed in Stollewerk, 2008, 2016). Whereas insect neuroblasts delaminate 

from the ventral neuroectoderm, crustacean neuroblasts remain in the ventral-most cell layer 

(reviewed in Stollewerk, 2008, 2016). This called into question whether neuroblasts in insects 

are homologous to neuroblasts in crustaceans (Dohle and Scholtz, 1988; Scholtz, 1992). 

However, tracer studies in an amphipod crustacean linked cell lineages from individual 

neuroblasts to identified pioneer neurons (Ungerer and Scholtz, 2008), thus strongly 

suggesting homology of neuroblasts and their lineages in both taxa. Expression analysis of the 

two transcription factors even-skipped and engrailed verified also the homology of certain 

previously identified neurons and neuroblast rows across a number of arthropod species 
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(Duman-Scheel and Patel, 1999). Nevertheless, a direct one to one assignment of homologues 

between all identifiable members of crustacean and insect neural stem cell arrays that is based 

on the invariant number and position has so far proven to be elusive.  

A comparison of the ventral nerve cord pattern of a prominent, serially repeated serotonin IR 

neuron between dragonfly nymph, cockroach, grasshopper, and flies suggested cross-species 

homology (Longley and Longley, 1986). Based on the striking morphological similarity and 

shared neurotransmitter property of this identified neuron type in neuromeres of adult locusts 

(Tyrer et al., 1984) and honeybees Rehder et al. (1987) also discussed the possibility of 

inferring homologies at the single cell level between different species. 

Gradually a considerable amount of morphological data accumulated on the serotonin IR 

ventral nerve cord neurons of winged insects (e.g., Bishop and O’Shea, 1983; Tyrer et al., 

1984; Taghert and Goodman, 1984; Nässel and Cantera, 1985; Longley and Longley, 1986; 

Vallés and White, 1988; Radwan et al., 1989; Hörner, 1999), but also of crustacean 

representatives (e.g., Beltz and Kravitz, 1983; Real and Czternasty, 1990; Thompson et al., 

1994; Harrison et al., 1995; Callaway and Stuart, 1999). 

Based on these findings, Harzsch and Waloszek (2000) continued the comparative approach 

of Longley and Longley (1986) and initiated the analysis of serotonin IR patterns, 

demonstrating that the morphology of individually identifiable neurons provides useful 

characters for evolutionary considerations. Meanwhile, serotonin IR neurons have been 

described in numerous different arthropod species and ground patterns have been deduced for 

major taxa (Harzsch, 2003, 2004; Harzsch et al., 2005; Stemme et al., 2013; Stegner et al., 

2014; Brenneis and Scholtz, 2015). These neuroanatomical patterns can provide a framework 

for a comparative approach to phylogenetic relationships.  

One of the major unresolved questions in arthropod phylogeny concerns the crustacean sister 

group to Hexapoda. Although a close relationship of Crustacea and Hexapoda, known as 

Tetraconata or Pancrustacea (Zrzavý and Štys, 1997; Dohle, 2001; Richter, 2002) is widely 

accepted, their internal relationships are still controversial. Using different kinds of 

morphological and/or molecular data sets, several possible scenarios have been proposed. 

Either the entire crustacean taxon or subgroups like e.g., Copepoda, Branchiopoda, 

Malacostraca, Cephalocarida, Remipedia, and Xenocarida (Cephalocarida + Remipedia; 



PUBLICATIONS 

 

 

24 

 

Regier et al., 2010) have been suggested to be the closest relatives to Hexapoda (reviewed in 

Jenner, 2010; Grimaldi, 2010). Based on the arrangement of serotonin IR neurons in the 

ventral nerve cord, we recently provided some support for the hypothesis that the crustacean 

class of Remipedia is the sister group of Hexapoda (Stemme et al., 2013). To advance our 

understanding of the phylogenetic relationship between crustaceans and hexapods, we explore 

in this account the ventral nerve cords of some selected apterygote insects. Unlike for 

Pterygota (e.g., Bishop and O’Shea, 1983; Tyrer et al., 1984; Taghert and Goodman, 1984; 

Longley and Longley, 1986; Vallés and White, 1988; Radwan et al., 1989; Hörner, 1999), the 

ventral nerve cord of primarily wingless hexapod taxa including Protura, Diplura, 

Collembola, Archaeognatha, and Zygentoma has hardly received any attention concerning the 

pattern of serotonin IR neurons. Since these taxa are basal within Hexapoda, insight into their 

neuroanatomical patterns is of substantial interest. Zygentoma are generally considered as the 

sister group of Pterygota (e.g., Grimaldi and Engel, 2005; Misof et al., 2007, 2014), together 

forming the taxon Dicondylia (Henning, 1953). Several reasons designate these silverfish as 

advantageous organisms for neuroanatomical investigations in basal hexapods. Zygentoma 

are of relative large body size in comparison to other basal hexapods, allowing for manual 

dissection and experimental handling of nervous tissue. This is useful for chemical 

manipulations, such as preincubation experiments with serotonergic drugs (Stemme and 

Stern, 2015). The ventral nerve cord does not show a high level of fusions of ganglia 

facilitating investigations of inter- and intraspecific serial homology of individually 

identifiable neurons. Moreover, a detailed developmental study in the related silverfish 

Ctenolepisma compared the neurogenesis to the winged grasshopper, showing an 

evolutionary conserved neuroblast array (Truman and Ball, 1998). This might facilitate future 

neural lineage studies in this basal hexapod taxon. 

We supplemented our data on zygentoman serotonin IR neurons by investigations on two 

species of Archaeognatha. These bristletails are assumed to be the sister group of Dicondylia, 

together forming the Ectognatha or Insecta (e.g., Grimaldi and Engel, 2005; Misof et al., 

2007, 2014). Archaeognatha possess a similar experimental manageability as Zygentoma, 

however, the animals have to be collected in the field and are relatively rare. The data on 

Archaeognatha are useful for reconstructions of insect and hexapod patterns and for a 

comparison to the arrangement of serotonin IR neurons in crustacean taxa. 



PUBLICATIONS 

 

 

25 

 

Although serotonin immunostaining requires only few prerequisites and is experimentally 

simple, several authors mentioned considerable variability in the staining intensity and 

irregular detection of certain neurons (e.g., Bishop and O’Shea, 1983; Longley and Longley, 

1986; Radwan et al., 1989; Hörner, 1999; Stemme et al., 2013). However, in phylogenetic 

analyses it is crucial to identify the complete set of transmitter-positive neurons and their 

major branching patterns. To overcome this problem we investigate not only the distribution 

of serotonin IR, but also of enzymes and transporters related to the serotonin transmitter 

system (see Stemme and Stern, 2015). Serotonin (5HT) is produced in a rate limiting step by 

hydroxylation of the amino acid L-tryptophan (LTP) catalyzed by tryptophan hydroxylase 

(TPH), followed by decarboxylation of the resulting 5-hydroxy-L-tryptophan (5-HTP) by 

DOPA decarboxylase (DDC) (Fig. 1). After activity-dependent vesicular release, serotonin is 

taken up by the presynaptic cell via the specific serotonin reuptake transporter (SERT) (Fig. 

1). Here, we probed each step of the serotonin metabolism in order to assign a serotonergic 

neurotransmitter phenotype to identifiable neurons. First, we conducted a standard protocol 

for serotonin immunocytochemistry in order to label cells containing serotonin. Second, we 

used an antibody against tryptophan hydroxylase in order to localize the distribution of this 

rate-limiting enzyme. Third, we preincubated living tissue with 5- hydroxy-L-tryptophan, 

followed by serotonin immunocytochemistry. In the living tissue, 5- hydroxy-L-tryptophan is 

metabolized to serotonin. Thus, this manipulation is an indirect staining method for DOPA 

decarboxylase, the second enzyme involved in serotonin synthesis. Fourth, the living tissue 

was preincubated with serotonin hydrochloride. Since serotonergic neurons express the 

serotonin reuptake transporter, serotonin will be taken up and can be visualized by standard 

serotonin immunocytochemistry, thereby providing an indirect staining method for the 

serotonin reuptake transporter. The methodological distinction between neuronal serotonin 

uptake and enzymatic serotonin synthesis allows to draw more reliable inferences from the 

actual immunocytochemical data to the construction of the hypothetical ground patterns. 
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Figure 1: Serotonin (5HT) is synthesized in a two-step reaction: The amino acid L-
tryptophan (LTP) is converted via the tryptophan hydroxylase (TPH) to 5-hydroxy-L-
tryptophan (5HTP), which is then transformed into serotonin by the DOPA decarboxylase 
(DDC). When the neuron is stimulated, serotonin is released from presynaptic vesicles into 
the extracellular space. The specific serotonin reuptake transporter (SERT) mediates serotonin 
reuptake into the presynaptic cell (adapted from Stemme and Stern, 2015). 
 
 
 
 
Materials and Methods 

Animals 

Individuals of Thermobia domestica were obtained from http://www.terraristikshop.net and 

maintained at 32°C in fauna boxes equipped with water reservoirs. Egg carton and screwed 

paper served as forage and hiding place. Additionally, animals were fed with wheat bran. 

Individuals of Lepisma saccharina were collected in cellars, mainly at the University of 

Veterinary Medicine Hannover. Furthermore, we were lucky to collect two individuals of a 

third zygentoman species, Atelura formicaria, near Grissheim, Germany. Three specimens of 

Machilis germanica and an individual of Dilta hibernica, both representatives of the 

Archaeognatha, were collected in the botanical gardens of the University Würzburg, Germany 

(M. germanica) and at the Schönberg near Freiburg im Breisgau, Germany (D. hibernica). 
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Dissection and fixation of specimens 

Animals were anesthetized on ice and dissected in petri dishes covered with cooled 

phosphate-buffered saline (PBS; 10 mM sodium phosphate, 150 mM NaCl, pH 7.4; chemicals 

obtained from Roth, Karlsruhe, Germany) or Leibovitz L-15 medium (L-15; Gibco, Life 

Technologies, Paisley, UK). Specimens were attached to the bottom of Petri dishes by a layer 

of petroleum jelly in order to avoid floating of specimens due to their hydrophobic cuticle. 

The central nervous system was laid open by removing all surrounding tissue with the 

exception of the head and terminal ganglia. Latter structures remained attached to the dish in 

order to maintain the shape of the central nervous system until fixation. In some preparations, 

uptake experiments followed the dissection. Preparations were fixed in 4% paraformaldehyde 

(Sigma, St. Louis, Missouri, USA) dissolved in PBS for two hours at room temperature on a 

shaker with smooth agitation. Afterwards, nerve cords were freed from surrounding tissue in 

PBS and processed as whole mount preparations. 

Serotonin and 5-hydroxy-L-tryptophan uptake experiments 

After dissection in cooled L-15, preparations were incubated with 0.5 µM serotonin 

hydrochloride (Sigma) or 200 µM 5-hydroxy-L-tryptophan (Sigma) in L-15 for 1 hour at 

room temperature on a shaker with smooth agitation (Stern et al., 2007; for detailed 

description of methods see Stemme and Stern, 2015). Controls for the serotonin uptake 

experiments were conducted by using the serotonin uptake blocker fluoxetine (Sigma). 

Preparations were preincubated for 15 min with 250 µM fluoxetine in L-15 alone, followed 

by incubation with 0.5 µM serotonin hydrochloride and 250 µM fluoxetine in L-15 for 1 hour 

(Stern et al., 2007; Stemme and Stern, 2015). After three washing steps in PBS for 5 min 

each, preparations were fixed for immunofluorescence. 

Immunofluorescence 

All steps of immunofluorescence were performed on a shaker with smooth agitation and at 

room temperature if not stated different. Preparations were permeabilized for 1 h in 0.3% 

saponin (Sigma) in PBS containing 0.5% Triton X-100 (Sigma) (PBS-TX 0.5%), washed 

three times for 15 min each in PBS-TX 0.5%, and afterwards incubated for 3 h in 5% normal 
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goat serum (Vector) in PBS-TX 0.5% as blocking solution. For tryptophan hydroxylase 

immunofluorescence, 5% normal rabbit serum (Vector) in PBS-TX 0.5% was used instead. In 

the following step, the used primary antibodies (Table 1) were applied for 24 h at 4°C in 

blocking solution. After three washing steps for 15 min in PBS-TX 0.5%, preparations were 

incubated overnight at 4°C in a mix of secondary antibodies (Table 1), each diluted 1:250 in 

blocking solution. In preparations where biotinylated secondary antibodies were used, free 

endogenous biotin was blocked with an Avidin/Biotin Blocking Kit (Vector) as described in 

the manual, due to high concentrations in the nervous tissue of Zygentoma. Three washing 

steps for 15 min in PBS-TX 0.5% were followed by incubation in streptavidin-Cy3 (Sigma, 

1:250) in PBS-TX 0.5% for 3 h in order to visualize biotinylated secondary antibodies. 

Preparations were washed three times for 15 min with PBS, cleared in glycerol (Roth)/PBS 

1:1 for 4 h followed by glycerol/PBS 9:1 overnight. Finally, preparations were mounted on 

glass slides in glycerol/PBS 9:1 with 4% n-propyl-gallate (Sigma) as antifading agent. 

Antibody Characterization 

Serotonin 

For serotonin labeling, a polyclonal rabbit antiserum raised against a serotonin creatinine 

sulfate complex conjugated to bovine serum albumin as the immunogen (Sigma, cat. no. 

S5545, lot no. 108K4868, RRID: AB_477522) was used. The same antibody has been applied 

in several studies on arthropod nervous systems (e.g., Stern et al., 2007; Stern and Bicker, 

2008; Fritsch and Richter, 2010; Kollmann et al., 2011; Stemme et al., 2012, 2013; Pech et 

al., 2013). Preadsorption controls showed that the antibody does not recognize a BSA-epitope 

instead of serotonin (Stern et al., 2007). In control experiments for nonspecific bindings of 

secondary antisera, we replaced the primary antibody by blocking solution, resulting in the 

absence of labeling. 
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Table 1: Primary and secondary antibodies used in this study, with information on the 
immunogen, supplier, catalogue number (Cat. No.), research resource identifiers (RRID No.), 
and final dilution. 

 Immunogen Supplier, Cat. No., RRID 
No., species, type 

final 
dilution 

primary 
antibodies: 

   

serotonin Serotonin creatinine sulfate 
complex conjugated with 
formaldehyde to bovine 
serum albumin (BSA) 

Sigma (St. Louis, Missouri, 
USA), Cat. No.: S5545, 
RRID No.: AB_477522, 
rabbit, polyclonal 

1:2000 

tryptophan 
hydroxylase 

Recombinant rabbit 
tryptophan hydroxylase, 
isolated as inclusion bodies 
from E. coli 

Millipore (Billerica, 
Massachusetts, USA), Cat. 
No.: AB1541, RRID No.: 
AB_90754, sheep, polyclonal 

1:1000 

 
secondary 
antibodies: 

   

goat-anti-rabbit 
biotinylated 

 Vector (Burlingame, 
California, USA), Cat. No.: 
BA-1000, RRID No.: 
AB_2313606 

1:250 

goat-anti-rabbit 
Cy3-conjugated 

 Jackson Immunoresearch 
Laboratories (West Grove, 
Pennsylvania, USA), Cat. 
No.: 111-165-003, RRID No.: 
AB_2338000 

1:250 

rabbit-anti-sheep 
biotinylated 

 Vector (Burlingame, 
California, USA), Cat. No.: 
BA-6000, RRID No.: 
AB_2336217 

1:250 

 
 
 
 

Tryptophan hydroxylase 

The polyclonal antiserum sheep anti-tryptophan hydroxylase was raised against recombinant 

rabbit tryptophan hydroxylase as the immunogen (Millipore, cat. no. AB1541, lot no. 

1972784, RRID: AB_90754) and reacts with human or rat brain tissues by immunoblotting 

and immunocytochemistry (see datasheet manufacturer). It has been used for the 

immunocytochemical detection of tryptophan hydroxylase in brains of six different insect 
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species: the beetle Harmonia axyridis, the butterfly Childrena zenobia, the moth Antheraea 

pernyi, the ant Camponotus japonicus, the cockroach Blattella germanica, and the fruitfly 

Drosophila melanogaster (Bao et al., 2008, 2010). In western blot experiments the antibody 

recognizes a band of approximately 61 kDa (Coleman and Neckameyer, 2005; Bao et al., 

2008, 2010). Bao et al. (2010) described a co-localization of serotonin and tryptophan 

hydroxylase revealed by immunocytochemistry in Drosophila. A co-localization of serotonin 

and tryptophan hydroxylase was also evident in our experiments. Due to these findings, we 

suggest that the antiserum labels specifically tryptophan hydroxylase in insect nervous 

systems and also in Zygentoma. In control experiments for nonspecific bindings of secondary 

antisera, the primary antibody has been replaced by blocking solution. In these cases labeling 

was absent. 

Image acquisition and processing 

Preparations were viewed with a Zeiss Axioscope connected to an Axiocam3900 digital 

camera. Confocal images and z-stacks were taken with a Leica TCS SP5 confocal laser 

scanning microscope using Leica LAS AF software. Confocal z-series were processed with 

NIH ImageJ, v. 1.48 (Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethesda, 

MD, http://rsb.info.nih.gov/ij/), producing depth coded images and merging channels. The 

quality was enhanced by adjusting brightness and contrast if necessary using Adobe 

Photoshop 6.0 (San Jose, CA, USA). 

Results 

General morphology of the ventral nerve cord in Zygentoma 

The ventral nerve cord of the three investigated species was composed of three thoracic 

ganglia, seven abdominal ganglia, and the terminal ganglion (schematically shown in Fig. 2). 

All ganglia of the ventral nerve cord were unfused, except of the terminal ganglion, which 

consisted of at least three fused neuromeres (Niven et al., 2008). Generally, the thoracic 

ganglia were approximately twice as wide and long as the abdominal ganglia. The terminal 

ganglion showed almost the same width as the abdominal ganglia, but was more or less twice 

as long in antero-posterior extension. Two bilateral longitudinal connectives interconnected 
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the ganglia of adjacent segments. In Thermobia domestica and Atelura formicaria, the 

connectives between the metathoracic ganglion/first unfused abdominal ganglion, first 

unfused abdominal ganglion/second unfused abdominal ganglion, and seventh unfused 

abdominal ganglion/terminal ganglion were short in comparison to the other connectives 

(schematically shown in Fig. 2). Both hemispheres of each ganglion were fused at the midline 

in Zygentoma. The following results are based on at least ten specimens per experimental 

procedure for Thermobia domestica and Lepisma saccharina. Results of serotonin 

immunolabeling in Atelura formicaria are based on two specimens. 

Distribution of cell bodies by standard serotonin labeling in Thermobia domestica 

Each ganglion of the ventral nerve cord possessed a small number of serotonin IR neurons 

(Fig. 2). These neurons could be distinguished by their characteristic cell body position within 

the ganglion and were individually identifiable. Thus, the nomenclature used throughout this 

paper is based on the cell body position of the serotonin IR neurons within the ganglion. 

Thoracic ganglia (PTG, MSG, MTG; Fig. 2A-D’): Ventrally, two (MSG, MTG) to three 

pairs (PTG) of serotonin IR neurons were positioned at the postero-lateral edge of the ganglia. 

These neurons were strongly labeled in all preparations (white arrows, Fig. 2A,B,D). 

Furthermore, up to three pairs were found in an antero-lateral position (black arrows in Fig. 

2A,B,D,D’). Medially, one (MSG, MTG) to three pairs (PTG) were distributed in the thoracic 

ganglia (black arrowheads in Fig. 2A,B). Both the antero-lateral and the medial neurons were 

weakly labeled in comparison to the postero-lateral neurons and showed intraspecific 

variation. Thus, not all neurons were found in every preparation or were missing entirely. In 

Fig. 2A for example, only one weakly labeled antero-lateral neuron was visible and Fig. 2D 

shows a metathoracic ganglion without visible medial neurons. On the dorsal side, two large 

neurons were found occasionally in the center near the midline (shown for the MSG in Fig. 

2C; black double arrowheads).  
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Figure 2 (see legend on next page) 
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◄ Figure 2: Distribution of serotonin immunoreactive neurons in the ventral nerve cord of 
Thermobia domestica without any pretreatment. Shown are maximum projections of confocal 
laser-scans of the three thoracic ganglia (A-D’), examples of the unfused abdominal ganglia 
(E-G), and the terminal ganglion (H). The results are summarized in the drawing (I), 
indicating neurons found repeatedly in all preparations (filled circles) and those found 
occasionally (open circles). The labeled neurons could be distinguished due to cell body 
position within the ganglia into antero-lateral (black arrows), medial (black arrowheads), 
postero-lateral (white arrows), and large midline neurons (black double arrowheads). Except 
the dorsal midline neurons, all neurons were positioned ventrally. Within the unfused 
abdominal ganglia, an area of strong immunoreactivity was visible laterally (asterisks). AG1-
7, unfused abdominal ganglion 1 to 7; d, dorsal part; MSG, mesothoracic ganglion; MTG, 
metathoracic ganglion; PTG, prothoracic ganglion; TG, terminal ganglion; v, ventral part. 
Scale bars: A-D,H: 50 µm; D’: 10 µm; E-G: 25 µm. 
 
 
 
 
Unfused abdominal ganglia (AG1-7; Fig. 2E-G): Ventrally, two postero-lateral cell pairs 

were always present in each ganglion. In contrast to the situation in the thorax, these neurons 

were not as strongly labeled and intensity seemed to decrease in anterior-posterior direction 

(white arrows in Fig. 2E-G). Fine, dense, strongly serotonin IR fibers formed a meshwork in a 

medio-lateral position (asterisks in Fig. 2E-G). Only in the first abdominal ganglion, another 

cell pair of weaker IR could be observed directly adjacent to the meshwork of strong IR 

(asterisks) in all preparations (black arrowhead in Fig. 2E). These medial neurons were not 

detected in the unfused abdominal ganglia 2-7. Dorsal IR neurons were only found in the fifth 

and sixth abdominal ganglion: In both ganglia, a pair of large neurons was positioned 

medially close to the midline (termed ‘midline neurons’), showing strong IR (double 

arrowheads in Fig. 2G). 

Terminal ganglion (TG; Fig. 2H): Ventrally, three pairs of IR neurons were found in antero-

lateral, medio-lateral, and postero-lateral position (white arrows in Fig. 2H). Dorsally, two 

groups of approximately four midline neurons were found anteriorly and medially within the 

terminal ganglion (double arrowheads in Fig. 2H). A summary of the neuron sets is compiled 

in Fig. 2I and Table 2. 
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Table 2: Number of the individually identifiable neurons of the thoracic and unfused 
abdominal ganglia within the investigated species of Zygentoma and Archaeognatha for each 
experimental procedure: standard serotonin immunolabeling (5HT), tryptophan hydroxylase 
immunolabeling (TPH), preincubation with 5-hydroxy-L-tryptophan followed by 
immunolabeling of serotonin (pre5HTP), and preincubation with serotonin hydrochloride 
followed by immunolabeling of serotonin (pre5HT). Given are the numbers of labeled cells 
per hemiganglion. Numbers written in parentheses indicate inconsistently labeled neurons. 
Question marks are used, when the respective neurons could not be identified doubtless, due 
to labeling of additional cells in preincubation experiments with serotonin. The categories 
(Cat) of individually identifiable neurons for Thermobia domestica and Lepisma saccharina 
are indicated (A, B, or C). 

 

(continued on next page) 
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(Table 2 continued) 

 

AG1-7, unfused abdominal ganglion 1-7; MSG, mesothoracic ganglion; MTG, metathoracic 
ganglion; PTG, prothoracic ganglion. 
 
 
 
 
Tryptophan hydroxylase labeling in Thermobia domestica 

Immunofluorescence detection of tryptophan hydroxylase strongly resembled the pattern of 

serotonin immunofluorescence without any pretreatment (compare Figs. 2 and 3). The 

distribution of tryptophan hydroxylase immunolabeling equalled the pattern of serotonin IR 

including the relative staining intensity, although the absolute tryptophan hydroxylase 

immunofluorescence appeared weaker (Fig. 3). 

Thoracic ganglia (PTG, MSG, MTG; Fig. 3A-D): Ventrally, the thoracic ganglia contained 

two (in the PTG three) strongly labeled IR neurons in postero-lateral position (white arrows in 

Fig. 3A-C). Furthermore, up to three small antero-lateral cells were labeled with the same 

variation described for serotonin IR (exemplified in Fig. 3D, black arrows). In the medial part, 

three (PTG) or one pair (MSG, MTG) could be described (black arrowheads in Fig. 3B,C). 

However, these neurons were not reliably labeled and in some preparations completely 
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missing (for example in the PTG of Fig. 3A). Interestingly, another pair of neurons could be 

detected sometimes in the thoracic ganglia, which was never labeled in standard serotonin 

immunocytochemistry. These neurons were found near the postero-lateral group, but at the 

most lateral margin of the ganglia (here termed “lateral neurons”; white arrowheads in Fig. 

3A). Dorsally, a pair of large midline neurons was labeled occasionally (black double 

arrowheads in Fig. 3C). 

Unfused abdominal ganglia (AG1-7; Fig. 3E-G): Two pairs of ventral postero-lateral 

neurons were labeled in each ganglion with decreasing staining intensity in antero-posterior 

direction (Fig. 3E-G, white arrows). The first abdominal ganglion showed an additional 

medial pair of faintly tryptophan hydroxylase IR neurons (black arrowheads in Fig. 3E). 

Furthermore, a pair of midline neurons was strongly labeled on the dorsal side of the fifth and 

sixth abdominal ganglia (double arrowheads in Fig. 3G). 

Terminal ganglion (TG; Fig. 3H): Ventrally, two pairs of neurons were labeled each in 

antero-lateral, medio-lateral, and postero-lateral position (white arrows Fig. 3H). Dorsally, 

two midline clusters of approximately four IR neurons were visible (double arrowheads in 

Fig. 3H). A summary of the neuron sets is compiled in Fig. 3I and Table 2. 

5-hydroxy-L-tryptophan preincubation and serotonin labeling in Thermobia domestica 

Thoracic ganglia (PTG, MSG, MTG; Fig. 4A-C): In the thoracic ganglia, the same neurons 

as labeled in standard serotonin immunocytochemistry could be detected. These neurons were 

now all strongly labeled and reliably found from preparation to preparation. Thus, three 

antero-lateral (black arrows in Fig. 4A-C), one (MSG, MTG) or three (PTG) medial (black 

arrowheads in Fig. 4A-C) and two (MSG, MTG) or three (PTG) postero-lateral pairs (white 

arrows in Fig. 4A-C) of IR neurons were visible. Dorsally, a pair of midline neurons could be 

detected in all ganglia (exemplarily shown for the PTG and MTG, double arrowheads in Fig. 

4A,C). However, some additional neurons, which could not be identified in the previous 

experiments, were labeled (e.g. Fig. 4B,C, encircled cells). These neurons seemed to be 

distributed randomly and are thus not regarded as individually identifiable neurons. 
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Figure 3 (see legend on next page) 



PUBLICATIONS 

 

 

38 

 

◄ Figure 3: Distribution of tryptophan hydroxylase immunoreactive neurons in the ventral 
nerve cord of Thermobia domestica. Shown are maximum projections of confocal laser-scans 
of the three thoracic ganglia (A-D), examples of the unfused abdominal ganglia (E-G), and 
the terminal ganglion (H). The results are summarized in the drawing (I), indicating neurons 
found repeatedly in all preparations (filled circles) and those found occasionally (open 
circles). The labeled neurons could be distinguished due to cell body position within the 
ganglia into antero-lateral (black arrows), medial (black arrowheads), lateral (white double 
arrowheads) postero-lateral (white arrows), and large midline neurons (black double 
arrowheads). Except the dorsal midline neurons, all neurons were positioned ventrally. AG1-
7, unfused abdominal ganglion 1 to 7; MSG, mesothoracic ganglion; MTG, metathoracic 
ganglion; PTG, prothoracic ganglion; TG, terminal ganglion. Scale bars: A-C,H: 50 µm; D-G: 
25 µm. 
 
 
 
 
Unfused abdominal ganglia (AG1-7; Fig. 4D-F): In all unfused abdominal ganglia, the 

already described postero-lateral neurons were also labeled with this method (white arrows in 

Fig. 4D,E). Interestingly, a medial pair was not only found in the first abdominal ganglion, 

but in all unfused ganglia (black arrowheads) directly adjacent to a meshwork of strong IR 

(asterisks; Fig. 4D,E). Furthermore, two pairs of antero-lateral neurons could be detected in 

all ganglia (black arrows in Fig. 4D,E). An additional pair of IR neurons was positioned at the 

postero-medial margin, but was not present in each preparation (white arrowheads in Fig. 

4D). The fifth and sixth abdominal ganglia possessed the already described midline neurons at 

the dorsal side of the ganglia (black arrowheads in Fig. 4F). 

Terminal ganglion (TG; Fig. 4G,H): Exactly as shown by serotonin labeling without 

pretreatment and tryptophan hydroxylase IR, the terminal ganglion contained two pairs of 

antero-lateral, medio-lateral, and postero-lateral neurons at the ventral side (white arrows in 

Fig. 4G,H), and two clusters of approximately four large midline neurons at the dorsal side 

(black double arrowheads in Fig. 4H). A summary of the neuron sets is compiled in Fig. 4I 

and Table 2. 
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Figure 4 (see legend on next page) 
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◄ Figure 4: Distribution of serotonin immunoreactive neurons in the ventral nerve cord of 
Thermobia domestica after 5-hydroxy-L-tryptophan preincubation. Shown are maximum 
projections of confocal laser-scans of the three thoracic ganglia (A-C), examples of the 
unfused abdominal ganglia (D-F), and the terminal ganglion (G,H). The results are 
summarized in the drawing (I), indicating neurons found repeatedly in all preparations (filled 
circles) and those found occasionally (open circles). The labeled neurons could be 
distinguished due to cell body position within the ganglia into antero-lateral (black arrows), 
medial (black arrowheads), postero-medial (white arrowheads), postero-lateral (white arrows), 
and large midline neurons (black double arrowheads). Besides these individually identifiable 
neurons, some additional neurons were labeled (encircled cells). Except the dorsal midline 
neurons, all neurons were positioned ventrally. Within the unfused abdominal ganglia, an area 
of strong immunoreactivity was visible laterally (asterisks). AG1-7, unfused abdominal 
ganglion 1 to 7; d, dorsal part; MSG, mesothoracic ganglion; MTG, metathoracic ganglion; 
PTG, prothoracic ganglion; TG, terminal ganglion; v, ventral part. Scale bars: A-C,G,H: 50 
µm; D-F: 25 µm. 
 
 
 
 
Serotonin preincubation and labeling in Thermobia domestica 

Pretreatment with serotonin hydrochloride followed by immunolabeling of serotonin led to 

strong IR in all neurons using standard serotonin immunofluorescence (Fig. 5). However, 

additional cells, especially in the unfused abdominal ganglia could be detected (encircled cells 

in Fig. 5). Preincubation with fluoxetine abolished immunofluorescence of these additional 

cells by inhibiting the uptake mechanism. This situation resembled the standard serotonin IR 

(compare Figs. 5 and 6A,B), supporting the concept of a specific serotonin transporter. 

Thoracic ganglia (PTG, MSG, MTG; Fig. 5A-D): Ventrally, three antero-lateral (black 

arrows, Fig. 5A,B,D), three (PTG) or one medial (MSG, MTG) (black arrowheads, Fig. 

5A,B,D), and three (PTG) or two (MSG, MTG) postero-lateral pairs (white arrows, Fig. 

5,A,B,D) were distributed in the thoracic ganglia. Furthermore, a pair of antero-medial (grey 

arrowheads in Fig. 5A,B,D) and a pair of postero-medial neurons (white arrowheads in Fig. 

5A,B,D) were labeled in each ganglion. On the dorsal side, a pair of midline neurons was 

found in the center of each ganglion (exemplified in Fig. 5C, black double arrowheads). 
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Figure 5 (see legend on next page) 
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◄ Figure 5: Distribution of serotonin immunoreactive neurons in the ventral nerve cord of 
Thermobia domestica after serotonin preincubation. Shown are maximum projections of 
confocal laser-scans of the three thoracic ganglia (A-D), examples of the unfused abdominal 
ganglia (E-G), and the terminal ganglion (H). The results are summarized in the drawing (I), 
indicating individually identifiable neurons, all of which are found repeatedly in all 
preparations (filled circles). However, several additional neurons were labeled (encircled 
cells), which are not marked in the drawing. The individually identifiable neurons could be 
distinguished due to cell body position within the ganglia into antero-lateral (black arrows), 
antero-medial (grey arrowheads), medial (black arrowheads), postero-medial (white 
arrowheads) postero-lateral (white arrows), and large midline neurons (black double 
arrowheads). Except the dorsal midline neurons, all neurons were positioned ventrally. Within 
the unfused abdominal ganglia, an area of strong immunoreactivity was visible laterally 
(asterisks). AG1-7, unfused abdominal ganglion 1 to 7; d, dorsal part; MSG, mesothoracic 
ganglion; MTG, metathoracic ganglion; PTG, prothoracic ganglion; TG, terminal ganglion; v, 
ventral part. Scale bars: A-D,H: 50 µm; E-G: 25 µm. 
 
 
 
 
Unfused abdominal ganglia (AG1-7; Fig. 5E-G): In the abdominal ganglia, the number of 

additionally labeled IR cells was very high. Here, the distribution of these additional neurons 

seemed to be randomly distributed over the entire ganglion and did not allow an individual 

identification of neurons (encircled cells in Fig. 5E,F). However, several previously described 

neurons could be identified, due to position and projection pattern. Thus, each ganglion 

possessed two antero-lateral (black arrows in Fig. 5E-G), one medial (black arrowheads in 

Fig. 5E,F), and two postero-lateral pairs (white arrows in Fig. 5E-G). Another pair that could 

be identified was found in postero-medial position (white arrowheads in Fig. 5E,F). A 

meshwork of strong IR was visible at the lateral margin of the unfused abdominal ganglia 

(asterisks in Fig. 5E). Dorsally, a pair of large midline neurons was present in the fifth and 

sixth abdominal ganglion (black double arrowheads in Fig. 5G). 

Terminal ganglion (TG; Fig. 5H): The terminal ganglion showed the same distribution 

pattern as described in the other experimental procedures: ventrally two pairs in antero-lateral, 

medio-lateral, and postero-lateral position (white arrows in Fig. 5H) and dorsally two clusters 

of approximately four midline clusters (black double arrowheads in Fig. 5H). However, 
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several additional cells could be detected (encircled cells in Fig. 5H) A summary of the 

neuron sets is compiled in Fig. 5I and Table 2. 

 
 
 
 

 

 

Figure 6: Pretreatment of ventral nerve cords of Thermobia domestica (A,B) and Lepisma 

saccharina (C,D) with fluoxetine and serotonin hydrochloride as control experiment for 
serotonin uptake. Distribution of immunolabeled neurons (black arrows: antero-lateral 
neurons; black arrowheads: medial neurons; white arrows: postero-lateral neurons), here 
shown for the metathoracic ganglion (A,C) and the first unfused abdominal ganglion (B,D) 
corresponds to the results obtained by immunolabeling without any pretreatment (compare to 
Figs. 3 and 9), suggesting specific uptake of serotonin by the serotonin reuptake transporter. 
AG1, first unfused abdominal ganglion; MTG, metathoracic ganglion. Scale bars: 50 µm. 
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Projections of immunoreactive neurons in Thermobia domestica 

We could trace several projections of the individually identifiable neurons resolved by the 

various immunocytochemical procedures in detail. The best results for this purpose were 

obtained by preincubation with 5-hydroxy-L-tryptophan. While the fluorescence intensity was 

increased significantly in the projections of the neurons, their number was still low, allowing 

for individual identification. All neurons possessed one primary neurite. The postero-lateral 

neurons (white arrows) of each segment sent their projections medially crossing the midline 

to the contralateral hemiganglion were they turned anteriorly (black rockets in Fig. 7A,B). In 

the thoracic ganglia, these projections entered the anterior connectives, whereas in the 

abdominal ganglia, these projections extended into the meshwork of strong IR (asterisks) at 

the lateral margin of the ganglion (Fig. 7B). Concerning the antero-lateral (black arrows) and 

medial neurons (black arrowheads) of the thoracic ganglia, the primary neurite could only be 

traced for a short distance before the signal got lost (black rockets in Fig. 7C,D). The antero-

lateral neurons (black arrows) of the abdomen projected laterally and dorsally before turning 

anteriorly and entering the connectives (black rockets in Fig. 7E,F). The medial neurons 

(black arrowheads) of the abdomen sent their projections laterally (black rockets in Fig. 7G). 

Reaching the lateral margin of the ganglion, the neurite split into two branches, one projecting 

posteriorly, the other anteriorly. The latter turned medially again at the anterior margin, 

joining a longitudinal neurite bundle, which entered the anterior connective medially (Fig. 

7G). The midline neurons (black double arrowheads) of the dorsal side in the fifth and sixth 

abdominal ganglion projected posteriorly near the midline until they entered the terminal 

ganglion (black rockets in Fig. 7H). Here, they were joined by the projections of the midline 

clusters of the dorsal side of the terminal ganglion and projected further to the posterior nerve 

roots (Fig. 7I). Within the terminal ganglion, the three groups of ventrally positioned IR pairs 

formed three contralateral projections (e.g., Fig. 2H), which corresponded to the projections 

of the postero-lateral neurons in each ganglion. This indicates that the terminal ganglion 

consists of at least three fused ganglia. 
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Figure 7 (see legend on next page) 
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◄ Figure 7: Maximum projections of confocal laser-scans of the neurite morphology of 
individually identifiable neurons of the serotonin transmitter system in Thermobia domestica. 
The postero-lateral pairs (white arrows) in the thoracic (A: metathoracic ganglion after 
serotonin immunolabeling without pretreatment) and abdominal ganglia (B: second 
abdominal ganglion after serotonin immunolabeling with 5-hydroxy-L-tryptophan 
pretreatment) projected their primary neurites to the contralateral side, where they extended 
anteriorly (black rockets). The primary neurites of antero-lateral neurons (black arrows) of the 
thoracic ganglia (C: mesothoracic ganglion after serotonin immunolabeling with serotonin 
hydrochloride pretreatment) and medial neurons (black arrowheads) of the prothoracic 
ganglia (D: after serotonin immunolabeling with 5-hydroxy-L-tryptophan pretreatment) could 
only be traced for a short distance (black rockets). Antero-lateral neurons (black arrows) of 
the abdominal ganglia (E: fourth abdominal ganglion; F third abdominal ganglion; both after 
serotonin immunolabeling with 5-hydroxy-L-tryptophan pretreatment) projected first dorsally 
and then anteriorly into the ipsilateral connectives (black rockets; E: ventral view, F: lateral 
view). The medial neurons (black arrowheads) of the abdominal ganglia (G: first abdominal 
ganglion after serotonin immunolabeling with 5-hydroxy-L-tryptophan pretreatment) 
projected laterally passing a meshwork of strong immunoreactivity (asterisks). Reaching the 
lateral margin, the primary neurite split into an anterior and a posterior branch (black rockets). 
The dorsal midline neurons (black double arrowheads) of the abdomen sent thick neurites 
posteriorly (black rockets in H: fifth abdominal ganglion in lateral view after serotonin 
immunolabeling with 5-hydroxy-L-tryptophan pretreatment), entering the posterior nerve 
roots of the terminal ganglion (black rockets in I: fifth abdominal ganglion to terminal 
ganglion after serotonin immunolabeling with 5-hydroxy-L-tryptophan pretreatment). AG1-5, 
unfused abdominal ganglion 1 to 5; MTG, metathoracic ganglion; PTG, prothoracic ganglion; 
TG, terminal ganglion. Scale bars: A: 50 µm; B-H: 25 µm; I: 200 µm. 
 
 
 
 
Distribution of cell bodies by standard serotonin labeling in Lepisma saccharina 

The distribution pattern of serotonin IR neurons in the ventral nerve cord of Lepisma 

saccharina strongly resembled the pattern observed in Thermobia domestica (compare Figs. 2 

and 8). However, the intensity of immunolabeling seemed to be higher in Lepisma saccharina 

(Fig. 8). Thus, several differences could be observed, which will be described in the following 

paragraphs. 

Thoracic ganglia (PTG, MSG, MT; Fig. 8A-C): All neurons, which have been described for 

Thermobia domestica were also present in Lepisma saccharina (compare Figs. 2 and 8). Since 

several of these IR groups were labeled more intensely, they were now found in each 
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preparation in contrast to their occasional detection in Thermobia domestica. Ventrally, three 

(PTG) or two (MSG, MTG) postero-lateral pairs (white arrows in Fig. 8A-C) were always 

strongly labeled and three antero-lateral pairs were detectable in some preparations (black 

arrows in Fig. 8A-C), as known from Thermobia domestica. Three (PTG) to one (MSG, 

MTG) strongly labeled medial pairs (black arrowheads in Fig. 8A-C) and a faintly labeled 

antero-medial pair were detected (grey arrowheads in Fig. 8B,C). The latter was not found in 

Thermobia domestica by standard labeling of serotonin. One midline pair in each thoracic 

ganglion (black double arrowheads, exemplified in Fig. 8B) was labeled dorsally. 

Unfused abdominal ganglia (AG1-7; Fig. 8D-F): All neurons detected in Thermobia 

domestica were visible in Lepisma saccharina (compare Figs. 2 and 8). Thus, two postero-

lateral pairs were labeled on the ventral side in each unfused abdominal ganglion (white 

arrows in Fig. 8D-F). Furthermore, a ventral medial pair in the first abdominal ganglion 

(black arrowheads in Fig. 8D) and a dorsal midline pair in the fifth and sixth abdominal 

ganglion were repeatedly detected (black double arrowheads in Fig. 8F). A meshwork of 

strong IR was visible at the lateral margin of the unfused abdominal ganglia (asterisks in Fig. 

8D-F). Differently to Thermobia domestica, in some cases two antero-lateral neurons were 

visible throughout the abdominal ganglia (for example AG1 or AG5 in Fig. 8D,F, black 

arrows). An additional pair with faint IR could be detected near the posterior commissure that 

contained the serotonin IR fibers in several preparations (grey double arrowheads in Fig. 8D-

F). 

Terminal ganglion (TG; Fig. 8G): The terminal ganglion showed the same distribution 

pattern as in Thermobia domestica: ventrally two pairs in antero-lateral, medio-lateral, and 

postero-lateral position (white arrows in Fig. 8G) and dorsally two clusters of approximately 

four midline clusters (black double arrowheads in Fig. 8G). A summary of the neuron sets is 

compiled in Fig. 8H and Table 2. 
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Figure 8 (see legend on next page) 
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◄ Figure 8: Distribution of serotonin immunoreactive neurons in the ventral nerve cord of 
Lepisma saccharina without any pretreatment. Shown are maximum projections of confocal 
laser-scans of the three thoracic ganglia (A-C), examples of the unfused abdominal ganglia 
(D-F), and the terminal ganglion (G). The results are summarized in the drawing (H), 
indicating neurons found repeatedly in all preparations (filled circles) and those found 
occasionally (open circles). The labeled neurons could be distinguished due to cell body 
position within the ganglia into antero-lateral (black arrows), antero-medial (grey 
arrowheads), medial (black arrowheads), postero-lateral (white arrows), “near post com” 
(grey double arrowheads), and large midline neurons (black double arrowheads). Except the 
dorsal midline neurons, all neurons were positioned ventrally. Within the unfused abdominal 
ganglia, an area of strong immunoreactivity was visible laterally (asterisks). AG1-7, unfused 
abdominal ganglion 1 to 7; MSG, mesothoracic ganglion; MTG, metathoracic ganglion; PTG, 
prothoracic ganglion; TG, terminal ganglion. Scale bars: A-G: 50 µm. 
 
 
 
 
Tryptophan hydroxylase labeling in Lepisma saccharina 

Generally, tryptophan hydroxylase labeling in Lepisma saccharina resembled the distribution 

pattern and intensity of standard serotonin immunofluorescence (compare Figs. 8 and 9). 

Thoracic ganglia (PTG, MSG, MTG; Fig. 9A-C): Ventrally, three (PTG) or two (MSG, 

MTG) postero-lateral pairs of neurons were always strongly detectable (white arrows in Fig. 

9A-C). Furthermore, in some preparations three antero-lateral pairs (exemplified for the MSG 

in Fig. 9B, black arrows) and three (PTG) or one (MSG, MTG) medial pairs could be 

observed (for example Fig. 9A, black arrowheads). Occasionally, another pair was found near 

the postero-lateral group, but at the most lateral margin of the ganglia (see for example white 

double arrowheads in Fig. 9B,C). A pair of large dorsal midline neurons was also labeled in 

some preparations (black double arrowheads in Fig. 9C). 

Unfused abdominal ganglia (AG1-7; Fig. 9D-F’): All ganglia possessed two postero-lateral 

pairs ventrally (white arrows in Fig. 9D-F). The fifth and sixth ganglia were dorsally equipped 

with a pair of large midline neurons (black double arrowheads in Fig. 9F’). Different as in 

Thermobia domestica and in standard immunolabeling in Lepisma saccharina, not only the 

first abdominal ganglion possessed a pair of medial neurons. These were also distributed 

occasionally in the abdominal ganglia 2-7 (for example in AG6, Fig. 9F, black arrowheads).  
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Figure 9 (see legend on next page) 
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◄ Figure 9: Distribution of tryptophan hydroxylase immunoreactive neurons in the ventral 
nerve cord of Lepisma saccharina. Shown are maximum projections of confocal laser-scans 
of the three thoracic ganglia (A-C), examples of the unfused abdominal ganglia (D-F’), and 
the terminal ganglion (G,H). The results are summarized in the drawing (I), indicating 
neurons found repeatedly in all preparations (filled circles) and those found occasionally 
(open circles). The labeled neurons could be distinguished due to cell body position within the 
ganglia into antero-lateral (black arrows), medial (black arrowheads), lateral (white double 
arrowheads), postero-lateral (white arrows), and large midline neurons (black double 
arrowheads). Except the dorsal midline neurons, all neurons were positioned ventrally. AG1-
7, unfused abdominal ganglion 1 to 7; d, dorsal part; MSG, mesothoracic ganglion; MTG, 
metathoracic ganglion; PTG, prothoracic ganglion; TG, terminal ganglion; v, ventral part. 
Scale bars: A-C,G,H: 50 µm; D-F,F’: 25 µm. 
 
 
 
 
Terminal ganglion (TG; Fig. 9G,H): Ventrally, the terminal ganglion possessed two pairs of 

tryptophan hydroxylase IR neurons in antero-lateral, medio-lateral and postero-lateral position 

(white arrows in Fig. 9G). Dorsally, two clusters of about four neurons could be distinguished 

near the midline (Fig. 9H, black double arrowheads). A summary of the neuron sets is 

compiled in Fig. 9I and Table 2. 

5-hydroxy-L-tryptophan preincubation and serotonin labeling in Lepisma saccharina 

Thoracic ganglia (PTG, MSG, MTG; Fig. 10A-C): All neurons detected by pretreatment 

with 5- hydroxy-L-tryptophan were strongly labeled and found nearly in each preparation. 

Three antero-lateral (black arrows in Fig. 10A-C), three (PTG) to one (MSG, MTG) medial 

(black arrowheads in Fig. 10A-C) and three (PTG) or two (MSG, MTG) postero-lateral pairs 

(white arrows in Fig. 10A-C) of IR neurons were observed ventrally. Other cell pairs, which 

were not labeled consistently in the previous experiments, were found in antero-medial (grey 

arrowheads in Fig. 10A-C) and postero-medial position (white arrowheads in Fig. 10B), as 

well as near the posterior commissure of IR fibers (grey double arrowheads in Fig. 10A). 

Dorsally, a pair of large midline neurons was found in each thoracic ganglion (exemplified for 

the PTG, black double arrowheads in Fig. 10A). 
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Figure 10 (see legend on next page) 
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◄ Figure 10: Distribution of serotonin immunoreactive neurons in the ventral nerve cord of 
Lepisma saccharina after 5-hydroxy-L-tryptophan preincubation. Shown are maximum 
projections of confocal laser-scans of the three thoracic ganglia (A-C), examples of the 
unfused abdominal ganglia (D-G), and the terminal ganglion (H). The results are summarized 
in the drawing (I), indicating neurons found repeatedly in all preparations (filled circles) and 
those found occasionally (open circles). The labeled neurons could be distinguished due to 
cell body position within the ganglia into antero-lateral (black arrows), antero-medial (grey 
arrowheads), medial (black arrowheads), postero-medial (white arrowheads), postero-lateral 
(white arrows), “near post com” (grey double arrowheads), and large midline neurons (black 
double arrowheads). Besides these individually identifiable neurons, some additional neurons 
were labeled (encircled cells). Except the dorsal midline neurons, all neurons were positioned 
ventrally. Within the unfused abdominal ganglia, an area of strong immunoreactivity was 
visible laterally (asterisks). AG1-7, unfused abdominal ganglion 1 to 7; d, dorsal part; MSG, 
mesothoracic ganglion; MTG, metathoracic ganglion; PTG, prothoracic ganglion; TG, 
terminal ganglion; v, ventral part. Scale bars: A-H: 50 µm. 
 
 
 
 
Unfused abdominal ganglia (AG1-7; Fig. 10D-G): Each unfused abdominal ganglion 

possessed two antero-lateral (black arrows in Fig. 10D-F), one medial (black arrowhead in 

Fig. 10D,F) and two postero-lateral pairs (white arrows in Fig. 10D-G) of IR neurons. Other 

faintly labeled pairs were found in postero-medial position (white arrowheads in Fig. 10D-F) 

and near the posterior commissure of IR fibers (grey double arrowheads in Fig. 10D,E). A 

meshwork of strong IR was visible at the lateral margin of the unfused abdominal ganglia 

(asterisks in Fig. 10D-F). Dorsally, a pair of midline neurons could be detected in the fifth and 

sixth abdominal ganglion (black double arrowheads in Fig. 10G). 

Terminal ganglion (TG; Fig. 10H): Ventrally, two pairs were distributed antero-laterally, 

medio-laterally, and postero-laterally (white arrows in Fig. 10H). Additional cells could be 

observed in an antero-medial position (encircled cells in Fig. 10H). Dorsally, two clusters of 

approximately four cells each were positioned near the midline (black double arrowheads in 

Fig. 10H). A summary of the neuron sets is compiled in Fig. 10I and Table 2. 
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Serotonin preincubation and labeling in Lepisma saccharina 

Similar to the results described for pretreatment with 5- hydroxy-L-tryptophan, preincubation 

in serotonin hydrochloride lead to strong IR in all neurons using standard serotonin and 

tryptophan hydroxylase immunofluorescence. However, additional cells, especially in the 

unfused abdominal ganglia, could be detected as seen in Thermobia domestica (encircled cells 

in Fig. 11). Preincubation with fluoxetine abolished immunofluorescence of these additional 

cells by inhibiting the uptake mechanism. This situation resembled the standard serotonin IR 

(compare Figs. 6C,D and 11), supporting the concept of a specific serotonin transporter. 

Thoracic ganglia (PTG, MSG, MTG; Fig. 11A-D): Nearly all individually identifiable 

neurons described in the previous paragraphs were strongly labeled by pretreatment with 

serotonin hydrochloride. Thus, the ventral side of the thoracic ganglia possessed three antero-

lateral, one antero-medial, three (PTG) to one medial (MSG, MTG), three (PTG) or two 

(MSG, MTG) postero-lateral, and one postero-medial pair of IR neurons (see Fig. 11 A,B,D). 

Dorsally, a pair of strongly labeled midline neurons could be detected (black double 

arrowheads in Fig. 11C). Besides these individually identifiable neurons, additional cells were 

labeled throughout the ganglia (encircled cells in Fig. 11 A,B,D). 

Unfused abdominal ganglia (AG1-7; Fig. 11E-G): As described for Thermobia domestica, 

the unfused abdominal ganglia showed after pretreatment plenty of additional serotonin IR 

cells (encircled cells in Fig. 11E,F). However, several clusters could be identified individually 

due to their position within the ganglia and their characteristic projection pattern. The 

abdominal ganglia contained ventrally two antero-lateral, one medial, one postero-medial, and 

two postero-lateral pairs of labeled neurons (see Fig. 11E-F). However, due to the many 

additional cells it was not possible to determine whether some of these neurons resembled the 

IR cells near the posterior commissure. Dorsally, two large midline neurons were visible (Fig. 

11G, black double arrowheads). 

Terminal ganglion(TG; Fig. 11H): Besides the usual set of two pairs of antero-lateral, 

medio-lateral, and postero-lateral on the ventral side and two clusters of midline neurons on 

the dorsal side, a number of additional cells were labeled after pretreatment with serotonin 

(see encircled cells in Fig. 11H). A summary of the neuron sets is compiled in Fig. 11I and 

Table 2. 
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Figure 11 (see legend on next page) 
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◄ Figure 11: Distribution of serotonin immunoreactive neurons in the ventral nerve cord of 
Lepisma saccharina after serotonin preincubation. Shown are maximum projections of 
confocal laser-scans of the three thoracic ganglia (A-D), examples of the unfused abdominal 
ganglia (E-G), and the terminal ganglion (H). The results are summarized in the drawing (I), 
indicating individually identifiable neurons, all of which are found repeatedly in all 
preparations (filled circles). The individually identifiable neurons could be distinguished due 
to cell body position within the ganglia into antero-lateral (black arrows), antero-medial (grey 
arrowhead), medial (black arrowheads), postero-medial (white arrowheads), postero-lateral 
(white arrows), and large midline neurons (black double arrowheads). Besides these 
individually identifiable neurons, some additional neurons were labeled (encircled cells). 
Except the dorsal midline neurons, all neurons were positioned ventrally. AG1-7, unfused 
abdominal ganglion 1 to 7; d, dorsal part; MSG, mesothoracic ganglion; MTG, metathoracic 
ganglion; PTG, prothoracic ganglion; TG, terminal ganglion; v, ventral part. Scale bars: A-H: 
50 µm. 
 
 
 
 
Projections of immunoreactive neurons in Lepisma saccharina 

Generally, the projections resolved in Lepisma saccharina were the same as in Thermobia 

domestica (compare Figs. 7 and 12). However, some additional neurons could be traced. The 

postero-lateral neurons (white arrows) of the thorax (Fig. 12A) and the unfused abdominal 

ganglia (Fig. 12B) projected contralaterally and then turned anteriorly (black rockets in Fig. 

12A,B). The projections of the antero-lateral neurons (black arrows) of the unfused abdominal 

ganglia remained ipsilaterally and projected anteriorly into the connective (black rockets in 

Fig. 12C). The medial neurons (black arrowheads) of the abdomen projected their primary 

neurite laterally (black arrowheads in Fig. 12D). At the lateral margin of the ganglia the 

neurite split in to an anterior and posterior branch (black arrowheads in Fig. 12D). 

Additionally, the connectivity of the meshwork of strong IR in the lateral parts of the unfused 

abdominal ganglia (asterisks) could be resolved in more detail. Thus, two commissural links 

between the bilateral symmetric areas of the same ganglion were visible. The first (white 

rockets in Fig. 12D,E) was nearly on the same level as the meshwork of strong IR (asterisks), 

the other was positioned more anterior (black rockets in Fig. 12E). Both commissures were 

built up similarly: Ventrally, a neurite left the meshwork in medial/anterior direction and 

projected to the midline (Fig. 12D,E).  
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Figure 12 (see legend on next page) 
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◄ Figure 12: Maximum projections of confocal laser-scans of the neurite morphology of 
individually identifiable neurons of the serotonin transmitter system in Lepisma saccharina. 
The postero-lateral pairs (white arrows) in the thoracic (A: metathoracic ganglion after 
serotonin immunolabeling with 5-hydroxy-L-tryptophan pretreatment) and abdominal ganglia 
(B: fifth abdominal ganglion after serotonin immunolabeling with 5-hydroxy-L-tryptophan 
pretreatment) projected their primary neurites to the contralateral side, where they extended 
anteriorly (black rockets). Antero-lateral neurons (black arrows) of the abdominal ganglia (C: 
fifth abdominal ganglion after serotonin immunolabeling with serotonin hydrochloride 
pretreatment) projected first dorsally and then anteriorly into the ipsilateral connectives (black 
rockets). The medial neurons (black arrowheads) of the abdominal ganglia (D: first abdominal 
ganglion after serotonin immunolabeling with 5-hydroxy-L-tryptophan pretreatment) 
projected laterally passing a meshwork of strong immunoreactivity (asterisks). Reaching the 
lateral margin, the primary neurite split into an anterior and a posterior branch (black rockets). 
The regions of strong immunoreactivity (asterisks) was connected via two commissural 
projections, an anterior (black rockets in E: sixth abdominal ganglion after serotonin 
immunolabeling with 5-hydroxy-L-tryptophan pretreatment) and a posterior projection (white 
rockets in D,E). A neurite projecting anteriorly left each region of strong immunoreactivity 
(grey rockets in E). The primary neurites of the postero-medial neurons (F: mesothoracic 
ganglion after serotonin immunolabeling with 5-hydroxy-L-tryptophan pretreatment) could 
only be traced for a short distance (black rockets). The antero-medial neurons (grey 
arrowheads) of the thoracic ganglia (G: metathoracic ganglion after serotonin immunolabeling 
with 5-hydroxy-L-tryptophan pretreatment) sent their primary neurites into the center of the 
contralateral hemiganglion, where they extended posteriorly (black rockets). The dorsal 
midline neurons (black double arrowheads) of the abdomen sent thick neurites posteriorly 
(black rockets in H: fifth abdominal ganglion in lateral view after tryptophan hydroxylase 
immunolabeling), entering the posterior nerve roots of the terminal ganglion (black rockets in 
I: fifth abdominal ganglion to terminal ganglion after tryptophan hydroxylase 
immunolabeling). AG1-6, unfused abdominal ganglion 1 to 6; MTG, metathoracic ganglion; 
TG, terminal ganglion. Scale bars: A,G: 50 µm; B-F,H: 25 µm; I: 200 µm. 
 
 
 
 
Furthermore, an additional neurite bundle leaves the lateral meshwork anteriorly (grey rockets 

in Fig. 12E). Projections of the postero-medial neurons (white arrowheads) could only be 

traced for a short distance, projecting anteriorly towards the center of the ipsilateral 

hemiganglion (Fig. 12F). The primary neurites of the antero-medial neurons (grey 

arrowheads) in the thoracic ganglia projected posteriorly and then turned medially, crossing 

the midline (black rockets in Fig. 12G). Within the contralateral hemiganglion, the neurite 
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extended further laterally and posteriorly to the center of the hemiganglion, where the signal 

got lost (Fig. 12G). The midline neurons (black double arrowheads) of the dorsal side in the 

fifth and sixth abdominal ganglion projected posteriorly near the midline until they entered 

the terminal ganglion and projected further to the posterior nerve roots (Fig. 12H,I). Within 

the terminal ganglion, the three groups of IR pairs formed three contralateral projections (e.g., 

Fig. 10G) as in Thermobia domestica. This indicates that the terminal ganglion in Lepisma 

saccharina comprises also at least three fused ganglia. 

Distribution of cell bodies using standard serotonin labeling in Atelura formicaria 

We obtained two individuals of Atelura formicaria, which supplemented our comparative 

neuroanatomical study in Zygentoma. 

Thoracic ganglia (PTG, MSG, MTG; Fig. 13A-C): Three postero-lateral serotonin IR pairs 

were distributed not only in the prothoracic ganglion, as seen in Thermobia domestica and 

Lepisma saccharina, but also in the metathoracic ganglion (white arrows in Fig. 13A,B). Two 

postero-lateral pairs were found in the metathoracic ganglion (white arrows in Fig. 13C). A 

pair of medial IR neurons was labeled only in one specimen in the metathoracic ganglion 

(black arrowheads in Fig. 13C) and was missing in the pro- and mesothoracic ganglia. No 

antero-lateral neurons or dorsal midline neurons could be detected. 

Unfused abdominal ganglia (AG1-7; Fig. 13D-G): Ventrally, each unfused abdominal 

ganglion possessed two pairs of postero-lateral IR neurons, which were strongly labeled 

(white arrows in Fig. 13D-G). Ventral medial neurons were found in some unfused abdominal 

ganglia, the latter only faintly labeled in one specimen (black arrowheads in Fig. 13D,F,G). 

Interestingly, a pair of faintly labeled antero-lateral neurons could be observed in one case 

(black arrows in Fig. 13G) and an additional cell pair was occasionally situated slightly 

anterior to the postero-lateral neurons, near the posterior commissure of IR fibers (grey 

double arrowheads in Fig. 13E-G). No dorsal midline neurons could be detected. 
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Figure 13 (see legend on next page) 
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◄ Figure 13: Distribution of serotonin immunoreactive neurons in the ventral nerve cord of 
Atelura formicaria without any pretreatment. Shown are maximum projections of confocal 
laser-scans of the three thoracic ganglia (A-C), examples of the unfused abdominal ganglia 
(D-G), and the terminal ganglion (H). The results are summarized in the drawing (I), 
indicating neurons found repeatedly in all preparations (filled circles) and those found 
occasionally (open circles). The labeled neurons could be distinguished due to cell body 
position within the ganglia into antero-lateral (black arrows), medial (black arrowheads), 
“near post com” (grey double arrowheads), and postero-lateral neurons (white arrows). An 
additional pair could be detected in the terminal ganglion (encircled cells). All neurons were 
positioned ventrally. AG1-7, unfused abdominal ganglion 1 to 7; MSG, mesothoracic 
ganglion; MTG, metathoracic ganglion; PTG, prothoracic ganglion; TG, terminal ganglion. 
Scale bars: A-C,H: 50 µm; D-G: 25 µm. 
 
 
 
 
Terminal ganglion (TG; Fig. 13H): The fused terminal ganglion possessed three paired 

groups of lateral IR neurons in antero-lateral, medio-lateral, and postero-lateral location 

(white arrows in Fig. 13H). Furthermore, some medial neurons could be found anteriorly in 

one specimen (encircled cells in Fig. 13H). A summary of the neuron sets is compiled in Fig. 

13I and Table 2. 

Projections of immunoreactive neurons in Atelura formicaria 

All projections that could be traced in detail strongly resemble those observed in Thermobia 

domestica and Lepisma saccharina: The postero-lateral neurons (white arrows) of each 

segment sent their projections medially crossing the midline to the contralateral hemiganglion 

were they turned anteriorly (black rockets in Fig. 14A,B). One primary neurite left the medial 

neuron (black arrowheads) of first unfused abdominal ganglion, projected laterally, and split 

into two branches (black rockets in Fig. 14C-C’’). One large projection continued anteriorly 

before projecting medially again (Fig. 14C’). Near the midline, the projection fused with one 

strongly labeled fiber bundle. The other branch projected posteriorly (Fig. 14C’’). 
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Figure 14: Maximum projections of confocal laser-scans of the neurite morphology of 
individually identifiable neurons based on serotonin immunolabeling without any 
pretreatment in Atelura formicaria. The postero-lateral pairs (white arrows) in the thoracic 
(A: metathoracic ganglion) and abdominal ganglia (B: sixth abdominal ganglion) projected 
their primary neurites to the contralateral side, where they extended anteriorly (black rockets). 
The medial neurons (black arrowheads) of the unfused abdominal ganglia (C-C’’: series from 
ventral to dorsal) projected laterally. Reaching the lateral margin, the primary neurite split 
into an anterior and a posterior branch (black rockets). AG1 and 6, unfused abdominal 
ganglion 1 and 6; MTG, metathoracic ganglion. Scale bars: 25 µm. 
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General anatomy and the distribution of serotonin immunoreactive neurons of the 

ventral nerve cord of Archaeognatha 

General neuroanatomy 

The ventral nerve cords of the two investigated species were built similarly, consisting of 

three thoracic, seven abdominal, and a terminal ganglion (schematically shown in Fig. 15). 

Except for the terminal ganglion, which comprised at least three fused neuromeres (Niven et 

al., 2008), the ganglia were unfused. Adjacent ganglia were interconnected by two bilateral 

symmetric longitudinal connectives and an additional slender unpaired medial neurite bundle 

(schematically shown in Fig. 15). The three thoracic ganglia were slightly larger than the 

abdominal ganglia. The terminal ganglion was approximately three times longer than the 

abdominal ganglia. Both hemispheres of each ganglion were fused at the midline. The 

following results are based on three specimens of Machilis germanica and a single specimen 

of Dilta hibernica. 

Standard staining of serotonin immunoreactive neurons in Machilis germanica 

Throughout the ventral nerve cord, all serotonin IR neurons were positioned on the ventral 

side.  

Thoracic ganglia (PTG, MSG, MTG; Fig. 15A-C): In each thoracic ganglion, two postero-

lateral pairs could be identified in each ganglion of all three specimens (white arrows in Fig. 

15A-C). In most ganglia a third pair was evident (Fig. 15A-C). Occasionally, up to three IR 

pairs were labeled in an antero-lateral position (black arrows in Fig. 15A,C) and one (MSG, 

MTG) to three (PTG) medial pairs were found in most ganglia (black arrowheads in Fig. 15A-

C). Only in one of three specimens an additional pair could be detected in postero-medial 

position in the mesothoracic ganglion (white arrowheads in Fig. 15B). 

Unfused abdominal ganglia (AG1-7; Fig. 15D-G): In all unfused abdominal ganglia two 

postero-lateral (white arrows in Fig. 15D-G) and at least two antero-lateral pairs (black arrows 

in Fig. 15D-G) were reliably labeled. Interestingly, some ganglia possessed up to four antero-

lateral neurons (e.g., Fig. 15F,G). A pair of medial neurons was found throughout the unfused 

abdominal ganglia, although this pair was not found in every preparation (black arrowheads in 

Fig. 15D-G). 
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Figure 15 (see legend on next page) 
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◄ Figure 15: Distribution of serotonin immunoreactive neurons in the ventral nerve cord of 
Machilis germanica without any pretreatment. Shown are maximum projections of confocal 
laser-scans of the three thoracic ganglia (A-C), examples of the unfused abdominal ganglia 
(D-G), and the terminal ganglion (H). The results are summarized in the drawing (I), 
indicating neurons found repeatedly in all preparations (filled circles) and those found 
occasionally (open circles). The labeled neurons could be distinguished due to cell body 
position within the ganglia into antero-lateral (black arrows), medial (black arrowheads), 
postero-medial (white arrowheads), and postero-lateral neurons (white arrows). All neurons 
were positioned ventrally. AG1-7, unfused abdominal ganglion 1 to 7; MSG, mesothoracic 
ganglion; MTG, metathoracic ganglion; PTG, prothoracic ganglion; TG, terminal ganglion. 
Scale bars: A-G: 50 µm; H: 100 µm. 
 
 
 
 
Terminal ganglion (TG; Fig. 15H): In the terminal ganglion, three clusters of lateral 

neurons could be identified in an antero-lateral, medio-lateral and postero-lateral position 

(white arrows in Fig. 15H). A summary of the neuron sets is compiled in Fig. 15I and Table 2. 

Standard staining of serotonin immunoreactive neurons in one representative of Dilta 

hibernica 

As described for Machilis germanica, all IR neurons were positioned on the ventral side of 

the ventral nerve cord. 

Thoracic ganglia (PTG, MSG, MTG; Fig. 16A-C): All three thoracic ganglia possessed 

three postero-lateral pairs of serotonin IR neurons (white arrows in Fig. 16A-C). Furthermore, 

one weakly and two strongly labeled medial pairs were situated in the prothoracic ganglion 

(black arrowheads in Fig. 16A), whereas in the meso- and metathoracic ganglion only one 

medial pair could be observed (black arrowheads in Fig. 16B,C). Another pair was positioned 

near the posterior commissure of IR fibers (grey double arrowheads in Fig. 16A,B). 
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Figure 16 (see legend on next page) 
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◄ Figure 16: Distribution of serotonin immunoreactive neurons in the ventral nerve cord of 
Dilta hibernica without any pretreatment. Shown are maximum projections of confocal laser-
scans of the three thoracic ganglia (A-C), examples of the unfused abdominal ganglia (D-G), 
and the terminal ganglion (H). The results are summarized in the drawing (I). As we 
investigated only one specimen, the drawing resembles the true situation observed. The 
labeled neurons could be distinguished due to cell body position within the ganglia into 
antero-lateral (black arrows), medial (black arrowheads), “near post com” (grey double 
arrowheads), and postero-lateral neurons (white arrows). All neurons were positioned 
ventrally. AG1-7, unfused abdominal ganglion 1 to 7; MSG, mesothoracic ganglion; MTG, 
metathoracic ganglion; PTG, prothoracic ganglion; TG, terminal ganglion. Scale bars: A-G: 
50 µm; H: 100 µm. 
 
 
 
 
Unfused abdominal ganglia (AG1-7; Fig. 16D-G): Two pairs of serotonin IR neurons were 

found in a postero-lateral (white arrows in Fig. 16D-G), one pair in a medial (black 

arrowheads in Fig. 16D-G), and one pair in antero-lateral position (black arrows in Fig.16D-

F). Nevertheless, in some ganglia only one neuron of the bilateral symmetric pair could be 

detected (Fig. 16D,F). In the seventh abdominal ganglion the antero-lateral pair was missing 

entirely (Fig. 16G).  

Terminal ganglion (TG, Fig. 16H): In the terminal ganglion, three clusters of lateral neurons 

could be identified in an antero-lateral, medio-lateral and postero-lateral position (white 

arrows in Fig. 16H). A summary of the neuron sets is compiled in Fig. 16I and Table 2. 

Projections of immunoreactive neurons in Archaeognatha 

The postero-lateral neurons (white arrows) projected their neurites contralaterally and then 

turned anteriorly (black rockets in Fig. 17A,B), as described for the other investigated species 

in this manuscript. The antero-lateral neurons (black arrows) projected their primary neurites 

posteriorly before turning medially (black rockets in Fig. 17C). At the midline, the projections 

entered a dense net of IR fibers (black rockets in Fig. 17C’). Furthermore, the medial neurons 

(black arrowheads) of the thoracic ganglia showed primary neurites projecting laterally (white 

rockets in Fig. 17A, black rockets in Fig. 17D). However, these projections could only be 

traced for a short distance. The medial neurons (black arrowheads) of the unfused abdominal 
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ganglia sent projections laterally into a region of dense IR, from where they could not be 

traced further (rockets in Fig. 17E). However, a distinct IR fiber left this region of dense IR 

and projected medially again, until it reached a longitudinal fiber bundle (rockets in Fig. 

17E’). This characteristic neurite morphology strongly reminds of the projection pattern of 

medial neurons in Zygentoma. 

Discussion 

In this paper, we investigated the distribution of serotonin IR neurons in the ventral nerve 

cord of adult Zygentoma and Archaeognatha. To distinguish serotonin synthesis from 

serotonin content and to give a detailed description of the neurochemical characters and the 

neurite morphology of these neurons, we analyzed several markers for serotonin metabolism. 

In the first part of the discussion, we will address the specificity of our 

chemoneuroanatomical methods (Stemme and Stern, 2015) and will then consider these data 

in a phylogenetic context. 

Enzymes involved in the synthesis of serotonin 

Tryptophan hydroxylase 

Tryptophan hydroxylase catalyses the rate-limiting step in the synthesis of serotonin (Fig. 1; 

e.g.; Boadle-Biber, 1993). Under standard protocol conditions, tryptophan hydroxylase IR and 

serotonin IR appear to be expressed in the same neurons (compare Figs. 2 and 3, and Figs. 8 

and 9), while IR in the neurites was less pronounced. To our knowledge, this is the first study 

investigating the distribution of tryptophan hydroxylase in arthropod ventral nerve cords. 

However, some studies have dealt with tryptophan hydroxylase immunolabeling in various 

insect brains (Bao et al., 2008, 2010). These authors showed the exact co-localization of 

serotonin and tryptophan hydroxylase. This is also the case in the ventral nerve cord of 

Zygentoma with one exception: The lateral neurons in tryptophan hydroxylase labeling (white 

double arrowhead in Figs. 3 and 9) were not stained with the serotonin antibody, regardless of 

pretreatment conditions. Because these neurons were inconsistently and very faintly labeled, 

we do not consider these neurons as part of the serotonin IR neuron pattern and will not 

discuss them in a phylogenetic context. 
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Figure 17 (see legend on next page) 
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◄ Figure 17: Maximum projections of confocal laser-scans of the neurite morphology of 
individually identifiable neurons based on serotonin immunolabeling without pretreatment in 
Archaeognatha. The postero-lateral pairs (white arrows) in the thoracic (A: metathoracic 
ganglion of Dilta hibernica) and abdominal ganglia (B: sixth abdominal ganglion of Machilis 

germanica) projected their primary neurites to the contralateral side, where they extended 
anteriorly (black rockets). The medial neurons (black arrowheads) of the thoracic ganglia 
(metathoracic ganglion in A, prothoracic ganglion in D, both from Dilta hibernica) projected 
laterally, but could only be traced for a short distance (white rockets in A; black rockets in D). 
The antero-lateral neurons (black arrows) of the abdominal ganglia (C, C’: fourth abdominal 
ganglion of Dilta hibernica, series from ventral to dorsal) projected posteriorly. After a short 
distance they turned medially towards the midline (black rockets). The medial neurons (black 
arrowheads) of the abdominal ganglia (E, E’: second abdominal ganglion of Machilis 

germanica, series from ventral to dorsal) projected laterally into a region of strong 
immunoreactive fibers (black rockets in E). A fiber left this condensation slightly anteriorly, 
projecting medially again until reaching a medially positioned longitudinal fiber bundle 
(black rockets in E’). AG2, 4, 6, unfused abdominal ganglion 2, 4, and 6; MTG, metathoracic 
ganglion, PTG, prothoracic ganglion. Scale bars: 50 µm. 
 
 
 
 
Indirect detection of DOPA decarboxylase 

The indirect detection of DOPA decarboxylase by preincubation with 5-hydroxy-L-

tryptophan followed by serotonin immunolabeling revealed a similar pattern as the standard 

procedure of serotonin. However, the staining intensity was rather strong, even in neurons, 

which were only faintly labeled in the standard detection. As could be shown exemplarily in 

the thorax of Thermobia domestica and the terminal ganglion of Lepisma saccharina, this 

enzyme was not only distributed in serotonin IR neurons, but also in several other serotonin 

immunonegative neurons (encircled cells in Figs. 4 and 10), which are most likely 

dopaminergic. DOPA decarboxylase does not only catalyze the second and last step in the 

biosynthesis of serotonin, but also the conversion of L-dihydroxyphenylalanine into dopamine 

(Coleman and Neckameyer, 2004). Presuming that 5-hydroxy-L-tryptophan is taken up by all 

cells of the preincubated nervous system, it will be processed to serotonin in serotonergic, but 

also in dopaminergic neurons. It is indicative that dopamine IR neurons of other insects are 

also found in a similar medial to posteromedial position (e.g., Hörner, 1999). Thus, not all 

cells visualized by the preincubation method with 5- hydroxy-L-tryptophan are automatically 
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part of the serotonin transmitter system. However, those neurons, which were confirmed also 

by other methods presented here, can be resolved in exquisite detail, especially regarding the 

investigation of projection patterns. 

Specificity of serotonin uptake experiments 

Preincubation experiments with serotonin prior to the immunocytochemical standard 

procedure let to a labeling of additional cells in the ventral nerve cord of Zygentoma 

(encircled cells in Figs. 5,11). Blocking experiments of the serotonin reuptake transporter 

with fluoxetine abolished labeling of these additional cells (Fig. 6; Stemme and Stern, 2015). 

As the additional neurons were labeled, even under conditions using low concentrations of 

serotonin, and the serotonin reuptake transporter blocker abolished IR (Stemme and Stern, 

2015) unspecific uptake of serotonin seems unlikely. Non-serotonin producing neurons with 

the capability to take up serotonin were found in newborn olfactory projections of lobster 

brains (Beltz et al., 2001) and in the central nervous system of adult squat lobsters Munida 

quadrispina (Antonsen and Paul, 2001). Similar observations have been documented in the 

developing nervous system of two locust species (Condron, 1999; Stern et al., 2007; Stern and 

Bicker, 2008). 

There is increasing evidence that serotonin regulates neurite morphology and connectivity 

apart from its physiological role as neuromodulator (Daubert and Condron, 2010). Serotonin 

depletion interferes with the branching of olfactory projection neurons in the embryonic 

lobster (Sullivan et al., 2000). Transient expression of the serotonin reuptake transporter in 

glutamatergic thalamocortical axons regulates the patterning of sensory maps in the barrel 

cortex of the mouse (Chen et al., 2015). In the ventral nerve cord of Drosophila larvae, 

serotonin causes a reduction in the density of serotonergic varicosities, providing evidence for 

an autoregulatory feedback on the neural morphology in a rather mature nervous system 

(Sykes and Condron, 2005).Thus, serotonin reuptake transporter expression in non-serotonin-

producing neurons may have morphogenetic functions, even in adult animals. To address the 

functional implications of the serotonin reuptake transporter expression in adult Zygentoma as 

potential regulator of extracellular serotonin concentrations, further experimental 

investigations are needed. 
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Serial homology and reconstruction of ground patterns 

Currently we lack cell lineage studies about the neuroblast origin of the described serotonin 

IR neurons in Zygentoma and Archaeognatha, which might have helped to derive cross-

species homologies. In this study on adult animals, we relied purely on morphological criteria 

and on the shared transmitter phenotype (Kutsch and Breidbach, 1994). Putative homology 

among individually identifiable neurons is based on the soma position within the ganglion, 

their neurite morphology, and projection pattern. To reconstruct the ground pattern of 

serotonin IR neurons for basal insects, we first identified the serially homologous neurons in 

the ventral nerve cord. Our data show that several of the serotonin IR neurons could be 

detected in each ganglion and in every specimen, indicating serial homology (Table 2).  

Zygentoma 

Concerning our results for those taxa, where all experimental procedures have been applied, 

some IR groups were found in every experiment, others only after preincubation or by 

tryptophan hydroxylase immunolabeling (Table 2). Therefore, we classify the detected 

neurons in Thermobia domestica and Lepisma saccharina into three categories: 

Category A contains those neurons, which were labeled in every experiment (black cells in 

Fig. 18). This includes neurons, which were labeled inconsistently in standard serotonin and 

tryptophan hydroxylase immunocytochemistry, but consistently in the preincubation 

experiments. We also assigned those neurons to this category, which were found only 

sometimes in the serotonin standard procedure, consistently in the pretreatment experiments, 

but not in the tryptophan hydroxylase labeling. As the general staining intensity of the 

tryptophan hydroxylase labeling was lower than in the serotonin standard procedure, neurons, 

which were inconsistently detected in the serotonin immunolabeling, might have been below 

the detection threshold of the tryptophan hydroxylase immunolabeling. 
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Figure 18: Summary of the distribution of immunoreactive cell bodies in the thoracic and 
unfused abdominal ganglia of Thermobia domestica (A) and Lepisma saccharina (B). The 
different categories of immunoreactive neurons are represented by black dots (category A), 
grey dots (category B), and white dots (category C). AG1-7, unfused abdominal ganglion 1 to 
7; MSG, mesothoracic ganglion; MTG, metathoracic ganglion; PTG, prothoracic ganglion. 



PUBLICATIONS 

 

 

74 

 

Category B includes neurons, which were labeled in both preincubation experiments, but 

could not be found in the standard serotonin and tryptophan hydroxylase labeling (grey cells 

in Fig. 18). 

Category C contains those neurons (white cells in Fig. 18), which are only found in one of the 

four staining protocols (e.g., the tryptophan hydroxylase IR lateral neurons), or which are 

labeled only occasionally in several protocols (e.g., neurons near the posterior commissure).  

As neurons of category C were not consistently labeled in several experiments, it is uncertain 

if they express a serotonin transmitter phenotype. Therefore we do not consider them for the 

zygentoman pattern. Furthermore, some serotonin IR neurons were only found in distinct 

neuromeres (e.g., midline neurons of the abdominal ganglia 5 and 6). These neurons are also 

not further considered. 

Although we could only conduct standard serotonin immunolabeling in Atelura formicaria, 

the distribution pattern of neurons resembles the situation in the other species and thus 

supports the following pattern. Due to our results and data in the literature, we would like to 

emphasize that a separated view on different tagmata should be considered in comparisons of 

individually identified neurons. Since the soma numbers and neurite morphology differ 

significantly between zygentoman thoracic and abdominal ganglia, we summarize our 

findings separately for both tagmata (see Fig. 19A,B), Two pairs of postero-lateral neurons 

with contralateral projections and one medial pair with ipsilateral projections were 

consistently found in all ganglia of the three species and thus are part of the zygentoman 

pattern (Fig. 19A,B). The antero-lateral neurons in thoracic and abdominal ganglia differ 

remarkably in number, cell body size, and projection pattern (Fig. 19A,B), hindering 

reconstruction of the serotonin IR pattern. Importantly, no contralateral projection of antero-

lateral neurons could be observed in any zygentoman species. A pair of postero-medial 

neurons was found in both tagmata, but inconsistently labeled (Fig. 19A,B). Thus, it remains 

doubtful whether this pair is part of the zygentoman pattern. The thoracic ganglia display also 

two large dorsal midline neurons and an antero-lateral pair, which are not present in any 

abdominal ganglion (Fig. 19A,B).  
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Figure 19: Reconstruction of thoracic and abdominal patterns of immunoreactive neurons in 
Zygentoma (A,B) and Archaeognatha (C,D). Black dots are definitely part of the ground 
patterns, whereas grey neurons cannot unequivocally be assigned. Neurons are only depicted 
in the right side for clarity of neurite projections. Black speckled areas represent densely 
arranged immunoreactive fibers. 
 
 
 
 
Archaeognatha 

Archaeognatha are rather difficult to collect and we had to conduct our study on a limited 

number of specimens. Thus we decided to label these rare animals using standard serotonin 

immunofluorescence, which corresponds to the procedures that were traditionally used to 

reveal serotonin IR patterns for other arthropod taxa (Harzsch, 2003, 2004, Stemme et al., 

2013; Stegner et al., 2014; Brenneis and Scholtz, 2015). Since we were not able to conduct 
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preincubation procedures and immunolabeling of tryptophan hydroxylase, the classification 

into categories could not be applied. Fortunately, the neurons detected in Archaeognatha were 

found in similar position and with comparable projection pattern as in Zygentoma (Fig. 19). A 

certain variation between the patterns of serotonin IR neurons of thoracic and abdominal 

ganglia could also be observed in Archaeognatha, although these differences were not that 

profound (Fig. 19C,D). Two abdominal or three thoracic postero-lateral pairs with 

contralateral projections were consistently labeled in every ganglion and are definitely part of 

the archaeognathan pattern (Fig. 19C,D). An ipsilaterally projecting medial pair was detected 

in both species. Due to the strong resemblance to the zygentoman pattern and despite the 

occasional failure of detection in every ganglion, this medial pair was assigned to the 

archaeognathan pattern (Fig. 19C,D). The numbers of the antero-lateral neurons differed 

strongly between taxa and ganglia. However, at least one neuron with a contralateral 

projection was found repeatedly in both tagmata of both species and was consequently 

included in the archaeognathan pattern (Fig. 19C,D). Figure 20 shows a combined schematic 

of thoracic and abdominal patterns for Zygentoma and Archaeognatha. 

Comparison of serotonin immunoreactive neurons in the VNC of Tetraconata 

The distribution of serotonin IR neurons has been studied in an impressive number of 

arthropod species, resulting in a fair amount of available data and reconstructed serotonin IR 

patterns (Harzsch, 2003, 2004; Harzsch et al., 2005; Stemme et al., 2013; Stegner et al., 2014; 

Brenneis and Scholtz, 2015). Chelicerata and Myriapoda have been less frequently studied 

and seem to display a remarkably different pattern of IR than Tetraconata (Washington et al., 

1994; Harzsch, 2004; Brenneis and Scholtz, 2015). Furthermore, Chelicerata and Myriapoda 

differ substantially in the mode of neurogenesis compared to Crustacea and Hexapoda 

(reviewed in Stollewerk, 2008, 2016). Thus, the following considerations will focus on 

Tetraconata. In the latter, particular sets of serotonin IR neurons are arranged in three groups: 

antero-lateral, medial, and postero-lateral serotonin IR neurons (also termed anterior, central, 

or posterior cells; Harzsch and Waloszek, 2000; Harzsch, 2003, 2004) (Fig. 20). These three 

groups are also present in the ganglia of Archaeognatha and Zygentoma, although we could 

identify several other additional neurons. 



PUBLICATIONS 

 

 

77 

 

 

Figure 20: Considerations on tetraconate phylogeny based on ground patterns of serotonergic 
neurons in the ventral nerve cord. Ground patterns are mapped on a condensed version of the 
phylogram by Regier et al. (2010). Broken lines represent branches of taxa, in which the 
serotonin pattern has not been studied. Blue, red and green neurons indicate antero-lateral, 
medial and postero-lateral cells, respectively. For the light blue cells  (continued on next page)  
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◄ a potential homology cannot unequivocally be proposed. Grey neurons are those cells, 
which cannot unequivocally be assigned to the ground patterns. Open circles show neurons, 
which are part of the thoracic, but not of the abdominal pattern. Numbers indicate references 
for the depicted ground patterns (1: modified after Harzsch, 2003; 2: modified after Harzsch, 
2004; 3: modified after Stemme et al., 2013; 4: modified after Stegner et al., 2014; 5: this 
study). 
 
 
 
 
Antero-lateral neurons: Serotonin IR neurons in an antero-lateral position have been 

identified throughout Tetraconata (e.g., Harzsch and Waloszek, 2000; Harzsch, 2003; Stemme 

et al., 2013; Stegner et al., 2014). They are thought to be absent in pterygotes (Fig. 20) 

(Harzsch, 2003), implying either a phylogenetic loss or a change in transmitter phenotype of 

these neurons. Nevertheless, several authors mentioned one pair of IR neurons in an anterior 

position in pterygote insects (e.g., Periplaneta americana, Gryllus bimaculatus). These 

neurons have been inconsistently detected and show only a very low staining intensity (e.g., 

Bishop and O’Shea, 1983; Hörner, 1999). Hence, detailed descriptions are not available. To 

resolve the issue whether antero-lateral neurons might be more common in insects than 

previously thought, we recommend a denser taxon sampling and re-examination of certain 

species. Antero-lateral neurons of Tetraconata show strong variability in number and 

projection pattern (Fig. 20), impeding the assignment of homologies. However it is striking 

that nearly every constructed pattern within Tetraconata contains one antero-lateral neuron 

with a contralateral projecting neurite. Thus, it is justified to homologize this neuron type, as 

already suggested by Stegner et al. (2014). The identification of serially homologous neurons 

in the entire ventral nerve cord proved to be impossible for Zygentoma because number, 

projection pattern, and cell body size varied significantly between thorax and abdomen (Fig. 

20).  

Medial neurons: Neurons in a medial position of the ganglia have been described in the 

patterns of Remipedia (Stemme et al., 2013), Cephalocarida (Stegner et al., 2014), Zygentoma 

and Archaeognatha (this study; Fig. 20). The crustacean representatives show three medially 

positioned pairs, and differ only in the projection of one neuron. Therefore, we suggest the 

medial neurons of Remipedia and Cephalocarida to be homologous. Zygentoma and 
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Archaeognatha possess one medial neuron with ipsilateral neurites. Thus, this neuron can be 

considered homologous to one of the ipsilaterally projecting medial neurons found in 

Remipedia and Cephalocarida. Three medial pairs are found in the prothoracic ganglion of the 

investigated primary wingless insects. Some authors mention neurons in a similar position 

within ganglia of the ventral nerve cord of several pterygote insects (Bishop and O’Shea, 

1983; Longley and Longley, 1986; Radwan et al., 1989; Hörner, 1999). Since these faintly 

labeled neurons were only detected in a few cases, they were not described in detail. 

However, this observation might point to a common distribution of medial neurons in 

Pterygota. Again, an absence of labeled medial neurons in the pterygote pattern would imply 

an evolutionary simplification or a switch in transmitter phenotype.  

Postero-lateral neurons: Each ganglion of the investigated species contains two or three 

pairs with contralateral projections in this position (Fig. 20). These neurons have been found 

in every tetraconate species investigated so far and are progeny of neuroblast 7-3 in the 

grasshopper and fruit fly (Taghert and Goodman, 1984; Novotny et al., 2002; Karcavich and 

Doe, 2005). Based on these findings, the patterns reconstructed for the main groups contain 

two pairs of postero-lateral neurons, which possess contralateral projections. Exceptions are 

the Branchiopoda (ipsi- and contralateral projections) and the Malacostraca (ipsilateral 

projections). Several authors already suggested homology of these postero-lateral neurons 

(Harzsch et al., 2005; Stemme et al., 2013; Stegner et al., 2014), which is congruent with our 

newly generated data. 

Considering that generally two neurons have been described, it is intriguing that we found a 

set of three pairs in each thoracic ganglion of Archaeognatha (Figs. 15, 16) and in some 

thoracic ganglia of Zygentoma (Figs. 2-5, 8-11, 13, 18). Three postero-lateral neurons were 

detected in all thoracic ganglia of the flour beetle Tenebrio molitor (Breidbach, 1987) and 

exclusively in the prothoracic ganglion of numerous pterygote insects (Taghert and Goodman, 

1984; Nässel and Cantera, 1985; Longley and Longley, 1986; Cantera and Nässel, 1987; 

Vallés and White, 1988; Radwan et al., 1989; Sivasubramanian, 1992; Boleli and Paulino-

Simões, 1999). More than two pairs of postero-lateral neurons have never been described for 

Crustacea. Based on this literature and our observations in Archaeognatha, we conclude that 

three postero-lateral serotonin IR pairs with contralateral projections are part of the insect 
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pattern in the thoracic ganglia. This pattern has probably been changed several times in the 

course of pterygote evolution. 

All other neurons: Additional neurons of the zygentoman pattern, such as antero-medial, 

postero-medial, and midline neurons, do not have counterparts in the described patterns of 

other tetraconates. This might have different reasons. First of all we used methods, which 

allow a more detailed description of neurons, and which have not been applied for the same 

purpose in other species so far. Second, these neurons might be autapomorphies of 

Zygentoma and not be abundant in other taxa. Finally, over the last three decades, the 

methods of investigating serotonin IR changed considerably (e.g., PAP vs. ABC method, 

conventional fluorescence vs. confocal laser-scanning microscopy, etc.). The largest absolute 

numbers of serotonin IR neurons per neuromere in Tetraconata have been found in the latest 

investigations on this topic (Stemme et al., 2013; Stegner et al., 2014; this study). 

Additionally, most investigations of serotonin IR neurons mentioned cells, which have been 

detected inconsistently or which showed only faint labeling and thus have not been regarded 

further in the descriptions (e.g., Bishop and O’Shea, 1983; Longley and Longley, 1986; 

Radwan et al., 1989; Hörner, 1999). However, some of these neurons are found in positions 

similar to those described here for primary wingless insects. Thus, the maps of serotonin IR 

might be more complex in Tetraconata and a more detailed investigation with the methods 

presented here could potentially reveal more homologies between these additional cells. 

Considerations on tetraconate phylogeny 

There are currently two hypotheses about the ground pattern of serotonin IR neurons of 

Tetraconata in the literature. The first hypothesis postulates two pairs of neurons with 

contralateral projections positioned in antero- and postero-lateral regions of the hemiganglion 

(Harzsch, 2004). In this view, the tetraconate pattern would exactly resemble the branchiopod 

pattern (Fig. 20). The second hypothesis suggests a more complex pattern, comprising a set of 

medial neurons besides antero- and postero-lateral neurons (Stegner et al., 2014) (Fig. 20). As 

the neurite morphology of serotonin IR neurons in the myriapod outgroup could not be well 

resolved (Harzsch, 2004), it is currently rather difficult to decide what is more likely. Thus, 

we will discuss our data within the framework of both hypothetical scenarios.  
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Harzsch (2003) hypothesized for Hexapoda a ground pattern of two pairs of serotonin IR 

neurons in an antero-lateral and postero-lateral position with ipsi- and contralateral 

projections. In pterygote insects this pattern was thought to be reduced to two postero-lateral 

pairs projecting contralaterally, sometimes accompanied by segment-specific third serotonin 

IR neuron. These two or three serotonin IR interneurons are progeny of the neuroblast 7-3 in 

the grasshopper and fruit fly (Taghert and Goodman, 1984; Novotny et al., 2002; Karcavich 

and Doe, 2005). Based on our results for basal insects, we modified this pattern (Fig. 20): 

Besides two postero-lateral pairs in every ganglion and a third postero-lateral pair in the 

thoracic ganglia, a medial neuron is part of the hexapod pattern. Due to the high variability of 

antero-lateral neurons it remains challenging to draw any firm phylogenetic conclusions (Fig. 

20). This applies not only for the reconstruction of the hexapod pattern, but also for the 

general reconstruction of evolutionary trends in Tetraconata. Postero-lateral neurons were 

found throughout the investigated Tetraconata and were strongly conserved in number and 

projection pattern (Fig. 20). Regarding medially positioned neurons, only the cephalocaridan, 

remipedian, archaeognathan, and zygentoman pattern contains these cells (Fig. 20). 

Comparisons to the numerous hypotheses on tetraconate phylogeny reveal that these taxa are 

closely related in the phylogram based on molecular sequencing, together forming the clade 

Miracrustacea (Regier et al., 2010) (Fig. 20). Due to our results, the pattern of the latter would 

consist of two postero-lateral pairs with contralateral projections, three medial pairs, and at 

least one antero-lateral pair with a contralateral projection (Fig. 20). In the tetraconate ground 

pattern of Stegner et al. (2014), at least one medial serotonin IR neuron is present (Fig. 20). 

Following this hypothesis, the serotonin IR neurons would have been lost in the evolution of 

the clade Malacostraca+Branchiopoda. However, Harzsch et al. (2005) suggested a different 

scenario, using a tetraconate pattern without any medial neurons (Fig. 20). Thus, the medial 

neurons would have been evolved in the lineage of the Miracrustacea. In both cases only one 

evolutionary step would be needed to match the phylogram by Regier et al. (2010), providing 

the most parsimonious explanation. The presence of three medial serotonin IR neurons would 

be the first morphological character supporting the Miracrustacea concept. 

Immunocytochemistry has allowed to infer evolutionary changes in the occurrence of defined 

sets of neurons expressing a common neurotransmitter phenotype. Irrespective of the 
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phylogenetic interpretation, our comparative approach has generated firm data about the 

chemical architecture of the ventral nerve cord in two basal insect taxa. 
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DISCUSSION 
 

Within this thesis I investigated several parts of the nervous system in different crustaceans 

and insects, with special emphasis on the phylogenetic relationships of Tetraconata. This 

thesis provides substantial anatomical details of the nervous system of the crustacean 

representatives Remipedia and Isopoda, as well as of the basal insect taxa Zygentoma and 

Archaeognatha.  

The key findings of this thesis are: 

• In contrast to their ancestral external morphology, Remipedia possess a well 

elaborated brain, supporting a more derived position in the tetraconate phylogeny. 

• First evidence of connecting tracts between the protocerebral bridge and central body 

in the brain of Remipedia, similar to those seen in insects and malacostracan 

crustaceans (termed W-, X-, Y-, Z-tracts). 

• Immunolabeling of the catalytic subunit of the cAMP-dependent protein kinase A 

(DC0) in the remipede hemiellipsoid body strengthens the hypothesis that crustacean 

hemiellipsoid bodies and insect mushroom bodies are homologous structures. 

• The formerly hemiellipsoid body of Remipedia is subdivided in three compartments, 

one of which has to be assigned to the medulla terminalis. 

• The occurrence of a GAD immunoreactive negative feedback loop in the lateral 

protocerebrum of Remipedia supports a close relationship of Remipedia and Insecta. 

• Both neuropils of the lateral protocerebrum (hemiellipsoid body and medulla 

terminalis) in Remipedia and Isopoda were innervated by olfactory projection neurons 

associated to the olfactory neuropil. 

• First evidence of olfactory globular tracts with chiasm in marine Isopoda. 

• Occurrence of different classes of serotonin containing neurons in basal insects: 

serotonin synthesizing neurons and those having exclusively the capability of 

serotonin uptake. 

• Basal insects possess several additional individually identifiable serotonin 

immunoreactive neurons in the ventral nerve cord in contrast to data for Pterygota, 
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leading to an insect ground pattern comprising antero-lateral, medial, and postero-

lateral neurons. 

The following discussion will focus on the phylogenetic relevance of these neuroanatomical 

findings and open questions regarding tetraconate relationships. 

The olfactory pathway in Tetraconata 

The structural descriptions presented in this thesis refine our knowledge concerning remipede 

and malacostracan brain anatomy considerably, showing that certain aspects of the crustacean 

neuroarchitecture are far more complex than previously suggested. Our data on the structure 

of the general brain anatomy in Remipedia and of the olfactory pathway in particular, shows 

strong correspondences to the brains of Malacostraca and in a wider sense to Hexapoda (see 

also Fanenbruck et al., 2004; Fanenbruck and Harzsch, 2005). The olfactory globular tracts 

exhibiting a characteristic chiasm in the center of the brain are interpreted as a synapomorphy 

of Remipedia and Malacostraca, and the presence of W-, X-, Y-, Z-tracts as a feature uniting 

Remipedia, Malacostraca, and Hexapoda. Other structural features of the olfactory pathway, 

e.g., an olfactory neuropil containing olfactory glomeruli, including similar innervation 

patterns with serotonergic neurons, have to be interpreted as plesiomorphic within 

Tetraconata or dating even back to the mandibulate ground pattern (Stegner and Richter, 

2011; Stegner et al., 2014b). This is supported by a neuroanatomical study of the brain of the 

copepod Tigriopus californicus (Andrew et al., 2012), revealing a complex and elaborated 

brain, similar to those of Malacostraca and Remipedia. The authors drew the conclusion of a 

complex ancestral ground pattern of tetraconate cerebral nervous systems (Andrew et al., 

2012).  

The presence of a negative feedback loop in the lateral protocerebrum in Remipedia and 

Hexapoda might be a promising feature uniting these two taxa. However, the investigation of 

GABA immunoreactivity or of the GABA synthesizing enzyme glutamic acid decarboxylase 

(GAD) in the lateral protocerebrum has so far only been applied to insects (e.g., Bicker et al., 

1985; Homberg et al., 1987; Leitch and Laurent, 1996; Homberg, 2002; Farris, 2005; 

Papadopoulou et al., 2011) and in Crustacea exclusively to Remipedia (publication 3). Thus, 
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this putative synapomorphy of Remipedia and Hexapoda needs to be verified by the 

investigation of other arthropod taxa. 

Concerning immunoreactivity of the catalytic subunit of the cAMP-dependent protein kinase 

(DC0) in the lateral protocerebrum, taxon sampling is more elaborated. Here, not only 

numerous insects (e.g., Skoulakis et al., 1993; Eisenhardt et al., 2001; Farris et al., 2004; 

Sjöholm et al., 2006; Strausfeld et al., 2009; Böhm et al., 2012; Eickhoff and Bicker, 2012), a 

malacostracan representative (Wolff et al., 2012), and Remipedia (publication 3) have been 

investigated. Also a variety of invertebrates, including arthropod representatives of 

Chelicerata and Myriapoda, showed immunolabeling of the catalytic subunit of the cAMP-

dependent protein kinase (DC0) in their second order olfactory neuropils (Wolff and 

Strausfeld, 2015, 2016). Based on expression analyses of homologous genes for transcription 

factors and enzymes, it has been suggested that mushroom bodies and the vertebrate pallium 

(Tomer et al., 2010) or hippocampus (Wolff and Strausfeld, 2015, 2016) share a common 

evolutionary origin and that mushroom bodies must have evolved early in the history of 

bilaterian evolution (Tomer et al., 2010; Wolff and Strausfeld, 2015, 2016). 

In summary, due to the plesiomorphic nature of most characters, the phylogenetic support is 

weak and more substantial synapomorphies need to be discovered. However, a close 

relationship of Malacostraca, Remipedia, and Hexapoda would be the most parsimonious 

explanation regarding brain anatomy and the structure of the olfactory pathway. Several other 

phylogenetic studies proposed a close relationship of Remipedia to either Malacostraca or 

Hexapoda (Moura and Christoffersen, 1996; Koenemann et al., 2007, 2009; Ertas et al., 2009; 

Oakley et al., 2012; von Reumont et al., 2012; Stemme et al., 2013; Christie, 2014; Misof et 

al., 2014). Some of these studies have to be interpreted with caution, as certain taxa have not 

been included. 

Serotonin containing neurons in the ventral nerve cord of Arthropoda 

Serotonin immunoreactive neurons have been studied in an impressive number of arthropod 

species. Within the framework of this thesis, the list could be supplemented by data for the 

primary wingless insects Zygentoma and Archaeognatha. As several accounts mentioned 

variations and inconsistencies in staining intensity even within the same species (e.g., Bishop 
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and O’Shea, 1983; Longley and Longley, 1986; Radwan et al., 1989; Hörner, 1999; Stemme 

et al., 2013), I extended the classic method of immunolabeling of serotonin by manipulation 

using serotonergic drugs, leading to a more detailed picture of the transmitter system. 

Serotonin is involved in numerous physiological processes in Arthropoda, acting as 

neuromodulator and neurohormone (Kravitz, 1988; Bicker and Menzel, 1989). An influence 

on aggression behavior, locomotion behavior and learning, amongst others has been attributed 

to this substance (Kravitz, 1988; Bicker and Menzel, 1989). Levels of serotonin can fluctuate 

due to seasonal (e.g., Catarsi et al., 1990) and circadian rhythms (e.g., Wildt et al., 2004), and 

thus might be reduced below detection limit of immunolabeling. Nevertheless, for the purpose 

of phylogenetic considerations it is crucial to identify the complete set of serotonin containing 

neurons and their major branching pattern. The presented methods are a promising approach 

to overcome the detection problems and give the opportunity to draw more reliable inferences 

concerning evolutionary scenarios by the distinction between neuronal serotonin uptake and 

enzymatic synthesis. At least the ground pattern of Pterygota should be re-investigated with 

the approach presented here, in order to reconstruct a more detailed pterygote pattern of 

serotonin containing neurons. 

Another important issue, which needs to be resolved in the future, is the situation in the 

outgroup taxa of Tetraconata. Although several chelicerate and myriapod species have been 

investigated, the projection patterns of these neurons could not be resolved in detail and the 

erected ground patterns have to be assessed as preliminary. As a consequence, two 

contradicting hypotheses are postulated regarding the ground pattern of Tetraconata (see 

Stegner et al., 2014a and publication 7 in this thesis). However, verification of these 

hypotheses is substantial for inferences of the evolution of the serotonin transmitter system 

within Tetraconata and a re-evaluation of outgroup taxa is inevitable. A recent study by 

Brenneis and Scholtz (2015) revealed that individually identifiable neurons are found in the 

ventral ganglia of Pycnogonida and suggested them to be part of the ancestral nervous system 

in arthropods. Medial neurons corresponding to those in Tetraconata are not evident in 

Pycnogonida. Based on these data, medial neurons would have evolved de nouveau in the 

lineage of Cephalocarida, Remipedia, and Hexapoda. This feature would be the first 

synapomorphy of the Miracrustacea, a scenario proposed by Regier et al. (2010; Fig. 1), 

uniting Remipedia, Cephalocarida and Hexapoda.  
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The developmental origins of the serotonin immunoreactive neurons have only been 

unraveled in some pterygote insects (Taghert and Goodman, 1984; Lundell et al., 1996; 

Novotny et al., 2002; Karcavich and Doe, 2005). Cell lineage studies of basal insects, 

crustaceans and other arthropod taxa are still lacking and a putative homology of individually 

identifiable neurons rely purely on cell body position, neurite morphology, and transmitter 

phenotype (Kutsch and Breidbach, 1994). Although several developmental studies suggested 

cellular homologies between arthropod taxa (Thomas et al., 1984; Duman-Scheel and Patel, 

1999; Ungerer and Scholtz, 2008) contradictory opinions have been postulated due to 

considerable divergence in morphological mechanisms in neurogenesis among Arthropoda. 

For example, insect neuroblasts delaminate from the ventral neuroectoderm, crustacean 

neuroblast remain in the ventral-most cell layer (reviewed in Stollewerk 2008, 2016). In 

conclusion, a direct assignment of homologues between identifiable members of crustacean 

and insect neural stem cell arrays has so far proven to be elusive and inferences of homology 

have to be assessed as preliminary. 

In summary, the comparison of individually identifiable neurons suggests a close relationship 

of Remipedia, Cephalocarida, and Hexapoda (Fig. 1). Besides a molecular study by Regier et 

al. (2010), similar conclusions have been drawn from ovary structure and oogenesis 

(Kubrakiewicz et al., 2012). 

Concluding remarks 

This thesis describes the brain anatomy and in particular the structure of the olfactory 

pathway of certain crustacean species, as well as the distribution and projection pattern of 

serotonin containing neurons in basal insects for inferring phylogenetic relationships within 

Tetraconata. Many features of the olfactory pathway have to be interpreted as plesiomorphic. 

A clade uniting Malacostraca, Remipedia, and Hexapoda receives certain support. 

Interestingly, the comparison of individually identifiable neurons in the ventral nerve cord 

supports a clade termed Miracrustacea, composed of Cephalocarida, Remipedia, and 

Hexapoda. The latter hypothesis supports a scenario proposed by Regier et al. (2010).  

Although both aspects regarded in this thesis lead to different phylogenetic conclusions – on 

the one hand a close relationship of Remipedia to Malacostraca and on the other hand to 
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Cephalocarida – a conspicuous result is the always proposed close affinity to the Hexapoda. 

The neuroanatomical data of this thesis provide novel characters for evolutionary analyses 

and support a growing corpus of literature suggesting Remipedia as a derived taxon within the 

Tetraconata with close affinities to Hexapoda. 

In order to strengthen the phylogenetic inferences drawn from the findings presented in this 

thesis, certain aspects have to be checked in other taxa. This includes the presence of negative 

feedback loops in the lateral protocerebrum as well as the occurrence of medial serotonin 

immunoreactive neurons in the ventral ganglia. This applies especially to the outgroup taxa of 

Tetraconata, namely the Myriapoda and Chelicerata. While our knowledge on the different 

tetraconate taxa is successively improving, data on these lineages has remained sparse. 
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