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ABSTRACT

Despite the fact that there are several descriptions of the nervous system of Tardigrada there is still dispute about how to interpret
the organisation of these structures. Is the structure of the brain homologous to segmental equivalents of the arthropod brain or not?
The latest studies concerning these questions concentrate on specimens from the taxon Eutardigrada, but a representative of Hetero-
tardigrada has been missing. Therefore, in this immunohistochemical study the organisation of the nervous system of Echiniscus testudo
is investigated and can be described as follows. In the brain of E. testudo several distinct regions can be recognised. These are the an-
terior, dorsal, dorsoventral, inner and posterior clusters. Furthermore a ventral cluster can be detected that is connected to the dorsoven-
tral clusters. The brain is followed by four ventral ganglia that are positioned slightly anterior to their corresponding pair of legs. The
brain and the first ventral ganglion are connected via connectives showing tyrosinated o-tubulin and RFamide immunoreactivity. A
connection between the first ventral ganglion and the ventral cluster could not be detected, at least not with our antibody set. In longi-
tudinal direction the ventral ganglia are chained by connectives, and transversal interconnections via commissures are present. In ad-
dition to the commissures connecting the hemiganglia, three commissures could be detected lying anterior to the second, the third and
the fourth ventral ganglion. In some specimens between the second and the third ganglion, bilaterally arranged neurites could be
detected that run in a loop to the dorsal part of the specimens. The hereindescribed organisation is compared with previously published
data on the nervous system of Tardigrada, and we conclude that the lobate organisation of the brain of E. testudo comprises an arrange-
ment due to functional needs rather than to reflect an organisation into arthropod-like proto-, deuto- and trito-cerebrum.
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INTRODUCTION

The taxon Tardigrada consists of approximately 1,200
described species from marine, freshwater and ferrestrial
habitats (Guidetti and Bertolani, 2005; Degma and
Guidetti, 2007; Degma et al., 2012). Tardigrada are often
described as enigmatic and one of the minor neglected
phyla, which is partly due to their microscopic size, as
well as to their lack of economic importance to humans
(Nelson, 1991). Probably, in part this is the reason why
the debate about the phylogenetic position of Tardigrada
is still going on. Neither the phylogeny within Tardigrada
nor the relationships to other taxa are totally resolved. The
taxon is classified into the two probably monophyletic
groups Heterotardigrada and Eutardigrada (Nichols et al.,
2006; Jorgensen ef al., 2010). A third taxon, the Meso-
tardigrada, has been described by Rahm in 1937 (Rahm,
1937a, 1937b), but since then has never been found again
(Ramazzotti and Maucci, 1983; Kinchin, 1994). The Het-
erotardigrada and the Eutardigrada are divided into two
taxa each, the Arthrotardigrada and the Echiniscoidea, and
the Apochela and the Parachela, respectively. This tradi-
tional classification is based on morphological data (Mar-
cus, 1929; Schuster et al., 1980; Ramazzotti and Maucci,
1983), but the validity of these taxa is still under discus-
sion (Jergensen and Kristensen, 2004; Sands ef al., 2008;
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Guidetti et al., 2009; Jorgensen et al., 2010, 2011; Guil
and Giribet, 2012). The Tardigrada possess morphological
features that show similarities to both Panarthropoda (in-
cluding Arthropoda and Onychophora) and Nematoda
(Crowe et al., 1970; Dewel and Clark, 1973a, 1973b,
1973¢; Schmidt-Rhaesa et al., 1998; Giribet, 2003). Like-
wise, molecular data concerning the grouping of
Tardigrada are inconsistent. They are either grouped
within Panarthropoda or are related to Nematoda depend-
ing on the analyses used (Dunn ef al., 2008; Rota-Stabelli
et al.,2011). It seems that the grouping of Tardigrada to-
gether with Nematoda is due to model depending errors,
and the position of Tardigrada within Panarthropoda is
more likely (Campbell ef al., 2011; Rota-Stabelli et al.,
2011; Giribet and Edgecombe, 2012). To give an input to
these still ongoing debates it might help to have a further
look at the organisation of the nervous system. So far
there have been several studies on the nervous system of
Tardigrada, starting with light microscopical investiga-
tions in the middle of the nineteenth and beginning of the
twentieth century (Doyére, 1840; Greeff, 1865; Plate,
1889; Basse, 1905; Marcus, 1929), followed by electron
microscopical examinations (Greven and Kuhlmann,
1972; Walz, 1978, 1979; Kristensen, 1981; Dewel and
Dewel, 1996; Wiederhoft and Greven, 1996, 1999; Dewel
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etal., 1999) and in recent years by immunohistochemical
studies (Zantke ef al., 2008; Persson et al., 2012). Never-
theless, there are still different hypotheses on how to in-
terpret the structure of the nervous system of Tardigrada.
Within Tardigrada, information is more prevalent on Eu-
tardigrada. This and the fact that there is still an ongoing
debate about the organisation of the nervous system of
Tardigrada led to the immunohistochemical study of
Echiniscus testudo (Doyére, 1840), a member of Hetero-
tardigrada.

METHODS

Specimens of E. festudo were extracted from moss
collected in Hamburg, Germany (N53°27°21.373”,
E10°8°30.192*), between October 2009 and October
2010. Moss was kept in a freezer at -20°C and for extrac-
tion was soaked in tap water. The sample was sieved
through a large-size mesh screen to keep large moss frag-
ments from the remnant that was collected in a measuring
cylinder. After 20 min the supernatant was discarded and
the remaining material was sorted for tardigrades.

Prior to fixation all specimens were relaxed with car-
bonated water. Some specimens were treated with 30 s ul-
trasonication and after fixation were additionally treated
with liquid nitrogen. Specimens were fixed with 4%
paraformaldehyd in 0.1 M phosphate-buffered saline
[(PBS) pH 7.3] overnight on ice. Fixation was stopped by
several washing steps with 0.1 M PBS. All specimens
were either cut with a sapphire scalpel or punctured with
aneedle (¢ 0.22 mm). Afterwards, samples were put into
a pre-incubation buffer [(PIB) 0.5% bovine serum albu-
min, 6% normal goat serum, 2% Triton X-100, 1% di-
methylsulfoxide (DMSO) and 0.05% sodium azide
(NaN;) in 0.1 M PBS] overnight at 37°C. Primary anti-
bodies were diluted in antibody buffer [(ABB) 0.1 M PBS
containing 2% Triton X-100, 1% DMSO and 0.05%
NaN,] or PIB. The following primary antibodies were
used (dilution, host and supplier are provided in brackets):
anti-FMRFamide [1:800, rabbit, ImmunoStar (Hudson,
WI, USA)], and anti-tyrosinated a-tubulin [1:400, mouse,
Sigma Aldrich (St. Louis, MO, USA)]. The treatment with
primary antibodies lasted three to four nights at 37°C and
was followed by washing with 0.1 M PBS for several
times. Secondary antibodies were diluted in ABB or PIB
overnight at 37°C. The following secondary antibodies
were used, dilution, reacting against, host and supplier in
brackets: Cy™5-conjugated [1:100, anti-rabbit, goat,
Jackson (West Grove, PA, USA)], DyLight™ 488-conju-
gated (1:100, anti-mouse, goat, Jackson). Additionally,
staining of the nuclei was conducted with 4°, 6-diamidino-
2-phenylindol [(DAPI), Sigma]. In addition, 1 uL. DAPI
(1 mg mL"! distilled water) per 100 pL solution was either
added to the secondary antibody solution overnight at
37°C, to the first washing step with 0.1 M PBS, or to aqua

bidest. for the latter for 1 h at room temperature. After-
wards, samples were rinsed several times with 0.1 M PBS
and embedded in Citifluor on microscopical slides. For
the samples that were treated with DAPI in aqua bidest.
two washing steps with aqua bidest. preceded the washing
with 0.1 M PBS. Stainings were prepared as triple-la-
belling with anti-FMRFamide, anti-tyrosinated a-tubulin
and DAPI.

Due to difficulties in the staining of the nervous sys-
tem of Tardigrada that often can be reflected in only par-
tially stained structures several replicates are needed.
Triple-labelling was applied to all samples, but in some
cases only one or two stainings were successful. In the
following the numbers of (partial) stained individuals that
could be used for each antibody are listed: anti-FMR-
Famide: 32; anti-tyrosinated a-tubulin: 31. For the DAPI
stainings 31 individuals could be used.

For the negative controls primary antibodies were
omitted during the staining procedure and except of auto-
fluorescence of cuticular structures no other fluorescence
could be detected.

Samples were investigated with a confocal laser scan-
ning microscope Leica TCS-SPE and recorded with Leica
software (LAS AF; Leica, Wetzlar, Germany). Imagel
software (ImageJ 1.46d, National Institutes of Health,
Bethesda, MD, USA) was used for imaging and post-pro-
cessing the data. Volume render were created using voltex
function (colourmap: volrenGlow.am) of Amira software
(Amira 5.4.1, Visage Imaging Inc., San Diego, CA, USA).

For the structures of the nervous system we try to fol-
low the nomenclature of the neuroanatomical glossary of
Richter et al. (2010).

RESULTS

Although it is sometimes hard to recognise areas
which show a well defined structure in the meshwork of
immunoreactive neurites and somata or a clear arrange-
ment of nuclei we herein describe several clusters. Such
clusters are structures that can be distinguished from sur-
rounding structures either by recognition of immunoreac-
tivity (IR) of neurites and/or somata against the used
antibodies (anti-FMRFamide and/or tyrosinated o-tubu-
lin) and/or by nuclei arrangement.

General structure of the brain and associated clusters

The brain is formed of several distinct regions. These
regions are characterised by specific clusters of neuronal
somata and specific sets of neurites. Dorsal of the pharynx
the largest definable cluster, the dorsal cluster (dcl), is of a
compact structure and stretches over the midline of the
body axis (Fig. 1a). It encloses a number of transversal and
longitudinal neurites (Figs. 2 and 5). Additional to the dor-
sal cluster there are bilaterally arranged clusters of neuronal
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somata and associated neurites. One pair of clusters is lo-
cated anterior of the dorsal cluster and therefore the two
clusters are called the anterior clusters (acl) (Figs. 1a, 2c,
and 2d). Another pair of clusters is positioned in line with
the posterior layer of neuronal somata of the dorsal cluster
and these two clusters are called the posterior clusters
(pcl) (Figs. la, 2a, and 2b). A third pair of clusters lies
posterior of the dorsal cluster. These clusters are called
inner clusters (icl) (Figs. 1a and 2a). Ventral of the phar-
ynx a cluster (vcl) of neuronal somata can be recognised
(Fig. 1b and 1c). Like the cluster of neuronal somata of

the dorsal cluster it encloses transversal neurites. Further-
more, a pair of dorsoventral clusters (dvcl) including neu-
rites can be recognised (Fig. 3a and 3b). These clusters are
also distinguishable by the arrangement of nuclei (Fig. 1b).
They are connected to the dorsal part of the brain and the
ventral cluster on a broad base (Figs. 1b and 3b).

Dorsal and ventral commissures

The brain exhibits a great number of transversal and
longitudinal neurites. In this confusing meshwork it is very
hard to recognise single neurites. But there are at least six

nuclei

nuclei

Fig. 1. Echiniscus testudo, staining of the nuclei, maximum projection, anterior and posterior direction are indicated with the help of
an axis. a) Dorsal view, dorsal part of the brain with anterior, dorsal, inner and posterior clusters marked by dotted circles. The gap in
the dorsal cluster that reaches to the lateral side of the specimen is due to the cuticular plates that inhibit the signal at this position; b)
frontoventral view, dorsal part of the brain indicated by the white dotted line, dorsoventral and ventral clusters are encircled by black
dotted lines. Also the first ventral ganglion is visible; c) ventral view, ventral cluster and the four ventral ganglia are recognisable. a=an-
terior; acl=anterior cluster; dcl=dorsal cluster; dvcl=dorsoventral cluster; g=ventral ganglion; icl=inner cluster; p=posterior; pcl=posterior

cluster; vcl=ventral cluster. Scale bars=10 um.
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very distinct transversal neurites (neurite bundles) that can Dorsal longitudinal neurites
be distinguished dorsal of the pharynx. They are here called
dorsal commissures 1 to 6 (dcm;-dcmg) (Fig. 2). They are
numbered from dorsal to ventral. Dorsal commissures 2
and 3 appear at one level and are numbered from anterior
to posterior. Dorsal commissures 1 to 3 connect the poste-
rior clusters (Fig. 2a and 2b) and dorsal commissure 5 con-
nects the anterior clusters (Fig. 2c and 2d). Ventral of the
pharynx three distinct commissures can be identified. They
are called ventral commissures 1 to 3 (vem,-vem;) and are
numbered from ventral to dorsal (Fig. 4). Ventral commis-
sure 1 lies in the ventral cluster and runs into the dorsoven-
tral cluster, unfortunately the signal is never intense enough
to follow it until its termination.

On the dorsal side of the brain there are also some very
distinctive longitudinal neurites. One is located at the mid-
line of the body and therefore is not arranged bilaterally
(dn,,) (Fig. 5). It ends at about two third of the length of
the cephalic plate. There are also four very prominent bi-
laterally arranged neurite bundles. They run to the anterior
and end where the internal cirri, the cephalic papillae and
the external cirri are positioned. The proximal and the dis-
tal bundle seem to terminate at the internal (dn,,) and the
external cirri (dn), respectively (Fig. 5). The termination
of the two middle ones (dn,,,) cannot be followed because
they merge into the anterior clusters of neurites (Fig. 5).
These clusters are positioned where the cephalic papillae
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Fig. 2. Echiniscus testudo, tyrosinated o-tubulin immunoreactivity, same specimen, single sections from one scan running from dorsal
to ventral, anterior is up. The position of the single sections in the scan is marked by a white line on a dorsoventral axis. a) Dorsal, inner
and posterior clusters are indicated by white circles. The first dorsal commissure is marked by an arrow; b) more ventrally dorsal com-
missures 2 and 3 are visible (marked by arrows). The posterior cluster (white circle) is still visible; ¢) anterior clusters (white circle)
with the connecting fifth dorsal commissure and dorsal commissure 4, which is situated posterior of the fifth commissure, are visible
(dorsal commissures 4 and 5 are indicated by arrows); d) more ventrally dorsal commissure 6 is appearing. It is situated posterior of
dorsal commissure 5 (dorsal commissures 5 and 6 are indicated by arrows). The anterior cluster (white circle) is still visible. acl=anterior
cluster; d=dorsal; dcl=dorsal cluster; dem=dorsal commissure; icl=inner cluster; pcl=posterior cluster; v=ventral. Scale bars=20 pm.
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are situated. All these neurites originate from the dorsal
cluster and can be assigned to the anterior clusters. The
posterior clusters are connected with the dorsal cluster by
another bilaterally arranged neurite bundle (dn,,) (Fig. 5)
and are positioned at the margins of the cephalic and the
scapular plate where the cirri A and the clavae are located.
It cannot be decided whether the cells of the posterior
clusters innervate both, the cirri A and the clavae, or just
one of these cephalic structures.

The ventral ganglia

The four ganglia (gl-gIV) are positioned ventrally
(Figs. 1c and 6). Each ganglion is associated with one pair
of legs. The ganglia are situated anterior to the associated
legs (Figs. 1c and 6). The hemiganglia are connected via
neurites, the ganglia commissures (Fig. 6). There are three
further commissures that are not associated with the ven-
tral ganglia. They are recognisable anterior to ventral gan-
glia Il to IV each. They are here called commissures 1 to

RFamide IR
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3 (cm,-cm;). Hemiganglia in one row are also connected
via neurite bundles, the ventral ganglia connectives (cn)
(Fig. 6). Some specimens exhibit loops that show
RFamide (Fig. 6d) and tyrosinated o—tubulin (data not
shown) IR. These loops are bilaterally arranged and orig-
inate from the connectives. They are only detectable be-
tween ventral ganglia Il and Il and between III and IV.
They are located anterior to commissures 2 and 3. Each
hemiganglion exhibits at least three neurites (n,-n;) that
reach to the lateral (Fig. 6). In every hemiganglion one of
these neurites is connected to a soma that can be recog-
nised by RFamide IR in the corresponding leg. These so-
mata are numbered according to their corresponding leg
ganglia (Igg,-1gg,) (Fig. 6b and 6d). The hemiganglia of
the first and the fourth ganglion appear to be positioned
nearer to each other than the hemiganglia of the second
and the third ganglion. This can vividly be seen when
looking at the arrangement of the nuclei (Fig. 1c) and the
length of the commissures (Fig. 6). The first ganglion is

RFamide IR

Fig. 3. Echiniscus testudo, RFamide immunoreactivity, Amira volume render, dorsal-ventral and anterior-posterior directions are indi-
cated with the help of axes. a) Frontal view, posterior and dorsoventral clusters are indicated by white circles; b) lateral view, posterior
and dorsoventral clusters (white circles) and the first two ventral ganglia are visible. a=anterior; d=dorsal; dvcl=dorsoventral cluster;
g=ventral ganglion; p=posterior; pcl=posterior cluster; v=ventral. Scale bars=10 um.
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Fig. 4. Echiniscus testudo, tyrosinated o-tubulin immunoreactivity, same specimen, single sections from one scan running from ventral to
dorsal, anterior is up. The position of the single sections in the scan is marked by a white line on a dorsoventral axis. a) First ventral com-
missure; b) second ventral commissure; ¢) third ventral commissure. d=dorsal; v=ventral; vem=ventral commissure. Scale bars=10 pm.
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positioned very close to the ventral cluster of the brain
(Figs. 1b, 1c and 6b). It is connected to the brain via two
pairs of connectives (Fig. 6a). The inner of the two con-
nectives (cn,) runs into the dorsoventral cluster. The outer
connective (cn,) runs outside the dorsoventral cluster but
its termination cannot be located. The first ventral com-
missure (vem,) runs into the dorsoventral cluster. From
each fourth ventral hemiganglion one soma showing
RFamide IR extends to the posterior. Each of these two
posterior somata is positioned in line with its correspon-
ding hemiganglion (Fig. 6d).

DISCUSSION

Authors working on the tardigrade brain correspond
in describing its composition as lobate. The main diffe-
rences arise from the interpretation of such a lobate brain
in comparison with the tripartite arthropod brain. Are the
lobes in the tardigrade brain homologous to segmental
equivalents of the arthropod brain?

The first summary of the nervous system of
Tardigrada is from Marcus (1929). He described central
parts of the nervous system of Tardigrada to be composed
of the brain (supraoesophageal ganglion; terminology
after Marcus, 1929), a circumoesophageal ring, a sub-
oeosphageal ganglion and four paired ventral ganglia. He
also described the lobate appearance of the brain. Both
Eutardigrada and Heterotardigrada have two pairs of
lobes, two outer and two inner lobes. For the Hetero-
tardigrada, even within Echiniscoidea, he reported diffe-
rent lobate appearances of the lobes, whereas
Eutardigrada are united by the possession of a pair of long
outer lobes and a median lobe flanked by a pair of inner
lobes. Despite their variability, the uniting character of
Heterotardigrada is a pair of short and wide outer lobes
(Marcus, 1929).

Kristensen (1982) described the brain of the marine
eutardigrade Halobiotus crispae Kristensen, 1982 to con-
sist of three parts that might be homologous to the proto-
cerebrum, deutocerebrum and tritocerebrum of
arthropods. In the description of the brains of several
arthrotardigrades the terms protocerebrum, deutocere-
brum and tritocerebrum are used for the trilobed brains
(Kristensen and Higgins, 1984a, 1984b).

Wiederhoft and Greven (1996) again stay with the
neutral term /obes to describe the structure of the brain of
the eutardigrade Milnesium tardigradum Doyére, 1840.
They distinguished paired lateral outer lobes holding the
eyes and a pair of inner lobes.

Independent of former descriptions and interpreta-
tions, in E. testudo we could identify dorsal, ventral and
dorsoventral clusters that are comprised of layers of so-
mata and neurites that could be detected by antibodies
against tyrosinated a-tubulin and against FMRFamide. In
comparison with the lobate interpretation of the brain the

anterior and posterior cluster of E. testudo together would
comprise the outer lobe, the inner cluster would comprise
the inner lobe and the dorsoventral cluster would repre-
sent the third lobe. The dorsoventral clusters look very
massive (Figs. 1b and 3b) and seem to be connected to
the dorsal part of the brain and the ventral cluster on a
broad base. This could either be interpreted as ring-like
and would match the description of Marcus (1929) and
Zantke et al. (2008). In contrast, it could be interpreted as
a third lobe and therefore would match the description for
example of Kristensen (1982), Kristensen and Higgins
(1984a, 1984b) and Persson et al. (2012). In their view,
the lobes in the tardigrade brain can be interpreted to re-
flect an organisation into proto-, deuto- and tritocerebrum.
We think, however, that our results are not supportive in
this respect. The dorsal cluster is a large compartment
without any indication of segmentation. Metameric pat-
terns are, when present at all, reflected by the lobes, but
these can also be explained functionally as extensions of
the dorsal cluster towards the sensory structures. The dor-
sal neurites running to the internal and external cirri and
to the cephalic papillae are gathered in the anterior clus-
ters and the neurites innervating cirri A and the clavae are
gathered in the posterior clusters. As we interpret our an-
terior and posterior cluster to be united in the outer lobe
there would be just one lobe supplying all cephalic struc-
tures. Even if we assume the anterior and the posterior
cluster not to be united in the outer lobe, then still the ex-
ternal cirri, the cephalic papillae and the internal cirri
would be innervated by one lobe and not by two (Kris-
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Fig. 5. Echiniscus testudo, tyrosinated a-tubulin immunoreactiv-
ity Amira volume render, dorsal view, anterior is up. Anterior and
posterior clusters are encircled. Dorsal commissure 5, as well as
several dorsal neurites are distinguishable. The distinctive struc-
ture indicated by an arrowhead is part of the cuticle. acl=anterior
cluster; dem=dorsal commissure; dn=dorsal neurite (.,=cephalic
papilla; . =external cirrus; ;=internal cirrus; ,=median; ,,=poste-
rior cluster); pcl=posterior cluster. Scale bar=20 pm.
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RFamide IR

Fig. 6. Echiniscus testudo, ventral view, anterior is up. Unspecific dots are due to cuticular structures. a-c) Same specimen. a, ¢) Ty-
rosinated o-tubulin immunoreactivity. b, d) RFamide immunoreactivity, maximum projection.a) Maximum projection. The anterior and
posterior clusters (indicated by white circles), the ventral commissure 1, the four ventral ganglia with their commissures (arrowheads)
and connectives, the three neurites originating from each hemiganglion and the inner and outer connectives (arrows) originating from
the first ventral ganglion are distinguishable; b) anterior, posterior and ventral clusters (marked by white circles), the ventral ganglia
with their commissures (arrowheads) and connectives, one ganglion independent commissure (open arrowhead) and somata of the leg
ganglia are visible; c) single section. Ventral ganglia 2-4, connectives and the ganglia independent commissures (open arrowheads) are
visible; d) detail of the posterior part of a specimen with the third and fourth ventral ganglion, their commissures (arrowheads), the
connectives, one ganglion independent commissure anterior of the fourth ventral ganglion (open arrowhead), loops, somata of the leg
ganglia and the two posterior somata (arrow). acl=anterior cluster; cn=connective (;=inner; ;=outer); g=ventral ganglia; lgg=soma of
the leg ganglion; lo=/oop; n=neurite; pcl=posterior cluster; vcl=ventral cluster; vem=ventral commissure. Scale bars=25 um.
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tensen, 1987). Also Dewel and Dewel (1996) interpreted
the brain of Echiniscus viridissimus Peterfi, 1956 not to
consist of a proto-, deuto- and a tritocerebrum (Dewel et
al., 1999). However, they described the brain to be com-
posed of metameric compartments that all together corre-
spond to the protocerebrum of arthropods.

Persson et al. (2012) describe the first ventral ganglion
to be connected with the subpharyngeal ganglion via the
ventral longitudinal nerve cord and with the brain via an
outer and an inner connective with the outer and the ven-
trolateral lobes, respectively. The ventral lobes are also
connected to the subpharyngeal ganglion. Like Zantke et
al. (2008), we could not detect such a connection between
the ventral cluster and the first ventral ganglion with our
set of antibodies. But a connection between the first ven-
tral ganglion and the brain was detectable. The inner con-
nective runs through the dorsoventral cluster to the dorsal
part of the brain and the outer connective runs outside the
dorsoventral cluster to the dorsal part of the brain. The
commissure of the ventral cluster (vem,) runs into the
dorsoventral clusters. A ventrally situated commissure that
connects the dorsoventral clusters could not surely be de-
tected. It can be stated that our findings are similar to the
description of the situation in H. crispae (Persson et al.,
2012). That we could not detect a connection between the
ventral cluster and the first ventral ganglion does not
mean that E. testudo has no such connection but instead
might be due to the lack of the right antibody. If the con-
nectives are really missing, it would be a support that the
ventral cluster does not depict the subpharyngeal gan-
glion. Furthermore, if we assume that the posterior cluster
is part of the outer lobe and as such is interpreted as the
protocerebrum because of the innervation of the cirrus A
and the clava (Kristensen, 1987), then the protocerebrum
would be connected to the first ventral ganglion, instead
of the tritocerebrum. This also contradicts an interpreta-
tion of a tripartite brain where the three lobes are homol-
ogous to the proto-, deuto- and tritiocerebrum of
Arthropoda. Likewise no support for a tripartite organi-
sation of the brain or the existence of a subpharyngeal
ganglion comes from developmental studies (Hejnol and
Schnabel, 2005, 2006).

Contrary to Zantke et al. (2008), our study as well as
Persson et al. (2012) and former authors (Marcus, 1929;
Greven and Kuhlmann, 1972) could show clearly visible
commissures in the ventral ganglia. Additionally, we
could also detect three commissures that are independent
of the ventral ganglia. They are situated anterior of the
second, the third and the fourth ventral ganglion. E. fes-
tudo therefore resembles a true rope-ladder like nervous
system. In a recent review Whitington and Mayer (2011)
stated that the nerve cord of Onychophora has little in
common with the rope-ladder arrangement of Arthropoda,
it is more similar to an orthogonal arrangement.

Between the second and the third ganglion, bilaterally
arranged neurites could be detected that run in a loop to
the dorsal part of the specimens. These loops could not be
detected in every examined individual. Whether this
might be linked to age or maybe to molting cannot be de-
cided because none of these parameters were recorded for
this study.

CONCLUSIONS

The brain of E. testudo comprises different clusters.
One anterior and one posterior cluster can be united in an
outer lobe. Furthermore, a pair of inner clusters can be
distinguished which can be interpreted as part of the inner
lobes. The last pair of clusters (dorsoventral clusters) that
could be distinguished connects the dorsal part of the
brain and the ventral cluster. All cephalic structures are
innervated by the clusters of the outer lobes. In our view
the results on the nervous system of E. testudo are not
convincing for a statement that the lobate organisation is
homologous to the metameric organisation of the brain
into proto-, deuto- and tritocerebrum of Arthropoda. The
interpretation of existing data on the organisation of the
brain of Tardigrada is highly heterogeneous. Some mor-
phological and developmental data are contradictory and
we think it is too early to conclude that Tardigrada possess
a tripartite brain resembling the arthropod-like proto-,
deuto- and tritocerebrum. On the other hand the organi-
sation of the ventral ganglia is clear. In contrast to Ony-
chophora E. testudo shows a rope-ladder like appearance
of the ventral ganglia like Arthropoda.
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