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Abstract

Knowledge about the development of the nervous system in cirripeds is limited, particularly with regard
to the changes that take place during the two metamorphoses their larvae undergo. This study delivers the
first detailed description of the development of the nervous system in a cirriped species, Amphibalanus
improvisus by using immunohistochemical labeling against acetylated alpha-tubulin, and confocal laser
scanning microscopy. The development of the nervous system in the naupliar stages corresponds largely
to that in other crustaceans. As development progresses, the protocerebral sensory organs differentiate
and the intersegmental nerves forming the complex peripheral nervous system appear, innervating the
sensory structures of the cephalic shield. During metamorphosis into a cypris the lateral sides of the
cephalic shield fold down into a bilateral carapace, which leads to a reorganization of the peripheral ner-
vous system. The syncerebrum of the cypris exhibits the highest degree of complexity of all developmen-
tal stages, innervating the frontal filaments, nauplius eye, compound eyes and the antennules. During
settlement, when the second metamorphosis occur, the closely associated frontal filaments and
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compound eyes are shed together with the cuticle of the carapace and the antennules. In adults, the syn-

cerebral structures are reduced while the ventral nerve cord and the peripheral nervous system increase

in complexity. The peripheral nervous system plays an important role in processing sensory input and

also in settlement. In summary, through the larval development we observed a structural and thus also

functional increase of complexity in favor of the peripheral nervous system and the ventral nerve cord.
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Introduction

The bay barnacle Amphibalanus improvisus
(Darwin, 1854) is the most common brackish-
water cirriped (Lang, 1979), inhabiting low
and subtidal areas in estuaries all over the
world (Dineen & Hines, 1992). As in most
other Thoracica, the life cycle of A. improvisus
encompasses six naupliar stages followed by a
highly specialized cypris larva and subsequent
metamorphosis into a sessile juvenile (Jones
& Crisp, 1954; Glenner & Hoeg, 1993; Hoeg &
Moller, 2006; Hoeg et al., 2009). The complex
development of cirripeds is accompanied by a
reduction, transformation and specialization
of sensory organs and the associated struc-
tures of the central nervous system (Doochin,
1951; Walley, 1969; Hoeg, 1987; Hoeg & Liitzen,
1995; Hoeg et al., 2012; Maruzzo et al., 2012; No-
ever et al., 2016). There have been several stud-
ies to date on the nervous system of cirriped
nauplii (Walley, 1969; Semmler et al., 2008;
Ponomarenko, 2014) and cypris larvae (Gallus
et al., 2005, 2009, 2012; Harrison & Sandeman,
1999). Among the sensory organs found in the
cypris and nauplius larvae of barnacles are
the pair of frontal filaments studied by Kauri
(1962,1966), Walker (1974) and Obukhova et al.
(2015, 2016). Frontal filaments are also found
in various crustacean groups including Bran-
chiopoda (Fritsch & Richter, 2010), Remipedia
(Fanenbruck etal., 2004), Copepoda (Elofsson,
1971) and several Ostracoda (Andersson, 1977).

Fritsch et al. (2013) distinguished the filamen-
tous external frontal filament from the under-
lying frontal filament organ. In crustaceans,
there are different names for this latter organ
(e.g., Bellonci organ, x-organ; see Fritsch et al.,
2013) but the homology of these structures is
generally accepted. Their function is still un-
der debate, but Walker (1974) considered the
frontal filaments to have either a mechano-
sensory or chemosensory function. The other
major sensory organs are the nauplius eye,
which becomes transformed and reorganized
in the cypris stage into the ocelli of the adults
(Takenaka et al., 1993), and the compound
eyes, which only start to develop in the late
nauplius, are fully developed in the cypris
larva and become completely reduced during
metamorphosis into the juvenile (Kauri, 1962;
Walker & Lee, 1976). Other external sensory
structures such as the lattice organs, sensory
setae, fronto-lateral horn pores and various
features of the antennules (Rybakov et al,
2003; Glenner & Hoeg, 1995; Walker & Lee,
1976; Walker, 1985; Blomsterberg et al., 2004;
Brickner & Hgeg, 2010) allow A. improvisus
larvae to settle on a wide variety of substrates
(Lagersson et al., 2003).

The sessility of adult Thecostraca is as-
sociated with a drastic reduction of nervous
structures compared with their own vagile
larvae (Hoeg et al, 2009). Although some
studies focused on the adult nervous sys-

tem have shown the changes that take }glace
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in the proto- and tritocerebrum and their
respective sensory organs and appendages
(compound eyes and antenna) (Gwilliam &
Cole, 1979; Webster, 1998; Callaway & Stuart,
1999), knowledge about the development of
the nervous system in cirripeds is limited. It
is still not clear how larval morphological
features differentiate into the highly derived
morphology of adults, and our understand-
ing of the peripheral nervous system in cirri-
peds and crustaceans in general is particularly
inadequate.

In the present study, we aimed to describe
the development of the cirripedian nervous
system in detail from early nauplius stages to
the young adult. By combining immunohis-
tochemical labeling with confocal laser scan-
ning microscopy and 3D reconstruction, we
are able to visualize the nervous system three-
dimensionally. We provide insights into the
development of the central nervous system
in nauplius larvae, and into the changes as-
sociated with the metamorphoses into cypris
larvae and later adults, whose nervous system
is simultaneously reduced and modified. In
addition, we describe the remarkable pro-
cesses of reduction and interconnection that
take place in the peripheral nervous system
throughout larval development. This study is
intended to complement earlier developmen-
tal studies on neuroanatomy in Malacostraca
(Harzsch, 2003, Vilpoux et al., 2006; Ungerer
et al., 2011), Branchiopoda (Fritsch & Richter,
2012; Fritsch et al., 2013; Frase & Richter, 2016),
Cephalocarida (Stegner & Richter, 2011, 2015),
Remipedia (Fanenbruck et al., 2004; von Reu-
mont et al., 2012) and Oligostraca (Brenneis &
Richter, 2010) and thereby further our under-
standing of crustacean evolution.

Material and methods

Alllarval stages of A. improvisus were sampled
between early May and the end of June, 2016,
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from the harbor in Rostock. Larval specimens
were sampled using a plankton net of 100 um
mesh. We kept all larval stages of A. improvisus
in a small aquarium filled with water at room
temperature taken from the Warnow River
near the sampling point. All stages were fixed
in 4% paraformaldehyde (PFA, 16% stock so-
lution, Electron Microscopy Sciences) solu-
tionin 0.1 M PBS (pH 7.4) at room temperature
before being preserved in 100% methanol.

To determine species, adults from the quay
wall (where these barnacles appear in high
densities) and specimens that had developed
from larvae into adults in the aquarium were
identified using Luther (1987). In addition, the
mitochondrial cytochrome C oxidase subunit
I (COI) of 20 larvae each in the nauplius and
cypris stages was sequenced using the “uni-
versal” DNA primers LCO 1490 and HCO 2198.
DNA extraction was performed using the in-
nuPREP Forensic Kit (Analytik Jena). All ex-
amined specimens proved to belong to the
species A. improvisus.

Immunolabelling and mounting

Immunohistochemical labelling was per-
formed as described by Fritsch & Richter
(2010). Before antibody staining, larvae and
adults were exposed to several short pulses in
a bath ultrasonicator (Elmasonic One) to fa-
cilitate permeation. Further, specimens were
washed several times in 0.1 mol PBT (phosphat
buffered saline (PBS) with 0.3% Triton X-100,
1.5% dimethyl sulfoxid, 0.5% bovine serum
albumin) and pre-incubated in PBT contain-
ing normal goat serum (NGS). The primary
antibody monoclonal mouse anti-acetylated
alpha-tubulin (clone 6 — 11 B-1, Sigma T6793,
dilution 1:100) in PBT+NGS was applied for
two days. Subsequently, specimens were
rinsed in PBT and incubated with a secondary
fluorochrome-conjugated antibody (goat anti-
mouse Cy3, Jackson Immunoresearch 155-165-
003, dilution 1:200) in PBT+NGS for two days.

Once antibody staining was complete, the
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TABLE 1 Overview of examined specimens and stages of stained Amphibalanus improvisus

Stage NI NII NIII NIV NV NVI Cypris  Juvenile
Scanned and analysed specimens 2 5 18 12 7 71 33 11

specimens were incubated in SYTOX Green
(Molecular Probes, S-7020, dilution 1:600 in 0.1
mol PBS) for 30-9o0 min to stain the cell nuclei.
Finally, the specimens were washed several
times in PBT and mounted in Rapi Clear 1.47
(SunJin Lab Co.). Additionally, before mount-
ing, cypris larvae were “glued” onto cover slips
in a dorso-ventral orientation using Mowiol
4-88 (Carl Roth GmbH + Co. KG).

By labelling the cytoskeletal protein alpha-
tubulin, we were able to document the entire
neuritic part of the nervous system.

Microscopy and 3D-reconstruction

Labelled specimens were analyzed using a
Leica DMI6ooo CFS microscope equipped
with a Leica TCS SP5 II confocal laser scan-
ning unit. Image stacks of optical sections
were recorded at a step size of 0.3—2 um. The
resulting images were processed using the
software IMARIS 7.0 (Bitplane, Switzerland).
In some cases, the “contour surface” tool was
used to artificially highlight specific struc-
tures, or to mask structures that obscured the
view of the nervous system. All figure plates
were edited in the graphics software Corel-
DRAW versioni3 (Corel).

Identification of developmental stages

We separated the nauplius stages by examin-
ing cLSM-generated auto-fluorescence pic-
tures of the cuticle and compared the larval
features with various keys for stage determi-
nation (e.g., Arnsberg, 2001; Jones & Crisp,
1954; Lang, 1979; Conway, 2012; Semmler et al.,
2009).

Orientation and terminology
The orientation and terminology used to de-
scribe nervous system structures is broadly

based on Richter et al. (2010) and specifically
on Frase & Richter (2016). Table 1 gives an
overview of the number of animals examined
for each stage.

Results

Nauplius

From the earliest larval stage of A. improvisus
the naupliar nervous system (i.e., the nervous
system of the naupliar region) consists of
a proto- (pc: fig. 1A), deuto- (dc: fig. 1A) and
tritocerebrum (tc: fig. 1A), and a mandibular
neuromere (md nm: fig. 1A) connected to the
other parts via circumesophageal connec-
tives. Lateral to the protocerebrum, the paired
frontal filament nerves (ff n: fig. 1A) extend
in an antero-lateral direction into the paired
frontal filament organs (ff o: fig. 1C) before
proceeding further into the paired frontal
filaments (ff: fig. 1A, C). The three cups of the
nauplius eye are present between the frontal
filament organs. A primordial deutocerebrum
is situated posterior to the protocerebrum,
only detectable by the root of the pair of an-
tennular nerves (an1 n: fig. 1A, B, C, D). Further
posteriorly, the tritocerebral nerves extend
into the paired antennae (an2 n: fig. 1A, B, C).
The tritocerebral ganglia are connected via
the prominent tritocerebral commissure (tc c:
fig. 1A). The ventrally located labral commis-
sure originates slightly anterior to these gan-
glia. Posterior to the labral commissure is
the mandibular neuromere. The prominent
mandibular nerves emerge bilaterally next to
the mandibular ganglia (md n: fig. 1A, B, C),
which are connected by the mandibular com-
missure (md c: figs. 14, 2D). Stage VI is the last

nauplius stage and shows the highest degree
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Nervous system of nauplius larval stages I, IV and VI of Amphibalanus improvisus, showing syncer-
ebrum, ventral nerve cord and appendages; with alpha-tubulin labeled in yellow, magenta and green,
DNA in cyan, and autofluorescence of the cuticle in blue. A: Overview of nervous system of nauplius
stage I, ventral view, showing main distribution of anatomically left cell somata (within dotted circles
and ovals). B: Ventral view close-up of nervous system of nauplius stage IV, with origin and pathway
of inferior ventricular nerve highlighted in green, stomatogastric nerve and associated structures in
magenta. C: Overview of nervous system of nauplius stage IV, ventral view. D: Ventral view close-up of
innervation pattern of antennules, antennae and mandibles in nauplius stage VI, with dotted ellipses
demarcating innervation of mastigatory spines.

Abbreviations: a2 en, nerves of antennal endopod; a2 ex, nerves of antennal exopod; an1 n, antennular
nerve; anz2 n, antennal nerve; an2/..., branches of antennal nerve; cs dc, cell soma of deutocerebrum;
cs md, cell soma of mandible; cs mx, cell soma of maxillula; cs mxz, cell soma of maxilla; cs pc, cell
soma of protocerebrum; cs pz, cell soma of proliferation zone; cs t, cell soma of thoracopods; cs tc,

cell soma of tritocerebrum; dc, deutocerebrum; f n, furcal nerves; ff n, frontal filament nerve; ff o,
B dac o BHTEAwE 837020 03:23:21AM
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of complexity. The anlagen of the compound
eyes appear in stage VI (ce: fig. 2C).

The postnaupliar nervous system (i.e., the
nervous system of the postnaupliar region, pn
ns: fig. 2A) is simple in stage I. The primordial
ventral nerve cord (vnc) is formed by two lon-
gitudinal neurite bundles (1 nb: figs. 1C, 2A),
which are connected behind the mandibular
commissure with the axons of two large ter-
minal neurons (t n: fig. 2A) at the end of the
trunk. Each of these pioneer neurons sends a
single nerve to the tip of the furcal spines (fur-
cal nerves, f n: figs.1C, 2C, D, 8). A median neu-
rite bundle (m nb: fig. 1C) originates at the
mandibular commissure and proceeds poste-
riorly, ending between the terminal neurons
at the base of the furcal spines.

During stages III to VI, the complexity of
the ventral nerve cord increases.

The first commissures to develop in stage
IV are those of the maxillular segment. The
anterior commissure (mx1 a c: fig. 2D) con-
nects the anterior branches of the maxillular
nerves on each side, while the posterior com-
missure (mx1 p c: fig. 2D) connects the poste-
rior branches (maxillula nerves mxi n: fig. 2D).

Between stages IV and V there is significant
progress in the development of the postnau-
pliar nervous system. Intersegmental nerves
originate laterally from the paired longitudi-
nal neurite bundles. The thoracopodal nerves
that innervate the incipient thoracic append-
age formed inside have their origin ventrally.
Commissures develop along an anterior-
posterior gradient. In later development, in
addition to the terminal pioneer neurons
present in stage I, two further pair of nerves

FIGURE 1
(cont.)
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are present at the posterior end of the trunk
(trunk nerves, tr n: fig. 2C).

The ventral nerve cord with all its corre-
sponding appendage nerves is fully devel-
oped in stage VI (see figs. 2D, 8) and displays
an orthogonal ladder-like structure. In early
stage VI a commissure appears directly pos-
terior to the mandibular commissure (poste-
rior mandibular commissure, p md c: fig. 2D).
The median neurite bundle (m nb: fig. 2D)
interconnects the commissures from the an-
terior mandibular to the posterior commis-
sure of the 6th thoracomere, but not the sin-
gle commissure of the naupliar furcal spines
(furcal commissure, f c: fig. 2D). The six paired
thoracopods are innervated by one nerve
for each thoracopodal anlage (thoracopodal
nerve, tp n: fig. 2D), which bifurcates into the
exopod and the endopod. More proximally,
this nerve sends two projections in a dorsal
direction, the anterior-most one proceeding
into the respective anterior intersegmental
nerve (6" —12th in: fig, 2D).

The differentiation of the peripheral ner-
vous system starts in stage I with three pairs of
intersegmental nerves. The 15t intersegmental
nerve (1%t in: figs. 1B, 2A) originates between
the frontal filament nerve and the antennu-
lar nerve, proceeding antero-dorsally into the
fronto-lateral horn junction (flh j: figs. 1A, 2B)
before ending in the tip of the fronto-lateral
horn (flh: figs. 1A, 8). The 274 pair of interseg-
mental nerves (27 in: figs. 1B, 2A, 8) emerg-
es from the circumesophageal connectives
slightly anterior to the antennal nerve and ulti-
mately also enters the fronto-lateral horn. The
3™ intersegmental nerve (3 in: figs. 1B, 2A)

frontal filament organ; ff, frontal filament; flh j, fronto-lateral horn junction; flh n, fronto-lateral horn
nerves; flh, fronto-lateral horn; in, intersegmental nerves; 1 nb, longitudinal neurite bundle; m nb,

median neurite bundle; md ¢, mandibular commissure; md en, nerves of mandibular endopod; md
ex, nerves of mandibular exopod; md n, mandibular nerve; md nm, mandibular neuromere; mdn/..,
branches of mandibular nerve; pc, protocerebrum; pc-a n, protocerebrum-accompanying nerve;
pms, premastigatory spines; pn ns, postnaupliar nervous system; tc c, tritocerebral commissure; tc,

tritocerebrum.
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FIGURE 2  Nervous system of nauplius larval stages III-VI of Amphibalanus improvisus, showing ventral nerve
cord and peripheral nervous system; with alpha-tubulin labeled in yellow, blue, green and magenta,
and DNA in cyan. A: Overview of distribution of
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originates between the antennal nerve and
the nerve of the mandible. It proceeds in a
dorso-lateral direction and bifurcates into two
branches. The dorsal branch (3™ in/1: fig. 2A)
ends in two paired antero-median setae (am s:
fig. 2A, B) situated on the cephalic shield. The
ventral branch (374 in/2: fig. 2A) connects with
a pair of lateral peripheral neurite bundles
(p nb: figs. 2A, B, 3, 8), which in later stages
connects all the intersegmental nerves from
the 1%t to the 5t with the exception of the
2nd, From stage III on, the peripheral neu-
rite bundle is connected to the 15, 3r4 and 4th
intersegmental nerves (1%, 39, 4t interseg-
mental junction, 1%, 379, 4th inj: figs. 24, 3). The
2nd connection is formed by a laterally pro-
jecting neurite bundle that originates from the
antero-median setae (“2"d Inj”: fig. 3). From
stage IV onwards a 5™ intersegmental nerve
(5t in: figs. 2D, 3) leaves the ventral nerve cord
posterior to the maxillular commissures and
connects to the peripheral neurite bundle.
In stage VI, seven additional intersegmental
nerves (6% in —12t in: fig. 2D) appear between
the maxillary segmental nerve and the furcal
commissure. The 5t intersegmental nerve (5%
in: figs. 2D, 3), however, remains the most pos-
terior to connect with the peripheral neurite
bundle.

FIGURE 2
(cont.)
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From stage IV onwards the protocerebrum-
accompanying nerve (pc-a n: fig. 1B) originates
near the base of the antennal nerve (an2 n:
figs. 1B, 8) and bifurcates immediately. The an-
terior branch runs along the somata cluster of
the deutocerebrum and bifurcates again. The
antero-lateral branch joins the fronto-lateral
horn junction, while the anterior branch
laterally proceeds along the somata cluster
of what will later be the compound eye and
ends ventrally of the median eye cup of the
nauplius eye. In stage VI, the protocerebrum-
accompanying nerve (pc-a n: fig. 1D) runs
parallel to the circumesophageal connectives
into the nerve root of the antennules (an1 n:
figs. 1D, 8).

Anteriorly, at the lateral margin of the ce-
phalic shield, three pairs of lateral pores (1 p:
fig. 2B) are recognizable. The dorso-median
part of the cephalic shield bears ten pairs of
dorsal pores (d p: fig. 2B). All pores are situat-
ed in nearly parallel longitudinal rows, each in
a cuticular pit, and connect with the periph-
eral neurite bundle.

The paired peripheral neurite bundle forms
a highly ramified and strongly interconnected
network of nerves that pervade the whole ce-
phalic shield (see figs. 2C, 3). Anterior to the
first intersegmental junction (1% inj: fig. 3) the

peripheral nervous system of nauplius stage III, dorsal view, with protocerebrum, frontal filaments
and nauplius eye region highlighted in blue, and gastric nervous system in magenta. B. Overview of

distribution of peripheral nervous system of nauplius stage V, dorsal view, with stomatogastric nervous
system highlighted in magenta; also showing cell somata in anatomical right side of cephalic shield. C:
Overview of nervous system nauplius stage VI, ventral view, with peripheral nervous system highlight-
ed in cyan and stomatogastric nervous system in magenta. D: Close-up in dorsal view of ventral nerve
cord of nauplius stage VL.

Abbreviations: a2 en, nerves of antennal endopod; a2 ex, nerves of antennal exopod; am s, antero-
median setae; an1 n, antennular nerve; ce, compound eye; cs n, caudal spine nerve; d p, dorsal pores; f
¢, furcal commissure; f n, furcal nerves; flh n, fronto-lateral horn nerves; g ns, gastric nervous system;
in, intersegmental nerves; in/.., branches of in; inj, intersegmental junctions; 1 nb, longitudinal neurite
bundle; | sf, lateral pores; m nb, median neurite bundle; md ¢, mandibular commissure; md en, nerves
of mandibular endopod; md ex, nerves of mandibular exopod; mx1 a ¢, maxillular anterior commis-
sure; mx1 p ¢, maxillular posterior commissure; mxi n, maxillular nerves; mx2 n, maxillary nerves; n ns,
naupliar nervous system; p md c, posterior mandibular commissure; p nb, peripheral neurite bundle;
pn ns, postnaupliar nervous system,; t n, terminal neurons; tp n, thoracopodal nerves; tr n, trunk
nerves.
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FIGURE 3  Nervous system of nauplius larval stage VI of Amphibalanus improvisus, showing peripheral nerv-
ous system, dorsal view, with stomatogastric nervous system highlighted in magenta; dotted ovals on

anatomical right half demarcating the locations and borders of the different ramification fields
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anterior-most 1%t ramification field (ist rf:
figs. 3, 8) is identifiable. The 2"d ramification
field (2nd 1f: fig. 3) originates from the dorsal
branch of the 3rd intersegmental nerve, while
the median 34 ramification field (3rd rf: fig. 3)
originates from the 4" intersegmental junc-
tion (4t inj: fig. 3). Further posterior, the pe-
ripheral neurite bundle gives rise to the 4t*
ramification field (4th rf: figs. 3, 8) and the
postero-lateral 5% ramification field (sth rf:
fig. 3). More anteriorly, five small neurite bun-
dles project from the peripheral neurite
bundle (p nb: figs. 3, 8) to the lateral margin of
the cephalic shield, forming the laterally ar-
ranged 6 ramification field (6th rf: fig. 3).

Cypris

In the cypris stage the protocerebrum (pc:
fig. 4A) is larger and more complex than in the
last naupliar stage. The structure of the cups
of the nauplius eye has not changed (see fig.
4A). A globular proximal and a small distal
compound eye neuropil are present laterally
of the paired frontal filament nerves (vn:
fig. 4A). The compound eyes themselves are
located ventrally. The nerve of the antennule
(an1 n: figs. 4D, 9) is now accompanied by sev-
eral axons from a newly developed deutocer-
ebral medio-lateral lobe (ml cs dc: fig. 4A).
Directly posterior to the nerve root of the an-
tennule, a second nerve root (secondary deu-
tocerebral nerve) appears. It consists mainly
of axons originating from somata of the deu-
tocerebral medio-lateral lobe and gives rise to
three nerves. The anterior-most (anterior sec-
ondary deutocerebral nerve: sec dc n/1: figs.
4D, 9) proceeds in a ventral direction and fol-
lows the antennular nerve. The second, thin-
ner nerve (protocerebrum-accompanying
nerve: pc-a n: figs. 44, 9) projects in a dorsal
direction, connects with the 15t intersegmen-

FIGURE 3
(cont.)
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tal nerve (1%t in: fig. 9) and runs along the pro-
tocerebrum anteriorly. The third, posterior-
mostnerve (posteriorsecondary deutocerebral
nerve: sec dc n/2: figs. 4A, 9) proceeds in a pos-
terior direction and apparently ends dorso-
laterally to the circumesophageal connec-
tives. The axons of thesecondarydeutocerebral
cell cluster connect to the now more complex
deutocerebral neuropil (dc np: fig. 4A) before
proceeding into its anterior and posterior
nerves. A small tract (asterisks in fig. 4A) from
this neuropil runs into the protocerebrum
without connecting with any prominent sub-
structure there. The nerves of the antenna
(an2 n: figs. 4D, 5, 9) are highly reduced and
end blindly in the ventral trunk. The append-
age itself has been lost entirely.

The ventral nerve cord (vnc: fig. 4B) is high-
ly condensed in cypris larvae and is much
more complex than in nauplius larvae. The
more anterior ganglia of the nervous system
are confluent. Although the nerves of the next
two pairs of appendages, the maxillula (mx1 n:
figs. 4C, 9) and maxilla (mx2 n: figs. 4C, 9), are
located ventrally in the cephalic cavity (see
fig. 4D), the respective ganglia are situated in
the thoracic cavity. Two nerves (mx1 n, mx2 n)
project from each hemiganglion in an anterior
direction, one into the maxillula, the other
into the maxilla. The six pairs of thoracopodal
nerves (tp ni-6: fig. 4D) extend ventro-laterally
from the ventral nerve cord and split before
turning ventrally with each nerve sending two
thin neurite bundles into the dorsal periphery.
The furca (f: figs. 4B, D, 9) is innervated by at
least four nerves coming from the posterior
end of the ventral nerve cord and projecting
into the furcal tips and setae.

As a result of numerous modifications that
take place during this stage of development,
including the downfolding of the cephalic

Abbreviations: am s, antero-median seta; g s, gastric nervous system; in, intersegmental nerves; inj,
intersegmental junctions; p nb, peripheral neurite bundle; rf, ramification field.

Downloaded from Brill.com11/03/2020 03:23:21AM
via free access



KALKE ET AL.

)
ml ¢s dc

pr
H

sec dc n/2

an1n

=
cs mx1 €S mx2 ’ sec dc n/1

an2n

FIGURE 4  Nervous system of cypris larva of Amphibalanus improvisus, showing central nervous system; with
alpha-tubulin labeled in yellow, blue, green and magenta, and DNA in cyan. A: Close-up in dorsal view
of proto- and deutocerebral region, with lateral cups of nauplius eye highlighted in blue, median cup
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shield into a bilateral carapace (because of
the absence of a hinge, the carapace cannot
be considered as bivalved) (cara: fig. 6B, C),
the framework of the peripheral nervous sys-
tem changes its position relative to that of the
central nervous system during this stage of
development. The most pronounced nerves of
the peripheral nervous system are now the 4t*
(4t in: figs. 4B, 5, 9) and 5™ intersegmental
nerves (5% in: figs. 4B, 5, 9). Both follow a pat-
tern comparable to that followed in the nau-
plius stages by the peripheral neurite bundle,
which is no longer recognizable. The position
of the ramification fields with respect to one
another is not unlike that observed in stage VI
nauplius larvae.

The 4t and 5 intersegmental nerves leave
the condensed anterior portion of the ventral
nerve cord (a vnc: fig. 4B). The 4 interseg-
mental nerve bifurcates laterally into an ante-
rior (4 in/1: fig. 5) and posterior branch (4th
in/2: fig. 5), from which most parts of the pe-
ripheral nervous system are derived.

The anterior branch projects in an antero-
ventral direction, sending five nerves to the
ventral margin of the bilateral carapace,
where they ramify to form the 6 ramification
field (6t 1f: fig. 5). The anterior branch of the
4'™? intersegmental nerve is connected to the
3" intersegmental nerve (3™ in: figs. 5, 9) via a

FIGURE 4
(cont.)
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long nerve (4t in/1/2: fig. 5, in nauplius larvae
3™ in/1 and 3" in/2, see fig. 2A), which pro-
ceeds in a dorsal direction close to the lateral
margin of the midgut. This nerve gives rise to
the 274 ramification field (2nd rf: figs. 5, 9), as
in stage VI nauplius larvae. Further anterior,
dorsally to the 274 intersegmental nerve (2nd
in: figs. 5, 9), the dorsal projection of the an-
terior branch of the 4t intersegmental nerve
(4t in/1/1/2: fig. 5) joins the 15t ramification
field (1%t rf: figs. 5, 9). The 29 intersegmental
nerve proceeds in an anterior direction and
bifurcates before ramifying into the 15t rami-
fication field at the level of the compound
eye (ce: fig. 5). The ventral branch of the
2nd intersegmental nerve projects ventrally
and proceeds along a pair of pits, previously
the fronto-lateral horns (fronto-lateral horn
pits, flh p: figs. 5, 6B). The 15t intersegmental
nerve (1% in: fig. 9) joins the protocerebrum-
accompanying nerve (pc-a n: figs. 44, 9)
and finally ramifies in the 15t ramification
field.

The posterior branch of the 4t interseg-
mental nerve (4 in/2: fig. 5) proceeds later-
ally in a posterior direction. A neurite bundle
(4th in/2/2: fig. 5) that projects dorsally from
the 4™ intersegmental nerve forms the 3rd
ramification field (34 rf: figs. 5, 9), as in stage
VI nauplius larvae. Further posteriorly, the 4t

in magenta and compound-eye-related structures in green; with dotted circles demarcating principal
areas of left half containing cell somata and asterisks (*) marking projection of route of a small tract.

B: Close-up in dorsal view of ventral nerve cord. C: Close-up in lateral view of middle portion of the
central nervous system, with anterior to right, mandible highlighted in blue, maxillula in green, and
maxilla and gastric nervous system in magenta. D: Overview of the cypris larval nervous system in
lateral view, with anterior right, mandible highlighted in blue, and stomatogastric nervous system in
magenta, dotted lines demarcating the position of the cell soma of mandible, maxilllula and maxilla.
Abbreviations: a vnc, anterior portion of ventral nerve cord; an1 n, antennular nerve; an2 n, antennal
nerve; ce, compound eye; cs dc, cell soma of deutocerebrum; cs mx, cell soma of maxillula; cs mxz,
cell soma of maxilla; cs pc, cell soma of protocerebrum; cs vnc, cell soma of ventral nerve cord; dc,
deutocerebrum, dc np, deutocerebral neuropil; f, furca; ff, fontal filament; g ns, gastric nervous system,;
in, intersegmental nerves; 1 ¢ ne, lateral cups of nauplius eye; m ¢ ne, median cup of nauplius eye;

md n, mandibular nerve; ml cs dc, axons of deutocerebral medio-lateral cell soma; mx1 n, maxillular
nerves; mx2 n, maxillary nerves; pc, protocerebrum; pc-a n, protocerebrum-accompanying nerve; sec
dc n/.., branches of secondary deutocerebral nerve; t n, terminal nerves; t nc, terminal neuronal cell; tp

n, thoracopodal nerve; vn, visual neuropil.
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intersegmental nerve (4 in/2/1: fig. 5) fuses
with the 5% intersegmental nerve (5% in:
fig. 5). In close proximity to this junction the
ventral projections of both nerves form the 5t
ramification field (5t rf: fig. 5) at the postero-
ventral margin of the carapace. The 5t inter-
segmental nerve projects further in a posteri-
or direction and ends at the posterior tip of
the carapace by ramifying into several neu-
rites, which form the 4t ramification field

(4t rf: figs. 5, 9).

Late cypris

The visual neuropils and the frontal filament
nerve start to degenerate. Directly before the
cypris settles, the paired vascular frontal fila-
ment organs (ff o: fig. 6A) and the associated
frontal filaments (ff: fig. 6A) are connected by
a fine neurite bundle to the distal portion of
the antennules (an1 n: fig. 6A, B). The reduced
compound eyes (ce: fig. 6A) are situated in
close proximity to the 1%t ramification field (15t
rf: fig. 6A). The protocerebrum starts to degen-
erate, too, while the median (m c ne: fig. 6A,
6C) and the two lateral cups (I ¢ ne: fig. 6A) of
the nauplius eye drift apart in an anterior di-
rection. The cypris uses the adhesive discs (ad:
fig. 6B) at the tips of the antennules to attach
itself to the chosen substrate. The ventral
nerve cord and associated structures bend go°
in a dorsal direction while the peripheral ner-
vous system and the carapace remain in the
original position (see fig. 6B). The six pairs
of thoracopods become elongated and differ-
entiate into the cirri. The protocerebrum-
accompanying nerve (pc-a n: fig. 6A) has now
joined the antennular nerve. It acts as a pio-
neer, guiding the 274 intersegmental nerve
and the posterior branch of the secondary
deutocerebral nerve (sec dc n/2: fig. 6A) along

FIGURE 5

(cont.) antero-median seta
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the pathway of the antennular nerve (an1 n:
fig. 6A) in an anterior direction. At the distal
ends of the nerves in the ramification fields,
sensilla-like structures appear, later innervat-
ing the “cuticular hairs” (sensu Glenner &
Heeg, 1993, cuticular hair nerves, ch n: fig. 6A).

Adult

As it settles, the juvenile barnacle turns from
its ventral to its dorsal side as it lies on the
substrate. Meanwhile, the cypris carapace
(cara: fig. 6B, C) is shed.

Following this second metamorphosis into
the juvenile barnacle, the protocerebrum (pc:
fig. 7A) becomes highly reduced. Its anterior
portion now consists of the rudimentary nau-
plius eye neuropil (ne np: fig. 7A). The two lat-
eral nerves of the lateral cups of the nauplius
eye (I ¢ ne: fig. 10) enter the protocerebrum
laterally. The posterior portion of the proto-
cerebrum has a commissure-like appearance
and connects to the deutocerebrum (dc: figs.
7A, C, 10) and the circumesophageal connec-
tives. The deutocerebrum is the most promi-
nent part of the adult syncerebrum. The
antennular nerve (an1 n: figs. 7C, 10) projects
in an anterior direction before describing a
180° curve in a dorsal direction and ramify-
ing at the point of attachment. The poste-
rior secondary deutocerebral nerve (sec dc
n/2: figs. 7C, 10) is now part of the peripheral
nervous system. The tritocerebrum is fully
reduced with no sensory input: no remnants
of the antennal nerve remain. The circume-
sophageal connectives connect the proto- and
deutocerebrum with the highly condensed
anterior portion of the ventral nerve cord.

The ventral nerve cord consists of an anteri-
orly strongly condensed portion (a vnc: fig. 7B)
comprising the neuromeres of the mandibles,

fields and gastric nervous system highlighted in magenta. The asterisk marks the nerve of the former

Abbreviations: am s, antero-median seta; an2 n, antennal nerve; ce, compound eye; ff o, frontal fila-
ment organ; flh p, fronto-lateral horn pits; in, intersegmental nerves; in/.., branches of in; rf, ramifica-

tion field.
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maxillulae and maxillae, and a posteriorly
less condensed portion consisting of the
neuromeres of the six pairs of thoracopods.
The mandibular nerve (md n: fig. 7B) leaves
the ventral nerve cord directly posterior to the
labral commissure. It proceeds in a postero-
ventral direction, sending two thin lateral
neurites into the 4 intersegmental nerve (4"
in: figs. 7B, 10). The mandibular nerve branch-
es several times, with the median branch ulti-
mately innervating the mandible and a ventro-
lateral branch projecting into two sensilla.
The maxillular nerve (mxu n: fig. 7B) proceeds
in a postero-ventral direction, ramifying into
several neurites. The maxillary nerve (mxz n:
fig. 7B) emerges more postero-medially and
exhibits the same branching pattern.

In the posterior, less condensed part of
the ventral nerve cord, commissures intercon-
nect the hemiganglia. All thoracopodal nerves
bifurcate distally and several thin nerves arise,
innervating the distal setae of the cirri. The fur-
ca is now reduced, as are the associated com-
missure and the 12th intersegmental nerve.

During metamorphosis from cypris to adult,
the barnacle turns onto its back as it lies on
the substrate. The peripheral nervous system
undergoes several modifications as the meta-
morphosing barnacles turns onto its back, but
the relative orientation of the nervous struc-
tures to each other remains fairly constant.
The 274 intersegmental nerve (274 in: fig. 7C,

FIGURE 6
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10) leads into the 15t ramification field (15t rf:
figs. 7C, 10). The posterior secondary deuto-
cerebral nerve (sec dc n/2: figs. 7C, 10) pro-
ceeds in a postero-lateral direction through
the whole mantle. It ramifies into the 2nd
ramification field (2n9 rf: figs. 7C, 10) before
joining the dorsal branch of the 5t interseg-
mental nerve. The 4% intersegmental nerve
(4t in/1/1/2: fig. 7C) joins the 274 intersegmen-
tal nerve and projects into the 15t ramification
field. No remnants of the fronto-lateral horn
pits are left. Ventral branches (4t in/1/1/1 and
4% in/1/1/2: fig. 7C) of the 4! intersegmental
nerve ramify into the 6% ramification field
(6t rf: fig. 7C). The dorsal neurite bundle
(4th in/1/2), which previously connected the
4" intersegmental nerve with the 274 ramifi-
cation field, is now fully reduced. The 5% inter-
segmental nerve trifurcates while proceeding
in a posterior direction. The dorsal branch
forms the 374 ramification field (3 rf: figs. 7C,
10), while the median branch forms the 4t
ramification field (4t rf: figs. 7C, 10) and the
ventral branch the 5t ramification field (5t rf:
fig. 7C). Each ramification field innervates sev-
eral “cuticular hairs” (ch: fig. 7C) at the margin
of the mantle, which in turn is attached to the
substrate. All six remaining intersegmental
nerves (the 6t to " intersegmental nerves,
6th-n1th in: fig. 7B) are interconnected by a pair
of inner (i | nb: figs. 7B, 10) and outer lateral
neurite bundles (o 1 nb: figs. 7B, 10).

autofluorescence of the cuticle in blue, and ommatidia of the compound eyes in blue. A: Close-up in

(cont.) dorsal view of late developmental stage of cypris larva, showing the degenerated proto- and deutocer-
ebrum and the re-oriented nauplius eye cups, and with degenerated frontal filaments, frontal filament
organs and compound eyes highlighted in blue. B: Ventral view of a cypris during settlement, with
anterior to right, showing adhesive discs at distal ends of antennules (dotted ovals), fronto-lateral horn
pits (dotted circles) and 9o® dorsal bend of ventral nerve cord (handstand). C: Just-settled juvenile
barnacle in ventral view, with anterior to right, showing freshly shed carapace at posterior end and
with dotted crescents demarcating 15 ramification field.
Abbreviations: ad, adhesive discs; an1 n, antennular nerve; cara, carapax; cc, circumesophageal
connectives; ce, compound eye; ch n, cuticular hair nerves; ff o, frontal filament organ; ff, frontal
filament; flh p, fronto-lateral horn pit; in, intersegmental nerves; 1 ¢, labral commissure; 1 c ne, lateral
cups of nauplius eye; m ¢ ne, median cup of nauplius eye; pc-a n, protocerebrum-accompanying nerve;
nloaded. from Brill.cam 11/03/2020,03:23:21AM

i N Do
rf, ramification field; sec dc n/..., branches of secondary deutocerebral iérve; Viic, ventral nerve cord.



KALKE ET AL.

-1

—sec dc n/2

4.in/4/1(2

FIGURE 7  Nervous system of juvenile settled barnacle of Amphibalanus improvisus, with alpha-tubulin labeled i
20

yellow, blue, cyan and magenta. A: Close-up in ventral view of cerebral’f With 1atefal e




FROM SWIMMING TOWARDS SESSILITY 341

nauplius larva VI

an2/1/1
an2/1/2

flhj

an1n
\

[ —
\ flh
Istrf  ffo m nec ce

W

1@\ -\\\\ :

an2/2/ k

an2/4=""7X v\

an2/3

mdn/1

FIGURE 8

FIGURE 7
(cont.)

o \\\

':\ \\

,0 \ \\\

\ md en

Yall
leiy

an

N
0 G000 0OQUU

md ex

e e aMTaanYa
MU UUU UUUU

|

[

Ccs

Schematic drawing of the nervous system of nauplius larval stage VI of Amphibalanus improvisus in
ventral view, with the cuticle of anatomical right side of body omitted, showing an overview of the
alpha-tubulin-immunoreactive parts of the nervous system. The central nervous system and nerves of
the appendages are colored in yellow, shifting to orange in the dorsal direction and to bright yellow in
the ventral direction. The coloring of the peripheral nervous system ranges from green proximally to
blue distally.

Abbreviations: a1, antennule; a2 en, antennal endopod; a2 ex, antennal exopod; an1 n, antennular
nerve; an2 n, antennal nerve; anz/..., branches of antennal nerve; ce, compound eye; cs, caudal spine;
ff o, frontal filament organ; ff, frontal filament; flh, fronto-lateral horn; flh j, fronto-lateral horn
junction; f n, furcal nerve; in, intersegmental nerves; m ¢ ne, median cup of nauplius eye; md en,
mandibular endopod; md ex, mandibular exopod; mdn/..., branches of mandibular nerve; mxi n,
maxillular nerves; mx2 n, maxillary nerves; p nb, peripheral neurite bundle; rf, ramification field; t n,
terminal nerve.

nauplius eye highlighted in blue, median cup in magenta. B: Close-up in ventral view of ventral nerve
cord, with mandibular nerves highlighted in blue, maxillular nerves in cyan and maxillary nerves

in magenta. C: Overview of entire nervous system, ventral view, with median cup of nauplius eye
highlighted in magenta, lateral cups in blue, and peripheral nervous system in cyan; with dotted circles
demarcating areas innervated by different ramification fields on anatomical right side.

Abbreviations: a vnc, anterior portion of ventral nerve cord; an1 n, antennular nerve; ch, cuticular hairs;
cs dc, cell soma deutocerebrum; dc, deutocerebrum; il nb, inner lateral neurite bundle; in, interseg-
mental nerves; in/.., branches of in; md n, mandibular nerve; mxa n, maxillular nerves; mx2 n,
maxillary nerves; ne c, nauplius eye cups; ne np, nauplius eye neuropil; o I nb, outer lateral neurite
bundle; pc, protocerebrum; rf, ramification field; sec dc n/.., branches of secondary deutocerebral

nerve; tp n, thoracopodal nerve.
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Discussion

The primordial proto-, deuto- and tritocere-
brum, the mandibular neuromere and the
19t-3"d intersegmental nerves are present in
the nauplius larva of A. improvisus after hatch-
ing, all connected by circumesophageal con-
nectives. This pattern corresponds to the early
developmental stages of other crustaceans

KALKE ET AL.

FIGURE 9  Schematic drawing of the nervous system
of the cypris larva of Amphibalanus
improvisus in ventral view, with incom-
plete indications of the anatomical
right-side appendages, showing an
overview of the alpha-tubulin-immunore-
active parts of the nervous system. The
central nervous system and nerves of the
appendages are colored in yellow, shifting
to orange in the dorsal direction and to
bright yellow in the ventral direction. The
coloring of the peripheral nervous system
(shown only for the anatomical right side)
ranges from green proximally to blue
distally.

Abbreviations: a1, antennule; ad, adhesive
disks; an1 n, antennular nerve; cc,
circumesophageal connectives; ce,
compound eye; ff n, frontal filament
nerve; ff, frontal filament; in, intersegmen-
tal nerves; | ¢, labral commissure; 1 cc,
labral cell cluster; md n, mandibular
nerves; mx1 n, maxillular nerves; mx2 n,
maxillary nerves; pc-a n, protocerebrum-
accompanying nerve, vn, visual neuropil;
rf/.., ramification field; sec dc n/..,
branches of secondary deutocerebral
nerve; tp n, thoracopodal nerve; vn, visual
neuropil.

(Vilpoux et al,, 2006; Fritsch & Richter, 2010;
Frase & Richter, 2016; Richter et al.,, 2016).
The developing postnaupliar nervous system
connects the terminal pioneer neurons with
the mandibular commissure. The protocere-
bral sensory organs such as the nauplius eye
and frontal filament organ are already differ-
entiated in the early stages, while compound
eyes develop in the late nauplius larvae. The
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FIGURE 10 Schematic drawing of the nervous system of the settled juvenile barnacle stage of Amphibalanus
improvisus in ventral view, with the cuticle of the anatomical right-side thoracic appendages omitted,
showing an overview of the alpha-tubulin-immunoreactive parts of the nervous system. The central
nervous system and nerves of the appendages are colored in yellow, shifting to orange in the dorsal
direction and to bright yellow in the ventral direction. The coloring of the peripheral nervous system
(shown only for the anatomical right side) ranges from green proximally to blue distally.
Abbreviations: an1 n, antennular nerve; cc, circumesophageal connectives; dc, deutocerebrum; il nb,
inner lateral neurite bundle; in, intersegmental nerves; 1 ¢, labral commissure; 1 ¢ ne, lateral cups of
nauplius eye; m ¢ ne, median cup of nauplius eye; o 1 nb, outer lateral neurite bundle; rf, ramification

field; sec dc n/.., branches of secondary deutocerebral nerve.
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development of the ventral nerve cord follows
an anterior-posterior gradient. Between every
two successive segments an intersegmental
nerve is present, while a lateral longitudinal
neurite bundle connects to the peripheral
nervous system and innervates sensory struc-
tures. After the first metamorphosis, the
syncerebrum of the cypris larva exhibits the
highest degree of complexity of all the devel-
opmental stages. During the first metamor-
phosis the lateral sides of the cephalic shield
fold down into a bilateral carapace, with con-
sequent effects on the configuration of the
peripheral nervous system. After the second
metamorphosis, the cerebral structures be-
come reduced while the ventral nerve cord
and the peripheral nervous system increase in
complexity. The peripheral nervous system
undergoes another reorganization during the
second metamorphosis.

The brain

The protocerebral architecture of the early
nauplius larva is simple in A. improvisus (see
also Semmler et al., 2008) and other balano-
morphan cirripeds (Ponomarenko, 2014). The
anterior portion of the protocerebrum mainly
comprises the nauplius eye neuropil and the
origin of the frontal filament nerves. Posteri-
orly, the protocerebrum is commissure-like in
appearance. During naupliar development the
protocerebrum enlarges, mainly as a result of
the development of the compound eyes from
stage V onwards. A very similar morphological
pattern of early nervous system development
is found in other crustacean larvae. For exam-
ple, in Branchiopoda such as Anostraca (Frase
& Richter, 2016; Harzsch & Glotzner, 2002),
Notostraca (Fritsch & Richter, 2010) and Laevi-
caudata (Fritsch et al., 2013), and also in Ceph-
alocarida (Stegner & Richter, 2015) and De-
capoda (Vilpoux et al.,, 2006; Jirikowski et al.,
2015), a syncerebrum comprising a proto-,

KALKE ET AL.

deuto- and tritocerebrum is the first structure
of the nervous system to be present.

After the first metamorphosis into a cypris
larva, the protocerebrum of A. improvisus in-
creases significantly in size, probably due to
its function as a sensory integration structure
(Gwilliam & Cole, 1979). It is associated with
the nauplius eye, the compound eye and the
frontal filaments (Walley, 1969) and is more
complex in the cypris larva than in any other
stage. However, the protocerebrum does not
exhibit any components of a central complex,
a cluster of highly structured midline neuro-
pils consisting of an unpaired central body, an
unpaired protocerebral bridge and paired lat-
eral accessory lobes (Richter et al., 2010; Steg-
ner et al,, 2014). This agrees with the findings
of studies conducted using TEM sections in
the cypris of Amphibalanus amphitrite (for-
merly Balanus), which also failed to detect a
central complex (Harrison & Sandeman, 1999)
even though the cypris larvae of Cirripedia
exhibit a wide range of complex behaviors
during settlement and have nauplius and
compound eyes (Harrison & Sandeman, 1999;
Lagersson & Hoeg, 2002).

Reduction processes in the late cypris and
during the second metamorphosis cause the
protocerebrum of adult A. improvisus to be-
come vestigial (Gwilliam & Cole, 1979; Web-
ster, 1998; Callaway & Stuart, 1999). Except for
the nauplius eye, the sensory organs present
in the cypris larva are now reduced, rendering
the protocerebrum virtually redundant as a
sensory integration structure (Gwilliam &
Cole, 1979).

The deutocerebrum in the naupliar stages
is relatively small compared to the protocere-
brum and is only distinguishable through the
antennular nerve root and a small cluster of
cell somata surrounding it. In the cypris larva
an additional cluster of cell somata located
medio-laterally to the neuropil is present,
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sending axons into the posterior portion of
the deutocerebrum. These axons have numer-
ous connections to the surrounding neuropil.
The relative location of the additional deuto-
cerebral cell cluster, its involvement in form-
ing the now more complex deutocerebral
neuropil and its projection of axons into the
antennules correspond to the gross morpho-
logical arrangement of olfactory systems in
malacostracans (Schachtner et al., 2005).

In the cypris larva of A. amphitrite a paired
circular deutocerebral neuropil was described
by Harrison & Sandeman (1999), which the
authors consider a candidate for an olfactory
lobe. We were unable to find this neuropil in
the cypris larva of A. improvisus. The char-
acteristic glomeruli found in the olfactory
lobes in other crustaceans/tetraconates (see
Schachtner et al., 2005) are absent in A. impro-
visus as well as in A. amphitrite (Harrisson &
Sandeman, 1999). Thus there is no morpho-
logical evidence of an olfactory lobe in the
deutocerebrum of A. improvisus.

Nevertheless, the deutocerebrum is the
only part of the syncerebrum that is not re-
duced during the second metamorphosis. The
major reason seems to be the strong intercon-
nection of the posterior secondary deutocer-
ebral nerve (sec dc n/2) to the adult peripheral
nervous system and its possible rich sensory
input.

The antennal nerves of the tritocerebrum
in cypris larvae are situated medially in the
ventral portion of the larval trunk. Contradict-
ing the observations of Harrison & Sandeman
(1999) and Gallus et al. (2005) for the cypris
larva of A. amphitrite, both the antennal nerve
and the tritocerebrum are present in the cy-
pris larva of A. improvisus. After the second
metamorphosis there is no evidence of a trito-
cerebrum, which ties in with the complete re-
duction of the antennal nerve (Gwilliam &
Cole, 1979).

345

The nervous system of the postnaupliar
region

In early nauplius larvae the mandibular com-
missure connects to the ventral nerve cord,
which consists of a pair of longitudinal neu-
rite bundles and a median neurite bundle.
Semmler et al. (2008) found the same pattern
in the early naupliar stages of A. improvisus,
as did Ponomarenko (2014) in E. modestus.
The exact moment at which the mandibu-
lar commissure and the terminal cells begin
to connect, as described for other crusta-
cean species (Vilpoux et al., 2006; Fischer &
Scholtz, 2010; Fritsch & Richter, 2012; Frase
& Richter, 2016), however, remains unclear.
The ventral nerve cord of stage VI nauplius
larvae exhibits a classic rope-ladder-like ap-
pearance (sensu Richter et al., 2010) typical of
crustaceans (Harzsch et al., 2012). Each of the
six thoracic ganglia consists of two bilaterally
arranged hemiganglia which are connected
by an anterior and a posterior commissure,
as in the early developmental stages of other
crustaceans (Vilpoux et al., 2006; Brenneis &
Richter, 2010; Fritsch & Richter, 2010; Stemme
et al., 2013). However, the furcal commissure
found in the stage VI nauplius of A. improvi-
sus seems to exist only at this stage. Due to the
condensation of the ventral nerve cord in the
cypris larva we cannot determine with cer-
tainty when this commissure is reduced, but
itis certainly no longer observable after settle-
ment in juvenile bay barnacles.

In adults, the ventral nerve cord becomes
even more condensed until it forms one large
ganglion (Gwilliam & Cole, 1979; Webster,
1998; Callaway & Stuart, 1999). This condensed
neuropil is the origin of the maxillular, maxil-
lary and mandibular nerves and of the ventral
branches of the 4t and 5t intersegmental
nerves which proceed into the region of the
two movable parts of the shell, the scutum and
the tergum. The six pairs of cirral nerves also
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originate from the less condensed posterior
portion of the ventral nerve cord, which im-
plies that this one structure is responsible for
all motor control. Furthermore, the sensory
input of the sensilla-like “cuticular hairs” of
the mantle (see below) is received by the
branches of the intersegmental nerves that
proceed into the anterior portion of the ven-
tral nerve cord (see also Gwilliam & Cole, 1979).

All in all, we can conclude that a shift takes
place away from the protocerebrum and to-
wards the ventral nerve cord as a center for
sensory integration (Gwilliam & Cole, 1979)
and motor control. This switch from the pro-
tocerebrum to a more posterior central ner-
vous system structure for sensory integration,
here the deutocerebrum, seems to be unique
within crustaceans and must be explained by
their adaptation to a sessile way of life.

The peripheral nervous system

Three intersegmental nerves which run be-
tween the proto- and deutocerebrum, the deu-
to- and tritocerebrum, and the tritocerebrum
and the mandibular neuromere respectively
are present in stage I nauplius larvae (as also
observed for E. modestus by Ponomarenko,
2014). During subsequent development addi-
tional intersegmental nerves originate from
the ventral nerve cord from anterior to poste-
rior until in naupliar stage VI a total of 12 pairs
of intersegmental nerves are present, one pair
arising between every two successive seg-
ments. In Mystacocarida, Remipedia, Anostra-
ca and Notostraca (Brenneis & Richter, 2010;
Fanenbruck et al., 2004; Frase & Richter, 2016;
Fritsch & Richter, 2010) the first/anterior-most
intersegmental nerve originates between the
deuto- and tritocerebrum, and the 15t inter-
segmental nerve present in A. improvisus is
missing. In the cephalocaridan Hutchinsoni-
ella macracantha and the copepods Calanus
finmarchicus and Pseudocalanus sp., however,
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intersegmental nerves are found between all
portions of the syncerebrum (Stegner & Rich-
ter, 2011; Frase & Richter, 2020), making it plau-
sible that this pattern is ancestral.

During larval development the 1%, g3rd, 4th
and 5t intersegmental nerves are connected
by a paired peripheral neurite bundle. In late
naupliar larval development, several pores
and four setae (probably with a mechano-
and/or chemosensory function) are connect-
ed to the lateral peripheral neurite bundle. In
the cypris larva, the peripheral nervous scaf-
fold pervades the whole animal. The innerva-
tion of the external sensory structures of cy-
pris larvae examined by Glenner & Hoeg
(1995) and Walker & Lee (1976), for example, is
directly associated with this complex network
of neurite bundles. It seems obvious to as-
sume that the sensory structures of the cypris
larva emerge from the antero-median setae
and dorsal pores of nauplius stage VI, espe-
cially in the light of the transformation of the
cephalic shield into a bilateral carapace. The
likely derivation of the first two pairs of lattice
organs in the cypris from these naupliar setae
(Rybakov et al., 2003) suggests their innerva-
tion by the 3rd intersegmental nerves (fig. 2A:
3rd in/1). However, pores and setae are scat-
tered all over the carapace of the cypris larva
of A. improvisus (Jensen et al., 1994) and we
are unable to determine conclusively which, if
any, lattice organs or other sensory organs are
innervated by the ramification fields revealed
in our cLSM images. Nonetheless, the innerva-
tion pattern of the 4% ramification field cov-
ers the area of distribution of the grd — gth
pairs of lattice organs.

During the second metamorphosis the
dorso-medial 2" and 3'd ramification fields
shift in a lateral direction. The positions of
the ramification fields in young adults of A.
improvisus correspond to those of the yet-to-
develop calcified plates of the shell. The 15t
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ramification fields correspond to the positions
of the left and right halves of the unpaired an-
terior plate, the rostrum. The 274 ramification
fields correspond to the paired lateralia, the 374
ramification field to the paired carinolateralia
and the 4 ramification fields to the left and
right halves of the unpaired posterior carina.
The two ventral ramification fields (5 and 6)
correspond to the movable shell parts, the scu-
tum and tergum. These correspondences arise
because each part of the mantle that produces
the shell has “cuticular hairs” (sensu Glenner &
Hoeg, 1993), which are innervated by the rami-
fication fields. The anlagen of these nerves are
already observable in late cypris larvae (see
cuticular hair nerve: ch n: fig. 6A). Glenner &
Hoeg (1993) hypothesized that one to two rows
of “cuticular hairs” (see their fig. 2A-D) may,
via muscular contraction, act as a restraining
cord during the positioning of the mantle on
the substrate. Due to the basal innervation of
these “cuticular hairs” they might be better
considered as sensilla with a potential mecha-
nosensory function. The association between
the cuticular hairs/sensilla and the deutocer-
ebrum might be an indication of a additional
chemosensory function.

Darwin (1854) suggested the terms great
splanchic nerve and suprasplanchic nerve
for the two largest peripheral nerves in adult
barnacles, and other authors adopted them
(Gwilliam & Cole, 1979; Webster, 1998; Calla-
way & Stuart, 1999). After comparing descrip-
tions and drawings we conclude that the great
splanchic nerve corresponds to the 5™ inter-
segmental nerve and the suprasplanchic
nerve to the posterior secondary deutocere-
bral nerve in A. improvisus.

The intersegmental nerves of the ventral
nerve cord in adult bay baracles are connected
by a pair of inner and outer lateral neurite
bundles. The outer lateral neurite bundle is
connected to the median neurite bundle of
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the ventral nerve cord (not shown). The in-
ner lateral neurite bundle might correspond
to the lateral longitudinal neurite bundle ob-
served in mystacocaridans (Brenneis & Rich-
ter, 2010), which interconnects the interseg-
mental nerves of all the thoracic appendages
without connecting to the median neurite
bundle. In the branchiopods of the taxa Cy-
clestherida and Spinicaudata (Fritsch & Rich-
ter, 2012) an additional lateral neurite bundle
is present, and in Branchinella sp. (Anostraca)
two additional bundles are found (Frase &
Richter, 2016). The additional lateral neurite
bundles found in Cyclestherida, Spinicaudata
and Branchinella sp. are potentially homolo-
gous to the lateral neurite bundles of A. impro-
visus, despite the lack of a median unpaired
neurite bundle of the ventral nerve cord in all
Branchiopoda (Frase & Richter, 2016) exam-
ined so far.

Metamorphosis

Indirect development with metamorphosis is
common to most of the marine invertebrate
taxa whose lifecycles include planktonic lar-
vae and benthic adults (Jagersten, 1972; Ge-
bauer et al., 2003; Wolfe, 2017). With regard to
the nervous system, metamorphosis in crusta-
ceans is less dramatic than in other inverte-
brate taxa (Richter et al., 2016).

There is agreement about defining meta-
morphosis as a sudden drastic change in
morphology during postembryonic develop-
ment which coincides with a change in habi-
tat, lifestyle and mode of feeding or resource
requirements (Bishop et al., 2006; Passano,
1961; Werner, 1988). These changes in mor-
phology include: “(1) regression of embryon-
ic and larval features, (2) transformation of
larval into adult structures; and (3) de novo
development of structures for the adult”
(Fritzsch, 1990, p. 1011). As the developmental
transformations from the sixth nauplius stage
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to the cypris larva and from the cypris larva to
the sessile adult fulfill all the criteria, we pos-
tulate that the postembryonic development
of A. improvisus is characterized by two true
metamorphoses.

In the following, we list the morphological
changes that occur with each metamorphosis
in A. improvisus. Numbers correspond to the
three major types of changes mentioned
above (1-3, Fritzsch, 1990). Changes in habitat
and lifestyle are listed under (4):

1st metamorphosis

(1) Loss of the antennae and transforma-
tion of the antero-median setae into lat-
tice organs.

(2) Elongation and re-orientation of the
frontal filaments, transformation of the
cephalic shield into a bilateral cara-
pace, of the fronto-lateral horns into
fronto-lateral horn pits, of six pairs
of non-functional anlagen of thoracic
appendages into swimming legs, of the
natatory/masticatory mandible into
an ‘“non-functional” mandible, of the
ladder-like ventral nerve cord into a
highly condensed ventral nerve cord.

(3) Development of compound eyes, ad-
hesive discs on antennules, and an
additional deutocerebral lobe with two
associated nerves.

(4) Change from pelagic to pelago-benthic
substrate-associated, from feeding to
non-feeding.

2nd metamorphosis

(1) Reduction of the antennal nerve, proto-
and tritocerebrum, compound eyes, fron-
tal filaments and frontal filament organs.

(2) Transformation of the carapace into the
mantle, of the swimming legs into feed-
ing cirri, of a nauplius eye with three
connected cups into a nauplius eye with
three separate cups.
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(3) Development of a complex neuropil rep-
resenting the proto- and deutocerebrum
and the highly condensed anterior por-
tion of the ventral nerve cord, develop-
ment of outer and inner lateral neurite
bundles (see fig. 12).

(4) Change from pelago-benthic substrate-
associated to sessile on substrate, from
non-feeding to feeding.

Authors including Hoeg & Moller (2006) and
Pechenik et al. (1993) have also proposed that
on the grounds of the sudden change in swim-
ming behavior, the molt between the last
nauplius stage and the cypris larva is a true
metamorphosis. We agree with the observa-
tion of Hoeg & Moller (2006) that the change
in internal morphology in the first metamor-
phosis is more gradual than that in the exter-
nal morphology and were able to show that
the same applies to the second moult (see
fig. 6). Changes in the internal structures, e.g.,
the development of the anlagen of the com-
pound eye in late nauplius larvae or the re-
duction of the protocerebrum and the degen-
eration of the frontal filaments and compound
eyes in late cypris larvae begin earlier than the
subsequent molt with its drastic and sudden
changes in external morphology. Basal The-
costraca such as some ascothoracidans only
exhibit minor changes in morphology from
the vagile cypris larva to the sessile adult,
which possibly reflects the condition in the
ur-cirriped (Hoeg et al., 2015), which is thought
to have resembled a cypris larva and not un-
dergone subsequent metamorphosis.
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