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Brain architecture of the Pacific White ShrimpPenaeus vannamei
Boone, 1931 (Malacostraca, Dendrobranchiata): correspondence
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Abstract Penaeus vannamé@Dendrobranchiata, Decapoda) Introduction
is best known as théPacific White Shrimpand is currently
the most important crustacean in commercial aquacultuiéne species description of tB&/hiteleg Shrimf or BPacific
worldwide. Although the neuroanatomy of crustaceans ha&’hite Shrimg Penaeus vannameBoone, 1931
been well examined in representatives of reptant decapofidalacostraca, Decapoda, Dendrobranchiata) is based on
(Byround-dwelling decapotis there are only a few studies one male specimen (the holotype), which was purchased in a
focusing on shrimps and prawns. In order to obtain insightsarket, Panama City, in 1926 by Dr. W.G. Van Name, to
into the architecture of the brain Bfvannameiwe use neu- whom the species name is dedicated (Bdd ). The ani-
roanatomical methods including X-ray micro-computed tomals (local name: Camarén patiblanco) are native to the
mography, 3D reconstruction and immunohistochemicdtastern Pacific coast from Sonora, Mexico in the north,
staining combined with confocal laser-scanning microscopthrough Central and South America as far south as Tumbes
and serial sectioning. The brain®fvannamegxhibits all the  in Peru, in areas where water temperatures are normally above
prominent neuropils and tracts that characterize the grou2® °C throughout the year (Rosenbe®®02. The adults
pattern of decapod crustaceans. However, the size proportigrow to a maximum total length of 230 mm and live in tropical
of some neuropils is salient. The large lateral protocerebrumarine habitats. The animals have been reported from depths
that comprises the visual neuropils as well as the hemiellipso@to 72 m but information on their natural habitat and preferred
body and medulla terminalis is remarkable. This observatidife style is rudimentary (Holthuis980. Females have a high
corresponds with the large size of the compound eyes of thefeeundity rate, releasing from 100,000 to 1,000,000 eggs at a
animals. In contrast, the remaining median part of the brain @ngle spawning (Wicking979. The postlarvae migrate in-
relatively small. It is dominated by the paired antenna 3hore to spend their juvenile, adolescent and sub-adult stages
neuropils, while the deutoc@ral chemosensory lobes play a in coastal estuaries, lagoons or mangrove areas. Beginning in
minor role. Our findings suggest that visual input from thel996, the species was introduced into Asia (reviewed in
compound eyes and mechanosensory input from the secoBdggs et al2004 and currently is the most important crusta-
pair of antennae are major serysmodalities, which this brain  cean in commercial world aquaculture, accounting for an an-
processes. nual production of over 3 million tons and a production value
in access of US$ 13 billion (FAO yearbodB14 http://www.
Keywords CrustacealmmunohistochemistryAllatostatin.  fao.org/fishery/species/3404)en
Brain architecture and evolutiofFMRFamide For those zoologists interested in aspec® eannameés
external morphology, the original species description of
Boone (93)) is still a most valuable source. Our current
knowledge of the internal anatomy of dendrobranchiate
shrimps in general including histology were reviewed by

Department of Cytology and Evolutionary Biology, Zoological Bell and Lightner {989 and Tavares and Martir2q10,

Institute and Museum, University of Greifswald, Soldmannstr. 23, physiological aspects sues the moult cycle by Corteel
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(1990. It appears from these contributions that the Pacificertain classes of olfactory interneurons and the available de-
White Shrimps outstanding role in world shrimp farming scriptions of the visual neuropils are rudimentary at best
and the global availability of billions of specimens has no{Ngernsoungnern et a200§ Ammar et al.2008 Tinikul
sparked the interest of international zoologists in this speciest al.2011a b). If we assume that, along with Euphausiacea
morphology, which goes much beyond the general scientifiand Caridea, the brains of Dendrobranchiata have retained
interest in any other dendrobranchiate shrimp. We are intgolesiomorphic features from the malacostracan ground pat-
ested in evolutionary aspects of crustacean brain architectutern, analyzing their brain organisation is crucial for any at-
specifically the question as to how neuroanatomy reflects thempt to understand trajectories of brain evolution within the
sensory input that a certain brain processes and hence mirrbtalacostraca (Sandeman etl#l93. Describing the relative
the sensory landscape that the animals analyze (Sandenpgoportions of brain areas known to be involved in processing
et al.1993 2014 Strausfeld012). Against this background, certain types of sensory input and comparing these propor-
we have previously studied the brains of marine and terrestrigbns to other crustaceansains may also reflect how impor-
isopod crustaceans (Harzsch e2@lL1 Kenning and Harzsch tant these senses are for the animals to analyze their environ-
2013, brachyuran crabs (Krieger et 2012 2015 and her- ment (Sandeman et 2014). Therefore, the current study sets
mit crabs (Harzsch and Hansseb08 Krieger et al.201Q  out to provide a detailed description of the Pacific White
Polanska et aR012). In topics such as visual processing andShrimgs brain anatomy using contemporary neuroanatomical
visual ecology (Zeil and HemrAD0G Tomsic2016, learning  methods, including X-ray computed tomography, 3D recon-
and memory (Tomsic and Maldona2i@14), chemical senses struction, classical histology, immunohistochemistry and con-
and chemical ecology (Derby and WeissbRfj4), motor focal laser-scan microscopy.
control (Stein et al2016 and neuroanatomy (Schmidt
2016, crustacean neurobiologists have so far mostly focused
on brachyuran crabs and reptantian malacostracans suchMaterials and methods
crayfish, clawed lobsters and spiny lobsters rather than on
shrimps or prawns. For dendrobranchiate shrimps, a rathenmunohistochemistry
limited number of studies on these anirhalsuroanatomy is
available, although they are considered to represent many adult specimens oPenaeus vannameiere obtained from
cestral features of decapod crustacean brain anatontfie Garnelen Farm Grevesmuhlen GmbH & Co. KG
Sandeman et al1993 and Ngnernsoungern et aR00§  (Grevesmihlen, Germany). The animals were anaesthetized
described the basic organization of the braifPémaeus by cooling on ice for at least 30 min and then decapitated.
monodon whereas Ammar et al2Q08 analyzed structural Their brains (including the eyestalk neuropils) were dissected
aspects of primary olfactory centershkarfantepenaeus in PBS (phosphate buffered saline, 0.1 M, pH 7.4) and fixed
paulensisand Sullivan and Beltz2004) the lateral overnight in 4 % PFA (paraformaldehyde) in 0.1 M PBS at
protocerebrum oPenaeus duoraruntinikul et al. 011a 4 °C. After fixation, the brains were embedded in low-gelling
b) investigated the distribution and concentration changes afjarose or gelatine and then sectioned (80 with a
two biogenic amines (serotonin, dopamine), and a peptidgbratome (Zeiss Hyrax V-50). Afterwards, the sections were
(gonadotropin-releasing hormone) in the central nervous sygreincubated for 1.5 h in PBT (PBS + 0.3 % Triton X-100 +
tem and the ovary during the ovarian cyclePirvannamei 1 % bovine serum albumine) to improve antibody penetration.
These studies have already provided some insights into tAdis was followed by overnight incubation in the primary
basic neuroanatomy of their brain. The impressive eyes ahtisera at room temperature. The antisera we used were:
penaeid shrimps with their typical square facets have attractetbnoclonal anti-SYNORF1 synapsin antibody (DSHB,
the attention of neuroanatomists in the field of vision researéC11; from mouse); monoclonal anti-acetylatetibulin an-
(Zysnarl97Q Meyer-Rochow and Walst977; Nilssonl990.  tibody (Sigma-Aldrich, T6793; from mouse); polyclonal anti-
Moving into caridean crustaceans, the prawns, morphological-allatostatin antiserum (A¢pe Dip-allatostatin |; Jena
information is also sparse. [Prrepresentatives of the genus Bioscience, abd-062; from rabbit); polyclonal anti-
Macrobrachiumhave been analyzed by neuroanatomistsEFMRFamide antiserum (Acris/Immunostar, 20091; from rab-
Sandeman et al1993 described the basic brain structure ancbit). After the incubation, all tissues were washed in several
selected details of their central and peripheral offactory pathwapanges of PBT for 1 h and incubated in the secondary anti-
have been analyzed by Johanss@®9(), Ammar et al. 00§  bodies (anti IgGs) conjugated to Alexa Flour 488 (goat, anti-
2013 and Kruangkum et al2013. rabbit) and Cy3 (goat, anti-mouse) overnight at room temper-
The available studies on the brain architecture oéture. Additionally, we used HOECHST 33258 (Sigma,
dendrobranchiate shrimps are contradictory concerning tlg530) as a nuclear marker to show the cell clusters. Finally,
identification of important brain neuropils such as antenna the tissues were washed in several changes of PBT for 2 h and
neuropil versus the tegumentary neuropil and the presencernbunted in Mowiol 488 (Roth, No. 0713.2).
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Antibody specifity Stay and Tob@007 Christie et al2010. In the shore crab
Carcinus maenagBrachyura), almost 20 native A-type
Synapsin allatostatin-like peptides were identified from extracts of the tho-

racic ganglia (Duve et al997. Shortly afterwards, various
The monoclonal anti-SYNORF1 synapsin antibody (DSHBother A-type allatostatin-lk peptides were isolated from the
Hybridoma Product 3C11; anti SYNORFL1 as deposited to thEastern Crayfisidrconectes limosu@\stacida; Dircksen et al.
DSHB by E. Buchner) was raised againsbeosophila  1999. Meanwhile, A-type allatostatin peptides have been dis-
melanogasteGST-synapsin fusion protein and recognizes atovered in a wide range of malacostracan crustaceans, including
least four synapsin isoforms (70, 74, 80 and 143 kDa) in wesBrachyura (e.g., Huybrechts et 2003, Astacida (e.g., Cape
ern blots oD. melanogastenead homogenates (Klagges et al.et al. 2008, the prawnd?enaeus monoddiDuve et al.2002
1999. Sullivan et al. 2007 showed a single band at ca. 75 kDaandMacrobrachium rosenberdjiin et al.200§ and also in the
in a western blot analysis of crayfish homogenates. Harzsch askiimpPenaeus vannam@la et al.2010. Christie et al.Z019
HanssonZ008 conducted a western blot analysis comparindgdentified a total of 29 peptides with the C-terminal motif, -
brain tissue oD. melanogasteand the hermit craBoenobita  YXFGLamide, in the latest analysis on the peptidome of the
clypeatus(Anomura, Coenobitidae). The SYNORF1 serumshore crab. The allatostatin-related petides were also analyzed
provided identical results for both species and it stained orie P. vannamein silico analysis (Christi2014). The polyclonal
strong band between 80 and 90 kDa and a second weaker baabbit allatostatin antiserum used in the present study was raised
slightly above 148 kDa (see Harzsch and Hang8@®. The  against theDiploptera punctataA-type Dip-allatostatin |,
analysis suggests that thetepe that SYNORF1 recognizes is APSGAQRLYGFGLamide, coupled to bovine thyroglobulin
strongly conserved betweBnmelanogasteandC. clypeatus  using glutaraldehyde (Vitzthum et aB9§. It has previously
Similar to the fruit fly, the antibody consistently labels brainbeen used to localize A-type allstatin-like peptides in crusta-
structures in other major subgroups of the malacostracan cregan and insect nervous systems (e.g,. Kreissl €0al
taceans (e.g., Beltz et aD03 Harzsch et all997, 1998 1999 Polanska et aR012. In control experiments in which the pri-
Krieger et al.2012 in a pattern that is consistent with the mary antibody was replaced by PBS, all staining was abolished
assumption that this antibody labels synaptic neuropils in crugdata not shown). In the following, we will use the term
taceans. The antibody also labels neuromuscular synapse$atiatostatin-like immunoreactivityo indicate that the antibody
Crustacea an®rosophila(Harzsch et al1997. In control  most likely binds to various related peptides within this peptide
experiments in which the primary antibody was related wittiamily.
PBS, all staining was alished (data not shown).

FMRFamide
Acetylated -tubulin

The tetrapeptide FMRFamide and related peptides are widely
Microtubules are a predominant component of the neurondistributed among invertebrates and vertebrates. They form a
cytoskeleton and essential for the maintenance and develdarge neuropeptide family with more than 50 members that all
ment of neuronal morphology. Tubulinis a heterodimer of twshare the RFamide motif (Price and GreenbE3§9
globular proteins - & -tubulin and appears in several iso- Greenberg and PricE992 Nassel1993 Homberg1994
forms. The acetylated -tubulin is more stable under Dockray 2004 N&assel and Homberg006 Zajac and
depolymerizing conditions than the very dynamic tyrosinateMollereau2006). In malacostracan Crustacea, at least 12
tubulin (Kreis1987. The monoclonal mouse anti-acetylatedFMRFamide-related peptides have been identified and se-

-tubulin (Sigma-Aldrich, T6793, IgG2b isotype) has alreadyquenced from crabs, lobsters, shrimps and crayfishes

been successfully tested in a variety of organisms (protistdluybrechts et al2003 Mercier et al.2003. The peptide
plants, vertebrates and invertebrates) indicating that the arléngths range from 7 to 12 amino acids and mostly share the
gen that this antibody recognizes is evolutionary conservathrboxy terminal sequence LRFamide. FMRFamide-related
across a broad range of species. In control experiments petides have also been identifiedPirvannamein an in silico
which the primary antibody was replaced by PBS, all stainingnalysis (Christi€2014). The polyclonal ImmunoStar

was abolished (data not shown). FMRFamide antiserum (rabbit, Cat.No. 20091, Lot
N0.1331002) was raised against a synthetic FMRFamide
A-type Dip-allatostatin | coupled to bovine thyroglobulin. This antibody has been

widely used in Crustacea, e.g., the cf@drcinus maenas
The A-type allatostatins represent a large family of neuropegKrieger et al.2012, the terrestrial hermit craBoenobita
tides that were first iddéified from the cockroaciploptera  clypeatugHarzsch and Hanss@®b09 and the spiny lobster
punctata they additionally share the C-terminal motif - Panulirus argus(Schmidt and Achel997. In control
YXFGLamide (Nassel and HombeP§0§g Stay et al.1995  experiments in which the primary antibody was replaced
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by PBS, all staining was abolished (data not shown)imaging and terminology

Because crustacean FMRFamide-related peptides so far

known all share the carboxy terminal sequencén overview of the dissected brain (Figa) was

LRFamide, we conclude that the ImmunoStar antiserurphotographed with a Zeiss Axiophot compound microscope

that we used most likely labels any peptide terminatingx2.5 objective) equipped with a Touptek DCM 510 ocular

with the RFamide sequence. Therefore, we have use@dmera. Cross-polarized light was used to minimize re-

the term BRFamide-like immunoreactivitythroughout flections. The brain was documented with two different

the paper. exposure times. Overall, 2Bstacks were documented,
each with up to 20 single images. Thestacks were
fused with Zerene Stacker and the resulting images were

Classical histology stitched with the Photomerge function of Adobe
Photoshop CS4 (Hoérnig et a2016.
For paraffin histology, a head #fenaeus vannameias The tissues processed for immunofluorescence were

stored in Bouins fixative for several days, then viewed with a Leica TCS SP5II confocal laser-scanning mi-
dehydrated in an ethanol series and embedded in parafoscope equipped with DPSS, Diode- and Argon-lasers and
fin wax mixed with 5 % beeswax. Serial 6n sections operated by the LeicBApplication Suite Advanced
were taken in the frontal plane with a Fisher Scientifid-luorescencesoftware package (LASAF). Digital images
Microm HM 360. The sections were stained with Azan-were processed with Adobe Photoshop. Only the global pic-
novum according to Geidies using standard protocoltire enhancement features of Photoshop elements (brightness
(Mulisch and Welsch2010. and contrast) were used for all experiments. The tissues

Fig. 1 The entire animalg(
anterior to the left side and dorsal
towards the top), a dissected brain
and eyestalk neuropilb)and
dorsal aspects of the hea)l ¢f
Penaeus vannam@omposite
photography) to indicate the
positional relationship of the
visual neuropils, the antenna
nerves and the esophageal
connectives to the syncerebrum.
Note the massive amount of
neuronal tissue within the
eyestalk neuropils compared to
the median brairAl antenna 1,
A2 antenna 2AINvantenna 1
nerve AlINvantenna 2 nerv@C
deutocerebrunCL
deutocerebral chemosensory lobe,
EY compound eyeDC
esophageal connective, 1-5

basal insertions of pereiopods 1
5, PC protocerebrunL 1-5
pleopods 15, PT protocerebral
tract,RSrostral spineSC
scaphoceritel C tritocerebrum,
vNpvisual neuropilsScale bars
(@&, c)5mm, p) 1 mm
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processed for classical histology were viewed with a Nikoevident from the associated nerves to the sensory organs
Eclipse 90i upright microscope and bright-field optics. (Fig.1by). In the following, we will refer to bilaterally paired brain

The neuroanatomical nomenclature used in this manuscrigtructures and associated appendages only on one side of the brain
is based on Sandeman et 4993 and Richter et al2010  [Figs.2, 8(see below)]. The medial protocerebrumis linked to the
with some modifications adopted from Harzsch and Hanssdateral protocerebrum, which includes the visual neuropils, the
(2008 and Loesel et al2013. According to these sources, medulla terminalis and the hemiellipsoid body via the
we use the terms lamina, medulla and lobula for the visugrotocerebral tract (PT). The neuropils of the lateral
neuropils instead of the terms lamina ganglionaris, meduljarotocerebrum collectively are also called the eyestalk neuropils
externa and medulla interna. We collectively refer to thesgSchmidt2016 and are located anteriorly at a considerable dis-
three visual neuropils together with the lobula plate, the meance from the syncerebrum. Ttaérpd neuropils of the lateral
dulla terminalis and the hemiellipsoid body as Baeral protocerebrumtogether compose at least as much neuronal tissue
protocerebrurh. We use the term deutocerebralas the median part of the brain. The antenna 1 nerve (AINv)
chemosensory lobe instead of olfactory lobe (Loesel et atonnects the first antenna to the deutocerebrumiBjigThe

2013. tritocerebrum is associated with the second antennae. Its nerve
Unless indicated otherwise, all images are orientated wiik divided into two parts (Fig.b), perhaps indicating the division
the anterior facing to the top. ofthis appendage into a scaphocerite and the very long flagellum.
The brains neuraxis basically follows the body axis butis slightly
X-ray micro-computed tomography bent dorsally so that the protocerebrum is situated anterodorsally
to the deutocerebrum.

MicroCT scans were performed using a XRadia XCT-200 that

uses a 90-kV/8-W tungsten ay source and switchable Lateral protocerebrum

scintillator-objective lens units as described by Sombke et al.

(2015. Samples were critical point-dried and scanned drizike most malacostracan crustaceBngannamehas three suc-

(scan medium air). The right eyestalk and the median bratessive visual neuropils in its eyestalk, which from distal to prox-

were scanned separately with a pixel size of 2.88and imal are called lamina (La), medulla (Me) and lobula (Lo)

1.16 m, respectively. Tomography projections were reconfFigs.3a-d, 7, 8 (see below)]. Furthermore, we tentatively iden-

structed using the reconstruction software provided biified a lobula plate (LoP; Fig3dl), which in other

XRadia, resulting in image stacks (DICOM format). The 3Dmalacostracans is also present as the fourth visual neuropil

volume reconstructions of the image stacks obtained by tl{discussed in Strausfel12). The lamina, as the distal-most

microCT were performed using the software Amira (VSG) asisual neuropil, is a tender layer of neuropil, which because of

described in Sombke et a(q15. its proximity to the retina is often lost during the dissection but is
well visible in the histological sections of the entire eyestalks
(Fig.3d). Itconsistently displays RFamide-like immunoreactivity

Results (Fig.3al). The second visual neuropil, the medulla, is composed
of multiple layers and in the histological sections appears some-
Gross morphology what broader than the lamina. Allatostatin-like immunoreactivity

is arranged in at least five different layers (Bijand RFamide-

The cephalothorax dPenaeus vanname sheltered dorsally like peptides in at least three layers (B#). The sinus gland was
by a strong carapace with an anteriorly extending rostrurtentdively identified as being composed of a few large somata
(Fig. 13). The bilaterally paired large compound eyes (EY) aravith strong allatostatifike immunoreactivity (Fig3b, 9. The
stalked and located dorsally to the base of the first and secotidrd visual neuropil, the lobula, is also multilayered and the
pair of antennae (FidlLa, 9. The first pair of the biramous allatostatin- and RFamide-likegieles are evenly distributed in
antennae (Al) is short and stout. Each antenna bears two flagdfieee layers (Fig3a, . The lobula plate is a small spherical
at its distal end, which project anteriorly as far as the rostrumeuropil that in sagittal sections appears to be attached to the
(Fig. 10). The second pair of antennae (A2) is characterized bylabula as a satellite (Figd1). Further proximally within the eye-
basal blade-like extension, the scaphocerite or antennal scsalalks, the medullaterminalis (TM) and hemiellipsoid body (HN)
(SC; Fig.10 and a flagellum that is more or less as long agomplexare located (Figd). In P. vannamethese two neuropils
the entire animal (Fig.a compare also Boork931). are difficult to discern (Fig3a, b, an observation that has previ-

The median part of the brain Bf vannameis a little longer  ously already been reported by Sullivan and Belin{. The
than broad unlike the brains of many other decapod crustacedateral protocerebrum is connected to the median protocerebrum
such as Brachyura or Anomura [Figs3 (see below); compare via the protocerebral tract (PT), which, among its several hun-
Sandeman et al.993. Its subdivision into three successive dreds of axons, also contains several neurites with strong
neuromeres, the proto-, deuto- and tritocerebrum is externatjlatostatin-like immuneactivity (data not shown).
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Fig. 2 Horizontal vibratome
section of the median brain
(anterior is towards the top) triple-
labeled for synapsin-
immunoreactivity red),
RFamide-like immunoreactivity
(green and nuclear markeblue).
AMPNanterior medial
protocerebral neuropidnN
antenna 1 neuropiDCL
deutocerebral chemosensory lobe,
LAN lateral antenna 1 neuropil,
MAN median antenna 1 neuropil,
PMPN posterior medial
protocerebral neuropiNTN
projection neuron tract neurogl,
cell clusterScale bar250 m

Median protocerebrum Deutocerebrum

The median protocerebrumis dominated by two medially fused lardde median antenna 1 neuropil (MAN) is arranged in the center of
neuropils, the anterior and posterior medial protocerebral neurofbie deutocerebrum and posteriorly to the PMPN [Bjgs8 (see
[AMPN and PMPN; Figs2, 4, 7, 8 (see below)]. These neuropils below)]. Itis known to receive input from the statocyst in malacos-
embrace the central complex composed of the protocerebral bridggcan crustaceans (SchnaiLg. It is anteriorly adjoined to the
(PB), central body (CB) and the paired lateral lobes (LLZ&ig).  median protocerebrum, posteriorly to the tritocerebrum and lateral-
Anteriorly to the V-shaped protocerebral bridge neuropil 4g)g. Iy to the paired lateral antenna 1 neuropils (LAN). Both of these
the cell nuclei of cluster (6) can be visualized by the HOECHSTeuropils (MAN and LAN), which process input from antenna 1,
DNA marker (Fig4c) and classical histology (Fidig). This cluster ~ show a strong synapsin, allatdisidike and RFamide-like immu-
contains numerous neurons with strong allatostatin-like immunoneereactivity (Figs2, 5¢, 68). There are two large cell somata closely
activity. Their neurites project into the central complex. At the intelassociated with the median antenna 1 neuropil that display strong
face between the anterior and posterior medial protocerebgdlatostatin-like immunoreactivity (Figa). Their neurites project
neuropils, the cigar-shaped central body neuropil extends acrossyplasteriorly into the tritocerebrumaditransversely into the lateral
midline (Fig4a, h. The central body seems to be transversely dividantenna 1 neuropil. Another paired neuropil with a conspicuous
ed in a thin upper unit and a thicker lower unit. Both units display atructure is located laterally in the deutocerebrum, the deutocerebral
strong synapsin, allatostatin-like and RFamide-like immunoreactighemosensory lobe (DCL; also caletfactory lobé). Each DCL

ity (Fig. 4d, d1). The central body laterally extends into the posterids composed of small, wedge-shaped neuropil units, the offactory
medial protocerebral neuropil, towards the lateral lobes4Bjig. glomeruli, which are arranged radially around its periphery
domains with a high density of allatostatin-like immunoreactivity(Fig. 5d, §. The glomeruli show a strong synapsin and tubulin
Furthermore, some longitudinally extending neurites were identifischmunoreactivity. Furthermore, the glomeruli are innervated by
in the central complex projecting from cell cluster (6) to thdocal interneurons from cluster (9/11) that display allatostatin-like
protocerebral bridge and further on to the central body4jg. and RFamide-like immunoreactivity (Fig). Cell cluster (9/11) is
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Fig. 3 Lateral protocerebrura.
Horizontal section of the right
eyestalks (the distal part of the
eyestalk with the retina is towards
the top, lateral is towards the right
of the image), triple-labeled for
acetylated tubulin-
immunoreactivity red),
RFamide-like immunoreactivity
(green) and a nuclear marker
(blué. al Higher magnification
of theboxed arean (a). b Spatial
relationship of the lateral
protocerebrum and the medially
located sinus glans@;
horizontal section of the right
eyestalk (the distal part of the
eyestalk with the retina is towards
the top, lateral is towards the right
of the image), triple-labeled for
acetylated tubulin-
immunoreactivity red),
allatostatin-like immunoreactivity
(green and a nuclear marker
(blué). c Detail of allatostatin-like
immunoreactive neurons
associated with the sinus glawd.
Histological staining of a frontal
section (Azan stain) of the entire
right eyestalk including the
compound eye (distal is towards
the top of the image and ventral
towards the rightd’ Histological
section showing the lobula plate.
HN/TMcomplex of hemiellipsoid
body neuropil and medulla
terminalis,La lamina,Lo lobula,
LoP lobula plateMe medulla,R
retina,SGsinus gland? and3

cell clustersScale barga, b)

250 m, @) 100 m, ()50 m,
(d)500 m

located posteromedially toghDCL, as can be detected by the the projection neuron tract. Afiemerging from the deutocerebral
nuclear counterstain and in histological sections (Rigsd. = chemosensory lobes, it extends dorso-medially to meet the contra-
Some of the local interneurons within this cluster displayateral counterpart in a chiasm posterior to the central body
RFamide-like immunoreactivity (Figc). Another cell cluster, cell  (Fig. 5a2). Afterwards, the two arms of the tract separate again to
cluster (10) is located posterovraiiy to the DCL. This cell cluster proceed antero-laterally to exit the median protocerebum via the
(10) is smaller than the cell cluster (9/11) and hosts the olfactopyotocerebral tractandto target the lateral protocereburba)-Ay.
projection neurons (Figsh, 7f). Some ofthese somata show strongsmall commissural fiber bundle seems to be associated with the
allatostatin-like immunoreactivity and their neurites projectinto thBNT posteriorly and ventrally to the chiasm to provide a separate
DCL but also have branches in the projection neuron tract (PNTihk of the deutocerebral neuropils across the midline (arrows in
data not shown). This projection neuron tract could be clearly se€ig. 58). This structure was termé&drospective deutocerebral
inthe frontally cut paraffin sections (Figy al). The deutocerebral commissure by Ammar et al. Z00g. Another small neuropil is
chemosensory lobes are linked with the lateral protocerebrum lmcated at the interface of theCD and the PNT, the projection
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Fig. 4 Horizontal sections of the
median protocerebrum and
central complex (anterior is
towards the topy—d are confocal
laser-scan images).Section of
the median protocerebrum, Azan
stain.b Central complex labeled
for synapsin immunoreactivity
(red) and allatostatin-like
immunoreactivity greer). ¢

Detail of the protocerebral bridge
neuropil PB) labeled with anti-
synapsinied) and cell clusterg)
labeled with nuclear marker
(blué). d Detail of the central
body, double-labeled for synapsin
immunoreactivity ied) and
RFamide-like immunoreactivity
(green. d’ Inverted anti-synapsin
labeling of the central body
(black-white inverted image).
AMPNanterior medial
protocerebral neuropGBcentral
body,LL lateral lobesPB
protocerebral bridge neuropil,
PMPN posterior medial
protocerebral neuropi, cell
cluster.Scale barga, b) 250 m,
(cd')100 m

neuron tract neuropil (PNTN; Fi§al, ce). It shows strong immunoreactivity reveal a transversely stratified pattern within this
synapsin, RFamide-like and allatostatin-like immunoreactivity. neuropil (Fig6a, 9.

Tritocerebrum

Discussion
The third part of the syncerebrum, the tritocerebrum, is dominated
by the distinctive antenna 2 neuropil (AnN, Fi§sZ, 8). Itisthe  General remarks
largest neuropil within the median brain and seems to be subdivided
into one larger and medially into one smaller part. This neuropifrevious studies on representatives of the Dendrobranchiata
receives input from the second antenna, has a cylindrical shape &ade outlined the gross morphology of their brain (Sandeman
lies ventrolaterally to the esophageal connectives. Synapsigt-al. 1993 Ngernsoungnern et &008 Tinikul et al.2011a
immunoreactivity as well as dlisstatin-like and RFamide-like b) or have explored specific areas in more detail such as the
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Fig. 5 Overview of the
deutocerebrum and details of the
deutocerebral chemosensory lobe
(DCL; horizontal sections, anterior
is towards the top in all panels).
Histological section of the proto-
and deutocerebrurarrowheads
indicate the deutocerebral
commissureal Higher
magnification of théoxed aredn

(a) to show details of the neuropil
(PNTN associated with the projec-
tion neuron tract2; Higher
magnification of th&oxed arean

(a) to show details of the chiasm of
the arms of the projection neuron
tract PNT). b Spatial relationship of
cell cluster 10) to the DCL (right
side of the brain), triple-labelling for
acetylated tubulin-
immunoreactivityred),
allatostatin-like immunoreactivity
(green and nuclear markebl(e). ¢
Detail of the local interneurons that
are located in cell clusted/(1) and
innervate the DCL (right side of the
brain), labeled for anti-synapsin
(red) and RFamide-like immunore-
activity (greer). d Allatostatin-like
immunoreactivity, blackvhite
inverted image

showing alarge neurite bundle from
local olfactory interneurons
projecting into the DCL (left side of
the brain)e RFamide-like
immunoreactivity within the
glomeruli of the right DCL (black
white inverted imagepAMPN
anterior medial protocerebral
neuropil DCL deutocerebral
chemosensory lobeAN lateral
antenna 1 neurop®NTprojection
neuron trac?NTNprojection
neuron tract neuropPMPN
posterior medial protocerebral
neuropil 9/11and10cell clusters.
Scale barga) 250 m, @) 50 m,
(b-6)100 m

lateral protocerebrum (Sullivan and Beft@04) or the olfactory interneurons (cluster 9/11) as in most other
deutocerebral chemosensory lobes (Ammar @08l3. Our  Decapoda (see, e.g., Schachtner eR@05 Harzsch et al.
contribution supplements these studies by providing additior2012 Derby and Weissburg014 Schmidt2016. In agree-

al details on the brain areas of these organisms, which so faient with the study of Tinikul et al2011h their fig. 1b), we
have been less well studied, for example, the visual neuropilgrovide evidence that this second cluster is present, as sug-
the central complex and the antenna 2 neuropil. Our study algested for the ground pattern of Malacostraca (Kenning et al.
answers specific open questions on the architecture of th@ip13. Another open question deals with the identification of
brain. From the studies of Sandeman etl&l99 and Ammar the tegumentary neuropil versus the antenna Il neuropil
et al. 009, it was unclear if the olfactory system of (Tinikul et al.2011ab); contrary to these studies, we are able
Dendrobranchiata is associated only with a cluster of olfactoty clearly identify the antenna 2 neuropil but could not find a
projection neurons (cluster 10) or also with a cluster of localistinct tegumentary neuropil.
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Fig. 6 Overview of the deuto-
and tritocerebrum (anterior is
towards the top) and details of
antenna 2 neuropiAQN). a
Horizontal section to demonstrate
the size of the antenna 2 neuropils
in relation to the deutocerebrum,
triple-labeling for acetylated
tubulin-immunoreactivityréd),
allatostatin-like immunoreactivity
(green and nuclear markeblie),
anterior is to the togh Oblique
frontal section of the AnN stained
with Azan.c Detail of the strati-
fied AnN, allatostatin-like immu-
noreactivity (blackwhite

inverted image)AnNantenna 2
neuropil, DCL deutocerebral
chemosensory lob&AN lateral
antenna 1 neurop# cell cluster.
Scale barga—) 250 m

In arthropods, a long tradition exists in discussing the quegxpect that poorly used brain areas will quickly erode away
tion of the adaptive and functional relationship of a particuladuring evolution. Therefore, well-developed sensory systems
brain area to the habitat, environment and behavior of an aand associated brain areas of an animal can be expected to
ganism (Hanstromi926 Sandeman et al993 2014 Niven  analyze environmental information, which is important and
and Laughlin2008 Chittka and Niver2009 Harzsch et al. ecologically relevant for the fitness of the organism.
2012. It has been suggested that adaptations to habitat, s&imilarly, changes in the organization of a neuropil, e.g., in-
sory landscape or lifestyle are mainly confined to receptarreasing numbers of glomeruli in the deutocerebral
systems and consequently to the organization of the primachemosensory lobe, could indicate a varying ability to dis-
sensory neuropils because larger amounts of sensory inpuiminate the sensory input (Beltz et2003. However, such
necessitate larger amounts of processing neural tissuggrelations can only be validated in the context of quantita-
(Chittka and Niver2009. These authors also proposed thattive data on certain brain areas. Nevertheless, the relative pro-
during evolution, specific brain regions may expand relativelportions of brain neuropils can also provide useful information
to the rest of the brain, in correspondence with ecologicathen viewed in a comparative context (Sandeman et al.
specialization. Along the same lines, considering the high014). In the following, we will discuss the individual
physiological costs of maintaining nervous tissue, we caneuropils of the brain d?. vannamewith some remarks on
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Fig. 7 Three-dimensional reconstruction (Amira) of the brain based oand a lateral viewf{anterior is to the leftAINvnerve of antenna AnN
an image stack obtained by X-ray micro-computed tomography (note thahtenna 2 neuropiCB central bodyDCL deutocerebral chemosensory
both AnN were not entirely imaged in this scan). Only the major neuropillobe,HN/TMhemiellipsoid body/medulla terminalis compleajamina,
and selected cell clusters are shown and not the outer brain contour. &N lateral antenna 1 neurogilp lobula,LoP lobula plateMe medulla,
the color-scheme of neuropils, compare Big—c Visual neuropils and  PB protocerebral bridg&NT projection neuron tradeNTNneuropil of
lateral protocerebrum within the right eyestalk viewed dorsglyeter-  the projection neuron tracgG sinus glandyT visual tract,numbers
ally (b) and posteriorlyd). d—f Median brain in an oblique fronto-lateral indicate cell clusters

view (d, dorsal is towards the top), a frontal vievgnterior is to the top)

their environment in the context of how neuroanatomy maincluding the complex system of alternating layers in the medulla

reflect the sensory input that a brain processes. and lobula fits the typical pattern of decapod crustaceans (see
reviews by, e.g., Strausfeld and Naske81, Harzsch et al.
Lateral protocerebrum and visual input 2012 Glantz2014 Schmidt2016. Studies on the lamina and

medulla exist for other taxa with a shrimp-like habitus, such as
To our knowledge, this is the first report on the visual neuropils ithe caridearPandalus borealigNassell975, the mysid
a dendrobranchiate using immunohistochemistry combined witleomysis integgStrausfeld and Nass&d81, Elofsson and
confocal microscopy. At the level of resolution that our methodHagberdl986 see also Moreau et 2002 or the euphausiacean
provides, we conclude that the structure and arrangement of thigfeganyctiphanes norvegi(@trausfeld and Nassel81). These
visual neuropils lamina, medulla, lobula and lobula platestudies were conducted with silver impregnation techniques and
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Fig. 8 Schematic representation
of the brain ofP. vannameirom a
ventral viewAMPNanterior
median protocerebrurAnN
antenna 2 neuropiGB central
body, DCL deutocerebral
chemosensory [ob&lN/TM
hemiellipsoid body/medulla
terminalis complex,a lamina,
LAN lateral antenna 1 neuropil,
LL lateral lobes, Lo lobuld,oP
lobula plateMe medulla,PB
protocerebral bridg&MPN
posterior median protocerebrum,
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are therefore not well comparable with the present studjdowever, the available descriptions of this structure vary
However, together, these studies indicate that the cellular orgaacross the Malacostraca, as do the techniques used to localize
zation of the lamina, medulla and lobula must have already beéris neuropil. As long as we do not have comprehensive data
very complex in the ground pattern of Malacostraca (compagbout the connectivity of this fourth neuropil across a broad
Kenning et al2013. The highly sophisticated visual system of range of malacostracans, it will be difficult to conclude if what
Stomatopoda is another example to support this claim (Marshalhs so far been termed a lobula plate or lobula satellite
et al.2007 Cronin and Felle?014). neuropil is in fact a homologous structure in the
The presence of a fourth visual neuropil (lobula plateMalacostraca and the Hexapoda.
lobula satellite) that in insects was suggested to process opto-The compound eyes of members of the Penaeidae are gen-
kinetic information is likely part of the ground pattern of erally very large and fdPenaeus monodonere reported to
Malacostraca and Hexapoda (Sinakevitch et2803  comprise several thousands of ommatidia (Dall €1390.
Strausfeld2005 see also Strausfel009 Kenning et al. The ommatidia of those Dendrobranchiata that have been an-
2013 but a homology of these neuropils in these taxa waalyzed function as superposition eyes and therefore are, gen-
guestioned by SchmidPQ16. In malacostracan crustaceans.erally speaking, effective in the collection of light under dim
such lobula satellites were described, e.g., in an isopod specibgmination conditions (Nilssoi989 Gaten1998 Cronin
(Sinakevitch et al2003, several brachyuran crab speciesand Felle014). Their eyes are reflecting superposition eyes
(Sztarker et al2005 Krieger et al.2012 and hermit crabs (Gaten1999 but species with refracting superposition have
(Harzsch and Hanss@®b08 Krieger et al2012, as well as  also been reported (Nilssd990. Zysnat (970, in his dis-
crayfishes Boptic foci* in Strausfeld and Nass&P81;  cussion of the eyes &fenaeus setiferupointed out that, for
Bdiamedullary neuropilin Blaustein et all988. In the pres- crustaceans that inhabit turbid waters, a visual system that
ent study, we also localizeal lobula satellite neuropil. enhances the capture of light is of general advantage.
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Considering that each ommatidium provides axons from sewfthese areas between crustaceans and insects (WolDatzl.
en retinula (photoreceptor) cells (Zysri®70 Meyer-  Strausfel@®012).
Rochow and Walsti977a), in Penaeidae, a massive input of
afferent axons targets the visual neuropils in each eyestalk. Bgutocerebrum and olfactory system
mentioned above, the eyestalk neuropils of both sides together
amount for at least as much nervous tissue as the central pelidlacostracan Crustacea are equipped with two pairs of anten-
of the brain. Such a ratio is also typical for other decapodae, the first being associated with the deutocerebrum, while the
crustaceans (e.g., Strausf@dl2 Glantz2014 Schmidt secondisassociated withthe t#oebrum. The firstantennal pair
2019 but nevertheless indicates that vision is one of the majdtermed the antennules orantennae 1) is equipped with specialized
sensory modalities that the brainRfvanameprocesses. olfactory sensilla (aesthetascs) in addition to bimodal chemo-and
The lateral protocerebrum ofatacostracans also comprisesmechanosensilla, whereas the second pair is only equipped with
two additional neuropil regions, the medulla terminalis andhe latter. In many Reptantia, the tips of the first antennae (more
hemiellipsoid body, both higher integrative centers that receigpecifically the inner flagellum) bear a tuft region with arrays of
visual, olfactory and most likely also mechanosensory inpwesthetascs that house branched dendrites of olfactory sensory
(Harzsch etak012. These regions have undergone pronouncedeurons (see reviews by Hallberg et1l&#92 Hallberg and
evolutionary modifications agsthe Eumalacostraca (discussedHanssorl 999 Mellon 2007, 2012 Hallberg and Sko@011;
in Kenning and Harzsc?013 Strausfel®012 Sandeman etal. Schmidt and Mellor2011, Derby and Weissburg014). Most
2014). Terrestrial hermit crabs, for example, display extremelgf our knowledge on these sensilla stems from studies on mem-
complex hemiellipsoid bodies (Harzsch and Hangsifi§  bers of the Eureptantia, whereas only a few studies are available
Wolff et al.2012), reflecting a massive input from their sophisti-on other eumalacostracan representatives such as Mysidacea,
cated olffactory systems. In contrast, the lateral protocerebrumifiphausiacea, Caridea or Stomatopoda (e.g., Hallberg et al.
presumably basal eumalacostracan taxa differ dramatically in tH&92 Derby et al2003 Kruangkum et aR013. To our knowl-
the medulla terminalis is a ratherall and unstructured neuropil edge, the sensillar equipment of antenna 1 in Dendrobranchiata
and the hemiellipsoid body is poorly developed. Sullivan antias not been explored in a methodological depth comparable to
Beltz 2009 presented a thorough neuroanatomical analysis diie studies on other malacostracatowever, giventhe structural
this region in representatg of the Stomatopoda, the conservation observed in studies on Stomatopoda and Caridea
Dendrobranchiata, the Caridea and the Stenopodidea, using ifiallberg et al1992 Derby et al2003 Kruangkum et aR013
munohistochemical techniques and tracers to label the olfact@pd given that these two taxa are rather closely related to
projection neurons that target the lateral protocerebrum. In thé&endrobranchiata, we may expectthattheir firstantennae are also
comparison,P. duorarumas representative of the equipped with aesthetascs and bimodal chemo- and
Dendrobranchiata had the most poorly differentiated medullaechanosensory sensilla.
terminalis and hemiellipsoid body. Our own findings are in line  The chemosensory neurons associated with the aesthetascs
with this report in that, without using tracers for the afferents as mersus the bimodal non-aesthetasc sensilla on the first antenna
Sullivan and Beltz4004), we could barely distinguish the me- of malacostracan crustaceans innervate distinct regions in the
dullaterminalis fromthe hemiellipsoid bodyirvanammeBize  brain (see reviews in Schmidt and Melkgi1, Mellon 2012
and structural complexity clearly reflect the level of olfactoryDerby and Weissburg014 Schmidt2016. The axons of the
input that these regions receive (Sandeman20&). In con-  olfactory sensory neurons associated with the aesthetascs tar-
clusion, the medulla termilig and hemiellipsoid body of get the deutocerebal chemosensory lobes (syn. olfactory
P.vannameieceive relatively sparse input from olfactory projeclobes), whereas the axons associated with non-aesthetasc sen-
tion neurons, comparedto other malacostracantaxa. Thisaspesilia innervate the lateral antenna 1 neuropil (for additional
mirrored in the relative small size of their primary olfactory centypes of sensilla, see Mell@912. Our current understanding
ters as will be discussed in the next section. Furthermore, it @ this dual system is that odorant quality is most likely ana-
beyond doubt that the relative extent to which the deutocerebigized in the chemosensory lobes whereas spatial and temporal
chemosensory output pathway arborizes within the hemiellipsoabpects of odor plumes are extracted in the lateral antenna 1
body versus medulla terminalis changed considerably during tneuropils (Schmid2007 Mellon 2007, 2012. In all
evolution of the eumalacostracan lineage (Sullivan and Belteptantian Crustacea studied so far, the bilaterally arranged
2009). These authors suggest that, in the ground pattern deutocerebral chemosensory lobes consist in radially arranged
Malacostraca, the medulla terminalis and not the hemiellipsolgjlomeruli* that are spherical or wedge-shaped areas of dense
body served as the most important second-order olfactory cenynaptic neuropil with their apices pointing inwards, where
Such evolutionary aspects and the fact that the later#ie neurites of the sensory neurons interact with local olfacto-
protocerebrum probably had a relatively simple organization iry interneurons and olfactory projection neurons (see reviews
the malacostracan ground pattern (Kenning 0413 mustbe  in Schachtner et a2005 Mellon 2007 Schmidt and Mellon
taken into account when exploring possible structural similariti€gd 11, Schmidt2016. Given the observation that spherical
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glomeruli are present in representatives of the Leptostratize AnN display regularly spaced side branches into several of
(Kenning et al.2013, Stomatopoda (Derby et #2003, these discs (Tautz and Miller-Taut283 Schmidt2016).
Euphausiacea and Mysidacea (Johansson and HallbeFgerefore, the striation of the AnN suggests a somatotopic repre-
19923 b; Moreau et al2002), it has been suggested that sentation of the chemo- and mechanosensory input to this
spherical olfactory glomeruli characterize the malacostracareuropil (e.g., Sandeman and Varfi8g Zeil et al.1985 Tautz
ground pattern (Harzsch et @011 Kenning et al2013. 19873 Wilkens et al.1996 reviewed in Schmid2007).
These authors discussed an evolutionary transformation witGonsequently, the length of this neuropil correspondsto the length
in the Reptantia of spherical toward wedge-shaped glomerufthe associated antenna 2 (Sandemari&Gs.Schmid2007).
toward column-shaped glomeruli (as seen in some Anomurdautz (9871 analyzed tritocerebral interneurons associated with
see Harzsch and Hanss®B08 Krieger et al.201Q 2012  the AnNinthe freshwater crayfi€irconectes limoswsnd found
coinciding with an increasing importance of the deutocerebr#hat most of them responded to mechanical stimuli. Furthermore,
olfactory pathway as more and more receptor axons and intérwas shown that this neuroggilso acts as a motor center for
neurons feed into the glomeruli. The glomeruli of the prawnantennal movements (Tautz and Muller-TA923. Sandeman
Macrobrachium rosenbergand M. acanthurusare slightly  etal. (993, in their comparative analysis, reported Bettaeus
wedge-shaped (Johanss®891;, Ammar et al.2008 monodon(Dendrobranchiata)Macrobrachium
Kruangkum et al.2013), whereas the glomeruli of novaehollandiagCaridea) andStenopus hispidus
P. vannamerepresent an intermediate between the sphericébtenopodidea) all have similarly long, dominating AnNs very
glomeruli, e.g., of Leptostraca and the shape represented in theich likeP. vannameiCorresponding to the assumption that the
prawn (see discussion in Ammar et2l08. What is more, it  characteristic of a neuropil reflects the importance of the associ-
has been well documented in brachyuran and anomuran crabed sensory modality, their observation suggests that shrimps and
crayfish and in clawed and clawless lobsters, that the olfactoprawns in general rely heavily on processing the combined
glomeruli are regionalized along their long axis to provide amechano- and chemosensory input provided by antenna 2.
outer cap, a subcap and a base region (see reviews in Schmidihe question whether an animal lives mostly in a benthic or
and Mellon2011 Schmidt2016. These patterns of subdivi- pelagic habitat is essential for understanding the physiological
sions of decapod olfactory glomeruli have been suggested meechanisms of how hydrodynamic information is perceived.
mirror a functional subdivision (Schmidt and Ach@97).  Contrary to sedentary animals, a pelagic organism suspended
Such a differentiation is also obvioushh rosenbergiiand  in the water column can detect hydrodynamic cues (fluid
M. acanthurugAmmar et al.2008 Schachtner et a005  movement) by detecting the relatively small water flows that
but not inP. vannameipresent report). In conclusion, the develop between the sensor and the orgdaisemter of grav-
structure of the olfactory glomeruli plad@svannameat an ity as a reference parBfater deformatioty Lenz and
early stage of an evolutionary trajectory towards more andartline 2013. Pelagic crustaceans that live in an environ-
more effective olfactory systems as we see them iment with no fixed point of reference that are adapted to dis-
Eureptantia. Also, compared to Eureptantia, the number tdince perception of hydrodynamic cues often display very
glomeruliin the deutocerebral chemosensory lobe is relativelgng pairs of second antennae in order to place setal detectors
low compared to the size of its visual neuropils or theata distance from the main body. This increases the space over
mechanosensory neuropils targeted by the second pair of avhich fluid deformation can generate a detectable relative
tennae (see below). Following the concept laid out bynotion with respect to the trunk of the animal (Lenz and
Sandeman et al2014), this may mean that, compared to Hartline 2013. Within the Dendrobranchiata, particularly
representatives of the Eureptantia, the olfactory pathway deng second antennae are present, e.g., in pelagic members
sociated with the first antennal pair may play a less promineof the Sergestidae (Foxtd®69 Ball and Cowanl977).
role for these animals than processing visual oPhysiological studies have shown that the mechanoreceptors
mechanosensory stimuli, as will be discussed in the followingin the distal part of these appendages are extremely sensitive
to vibrations in the surrounding sea water (Denton and Gray
Tritocerebrum and mechanosensory input 1989. Penaeus vannamaiso bears such long second anten-
nae. However, unequivocal information on the preferred life
The main component &f vannamés tritocerebrum is the large, style of the adult animals is not available for this species
distinctive antenna 2 neuropil (AnN). The AnN is structured by éHolthuis 1980, so we can only speculate which kind of hy-
striation perpendicular to its loagis, generating the appearancedrodynamic stimuli their second antennae detect. The
of a stack of discs. In those malacostracan crustaceans that hewaphocerite of antenna 2 vannameis as conspicuous
been analyzed, the sensilla on the second antennae that proaden many other shrimps and prawns. It is remarkable that the
the sensory input to the AnN are mostly bimodal mechano- aretaphocerite is well equipped with numerous setae. However,
chemosensory sensilla (see reviews in Schmidtand Mllidn it is unclear so far if these structures serve a sensory function
HarzschetaR012 Schmid2016. Their afferentsterminatingin  (Kruangkum et al2013. We may speculate that, following
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ABSTRACT: Persistent neurogenesis in the central
olfactory pathway characterizes many reptant decapods
such as lobsters, craybsh and crabs. In these animals, the
deutocerebral proliferative system generates new neu-
rons which integrate into the neuronal network of the
brst order processing neuropil of the olfactory system,
the deutocerebral chemosensory lobes (also called olfac-
tory lobes). However, differences concerning the pheno-
type and the mechanisms that drive adult neurogenesis
were reported in crayPsh versusspiny lobsters. While
numerous studies have focussed on these mechanisms
and regulation of adult neurogenesis, investigations about
the phylogenetic distribution are missing. To contribute
an evolutionary perspective on adult neurogenesis in
decapods, we investigated two representatives of basally
diverging lineages, the dendrobranchiate Penaeus

vannameiand the caridean Crangon crangonusing the
thymidine analogue Bromodeoxyuridine (BrdU) as
marker for the S phase of cycling cells. Compared to
reptant decapods, our results suggest a simpler mecha-
nism of neurogenesis in the adult brain of dendrobran-
chiate and caridean shrimps. Observed differences in the
rate of proliferation and spatial dimensions are suggested
to correlate with the complexity of the olfactory system.
We assume that a more complex and mitotically more
active proliferative system in reptant decapods evolved
with the emergence of another processing neuropil, the
accessory lobes. v 2018 Wiley Periodicals, Inc. Develop Neurobiol
00: 000-000, 2018

Keywords: bromodeoxyuridine; adult neurogenesis;
crustaceans; olfactory system; neuronal plasticity

INTRODUCTION

decapod crustaceans for more than twenty years now.
Persistent neurogenesis was initially demonstrated in

Life-long generation and integration of neurons (adult the deutocerebrum of postlarval stages of the spider
neurogenesis) has been examined in a variety of crab Hyas araneuqBrachyura; Harzsch and Dawirs,
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1996) and mature shore crab8arcinus maenas
(Schmidt, 1997; Hansen and Schmidt, 2001) using the
thymidine analogue 5-bromd*@eoxyuridine (BrduU).
This synthetic nucleoside incorporates into the DNA
during the S phase of the cell cycle and, therefore, is a
suitable marker for proliferating cells and their progeny
(Taupin, 2007). It was found that the proliferating cells
are located in close vicinity to the deutocerebral
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2 Wittfoth and Harzsch

neuropils of the central olfactory pathway in these spe- within the crustacean deutocerebrum are modulated,
cies. Subsequently, this phenomenon was also encounfor example, by the neuromodulator serotonin, rear-
tered in the central olfactory pathway of many other ing conditions (“impoverishedersusenriched envi-
decapod crustaceans including the cray §therax ronment”), circadian and seasonal effects, social
destructorand Procambarus clarkii(Astacida; Sande- interactions and locomotory activity (reviews Sande-
man et al., 1998; Sullivan et al., 2007a; Sullivan et al., man et al., 2011; Benton et al., 2013; Schmidt, 2014;
2007b), the clawed lobsteHomarus americanus Sandeman et al., 2016; Beltz et al., 2015, 2016).

(Homarida; Harzsch et al., 1999), the hermit cRagu- With the exception of one dendrobranchiate
rus bernhardus (Anomala; Schmidt and Harzsch, shrimp (Fig. 1; Schmidt and Harzsch, 1999), all of
1999), the spiny lobstePanulirus argus(Achelata; these studies on adult neurogenesis cited above used
Schmidt, 2001) and the cra&ancer pagurusindLibi- reptant crustaceans whereas more basally diverging
nia emarginata (Brachyura; Schmidt and Harzsch, lineages of decapods and non-decapod malacostra-
1999; Sullivan and Beltz, 2005a). cans have not been analyzed. Considering that adult

Adult neurogenesis in decapod crustaceans is neurogenesis is closely associated with the olfactory
driven by a neurogenic niche which provides neuro- system, it has to be noted that reptant decapods dis-
nal progenitor cells (reviews Sandeman et al., 2011; play distinct differences in complexity of the central
Sandeman et al., 2016; Schmidt, 2016). In cray sh, olfactory pathway compared to other malacostracan
the neurogenic niche is composed of a group of cells crustaceans (reviews Sandeman et al., 2014; Harzsch
with glial characteristics and a central cavity which is and Krieger, 2018). In general, olfactory input is pro-
associated with the vascular system (Sullivan et al., vided by the aesthetasc sensilla on the rst pair of
2007a; b; Sandeman et al., 2009; Chaves da Silva antennae. These sensilla are associated with olfactory
et al., 2012). It has been suggested that the cray sh sensory neurons whose axons target a bilaterally
niche does not house a population of self-renewing paired distinct area within the deutocerebrum, the
stem cells, but that it is an open system in which pro- deutocerebral chemosensory lobe (detnsuKen-
genitor cells of hematopoietic origin are recruited ning et al., 2013; also known as olfactory lobensu
and are then transformed into a neuronal fate (review Sandeman et al., 1993). This area is usually com-
Benton et al., 2013; Benton et al., 2014, Beltz et al., posed of small units of dense neuropil, the olfactory
2016). On the contrary, an adult neuroblast which is a glomeruli, where the axons of olfactory sensory neu-
neural stem cell-like progenitor cell that gives rise to rons interact with the dendrites of local interneurons
neuronal progenitor cells by repeated asymmetrical and projection neurons. The glomerular shape varies
divisions (self-renewal) was suggested to reside in from spherical units to elongated columns in Reptan-
the neurogenic niche of the spiny lobsteanulirus tia depending on the functional elaboration of the
argus (Schmidt 2007). Despite these controversial system. The somata of the local interneurons are
ndings concerning the mechanisms driving adult located in the associated cell cluster (9/11) (reviews
neurogenesis, in most decapod crustaceans studied s&@chachtner et al., 2005; Schmidt and Mellon, 2011;
far brous migratory streams from the neurogenic Derby and Weissburg, 2014; Harzsch and Krieger,
niche serve as pathways from which these neuronal 2018). Another cell cluster associated with the dcl,
precursors, mediated by dynein-binding proteins cluster (10), contains the somata of the projection
(zZhang et al., 2009), travel toward proliferation zones neurons. Their axons, as output pathway of the sys-
which are associated with soma clusters of the olfac- tem, form the projection neuron tract which targets
tory system. Within these proliferation zones, the the hemiellipsoid body/medulla terminalis-complex
neuronal progenitor cells proliferate and give rise to (hn/tm-complex) in the lateral protocerebrum as
new neurons of the olfactory pathway (reviews San- second-order processing area. This multimodal center
deman et al., 2011; Benton et al., 2013; Sandeman combines different sensory modalities and is sup-
et al., 2016; Beltz et al., 2016). Pulse-chase experi- posed to be involved in memory formation (Maza
ments with proliferation markers such as BrdU in etal., 2016). Another secondary processing area asso-
clawed lobsters, spiny lobsters and cray sh have pro- ciated with the olfactory system, the accessory lobe,
vided strong evidence that these newly born neuronsis only present in reptant decapods and, therefore,
within the proliferation zones survive and are inte- constitutes an evolutionary novelty of the Reptantia.
grated into the existing circuitry of the central olfac- It is secondarily reduced in Brachyura and Anomala
tory pathway (Harzsch et al., 1999; Schmidt, 2001; (Fig. 1), which has been suggested to represent a pae-
Sullivan and Beltz, 2005b; Sullivan et al., 2007a; b; domorphic phenotype in these two taxa (Sandeman
Kim et al., 2014). The rate of mitosis as well as sur- and Scholtz, 1995; Helluy et al., 1995). The acces-
vival and differentiation of the newly born cells sory lobe receives indirect olfactory input from the
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Figure 1 The phylogeny of Decapoda modi ed after Sandeman et al. (2014). The evolving acces-
sory lobe is marked with a lled circle and secondary reduction with an un lled circle. All taxa in
which adult neurogenesis is veri ed so far are marked with a square. Dendrobranchiata and Caridea
which are investigated in this study are written in bold.

dcl via a certain type of local interneurons whose Meth et al., 2017). By analyzing two representatives
somata are also located in cluster (9; Schachtner of basally diverging lineages of decapod taxa we
et al., 2005). However, as a highly integrative proc- expect to understand possible evolutionary transfor-
essing area this neuropil combines diverse mechano-mations of the structure and also of functional aspects
and chemosensory input from the proto-, deuto-, and of the deutocerebral proliferative system in the adult
tritocerebrum (Loesel et al., 2013) and, therefore, has crustacean brain.
been suggested to be involved, for example, in the
multimodal exploration of the environment (Sande-
man et al., 2014). , ____MATERIAL AND METHODS

In all reptant decapods examined so far, persistent
neurogenesis_was detec_ted_in the proliferation zone Experimental Animals
associated with the projection neuron cluster (10;
Schmidt and Harzsch, 1999). On the contrary, a pro- Specimens of the Paci c_White ShrimPenaeus vannamei
liferation zone associated with the cluster of local Boone. 1931, were obtained from the Garnelen Farm Gre-
interneurons (9/11) was only found in adult brains of VeSTuhlen GmbH & Co. KG (Germany) and maintained in
the clawed lobsterH. americanus (Schmidt and aquaria with arti cial brackish water (14-16 PSU) at®3

. . Altogether, 13 specimens of both sexes (body length rang-
Harzsch, 1999), the spiny Iobst?r argqs(SChmldt’ ing from 5 to 10 cm) were used for the immunohistochemi-
2007) and the cray shP. clarkii (Sullivan et al.,

cal analyses.
2007a) andC. destructor{Sandeman and Sandeman, Specimens of the Brown ShrimpCrangon crangon

2000). Considering the architectural differences of (|innaeus, 1758), were provided by the Biologische Anstalt
the olfactory system and the observed taxon-speci ¢ Helgoland where they were kept in a ow-through basin
differences of the characteristics of adult neurogene- with Itered sea water of the North Sea (32 PSU, about

sis in Reptantia, we want to gain deeper insights into 128C). For the immunohistochemical studies, 15 specimens
the evolution of this phenomenon. To that end, we of both sexes were used (body length ranging from 4 to
analyzed adult neurogenesis in two representatives of 7 cm).

non-reptant decapods, the Caridea and Dendrobran-
chiata (Fig. 1). As previously indicated, the brain
architecture of these two taxa display many plesio-
morphic features from the suggested ground pattern To label proliferating cells, the S phase-speci ¢ marker 5-
of malacostracan crustaceans (Sandeman et al., 2014bromo-2-deoxyuridine (BrdU) was used (Harzsch and

BrdU Incorporation
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Table 1 Overview of the performed immunohistochemical approaches

Antisera combinations Coupled with Specimens

Whole-mounts Anti-BrdU (rat) Alexa Fluor 488 anti-rat (goat) P.v:2

Nuclear stainingHoechst 33258 C.c:4

Vibratomesections Anti-BrdU (rat) Alexa Fluor 488 anti-rat (goat) P.v:6

(100Mm) Anti-acetylateda-tubulin (mouse) Cy3 anti-mouse (goat) C.c:5
Nuclear stainingHoechst 33258

Anti-BrdU (rat) Cy3 anti-mouse (goat) P.v:2

Anti-glutamine synthetase (rabbit) Alexa Fluor 488 anti-rabbit (goat) C.c:3
Nuclear stainingHoechst 33258

Anti-BrdU (rat) Alexa Fluor 488 anti-rat (goat) P.v:3

Actin: Alexa 546 phalloidin Nuclear stainingHoechst 33258 C.c:3

Both antisera combinations and number of specimers @anname(P.v.) as well asC. crangon(C.c.) used for each approach are shown.

Dawirs, 1996). The labeling reagent BrdU (Sigma-Aldrich, vibratome sections, due to a better penetration of some anti-

B5002) was dissolved in arti cial brackish watd?.(vanna- bodies such as anti-tubulin, allowed us to examine the spe-
me) and ltered sea waterQ. crangorn at a concentration ci ¢ neuronal characteristics in detail.
of 2 mg/ml (Zhang et al., 2009). The animals were incu-  The dissected brains were processed according to stan-

bated for 24 h to exclude circadian effects of mitotic activ- dard immunohistochemical protocols modi ed from Ben-
ity. During incubation,P. vannamegs well asC. crangon ton et al. (2011, BrdU labeling), Ott (2008, processing of
were maintained in climate chambers under keeping condi- whole-mounts) and Meth et al. (2017, immunohistochemi-
tions and a light:dark cycle of 12:12 h. Immediately after- cal processing of the brain &. vannaméi Brie y, whole-
wards, the animals were anesthetized on ice and then mounts of the brains were rinsed in PBS (phosphate buff-
decapitated. After xation in 4% paraformaldehyde (PFA) ered saline) for 15 min before they were transferred to 2 N
in 0.1 M phosphate buffered saline (PBS, pH 7.4) for at HCI for 30 min. After blocking in several changes of PBTx
least 24 h (up to several days), the brains were dissected in (PBS containing 0.3% Triton X-100 and 1% bovine serum
PBS and subsequently stored in PFA until further process- albumin) for 1.5 h, the brains were incubated in primary
ing (up to 11 months, at least overnight). antisera diluted in PBTx for 3.5 days at room temperature.
Afterwards, the whole-mounts were washed in several
changes of PBTx for 1 h and incubated in secondary anti-
sera and nuclear stain solution diluted in PBTx for 2.5 days
We chose four different marker sets for immunohistochem- at room temperature. After washing in several changes of
ical labeling (see Table 1; for labeling reagents see Table PBTx for at least 3 h, they were transferred to 1:1 dilution
2). Whole-mounts of dissected brains were used to obtain of glycerin:PBTx for 20 min and then stored in a 4:1 dilu-
an overview of the entire proliferative system, whereas tion at 43C until scanning (at least overnight). At the day of

Immunohistochemistry

Table 2 Antisera and Ruorescent dye-based reagents

Labeling reagent Dilution and speci cations

Primary

Monoclonal anti-BrdU antibody clone BU1/75 1:1000; Bio Rad, OBT0030CX; Benton et al. (2011)
(ICR1) produced in rat and Zhang et al. (2009)

Monoclonal anti-acetylateda-tubulin antibody 1:1000; Sigma, T6793; Meth et al. (2017)
produced in mouse

Polyclonal anti-glutamine synthetase antibody 1:50; Sigma, G2781
produced in rabbit

Secondary

Polyclonal Alexa 488 anti-rat IgG secondary anti- 1:500; Invitrogen, A11006; Benton et al. (2011) and
body produced in goat Song et al. (2009)

Polyclonal Alexa 488 anti-rabbit IgG secondary 1:500; Invitrogen, A11008; Meth et al. (2017)
antibody produced in goat

Polyclonal Cy3 anti-mouse IgG secondary anti- 1:500; Jackson Immuno Research, 115-165-003; Song
body produced in goat et al. (2009)

Flourescent dye-based

Alexa Fluor 546 phalloidin 1:50; Invitrogen, A22283

Hoechst 33258 1:1000; Sigma, 14530; Meth et al. (2017)
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scanning, the brain was directly transferred to absolute eth-  The termdeutocerebral proliferative systemwas intro-
anol and dehydrated in three changes of ethanol (30 min duced by Sintoni et al. (2012) to describe the developing
each). To clear the brains, methyl salicylate was placed structures involved in persistent neurogenesis, including
underneath the ethanol phase. When the brain was sub-the neurogenic niche, migratory streams and proliferation
merged in methyl salicylate, the supernatant (ethanol) was zones, which are associated with the rst order processing
removed and methyl salicylate was exchanged once again. neuropil of the olfactory system. Slightly extending this ter-
For vibratome sectioning, the dissected brains were trans- minology, we use deutocerebral proliferative system here
ferred to poly-L-lysine solution and, afterwards, embedded to summarize all structures that are involved in persistent
in ovalbumin-gelatin. After post- xation in a 1:20 dilution of ~ neurogenesis in the adult deutocerebrum.
formaldehyde:PBS overnight, horizontal sections of ii® A neurogenic nichedescribes the entirety of the cellular
were prepared with a Zeiss Hyrax V-50. The immunohisto- environment that drives adult neurogenesis and where
chemical procedure corresponds to the processing of whole- either an adult neuroblast resides that generates the progen-
mounts, but the incubation times of the primary and second- jtor cells which will give rise to new neurons (as described
ary antisera were reduced to overnight. Finally, the sections for Panulirus argus Schmidt 2007) or where progenitor
were mounted in Mowiol 4-88 (Roth, No. 0713.2). cells of hematopoietic origin are transformed into a neuro-
nal fate (as described foProcambarus clarkii Benton
et al. 2011). In reptant decapods it appears as a tightly
packedgroup of cells (“clump of cells” sensuSchmidt
Both whole-mounts and vibratome sections were viewed 2007; “neurogenic nicheSensuSullivan et al. 2007a) with
and imaged with a Leica TCS SP5Il confocal laser- a central cavity and closely associated with the vasculature
scanning microscope equipped with DPSS-, Diode- and (Benton et al. 2011).
Argon-lasers and operated by the Leica “Application Suite Migratory streams (sensuSullivan et al., 2007a, equiva-
Advanced Fluorescence” software package (LASAF). lentto “duct’sensuSong et al., 2009) connect the neurogenic
Whole-mounts were scanned with the ventral side facing niche with the proliferation zones. Using proliferation
the light source to de ne the orientation of the resulting markers, they can be visualized as more or less long lines of
confocal stacks. Digital images were processed with Adobe BrdU-positive cells. In some decapods, they can be addition-
Photoshop using only global picture enhancements featuresally detected by immunolocalization of glutamine-synthetase

Image Processing and Presentation

(i.e., brightness and contrast). (Sullivan et al., 2007a) and, alternatively, by anti-tubulin
Maximum projection of confocal stacks were compiled immunoreactivity (Sintoni et al., 2012).
using the software LASAF (Leica Microsystems CMS Proliferation zones are located within soma clusters and

GmbH). Depth coded projections were performed using the appear as condensations of cells in which a pool of BrdU-
“Z code stack” plugin for FIJI (a distribution of ImageJ). positive cells resides. These are progenitor cells that generate
To that end, the confocal stacks were opened with FIJI and new neurons which become integrated into the existing neu-
the different channels were separated using the image proc-ronal network of the olfactory system (reviews Sandeman
essing tools. Using the “Z code stack” plugin, different col- et al. 2011, Schmidt 2016). This pool is replenished by pro-
ors were assigned to individual layers of a Z stack. We genitor cells which originate in the neurogenic niche.

used the spectrum LUT (look-up table) which corresponds

to “rainbow” LUT to generate a coding scheme with the

most ventral layer (rst plane of the stack) coloredinredto  RESULTS

the most dorsal layer (last plane) colored in violet. These
depth coded stacks were plotted using the Z project tools
“sum slices” or “max projection”.

All diagrams were created with Adobe lllustrator CS4. The general architecture of the central olfactory path-
All images are oriented with anterior to the top. way of both species corresponds to the common
ground plan of decapod crustaceans (Sandeman and
Scholtz 1995; Fig. 2c¢, 5a). IRenaeus vannameis
well as Crangon crangonthe deutocerebral chemo-
The neuroanatomical nomenclature of this manuscript is sensory lobes (dcl) are composed of slightly less than
bgsed on Sand_ema\_n et al. (1993) and Richter et al. (2010) 100 neuropil compartments, the wedge-shaped olfac-
with some modi cations adopted from L_oe_sel et al. (201_3) tory glomeruli (see Table 4, Fig. 3a, and Meth et al.
and Kenning et al. (2013) for the description of neuropils, 2017). The glomeruli are innervated by neurites of

cell clusters and tracts. Hence, we use the terms deutocere-b thl | int h ta f lust
bral chemosensory lobe instead of olfactory lobe (Kenning oth local Interneurons whose somata form cluster

et al. 2013) and projection neuron tract instead of olfactory (9/11) and projection neurons W_hose somata cqnsti—
globular tract (Loesel et al. 2013). The neuronal types are tute cluster (10). InP. vannamei cluster (9/11) is

Central Olfactory Pathway

Terminology

classi ed after Schachtner et al. (2005). located antero-medially to the dcl whereas cluster
Terms that are used to describe adult neurogenesis are(10) lies postero-medially. IrC. crangonin which
de ned as follows: the protocerebrum is situated dorsally to the

Developmental Neurobiology
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Figure 2 Overview of the deutocerebral proliferative systenmGncrangon (a) Depth coded sum
projection of the ventral part of the brain (wholemount) showing the BrdU-positive staining. The
colours range from red, representing the most ventral parts, to violet in dorsal regions (see color
code bar). Arrows point to accumulations of BrdU-positive cells representing adult neurogenesis
(insets). Note that adult neurogenesis is restricted to this area. (b) Z-depth coded maximum projec-
tion of a substack of the brain showing the Hoechst-signal (position of the substack is indicated by
the color code bar). Arrows point to aggregations of somata representing the proliferative zones at
the margin of deutocerebral chemosensory lobes (dcl) and cluster 10 (cl10). (c) Schematic represen-
tation of the brain ofC. crangonfrom ventral. All compartments of the central olfactory pathway

as well as the localization of adult neurogenesis (red points) are shown. Abbreviations: ann antenna
2 neuropil, dcl deutocerebral chemosensory lobe, hn/tm hemiellipsoid body/ medulla terminalis-
complex, pnt projection neuron tract, numbers indicates somata clusters. Scale bars: (a and b)
100! m, (insets) 18 m. [Color gure can be viewed at wileyonlinelibrary.com]

deutocerebrum, the large cluster (9/11) is located on projection neuron tract that extends ipsi- and contral-
the ventral side, postero-medially to the dcl, while aterally to the lateral protocerebrum, with a chiasm in
the adjacent cluster (10) lies posteriorly to the dcl. the median protocerebrum.

They are not well separated from each other, but nev-
ertheless can be identi edia their foramina. The
neurites of cluster (10) enter the dcl through the lat-
eral foramen that appears as a gap between the glo-In both species, after 24 h BrdU incubation numerous
meruli (f, Fig. 4e). The axons exit from the center of labeled nuclei are loosely distributed over the brain
the dcl via the medial foramen and form the surface (Figs. 2a and 5b). They belong most likely to

Adult Neurogenesis
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Figure 3 Localisation and components of the proliferative systenCincrangon (a) Positional
relationship of the deutocerebral and tritocerebral neuropils as well as somata clusters, horizontal
vibratome section, maximum projection. The proliferation zone (pz) is located in cluster 10 (cl10),
posteromedial of the deutocerbral chemosensory lobe (dcl). (b1) Higher magni cation of the prolif-
erative system reveals mitotic active cells directly at the margin of cluster 10 to the deutocerebral
chemosensory lobe. One larger cell (asterisks) can be identi ed ventrally to the proliferation zone
(inset). (b2) The proliferation zone lies in the ventral area of the “sinkhole” where the neurites of
cluster 10 converge (arrow) to enter the deutocerebral chemosensory lobe via the lateral foramen.
(b3) The proliferation zone is characterized by more densely packed somata compared to the neu-
rons of cluster 10. The large mitotic active cell is located next to the proliferation zone (asterisk).
Abbreviations: ann antenna 2 neuropil, dcl deutocerebral chemosensory lobe, og olfactory glomeru-
lus, pz proliferation zone, numbers indicates somata clusters. Scale bars: (Bjn1@0) 501 m,

(inset) 151 m. [Color gure can be viewed at wileyonlinelibrary.com]

cells associated with the circulatory system (Harrison clusters (Harrison et al., 2001). Using the nuclear
et al., 2001) or to glial cells which form the outer stain Hoechst reveals that most of these BrdU-
sheath around the brain (Harzsch et al., 2012). Fur- positive cells are located within a condensation of
thermore, in all analyzed specimens of both species a somata (Figs. 2b arrows, 3b3, and 5c4) that is pre-
small cluster of BrdU-positive nuclei within cluster sumed to be the proliferation zone (pz). These
(10) is present on both sides of the brain (Figs. 2a and densely packed nuclei are slightly smaller than those
5b arrows). Their spherical shape contrasts with in the remaining cluster. The proliferation zone is
nuclei of glial cells, which are predominantly long located at the margin of cluster (10) next to the dcl
and slender and are located outside of the soma(Figs. 3a,b1l and 5c), slightly ventral to the lateral

Developmental Neurobiology



8 Wittfoth and Harzsch

foramen (f, Fig. 4e). The neurites of the projection substance that displays strong anti-glutamine synthe-
neurons, which enter the dcl through the foramen, are tase labeling (Fig. 4b,c). This anti-glutamine synthe-
arranged adjacent to the proliferation zone (Figs. 3b2 tase-immunoreactive (GSir) material forms a kind of
and 5c¢3). spindle-shaped capsule. According to the Hoechst
In C. crangon immunohistochemical labeling labeling, this complex of BrdU-positive cells and GSir
against glutamine synthetase reveals additional struc- material is located next to the proliferation zone. Most
tural features of the BrdU-positive cells. Up to three distal to the proliferation zone, the BrdU-positive
BrdU-positive cells are surrounded by an unstructured nucleus within this capsule is conspicuously enlarged

Figure 4.
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in size compared to the others (see next section). In margin between cluster (10) and the dcl (Figs. 3bl
contrast to the labeling pattern i@. crangon anti- and 4b,d). In contrast to this, the position of the larger
glutamine synthetase labeling iR. vannameionly cell in P. vannameivaries between different speci-
reveals putative glial cells with processes which sur- mens (Fig. 5c1,d1,el) as well as between both sides
round the different neuropils (Fig. 5e). In this species, of one brain from antero- to postero-medially to the
GSir structures associated with BrdU-positive nuclei proliferation zone (compare Fig. 5b insets). Never-
could not be detected using this marker. theless, the identity of the larger cell could not be
Because uorescent phalloidin binds to lamentous determined with certainty yet (see Discussion). Inde-
actin in the cytoskeleton of all brain cells, it can be pendently of the size of the BrdU-positive cells, some
also used to detect cytoskeletal components in the cellsof them display a higher amount of BrdU than the
of the deutocerebral proliferative system (G. Brenneis, remaining cells (they appear darker in black-white
personal communication). Therefore, we additionally inverted images of BrdU labelled specimens; Fig.
used this marker in the present study. HoweveiCin ~ 5c¢2,d2,e2). The same cells are usually less strongly
crangonandP. vannameiphalloidin labeling reveals  marked by the nuclear marker Hoechst (data not
none of the characteristic structures of the deutocere- shown).
bral proliferative system which are known from previ-

ously investigated species (Figs. 4d and 5d). Quantibcation of Proliferating Cells

o N To compare the proliferation rates with other investi-
Characteristics of BrdU-Positive Cells gated taxa we counted all BrdU-positive cells within
Most of the BrdU-positive cells are located in the cluster (10) after 24 h BrdU incubation. The larger
proliferation zone and feature about the same nuclear Mitotically active cell was excluded from this count.
diameter (10.8276 1.548 mm in C. crangonand In C. crangonas well asP. vannameiup to 17 BrdU-
6.9916 1.332nmm in P. vannameis. Table 3). In all positive cells could be detected within each prolifera-
investigated specimens, there is always one distinc- ion Zone (see Tables 3 and 4). It is noteworthy that

tive larger cell (16.85 1.804mm in C. crangonand the number of BrdU-positive cells varies not_only
11.7926 2.316 mm in P. vannamei indicated by between specimens but also between both sides of

asterisks in Figs. 3-5; Table 3) next to the prolifera- the brainin a given specimen.

tion zone on each side of the brain (Figs. 3b3 and
5c4). The larger cell displays a more ventral position
than the remaining BrdU-positive cells (compare the
depth-coded projections of the BrdU-positive cells;
Figs. 3bl inset, 4b,d insets, and 5b insets, c1, d1, el).
In this aspect, the precise position in relation to the
proliferation zone differs between both speciesCin
crangon the larger cell is always located antero- In Crangon crangomas well asPenaeus vannamei
medially to the proliferation zone alongside the we consistently found one larger BrdU-labeled

DISCUSSION

The Identity of the Larger Cell
Immediately Adjacent to the Proliferation
Zone

Figure 4 Structural characteristics of the proliferative systemdn crangon (a—c) Horizontal
vibratome section labeled against BrdU (green) and glutamine synthetase (GS, red). (a) Maximum
projection of the right side of the deutocerebrum and tritocerebrum with the proliferative system at
the posteromedial margin of the deutocerebral chemosensory lobe (dcl). (b) Higher magni cation
of the mitotic active cells including one larger cell (asterisks) ventrally to the proliferation zone
(inset). (c1-3) Three different layers of the same stack showing the strong glutamine synthetase sig-
nal that sheathes the larger cell and two additional smaller cells (marked with arrows)3{clhe
glutamine synthetase signal of (c1-3), black-white inverted. (d) Horizontal vibratome section
labeled against BrdU (green) and actin (red). Z-depth coded maximum projection of the BrdU-
positive cells reveals one larger cell (asterisk) located more ventrally to the proliferation zone
(inset). (&) Phalloidin-signal of (d), black-white inverted. The red box frame the area where the
BrdU-positive cells would be located (identical to white box in d). (e) Horizontal vibratome section
following dorsally to (d/& showing the lateral foramen (f) in the posterior region of the dcl where
the neurites from cluster 10 enter the dcl. Abbreviations: ann antenna 2 neuropil, dcl deutocerebral
chemosensory lobe, pz proliferation zone. Scale bars: (&, dnd €) 100 m, (b, ¢, inset d) 1% m.

[Color gure can be viewed at wileyonlinelibrary.com]
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nucleus located ventrally to the proliferation zone two alternative interpretations for the larger diameter
where most of the smaller BrdU-positive cells reside. of a BrdU-positive cell: rstly, it may represent an
The position of this larger BrdU-positive cell is adult neuroblast and, consequently, the neurogenic
almost constant in the caride&h crangon but more niche (compare terminology section), or secondly, it
variable in the dendrobranchial®e vannameildenti- may be some other kind of progenitor cell changing
fying the cell type of the larger nucleus is an impor- its size during the different phases of the cell cycle.
tant requirement to assess adult neurogenesis inOwing to the markedly larger diameter of this cell
dendrobranchiate and caridean shrimps. There are(Table 3), we assume that this may be an adult

Figure 5.
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neuroblast, that is, an asymmetrically dividing neural
stem cell-like progenitor that generates smaller
daughter cells by recalling the embryonic mode of
neurogenesis (Harzsch et al., 1999; Sintoni et al.,
2012). If the larger cell did not represent a neuroblast
but some other kind of progenitor cell we would
expect to encounter varying numbers of larger cells
in our preparations and not always only one.

In the caridearC. crangon the larger cell and up
to two additional BrdU-positive nuclei are embedded
in a matrix of unidenti ed material displaying strong
anti-glutamine synthetase immunoreactivity. This sit-
uation resembles that in the developing cray sh brain
in which an individually identi ed neuroblast termed
neuroblast-X (Nb-X) and some of its progeny are
embedded in a matrix of tubulin-rich brous material
and that is present well into the post-embryonic
stages (Sintoni et al., 2012). This Nb-X is located
adjacent to the developing proliferation zone and
next to a developing “protoniche”, a group of cells
which will drive persistent neurogenesis in the adult
cray sh. In this species, anti-glutamine synthetase
immunoreactivity strongly labels the adult neuro-
genic niche and also the migratory streams which are
components of the deutocerebral proliferative system
(Benton et al., 2011).

Assuming that the larger cell is an adult neuroblast
and according to the de nition of a neurogenic niche
as laid out above in the material and methods section,

Adult Neurogenesis in Shrimps and Prawns 11

we may call this neuroblast and its immediate cellular
environment that may support its ongoing mitotic
activity a “neurogenic niche”. Hence, in the organ-
isms studied here, the neurogenic niche is closely
associated with the proliferation zone, a situation
resembling that in the adult spiny lobstBanulirus
argus (Schmidt & Derby, 2011). However, in the
adult cray sh Procambarus clarkii the neurogenic
niche and proliferation zones are spatially separated
(Sullivan et al., 2007a). In this species, tiédenera-
tion precursor cells are not self-renewing and, there-
fore, are suggested to be replenished by an extrinsic
source (Benton et al., 2011) and the term “neurogenic
niche” describes a structure which may be compara-
ble to the “clump of cells” surrounding the adult neu-
roblast inPanulirus argus but is not present in the
animals analyzed here.

Adult Neurogenesis in Dendrobranchiate
and Caridean Shrimps Compared to
Reptant Decapods

In all decapod crustaceans examined so far, adult neu-
rogenesis is present in the central olfactory pathway
and a deutocerebral proliferative system contributes
new neurons to soma clusters which are associated
with the deutocerebral chemosensory lobes. Neverthe-
less, distinct differences exist. In basally diverging lin-

eages of decapods, as investigated in this study, one

Figure 5 The deutocerebral proliferative systemPn vannamei(a) Schematic representation of
the brain ofP. vannamefrom ventral. All compartments of the central olfactory pathway as well
as the localization of BrdU labelled nuclei (red points) are shown. (b) Depth coded sum projection
of the whole brain showing the BrdU-positive staining. Boxes mark the proliferative system. On
both sides, the mitotically active cells exhibit one larger cell ventrally to the proliferation zones
(insets). (c) Detail of the proliferative system, horizontal vibratome section triple labeled against
BrdU (green), tubulin (red) and with the nuclear staining reagent Hoechst (cyan). (c1) Z-depth

coded maximum projection of mitotically active

cells reveals a ventral position of the larger cell

(asterisk). (c2) Maximum projection of mitotically active cells, black-white inverted. (c3) The pro-
liferation zone is closely located to the foramen in the ventral area of the “sinkhole” of the neurites
(arrows). Tubulin cannot be detected in the area of the proliferation zone contrary to the surround-

ing space. (c4) The proliferation zone displays

more densely packed somata compared to cluster

10. The larger cell is located next to the proliferation zone (asterisk). (d) Horizontal vibratome sec-
tion showing BrdU positive cells (green), phalloidin (red) and Hoechst as nuclear staining reagent
(cyan). There are no speci ¢ actin-rich structures associated with the proliferative system. (d1) Z-
depth coded maximum projection of the mitotically active cells including one larger cell more ven-
trally (asterisk). (d2) Maximum projection of mitotically active cells, black-white inverted. (e) Hor-
izontal vibratome section double labeled against BrdU (green) and glutamine synthetase (red).
Glutamine synthetase is absent around the proliferative system. (el) Depth coded maximum projec-
tion of the mitotic active cells including one larger cell (asterisk). (e2) Maximum projection of the
mitotic active cells, black-white inverted. Abbreviations: alnv antenna 1 nerve, ann antenna 2 neu-
ropil, dcl deutocerebral chemosensory lobe, hn/tm hemiellipsoid body/ medulla terminaliscomplex,
lan lateral antenna 1 neuropil, pnt projection neuron tract, pz proliferation zone, numbers indicates

somata clusters. Scale bars: (b, d, and €)1180(c,

c3, and c4) 2bm, (insets b, c1, ¢2, d1, d2, e1l,

and e2) 10 m. [Color gure can be viewed at wileyonlinelibrary.com]
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Table 3 Diameter of BrdU-positive nuclei inC. crangonand P. vannamei

Smaller cells

Larger cell
Range (m) N Mean gm) (mm)
C. crangon
Specimen 1 9.4-14.4 17 11.269 14.1
5.7-12.7 14 10.700 14.9
Specimen 2 9.5-12.7 10 10.978 19.1
Specimen 3 10.6-13.6 12 12.042 19.2
Specimen 4 8.0-13.7 13 11.100 16.3
Specimen 5 7.5-12.6 15 9.823 17.5
Specimen 6 9.0-11.8 9 9.880 16.5
Specimen 7 8.0-12.5 10 10.650 16.8
Mean 10.827 16.800
SD 1.548 1.804
P. vannamei
Specimen 1 (wh) 4.8-6.5 11 5.600 9.9
4.6-6.7 12 5.642 8.0
Specimen 2 5.3-9.4 14 7.080 14.5
5.4-8.0 9 6.678 104
Specimen 3 6.7-10.8 11 8.382 125
5.8-9.6 14 7.568 13.2
Specimen 4 5.7-8.5 8 7.216 12.3
Specimen 5 4.8-6.7 11 5.909 10.0
Specimen 6 5.4-8.2 15 6.900 10.2
Specimen 7 5.9-9.2 16 7.266 10.4
Specimen 8 5.7-9.5 12 7.813 14.8
Specimen 9 6.3-8.6 7 7.971 15.3
Mean 6.991 11.792
SD 1.332 2.316

BrdU-positive cells were counted by inspecting vibratome section series (except of one wholemount, wh) of seven speGmaasgdn
(eight hemibrains) and nine specimendofvanname(twelve hemibrains). Given values of raw data (range of smaller cells and size of larger
cells) are rounded to one decimal place. However, calculation of means and standard deviations (SD) are based on original data.

proliferation zone is present that is associated with organization comparable to basally diverging lineages
cluster (10; olfactory projection neurons). An asym- of decapods but an already existing proliferation zone
metrically dividing stem cell resides in a neurogenic associated with cluster (9) as in the cray Bhclarkii.
niche immediately adjacent to the proliferation zone Therefore, we conclude that persistent generation and
(as mentioned above). In contrast, in reptant decapodsmaturation of neurons contributed to cluster (10) dur-
such asP. clarkii the deutocerebral proliferative sys- ing adulthood is a common feature of all decapod
tem displays a spatial compartmentalization and crustaceans, whereas the additional proliferation zone
appears to be more complex. It consists of a neuro- associated with cluster (9) and an elaborated niche-
genic niche on the ventral surface of the brain from stream system newly evolved in reptant decapods.
which progenitor cells travel along migratory streams  Another situation can be observed in Anomala and
toward proliferation zones associated with cluster (10) Brachyura in which only one proliferation zone asso-
and, additionally, cluster (9; olfactory local interneur- ciated with cluster (10) is present (Schmidt, 1997;
ons). We will call such systems with a spatially Schmidt and Harzsch, 1999). More than 30 years
extended organization “niche-stream systems” in the ago, classical histological investigations revealed a
following. In the spiny lobstePanulirus arguspaired bilaterally paired “deutocerebral organ” in the adult
neurogenic niches exists, one embedded within cluster brain of the crab Carcinus maenas(Bazin and
(10) and one within cluster (9), and only short migra- Demeusy, 1968; Bazin, 1969). It was described as a
tory streams lead to the proliferation zones (Schmidt, spherical group of glial-like cells with a central cav-
2007). With respect to the phylogenetic position of ity and located within cluster (10). However, a
Achelata (see Fig. 1), we assume that this system rep- brous tract linking the organ to cluster (9) was also
resents a type of intermediate stage with a quite simple identi ed. Although its neurogenic function was not
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Table 4 Comparison of the proliferation rates in different decapod taxa

Brdul Brdul Glomerular
cells cells Exposure shape Glomerular nb. DCL/AL
Taxon Species cluster 10 cluster 9/11 time (h) (DCL) (DCL) ratio
Group A: no accessory lobe
Dendro- Penaeus 7-16 - 24 Wedge <100 -
branchiata  vannamei
Sicyonia <15* - 6-24 p.i& ? ? -
brevirostris
Caridea Crangon 9-17 - 24 wedge < 100 -
crangon
Group B: small accessory lobe
Brachyura Carcinus 20-60 - 5.5-120 p.P Mixed" Hundreds® pDCcL AL
maenas
Cancer 20-46 - 6-24 p.i ? ? ?
pagurus
Anomala Pagurus 204G - 6-24 p.i? Columnaf ? DCL ALf
bernhardus
Group C: prominent accessory lobe
Homarida Homarus 507 107 6-24 p.i¢ Columnaf 249 DCL> AL?
americanus
Astacida Procamba-  90-126 30-40 18 ColumnaP 503 DCL< ALM
rus clarkii
Achelata Panulirus 2008 50 9-57p.i¢ Columnat 133X DCL> AL'
argus
Astacida Cherax 25¢° el 24° Columnat 230 DCL AL
destructor

The table is sorted by numbers of BrdU-positive cells in cluster 10 in ascending order which also results in an ascending order of BrdU-
positive cells in cluster 9/11. All values are coarsely rounded from literature data. Note that the exposure times differ from each other but, in
most instances, include 24 h.{, indicate survival times after a single injection of BrdU). The resulting sequence of taxa does not re ect the
phylogenetic relationships (compare Fig. 1). In contrast, the number of BrdU-positive cells increase with a higher complexity of the deuto-
cerebral olfactory system represented by glomerular shape, glomerular number and DCL/AL-ratio. Especially the DCL/AL-ratio seems to
in uence the proliferation rate.

References:

3Schmidt and Harzsch (1999).

PSchmidt (1997).

“Ayub et al. (2010).

dSchmidt (2007).

°Sandeman and Sandeman (2000).

fKrieger et al. (2012).

9Helluy et al. (1995).

"Mellon and Alones (1993).

iSchmidt and Ache (1996).

Isandeman & Luff (1973).

“Beltz et al. (2003).

'Sandeman et al. (1992).

recognized then, it is now generally accepted that this Does the Proliferation Rate Correlate
organ corresponds to the deutocerebral proliferative with the Complexity of the Olfactory
system (reviewed in Sandeman et al., 2011). There- System?

fore, this “deutocerebral organ” is part of a niche-
stream system comparable B clarkii despite the
fact that proliferation in cluster (9) could not be
observed. In order to determine possible explanations
for these inconsistent observations, we will next com-
pare the proliferation of cells with respect to the orga-
nization of the central olfactory pathway in these
decapod crustaceans.

In the adult central olfactory pathway, there are about
200,000 projection neurons (cluster [10]) and
100,000 local interneurons (cluster [9]) per hemibrain
in the spiny lobsterP. argus (Schmidt and Ache,
1996) and about 200,000 projection neurons and
50,000 local interneurons in the cray 9b. destruc-

tor (Sandeman et al., 1998). Hence, the lower rate of

Developmental Neurobiology



14 Wittfoth and Harzsch

Figure 6 Schematic representation of the deutocerebral olfactory system on the left side of the
brain. Based on our observation that the emergence of the accessory lobe has in uenced the prolif-
eration of cells (compare Table 4), we suggest that three classes of neurons (following Schachtner
et al., 2005) are probably provided by the deutocerebral proliferative system. One neuron of each
class is shown and colored in magenta (dcl-pn in cluster 10), yellow (al-pn in cluster 10) and green
(dcl/al-In in cluster 9), respectively. Note that the shown interconnections of neurons are not repre-
sentative and vary in detail in different species. Abbreviations: alnv antenna 1 nerve, al accessory
lobe, al-pn projection neuron of the al, dcl deutocerebral chemosensory lobe, dcl/al-In local inter-
neurons connecting the dcl and al, dcl-pn projection neuron of the dcl, hn hemiellipsoid body, osn
olfactory sensory neurons, pnt projection neuron tract, numbers indicates somata clusters. [Color
gure can be viewed at wileyonlinelibrary.com]

mitotic activity within the proliferation zone associ- extracted data (see Table 4) do indicate potential rela-
ated with cluster (9) compared with cluster (10) tionships between adult neurogenesis and the com-
matches the generally lower number of somata in this plexity of olfactory system design. Characters to
cluster. However, adult neurogenesis in crustaceansdescribe the complexity of the central olfactory path-
is known to be in uenced by a number of different way include, for example, the relative proportion of
factors including environmental conditions, diurnal the dcl compared to the entire brain volume, number
effects or serotonin levels (reviewed in Beltz and and size of the neuropil elements within the dcl (the
Sandeman, 2003). olfactory glomeruli) and the degree of elaboration of
Accordingly, for a closer view on proliferative  secondary olfactory processing areas such as the
activity and structural complexity of the olfactory accessory lobes. For our comparison, however, we
system in reptant decapods, we have considered onlyhad to rely on those features for which enough infor-
those studies in which BrdU exposure times included mation was available in a broad range of decapod
24 h. Nevertheless, our compilation of data does species.
comprise obvious errors because, for example, we Table 4 presents all extracted data from our and
could not assess the ages of the investigated speci-previous studies sorted by the proliferation rate in
mens from many of these studies, a factor which also cluster (10) in ascending order. The resulting
inuences the proliferation rate (Schmidt and sequence of the crustacean taxa does not strictly
Harzsch, 1999; Sandeman and Sandeman, 2000;re ect their phylogentic relationships (compare
Ayub et al., 2010). What is more, some values had to Fig. 1) and is also not exclusively explained by
be estimated from bar graphs (Sandeman and Sandethe complexity of the dcl (mean glomerular num-
man, 2000) and were coarsely rounded. Therefore, bers and glomerular shape). However, when also
additional experiments are necessary to obtain a solid considering the size of the accessory lobe rela-
basis for more profound comparisons of the prolifera- tively to the dcl, we are able to distinguish three
tive activity in different species. Nevertheless, the groups:
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Group A: The rst group includes all non-reptant
decapods. Their dcl's comprise around 100 or less
wedge-shaped olfactory glomeruli on each side a fea-
ture which, according to Harzsch and Krieger (2018),
indicates a relatively simple olfactory system within
malacostracan crustaceans. These animals exhibit a
comparatively low proliferation rate of less than 20
BrdU-positive cells (Brdl cells) in cluster (10)
after 24 h BrdU incubation.

Groups B and C comprise all reptant decapods
which have newly evolved another second-order
processing neuropil, the accessory lobe (Sandeman
etal., 2014).

Group B: The second group includes the bra-
chyuran crabs and Anomala. These taxa possess a rel-
atively small accessory lobe which is secondarily
reduced (Helluy et al., 1995). In contrast to non-
reptant decapods, the dcl exhibits several hundreds of
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Projection neurons of the dcl (dcl-pn) that inner-
vate the base of olfactory glomeruli and project
via the projection neuron tract predominantly
into the medulla terminalis of the lateral proto-
cerebrum (Sullivan and Beltz, 2005b). Their
somata are located in cluster (10).

Projection neurons of the accessory lobe (al-pn)
that innervate the accessory lobe and projeat
the projection neuron tract predominantly into
the hemiellipsoid body of the lateral protocere-
brum (Sullivan and Beltz, 2005b). Their somata
are also located in cluster (10).

Local interneurons that connect the dcl to the
accessory lobe (dcl/al-In). They innervate the
subcap of the olfactory glomeruli and the central
layer of the accessory lobe (if applicable). Their
somata are located in cluster (9; Beltz and San-
deman, 2003).

olfactory glomeruli with a columnar shape, features = We suggest that only dcl-pn’s are replenished by
which presumably characterize a higher level of com- adult neurogenesis in group A (non-reptant decap-
plexity of the olfactory system (Harzsch and Krieger, ods), whereas in group B that features a small acces-
2018). Their proliferation rates are slightly higher sory lobe also new al-pn’s are probably provided. In
than in group A (20—60 BrdU cells in cluster [10]). group C which display a prominent accessory lobe
Group C: The last group comprises the remaining and show additional proliferation in cluster (9), all of
reptant decapods that have a prominent accessorythe suggested classes of neurons are added by the
lobe of nearly the same size as or even larger than the deutocerebral proliferative system. Using pulse-chase
dcl. Compared to the species in group B, these ani- experiments, Sullivan and Beltz (2005b) demon-
mals display a much higher proliferation rate in clus- strated that in the adult cray siC. destructorthe
ter (10; from 50 cells irfH. americanugo 250 cells in newborn cells differentiate into projection neurons of
C. destructo). Furthermore, this group exclusively both dcl and accessory lobe. In contrast, considering
features persistent proliferation also in cluster (9/11). the localization of the newborn cells within the soma
Our review of the literature data suggests that the clusters, Schmidt (2001) speculated that only dcl-
number of BrdW cells in cluster (10) correlates not pn’s are replenished in the lateral cluster (LC, cluster
only with the complexity of the dcl (number and [10] sensuSandeman et al., 1992) and all types of
shape of olfactory glomeruli) but also with the pres- local interneurons (including those which are not
ence and size of the accessory lobe. What is more, associated with the accessory lobe) are generated in
proliferation of cells in cluster (9) is strictly coupled the median cluster (MC, cluster [9/1%fnsuSande-
to the presence of a prominent accessory lobe, as pre-man et al., 1992). However, it has to be mentioned
viously mentioned by Beltz and Sandeman (2003). that the presence of these three distinct classes of
Therefore, we suggest that a considerable number of olfactory interneurons which we discuss here has
newly generated neurons in cluster (10) and, in par- only been shown for a limited number of reptant
ticular, cluster (9) support the function of the acces- decapods. All of them are present in the spiny lobster
sory lobe. P. argus(Schmidt and Ache, 1996). Both projection
neuron types (dcl-pn and al-pn) are also present in
the clawed lobsteH. americanus(Sullivan et al.,
2000) and the cray shC. destructor(Sullivan and
Beltz, 2005b) but data for local interneurons that con-
nect the dcl to the accessory lobe (dcl/al-In) are miss-
Considering the rate of proliferation and a possible ing in these species. In contrast, such local
correlation with the complexity of the olfactory sys- interneurons are described in the cray Bh clarkii
tem, we suggest that primarily three classes of neu- (Arbas et al., 1988) in which, however, the projection
rons are replenished by the deutocerebral neurons were suggested to always innervate both dcl
proliferative system in decapods (compare Fig. 6): and accessory lobe (Mellon et al., 1992).

Which Types of Neurons are Generated
by the Deutocerebral Proliferative
System?

Developmental Neurobiology
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CONCLUSIONS
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Abstract

Background: Over the last years, the amphipod crustacearhyale hawaiensias developed into an attractive
marine animal model for evolutionary developmental studies that offers several advantages oveerp&imgntal
organisms. It is easy to rear in laboratory conditions with embryos available year-round and amenai#eoizsnu
kinds of embryological and functional genetic manipulations. However, beyond these developnikgtaietic
analyses, research on the architecture of its nervous system is fragmentary. In order to firstuidieoanatomical
atlas of the brain, we investigat®d hawaiensissing immunohistochemical labelings combined with laser-scanning
microscopy, X-ray microcomputed tomography, histological sectioning and 3D reconstructions.

Results:As in most amphipod crustaceans, the brain is dorsally bent out of the body axis with downward oriented
lateral hemispheres of the protocerebrum. It comprises almost all prominent neuropils that are pastigfdsted

ground pattern of malacostracan crustaceans (except the lobula plate and projection neuron tract rizeyopi)a
general uniformity of these neuropils, the braiffohawaiensis characterized by an elaborated central complex and
a modified lamina (first order visual neuropil), which displays a chambered appearance. In the legigtrdfaaalysis
on photoreceptor projections iR. hawaiensithe observed architecture of th@nina corresponds to specialized
photoreceptor terminals. Furthermore, in contrast to previous descriptions of amphipod brains, we suggest the

presence of a poorly differentiated hemiellipsoid body and an inner chiasm and critically discuss these agpects.

Conclusions:Despite a general uniformity of amphipod brains, there is also a certain degree of variability jn
architecture and size of different neuropils, reflecting various ecologies and life styles of different species| In
contrast to other amphipods, the brain Bf hawaiensdoes not display any striking modifications or bias
towards processing one particular sery modality. Thus, we conclude that this brain represents a common|type
of an amphipod brain. Considering various established protocols for analyzing and manipulagrmgiensis
this organism is a suitable model to gain deeper ustinding of brain anatomy e.g. by using connectome
approaches, and this study can serveras $olid basis for following studies.

Keywords: Crustaceans, Peracarida, Olfactory system, Visual system, Lamina, Hemiellipsoid bodyRRéstad@ne,

Background life styles.Parhyale hawaiensi¢gDana, 1853) (Peracarida,
Amphipod crustaceans display a high disparity of bodyAmphipoda, Hyalidae) is an epibenthic amphipod with
plans and in life history and ecology. Therefore, they arecircumtropical distribution that occupies intertidal marine
suitable organisms to explore adaptive changes of orgamabitats such as bays, estuaries, and mangrote8][and
systems, e.g. the nervous system, in response to differeiig also a typical member of the macroalgal faund.[It
3 J ore hoberiin aed o J was first described from the Hawaiian islands][ As most
Tg;rsrtzsnps\?m?fn;r?éa f;ﬁ;'ggmﬁ;gsﬁggd |aZ£S:uThorzﬁ§_mX' € representatives of the Hyalidae, these animals show con-
2Department of Biology, Comparative Zoology, Humboldt University Berlin,linuous reproduction throughout the year and can adapt
gg\ilippstr- 13, 10115 Berlin, Germany ] their reproduction to favorable environmental conditions
epartment of Integrative Zoology, University of Vienna, Althanstr. 14, 10?8, 7]. Dynamics and demographic parameters of a popu-

Vienna, Austria A - - |
Full list of author information is available at the end of the article lation in its native range showed two main reproductive
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periods, a shorter one, from late autumn to early winter, neuropils and soma clusters that will serve as a sound
and a longer one, from late spring to early summer][ basis to which we compare our own results. Gross anat-
The sex ratio in natural populations of this species typic- omy of the central nervous system d?. hawaiensisvas
ally is biased toward females thus allowing for a rapid in-already documented in drawings by Divakaradq who
crease in abundance when environmental conditions areunfortunately did not provide any micrographs. Ramos et
favorable B]. Females have a low number of eggs, betweel. [33] analysed the structure of the compound eyes and
six and 25 per brood, depending on the size and age of theetinal projections inP. hawaiensisOur investigation sets
females 9]. Becausé®. hawaiensigolerates salinities from out to explore the neuroanatomy of this emerging crust-
5 up to 40 PSU 10 and has such a wide distribution, acean model organism in detail with a set of comple-
Artal et al. [11] suggested this species as a suitable ecomentary techniques including classical histology,
toxicity test organism for circumtropical nearshore marine immunohistochemistry and confocal laser-scan micros-
ecosystems and described standardized procedures faropy, x-ray microscopy, and three-dimensional recon-
laboratory husbandry. struction. Therefore, as first neuroanatomical atlas of the
In recent yearsP. hawaiensisas also evolved into an brain of P. hawaiensisthe current report aims to provide
important laboratory model specieslp, 13]. Its embryo- the basis for subsequent studies to gain deeper insights
genesis has been thoroughly described including a stainto the neurobiology of this emerging model organism,

ging system 14], and fate map and cell lineage analysessuch as functional studies and connectomics.

of the early embryo 15 until gastrulation [16] were

carried out. Because laboratory husbandry is easy an#lethods

affordable, inbred lab cultures can provide ample mater-Experimental animals

ial for developmental studies year-round. Furthermore, Specimens ofParhyale hawaiensigDana, 1853) were
P. hawaiensiss accessible for experimental manipulation reared in aquaria with artificial seawater (32 PSU) at

and robust protocols exist for the fixation of embryo4dT],
in situ hybridization to study mRNA localization18], and
immunohistochemistry to study protein localization1].

about 26 °C. For all experiments, pairs in precopula
(Fig.1a) were collected to ensure maturity of both sexes.

Genetic tools and resources which have been establishetinmunohistochemistry
in P. hawaiensisn recent years include for example stable Three different marker sets were chosen for immunohis-

transgenesis40-22], gene knockdown 23-25], CRISPR-

tochemical labeling. A summary of used protocols is

mediated gene editing 6], transcriptomic approaches given in Additional file 1 and the reagents used are listed

[27-29], and a sequenced genom&(]. Individuals (em-
bryonic stages and adults) are also optically tractable pro-
viding the opportunity to capture the cellular events
contributing to appendage development and regeneration
using cutting-edge live-imaging technologie81, 32]. The
recent paper by Ramos et al33] provided the basis of
genetics-driven analysis of visual function in this species.
In comparison to our current understanding of the
brain structure in decapod crustaceans34-37], our
knowledge on the nervous system in Peracarida has not
kept pace and for the Amphipoda relies on older studies
including those by Graber38] and Hanstrom B9]. Ex-
ceptions include representatives of the genGammarus
in which the structure of the ventral nerve cord40d] and
brain [41] have been explored in detail including immu-
nohistochemical techniques4]. These previous reports
already described that, within Amphipoda, the brain is
dorsally bent out of the neuraxis so that the protocereb-
rum is almost tilted backwards. The brain in representa-
tives of the genu®rchestiawas analysed by MadseA 3|

in Additional file 2. Additional notes are given below:

When using 4% paraformaldehyde (PFA) as fixative,
small crystals occurred around the brain, which
masked the specific signal during confocal laser-
scanning microscopy. In order to avoid this artefact,
we used Bouis fixative 46 and 3% glyoxaH7] for
immunohistochemical labeling against anti-acetylated-
tubulin and anti-SYNORF1 synapsin, respectively.
Using Bouirs fixative for immunohistochemical
labeling required several changes of 0.1 M PBS
(phosphate buffered saline, pH 7.4) to wash out the
picric acid completely. A final washing step was
carried out overnight.

The brain of P. hawaiensigs embedded within
connective tissue rich in lipids (Figa). Therefore, for
immunohistochemical labeling against anti-histamine,
we added 1% DMSO to 4% EDAC in PBS to increase
penetration ability through fatty tissued§.

and, in comparison to the amphipodliphargus puteanus Histology

by Ramm and Scholtz44)], the latter study using a set of For section series, three adult individuals (two males, one
contemporary neuroanatomical techniques, which is com-female) were decapitated and prefixed for 24 h in a solution
parable to that used in the present report. Ramm andof ten parts 80% ethanol, four parts 37% formaldehyde and
Scholtz @4] provided a detailed description of brain one part 100% acetic acid (compared4d)). After
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Fig. 1 The amphipodParhyale hawaiensisd gross morphology of its nervous systariviale and female d?. hawaiensis precopulab Orthoslice
at the mid-level of the brain based on microCT analysis. The brain (yellow) is situated rigént betveempound eyes in the dorsal part of the
head.c 3D reconstruction of the brain based on microCT analysis (light grey: optical system, yelloi;: mapieporgan of Bellonci, dark grey:
somata) in anterolateral view (C1), frontal view (C2) and lateral view (C3). The red line displangsth of the brain with red dots indicating the
roots of associated nerves to sensory organs and appendages to signify the arrangement of ptotpardetitocerebrum. An interactive 3D PDJ
available as supplement (Additional 4iled 3D reconstruction of the central nervous system (yellow) in anatomical context based on michysIS
in lateral view. The central nervous system is located ventrally and bent dorsally, anterior testhghsgieal gangliomset (bottom right corner in
shows position and orientation of depicted section in the bralreviations: Iddgmental ganglia of the pleosom¥;Vfused ganglion of the
urosomealantenna lalnvantenna 1 nerveg2 antenna 2a2nvantenna 2 nervegr brain,cb central bodydccdeutocerebral commissurdg!
deutocerebral chemosensory loleegsophageal connectivessesophagusgyl—7 segmental ganglia of the pere@m2second gnathopodan/tm
hemiellipsoid body/ terminal medulla complé&xlaminajan lateral antenna 1 neurogih lobula,me medullaobeorgan of Belloncom ommatidia,

Fis
ana
B)

p1-7 pereopods %7,pl1-3 pleopods 13,segsubesophageal gangliott tritocerebrumScale barg, d) 1 mm, ) 200 m, €) 150 m

washing in PBS, specimens were postfixed for 1 h in 2% mbedded in Araldite (Araldite CY212; Agar Scientific

Os0O, solution (same buffer) at room temperature and, #AGR1030). Serial semi-thin sections (1 or 1.B)
following dehydration in a graded series of acetonewere prepared with a Microm HM 355S and stain

ed
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Fig. 2 Histological sections of the headFrontal section of the head with posterior part of the brain. The brain is surrounded by numerous lipid

chiasm (red arrow. Magnification of the chiasm (red arrow) of the optical nerve of the left brain hemisphere, frontalMagnification of
the first and second visual neuropil of the right brain hemisphere displaying a chambered appearance of the lamina, frontal view. Numgrous
terminations within each chamber are visible. Somata of cluster 1 appear darker anddsFaleal section of the anterior part of the brain. A

arrow).Insets (bottom left corner in A andfljw position and orientation of depicted sections in the brabbreviations: alantenna 1 nerve,
annantenna 2 neuropiko anterior aortaba brain arterydcldeutocerebral chemosensory lolegesophageal connectivesesophagushn/tm
hemiellipsoid body/ terminal medulla compléxjamina,o lobula,maf amyoarterial formation ae medulla,om ommatidia,onvoptical nerve,
pc protocerebrumreretina,[numberssomata clusteScale barga) 100 m, p-d) 50 m

J

using 1% toluidine blue and PyroninG in a solution of in pure ethanol and critical-point-dried (Leica EM

1% sodium tetraborate. COD300). Finally, samples were fixed on insect pins with
super glue. MicroCT scansn(=9) were performed with a
X-ray micro-computed tomography Zeiss XRadia MicroXCT-200 and analyzed. One overview

After cold anesthetization, several specimens were fixedcan (young male, 4x objective lens unit, pixel size
in Bouin's solution overnight. The subsequent preparation 5.6521 m) and two detailed scans of the head (two males,
followed the protocol by Sombke et al5(]. Preparations 10x and 20x objective lens units, pixel sizes 1.9649

were rinsed in several changes of PBS, dehydrated in and 0.9983 m, respectively) were used for visualization
graded ethanol series and incubated in a 1% iodine soluand reconstruction in this contribution. Tomography pro-

tion (iodine resublimated in 99% ethanol; Carl Roth jections were reconstructed using the XMReconstructor
#864.1) for 812 h. Then, tissues were rinsed several timessoftware (Zeiss Microscopy) resulting in image stacks

droplets (brownish spherules). The dorsal-most part of the brain is innervated by paired small nerves (double-arrow). The optical nerve forms a

small section of the antenna 1 nerve projects to the deutocerebral chemosensory lobe (red arrows). The medial foramen is discernabl¢ (double-
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(TIFF format). All scans were performed using bin- modifications adopted from Loesel et al5¢] and Kenning
ning 2 (resulting in noise reduction) and subsequently et al. [57] for the description of brain neuropils, cell clusters
reconstructed using binning 1 (full resolution) to and tracts. Hence, we name the visual neuropils lamina,

avoid information loss. medulla, and lobula and use the termdeutocerebral che-
mosensory lobeinstead of‘olfactory lobé [57] and ‘projec-
Imaging tion neuron tract instead of ‘olfactory globular tract [56].

Immunohistochemical preparations were analyzed with The arteries are classified after Wirkner and Richt&g].

a Leica TCS SP5 Il confocal laser-scanning microscope

equipped with DPSS-, Diode- and Argon-lasers and op-Results

erated by the Leica Application Suite Advanced Fluores-Gross morphology

cence software package (LASAF). Images of singl@he head ofParhyale hawaiensiss flattened anteriorly.

frames and maximal projections were compiled usingThe bilaterally paired and sessile compound eyes are

the software LASAF (Leica Microsystems CMS GmbH)reniform and located dorsolaterally at the head capsule

and image processing platform Fijb[]. (Fig. 1a, d). Between the compound eyes, the pair of
Specimens processed for histology were analyzed witluniramous, short first antennae (al) are located at the

a Nikon Eclipse 90i upright microscope and bright-field anterodorsal edge of the head capsule. The pair of unira-

optics (20x objective). mous second antennae (a2) are nearly twice as long as
The precopula was photographed with a Canon 70dthe first antennae and located ventrally at the mid-level

camera equipped with an EF-S 4835 mm f/3.5-5.6 IS ob- of the head. The complex feeding apparatus consisting

jective and a Macro Twin Lite MT-24EX flashlight. Cross- of mandibles, first and second maxillae as well as maxil-

polarized light was used to minimize reflection§7]. lipeds follows ventrally (Figla, d).
As previously described by Divakarad9], the central
Elastic alignment and 3D-reconstruction nervous system is composed of the brain (br) and ven-

Mosaic image data of histological sections were compiledral nerve cord (vnc), the latter comprises a fused sube-
into single image stacks using Adobe Bridge CS4 comsophageal ganglion (seg), seven segmental ganglia of the
bined with the Photomerge function of Adobe Photoshop pereon (g £7), three segmental ganglia of the pleosome
CS4. To perform 3D-reconstructions, an elastic alignment(g I-11l), and one fused ganglion of the urosome (g IV-
was performed using the plugins Elastic Stack AlignmentVI, Fig. 1d). The neuraxis of the ventral nerve cord fol-
and Elastic Montage incorporated in the TrakEM2 soft- lows the body axis, but the axis of the brain neuromeres
ware of FIJI $3]. is bent anterodorsally (Figlc3). In consequence and
3D-reconstructions were prepared with the software corresponding to the anterodorsally situated head ap-
Amira 5.4.3 (FEI Visualization Sciences Group, Thermopendages, the brain oP. hawaiensisis located in the
Fisher Scientific). For using the Segmentation Editor inanterodorsal part of the head, between the compound
Amira, the aligned image stacks were converted intoeyes (Figlb-d; Additional file 1). The three neuromeres
greyscale images. Contours of the brain and selectedf the brain, proto-, deuto-, and tritocerebrum, are lined
subunits were traced in single section images and finallyup from dorsal to ventral with the lateral protocerebrum
used to calculate 3D surface molde For 3D-reconstruction facing posteroventrally towards the ventral-most level of
of microCT scans, image stacks of virtual sections wereghe compound eyes (Figlc3). The neuromeres of the
processed in the same way. Additionally, based on semibrain are highly fused, but can be distinguished by their
thin sections, we counted the number of nuclei in the brain associated nerves from sensory organs and appendages.
cortex of one hemisphere of one adult male and one adultThe compound eyes are connected with the protocereb-
female. For this purpose, AmiigFilament Editor was used. rum via the optical nerve (onv, Figa and 3a). Add-
itionally, the dorsomedial area of the protocerebrum is
Presentation of data and terminology associated with a bilaterally paired, small nerve that orig-
Images were processed with Adobe Photoshop CSdnates in the organ of Bellonci (Fidlc2, double arrow in
using global picture enhancement features (i.e. bright-Figs.2a and 8; Additional file 1). The antenna 1 nerve
ness and contrast). The diagram was created with Adobgalnv) innervates the deutocerebrum from anterodorsal
lllustrator CS4. Unless indicated otherwise, all images(Figs. 1c, 2d, 3b and 6b), while the antenna 2 nerve
are oriented with dorsal to the top and, on lateral views, (a2nv) innervates the ttocerebrum from anterior
anterior facing to the left. Local arrangement of all neur- (Figs. 1c and 3b). The shape of the brain is strongly
onal structures, the neuropils and tracts, are describednfluenced by four large arteries, which proceed an-
referring to the body axis. teriorly through the protocerebrum: the (1) median
The neuroanatomical nomenclature is based onanterior aorta (ao), the (2) median myoarterial formation
Sandeman et al. 94 and Richter et al. $5 with A (maf a) which branches off anteriorly and, a (3)
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Fig. 3 Overview of the neuroanatomy of the bradnf-rontal vibratome section at the mid-level of the brain, double-labeled against acetylal
tubulin (yellow-red) and RFamide (greénjagittal vibratome section of the brain, triple-labeled against acetylated tubulin (yellow-red), R
(green) and nuclei (blue, B1) as well as against acetylated tubulin, separately (black-white inverseds B®)ttom left corner in A and right
upper corner in B&how position and orientation of depicted sections in the brabbreviations: am@mterior medial protocerebral neuropil,
annantenna 2 neuropiho anterior aortach central bodydcl deutocerebral chemosensory loleeesophageal connectiven/tm hemiellipsoid
body/ terminal medulla compleia laminajal lateral accessory loban lateral antenna 1 neuropig lobula,maf amyoarterial formation anv
optical nervepmpnposterior medial protocerebral neuropiht projection neuron tractn tegumentary neuropi[numbersfomata clusteScale

ted
Famide

bars:(@ 50 m, @) 100 m

bilaterally paired, smaller brain artery (ba), located be-hemiellipsoid body (hn) and terminal medulla (tm; al

SO

tween the lateral and median protocerebrum (Figga, 3 termed ‘medulla terminalis, Figs. 1b, 4a and 7; Add-
and 8). itional files 2 and 3). Lamina and medulla are medially

separated from the median protocerebrum by the pai

red

Protocerebrum brain arteries (ba), whereas lobula, hemiellipsoid body,

Lateral protocerebrum and terminal medulla are fused ventrally with the ante
The lateral extensions of the protocerebrum (lateral proto- medial protocerebral neuropil (ampn, FigS8a and 4a)
cerebrum) are confluent with the median protocerebrum. The retina (re) is connected to the first order visual neu

ro-

ro-

The anterior aorta separates dorsomedially the hemigan+il, the lamina, via a short optical nerve (onv), which
glia of the protocerebrum (Figslb, 2a, 3a and 8). From forms a chiasm (arrow in Fig2a, b). In comparison to the
ventrolateral to dorsomedial, the lateral protocerebrum size of the compound eyes, the lamina is a relatively small,
consists of the serially arranged visual neuropils laminacompact structure. Synapsin-like immunoreactivity reveals
(la), medulla (me), and lobula (lo) as well as thea cup-shaped architecture composed of spherical subunits
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Fig. 4 (See legend on next page.)
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(See figure on previous page.)
Fig. 4 The protocerebruma Frontal vibratome section at the mid-level of the protocerebrum, double-labeled against acetylated tubulin (yellow-
red on the left, black-white inverted on the right) and RFamide (green on the left). A bundle of neurites connects the lobula with the lateral part
of the central body (double-arrow)c Horizontal vibratome section of the first and second visual neuropils of the left brain hemibphere.
Maximal projection of acetylated tubulin-like immunoreactivity (black-white inverted) showing the outer chiasm between lamina and medulla
(yellow arrow)c Single optical slice, triple-labeled against acetylated tubulin (yellow-red), histamine (green) and nuclei (blue, C1) as we|l as
against histamine, separately (black-white inverted, C2). Histamine-like immunoreactivity is concentrated peripherally within the spherical subunits
of the lamina (asterisks) and reveals a two-layered organization of the lamina (brackets Sagi@l vibratome section of the visual neuropils
showing crossing neurites between lamina and medulla (outer chiasm) as well as between medulla and lobula (putative inner chiasm, yellow
arrow), labeled against acetylated tubulin (black-white invea&apntal view on the central body and the tracts w, X, y, and z, double-labeled
against acetylated tubulin (yellow-red), RFamide (green, E1), as well as against acetylated tubulin, separately (black-white inverted, E?). Some
neurites of z-tracts form chiasmata within the central body (single arrow). The double-arrow points to the bundle of neurites that conn€cts the
central body with the lobuldnsets (bottom left cornshow position and orientation of depicted sections in the brabbreviations: ampn
anterior medial protocerebral neurogih central bodyhn/tm hemiellipsoid body/ terminal medulla compléxjaminaal lateral accessory lobe),
lo lobula,me medulla,pccprotocerebral commissurempn posterior medial protocerebral neuropiht projection neuron tracty/x/y/ztracts,
[numbersfomata clustelScale barga-c) 50 m, @-€) 25 m

that do not appear to be arranged in an ordered fashionthe hemiellipsoid body may also be larger than anticipated
(Fig. 6al). Correspondingly, in anti-acetylated-tubulin by anti-SYNORF 1 synapsin labeling.

labelings (Fig4b) and histological sections (Figc), the

lamina exhibits a chambered structure with a considerableMedian protocerebrum

number of small terminations from retinula cell axons The median protocerebrum is composed of the antero-
within each subunit (Fig2c). Comparable to synapsin-like medial protocerebral neuropil (ampn) and, ventrally ad-
immunoreactivity, a strong histamine-like immunoreactiv- jacent, the posteromedial protocerebral neuropil (pmpn)
ity is mostly concentrated in the periphery of these spher-that is medially divided by the myoarterial formation A
ical subunits (asterisks in Figlcl, c2). Furthermore, anti- (Figs.3aand 4a). In contrast, the anteromedial protocer-
histamine labelings reveal that the lamina is organized intoebral neuropil is medially fused and encloses the central
two layers with a thin inner (proximal) layer displaying a complex, composed of protocerebral bridge (pb), the un-
stronger immunoreactivity than a thick outer (distal) layer paired central body (cb), and paired lateral accessory
(brackets in Fig4c2). The second visual neuropil, the me- lobes (lal). Dorsomedially, the protocerebral bridge
dulla, is reniform and anteroventrally enclosed by the lam- (Fig. 5a) exhibits synapsin-like immunoreactivity and
ina (Figs. 2c, 4a, b, ¢ and6a). Between lamina and consists of two medially divided subunits that extend
medulla, the outer chiasm is formed by a considerablefrom anteromedial to posterolateral in a bow-like fash-
number of neurites (arrow in Fig4db; Figs.2c and 4c1). ion (data not shown, Fig8). The spindle-shaped central
Adjacent to the medulla and medially fused to the antero- body is located at the interface of anteromedial and pos-
medial protocerebral neuropil, the lobula (the third order teromedial protocerebral neuropil (Figslb, 3a and 4a
visual neuropil) is difficult to discriminate due to indistinct Additional files 2 and 3) and consists of nine horizon-
borders. However, the lobula can be discerned by its contally arranged columnar-like subunits. These subunits
nection to the central body (cb, see below) via a smalldisplay a strong RFamide-like immunoreactivity mainly
tract (double-arrows in Figs3a and4a). In sagittal sec- in their dorsal regions. Hence, the central body appears
tions, several crossing neurites between medulla ando be divided transversally into a thinner dorsal (upper)
lobula are discernable which are suggested to represeniinit and a thicker ventral (lower) unit (Figs3b1l and4a,
the inner chiasm (arrow in Fig4d). In the dorsal-most el). Four pairs of small tracts (w, X, y, and z) proceed
part of the brain, the hemiellipsoid body and terminal me- from dorsal to the central body, with crossing neurites
dulla form a complex (Fig2a, 3a, b,4a,5a and6a). These of the medial z tracts within the central body (Figle).
two neuropils are not clearly distinguishable by most tech- Laterally to the central body, the lateral accessory lobes
niques used here. Synapsin-like immunoreactivity allows(Fig. 6a) display a weak RFamide-like immunoreactivity.
the distinction of a cap-shaped area in the medial-mostThey are connected by a thick protocerebral commissure
part of the brain which may represent the hemiellipsoid in which the central body is embedded (Fig3a and 4a).
body (Fig.6a2). However, anti-acetylated-tubulin label-

ing reveals slight differences in intensity of immunoreac- Deutocerebrum

tivity in two equally sized regions (Figdla and5a) and The deutocerebrum is horseshoe-shaped and composed of
another approximate separation is evident by a diffuse siga bipartite anterior part and a medially fused posterior
nal located medially in preparations immunolabeled part, located ventrally to the posteromedial protocereb-
against RFamide-like peptides (Figa and4a). Therefore, rum. The anterior part is characterized by the large lateral
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Fig. 5 The deutocerebrum and central olfactory systeRrontal vibratome section of the posterior parthef brain showing the projection neuron tract,
labeled against acetylated tubulinMagnification of the chiasm of the projection neuron tract wehrites projecting contra- and ipsilaterally (red arrowt
labeled against acetylated tubulin (black-white invertedpagnification of the deutocerebral chemosegdobe of the right brain hemisphere showing th
peripheral arrangement of spherical to wedtpaped glomeruli, labeled against staged tubulin (black-white inverted)Horizontal view on the
deutocerebral chemosensory lobe loé tight brain hemisphere showing three RFamide-likeuinaneactive neurons located in cluster 9/11 (ak&yis
triple-labeled against acetylated tubulin (yellow-red), RFamide)(@neenuclei (cyan, D1) as well as against RFamide, separately (l@aokentsit, D2).
Insets (bottom left cornglnpw position and orientation of depicted sections in the britreviations: dieutocerebrumgcldeutocerebral chemosensory
lobe,hn/tm hemiellipsoid body/ terminal medulla compli&daminajan lateral antenna 1 neuropd, lobula,maf amyoarterial formation ag olfactory

1

glomerulipb protocerebral bridgggmpnposterior medial protocerebral neuropilt projection neuron tracScale barg@) 50 m, p-d) 25 m
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Fig. 6 Synapsin labeling of the brain@é&rhyale hawaiensig-rontal vibratome section of the anterior part of the lateral and medial protocerebrum fof
the brain hemisphere. (A1) Magnification of the lamina showing the caganiin spherical subunits with peripherally conaatt immunoreadity.
(A2) Cross section through the dorsomedial piitt@ lateral protocerebrum showing a weak digton of a cap-like structure that potentially negent
the hemiellipsoid bodyb Sagittal vibratome section of the lateraieerma 1 neuropil showing a weak horizailivision into two equally sized pads.
Frontal vibratome section of the deutocerebral chemosensory lobe oftthesief hemisphere. The medial and lateral foramina are discernalide¢doy
arrows). (C1) Magnification of the olfactorymgluli showing the spherical to wedge-shaped appece as well as a weak division into cap and base|
(brackets)nsets (bottom left cornginpw position and orientation of depicted sections in the brditreviations: am@amteromedial protocerebral
neuropil dcldeutocerebral chemosensory lobe/tm hemiellipsoid body/ terminal medulla compléxlaminajal lateral accessory loban lateral
antenna 1 neuropilp lobula,me medullaog olfactory glomerulpmpnposteromedial protocerebral neuropilimbers$omata clusteGcale bar@s m

J

antenna 1 neuropil (lan, Figdc, 3 and 6b) and the deuto- lobe is innervated by a small lateral section of the an-
cerebral chemosensory lobe (dcl, also termé&adfactory tenna 1 nerve (arrows in Fig2d). Each deutocerebral
lob€e Figs.1b, c,2a, 3a, 5¢, d and6c; Additional files2 chemosensory lobe is composed of approximate-20
and 3). In anti-SYNORF 1 synapsin labelings as well assubunits, the olfactory glomeruli (og; Figsa, 5c, d

in histological sections, the lateral antenna 1 neuropiland 6c). In histological sections, individual glomeruli
displays a horizontal division into two equally sized are only weakly delineated (Fid). However, synapsin-
parts (Fig.6b). Posterolaterally attached to the lateral and tubulin-like immunoreactivity reveal a multi-lobed
antenna 1 neuropil, the deutocerebral chemosensoryarchitecture of the deutocerall chemosensory lobe with
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spherical to wedge-shaped olfactory glomeruli which are ra-However, tegumentary nerves innervating this neuropil
dially arranged around a core-region that is composed ofcould not be detected.

neurites of local interneurons and projection neurons

(Figs. 5¢ and 6c). Unfortunately, a precise determin- Somata clusters

ation of the number of olfactory glomeruli was not The neuronal somata are aggregated in clusters, which,
possible with our methods due to the lack of clear due to their close spatial proximity, appear as a cortex that
delimitations of the glomeruli. Anti-synapsin immuno- covers major parts of the brain (Figéc and 7, Additional
histochemistry revealed that the olfactory glomeruli are files2 and 3). The cortex features several cell layers in dif-
weakly divided into cap- and base-region (brackets inferent regions. As determined from two semi-thin section
Fig. 6¢c1). Furthermore, they display strong RFamide-series, the cortex contains 6,629 nuclei (male) and 6,657
like immunoreactivity across their entire volume (Fi§d). nuclei (female) per hemisphere (Fig, Additional files 2

In our preparations, we found three characteristic somataand 3). Therefore, an adult brain of. hawaiensisnay

of local interneurons posterior to the deutocerebral che- contain about 13,300 nuclei in total. Nonetheless, some
mosensory lobe, which display strong RFamide-likeclusters can be distinguished based on different cell body
immunoreactivity (asterisks in Fighd). Their neurites pro- sizes and spatial relationship. The lamina is wrapped by
ject from the posteromedial edge of cluster 9/11 into the cluster 1 that contains relatively small somata. In histo-
core-region and innervate an unknown number of glom- logical sections and immunohistochemical labelings, they
eruli (Fig.5d2). Neurites of laterally located somata enter appear more intensively stained than other somata
the deutocerebral chemosensory lobe through a lateralFigs.2c and4cl). Between hemiellipsoid body/terminal
foramen (double-arrow in Fig.6c), whereas neurites of medulla complex and lobula, a distinct small cluster is
ventrally located somata bundle up medially and proceedocated posteriorly that can be homologized with clus-
dorsally towards the medial foramen (data not shown).ter 3 (Fig. 3bl). Neurites of neurons in cluster 3
Neurites of projection neurons leave the core-region proceed anteriorly into the neuropil of the lateral pro-
through the medial foramen (double-arrow in Fig2d and  tocerebrum. Major parts of the median protocerebrum

6c) and form a distinct projection neuron tract (pnt; also
termed ‘olfactory globular tracY that proceeds dorsally to
the hemiellipsoid body/terminal medulla complex (Figs.
3a, b,4a,5a, 7 and 8; Additional files2 and 3). Posteriorly

to the central body, the projection neuron tract forms a

are covered anteriorly by cluster 6 (Figbl). Associ-

ated with the deutocerebrum, the somata clusters of
the central olfactory pathway are recognizable: cluster
9/11 contains somata of local interneurons and is lo-
cated posterolaterally to the deutocerebral chemosen-

chiasm with ipsi- and contralaterally proceeding neurites sory lobe, in close proximity to cluster 1 (Figodl);
(Fig.5a, arrows in Fig5b). The posteromedian deutocer- somata of projection neurons form cluster 10 and are
ebrum exhibits diffuse RFamide-like immunoreactivity located ventrally to the deutocerebral chemosensory
(Fig.3a). In anti-SYNORF 1 synapsin labeled preparationsjobe (Fig.2d). Between the bases of the lateral antenna
the cigar-shaped median antenna 1 neuropil (man) is lo-1 neuropils, the median cluster 13 is present (Fgl).
cated dorsally in the posterior deutocerebrum (data not
shown, Fig8). Ventrally to the median antenna 1 neuropil
and between the lateral antenna 1 neuropils, a strong deuDiscussion
tocerebral commissure is discernible (Figs and8). The visual system with special emphasis on the lamina
Depending on the architecture of the compound eyes,
there is a high disparity in morphology and size of visual
Tritocerebrum neuropils in amphipod crustaceans39, 41]. The visual
The hemiganglia of the tritcerebrum are medially sepa- neuropils may be anteriorly oriented as iStreetsiasp.
rated and located in close association to the circumesophaf59] or laterally extended as inPlatorchestia platensis
geal connectives (Figdb, c,2d and 3a). It is dominated by [43] and Gammarus setosuf4l], or bent backwards as
the distinct, anteriorly oriented antenna 2 neuropil (ann, in Orchestia cavimana[44] and P. hawaiensis(this
Fig. 3b, Additional files 2 and 3). In histological sections study). The sharp turn of the neuraxis within the proto-
and immunohistochemical labeigs, a weak horizontal div- cerebrum of P. hawaiensids not only indicated by the
ision into two equally sized pas is discernable (data not arrangement of visual neuropils from ventrolateral to
shown). The innervating antenna 2 nerve (a2nv) brancheslorsomedial, but also mirrored in the chiasm of the op-
off into several bundles of neurites that proceed throughtical nerve. We assume that this chiasm results from the
both halves of the antenna 2 neuropil (Figa and b). Pos- upside-down orientation of the visual neuropils and does
teromedially to the upper half of the antenna 2 neuropil, not constitute a structural modification.
synapsin- and tubulin-like immunoreactivity reveal a small The visual neuropils comprise lamina, medulla and
spherical neuropil, the tegumentary neuropil (tn, Figb). lobula. In amphipod brains, the lobula seems to be
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Fig. 7 Three-dimensional reconstructions of the brains of one female and one male based on histokiginal $&europils of the protocerebrum
(reddish: visual neuropils, blue: hemiellipsoid body/terminal medulla complex, purple: odgjraddutocerebrum (yellowish) and tritodeten
(green) as well as the projection neuron tract (grey) are shown. In the right hemispheres ofibsttalbiomata are depicted. Interactive 3D PDHRs
are available as supplements (see Additionabféesl 6). Abbreviations: aramtenna 2 neuropitb central bodydcldeutocerebral chemosensory
lobe,ecesophageal connectiven/tm hemiellipsoid body terminal medulla compldaminalan lateral antenna 1 neurogdih lobula,me medulla,
pnt projection neuron tractncventral nerve cordscale bar&00 m

poorly developed and, as a consequence, is hard to disaeuropils (lamina, medulla, and lobula) and in which
tinguish from the terminal medulla 89, 44], which outer and inner chiasmata were recognized. In sagittal
might result from the low number of ommatidia and sections, we detected a few neurites crossing each other
other neuronal elements of the visual pathway. Howeverjn the corresponding region between medulla and
there is a distinct connection between the lobula and thelobula, an arrangement that matches the characteristics
lateral part of the central body, that might provide visual of the malacostracan inner chiasm (comparéZ 63)).
input to the latter (reviewed in §0]). Hence, the lobula Thus, we suggest the presence of an inner chiasm and
can be identified as a spherical neuropil in close associlobula in agreement with the ground pattern of the
ation with both, terminal medulla and medulla. The malacostracan braing7], which contradicts Ramos et al.
outer chiasm (between lamina and medulla) is present in[33], who stated that the inner chiasm is absent and the
all previously investigated amphipod species as well as ithird visual neuropil represents the lobula plate.

P. hawaiensig33, 38, 41, 44]. In contrast, the presence In P. hawaiensis medulla and lobula appear as
of an inner chiasm (between medulla and lobula) washomogenous structures whereas the lamina shows spe-
mostly denied in amphipods 33, 61], which might be cific structural features. It consists of numerous spherical
due to the close proximity of medulla and lobula and an subunits that display synapsilike immunoreactivity only
uncertain delineation of the latter. This assumption is peripherally and, in prepar&ns with anti-histamine im-
supported by investigations of brains of oxycephalid,munoreactivity, shows a two-layered organization. In most
hyperiid, phronimid, auchylomerid and tryphenid am- previous studies on amphipodrhins, the specific structure
phipods [B9], which possess well-differentiated visual of visual neuropils was not described. Only Grabe3g]
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Fig. 8 Schematic representation of the brainRafrhyale hawaiengisanterior viewAbbreviations: amgmnterior medial protocerebral neuropil,
annantenna 2 neuropiho anterior aortaba brain arterycb central bodydcl deutocerebral chemosensory loleeesophageal connectivan/
tm hemiellipsoid body/ terminal medulla compléxjamina al lateral accessory loban lateral antenna 1 neuropi lobula,maf amyoarterial
formation aman medial antenna 1 neuropifhie medulla,pb protocerebral bridgggmpnposterior medial protocerebral neuropiht projection
neuron tracttn tequmentary neuropil

recognized a‘distinctly granulaf (“deutlich gekdrnelt) Do amphipod brains possess a hemiellipsoid body?
structure of the lamina in Gammarus spp. Tyrosinated In the malacostracan brain, the (bilaterally paired) hemi-
tubulin-like immunoreactivity revealed transversely project- ellipsoid body and terminal medulla are targeted by axons of
ing neurites within the lamina ofO. cavimana([44], their  the olfactory projection neurons as output pathway of the
Fig. 2b), arranged in a pattern thacorresponds to the typ- olfactory lobe and suggested to function as higher integra-
ical, retinotopic organizatin of laminae in crustacean®$f].  tive centers (reviews3p, 37, 66]). In all previous studies on
However, the chambered appearance of tRe hawaiensis amphipod brains, the authors mentioned and discussed the
lamina has not been described in any amphipod or otherabsence of the hemiellipsoid body§, 39, 41, 43, 44, 67].
malacostracan crustaceans so far, and does not represefurthermore, Ramm and Scholtz] questioned the suit-
the typical organization of optic cartridges. Using opsin ability of previously used chaucteristics to identify the hemi-
transgene reporters to visualize photoreceptor projections.ellipsoid body in Peracarida, including in the two isopod
Ramos et al.33] revealed similar profiles in the lamina of speciesSaduria entomonand Idotea emarginata in which

P. hawaiensisThus, we suggest that this chambered ap-the presence of the hemiellipsoid body had previously been
pearance results from speciadid photoreceptor terminals. assumed %7, 68). In this context, Ramm and Scholtz4H]
Comparable toP. hawaiensis Sombke and Harzsch6p] promoted the suggestion by Stegner et @7] that the loss
identified club-shaped terminations of histamine-like im- of the hemiellipsoid body might be an apomorphic feature
munoreactive photoreceptor cell axons in the lamina of the of a subgroup of Peracarida (Amphipoda + Mancoida sensu
centipede Scutigera coleoptratahat exhibit a chambered lato) and the terminal medulla mg function as the only sec-
appearance, which is however not present in anti-synapsirond order olfactory center. Hwever, the hemiellipsoid body
labelings. that was previously described as part of the terminal
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medulla (as region | and 11,49) is known to show various pair of protocerebral nerves that fuse to a single nerve
grades of complexity in different species. In decapod crusta{in Gammarus spp.) and connect the frontal organ
ceans, the structural complexitof the hemiellipsoid body, with the terminal medulla. However, the ternifrontal
e.g. its regionalization inteap and core, coincides with the organ was not clearly defined in the past and used for
number of antennular afferents, the subdivision of olfactory different structures by different authors. Therefore,
glomeruli, and the number of inter- and projection neurons the term ‘organ of Bellonciwas reintroduced to differenti-
[37, 70, 71]. Correspondingly, decapod crustaceans with anate between photoreceptive organs ahother types of re-
elaborate olfactory system igplay a highly pronounced ceptors innervated from the medullae terminaleg77].
hemiellipsoid body (e.g. iBirgus latrq [71]. Vice versa, in Although the identification of the organ of Bellonci was
dendrobranchiate Decapoda, el@enaeus duorarunand P.  related to some morphological criteria (extracellular cavity
vannamei,in which a subdivision of olfactory glomeruli is and ciliated neurons,{7-79]), terminological inaccuracies
only indicated by immunohistochemical experiments, the remained. For example, the originally described frontal
lateral protocerebrum is poorly differentiated and the hemi- organ of Branchiopoda, which was also terméorgan
ellipsoid body hard to detectq2] and sometimes only de- or ‘organ of Belloncj was reinterpreted a$rontal filament
scribed in a complex with the terminal medulla7B. organ [80. In contrast to the organ of Bellonci, the frontal
Another critical point is that the closely associated terminal filament organ is composed of bipolar neurons connecting
medulla is a highly complex and not precisely definedthe frontal filament and the lateral protocerebrum.
neuropil region that cannot be delimited from other neuro-  Based on microCT analysis iR. hawaiensiswe detected
pils with certainty. Therefore, defining the expected mor- the organ of Bellonci that is connected to the median
phological structure of the hemiellipsoid body is a crucial protocerebrum via a paired small nerve, and which in
step to discuss its presence or absence. shape and position is similar to isopods and other am-
In P. hawaiensis the olfactory glomeruli are only phipods [B1-83]. In malacostracan crustaceans, the
weakly differentiated. In combination with the relatively organ of Bellonci displays considerable morphological
low number of glomeruli and olfactory interneurons variations B4]. It commonly consists of one or two sensory
when compared to other malacostracan87, we there- pores and afferent neurites that innervate the so-called
fore expect a priori a poorly differentiated hemiellipsoid ‘onion bodies that are in close proximity to the visual
body. In the dorsomedial region of the lateral protocer- neuropils and the hemiellipsoid bodies (e.g34, 85]).
ebrum, synapsin-like immunoreactivity reveals a cap-likeUltrastructural studies suggested a mainly sensory func-
structure that, in its degree of differentiation, may corres- tion [79, 84, 86], but the sensory modality is still a mat-
pond to the hemiellipsoid body of e.d?enaeus duorarum ter of debate 84, 85)].
[72]. However, tubulin-like and RFamide-like immunore-
activity indicate a division of a larger region than this The central complex
cap-like structure inP. hawaiensisTherefore, we were All major arthropod taxa possess a protocerebral midline
not able to identify a hemiellipsoid body with certainty. neuropil called central body that in hexapods and crus-
Nevertheless, as the hemiellipsoid body is part of thetaceans is part of the central complexs, 87]. Several
ground pattern of the malacostracan brairby] and a lines of evidence from behavioral and comparative ana-
subdivision is indicated by immunohistochemical labelings,tomical and physiological studies suggest that the central
we suggest its presence in the brain Bf hawaiensisFur-  complex serves as a motor control center that is involved
thermore, if a subdivision of the corresponding brain areain orchestrating limb actions. The composition of proto-
is evident (e.g. as in the isopod speclesmarginataandS. cerebral bridge, central body, paired lateral accessory lobe
entomon [68]), the presence of the hemiellipsoid body and four pairs of tracts (w, X, y, and z) present in.
might be accepted at least in complex with the terminal hawaiensisresembles the central complex as described in
medulla in other peracarid brais, too. Considering that in crayfish and many other Malacostraca3, 87, 88). In P.
malacostracan crustaceans the hemiellipsoid body seems toawaiensis the protocerebral bridge consists of two
function as a multimodal integrative center and has beenarched neuropils that are medially separated and arranged
suggested to function in learning and memorg?, 74, 75,  in a V-shape. Except for the tripartite protocerebral bridge
we conclude that such functions play only subordinate rolesin Gammarusspp. (including one median, unpaired elem-

in the behavioral repertoire of amphipods. ent [38]), the protocerebral bridge of amphipod crusta-
ceans generally consists of two medially divided halves
Amphipods and the organ of Bellonci that are connected by a small commissure (summarized in

In P. hawaiensisthe hemiellipsoid body/terminal medulla [39)). In the amphipod specie®. cavimanaand N. putea-
complex is innervated by a paired small nerve from dorsal.nus, this commissure was shown in serotonin-like immu-
In the amphipod generaCaprella and Gammarus noreactive labelings44], which was not performed in the
Hanstrom [76] and Graber B8] described a similar present study. Anteroventrally to the protocerebral bridge,
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the central body receives input from cluster 6 by four the cap represents the major input region where affer-
pairs of tracts, termed w, X, y, and z. These tracts areents terminate, whereas the base represents the major
formed by columnar neurites that cross the midline only output region where dendrites of projection neurons
within the central body, what is suggested to be part ofarborize. Neurites of local interneurons terminate in
the malacostracan ground patterr8p]. While the central  both regions. InP. hawaiensissomata of local interneurons
complex of P. hawaiensigxhibits all four pairs of tracts, (cluster 9/11) encompass posterolaterally the deutocerebral
there were only three pairs identified ifN. puteanusand chemosensory lobe and house three RFamide-like immuno-
none in O. cavimana[44]. Besides different numbers reactive neurons. RFamides are known to characterize local
of interconnecting tracts, the number of horizontally interneurons in the olfactoryglomeruli of numerous deca-
arranged subunits of the central body also differs inpods, e.gPanulirus argug94] and Penaeus vannamgi’3].
amphipod crustaceans. Similar td. hawaiensis the Another cluster of somata is located ventrally to the deuto-
genusVibilia features nine horizontally arranged sub- cerebral chemosensory lobes and, in accordance with
units [39], whereas seven subunits were described imputeanus[44], is suggested to represent cluster 10, which
Gammarus spp. B8, 41] and only four in N. puteanus houses the projection neurons. Their neurites form a strong
[44]. In contrast, species of the gener@rchestiaand tract that projects dorsally towards the medial foramen of
Phronima display homogenous central bodies without the deutocerebral chemosensory lobe. We assume that
subdivisions 89, 43, 44]. In P. hawaiensis, N. puteanus, both, dendrites entering the deutocerebral chemosensory
and O. cavimang the number of subunits of the central lobe and axons leaving it, pass through the medial foramen.
body decreases with a decreasing number of interconnectin comparison to other malacostracans, the deutocerebral
ing tracts. The horizontal subdivision of the central body chemosensory lobe with its low number of olfactory glom-
may be dependent on the number of tracts, as previousleruli displays a basic architecture37]. This observation
suggested by Homberg6[)], although the numbers are might suggest thatP. hawaiensiss able to detect only a
not equal. However, Ramm and Scholta4] as well as limited fraction of its surtounding olfactory landscape.
Stegner et al.§7] discussed a possible correlation between

lack of eyes and a decreasing number of tracts that seems

to comply with our findings inP. hawaiensis Other deutocerebral neuropils and tritocerebrum
Besides the deutocerebrahemosensory lobe, the median
The central olfactory pathway and lateral antenna 1 neurofs are principal components

The deutocerebral chemosensory lobes receive inpubf the deutocerebrum in Malacostraca4, 57, 87]. The me-
from unimodal chemosensory sensilla on the first anten-dian antenna 1 neuropil processes primarily input from
nae, the aesthetascs (reviewed Bi7]). The afferents of proximal antennal segments, in particular from the stato-
chemosensory receptor neurons associated with bimodatyst P5, 96], and were also described i®. cavimanaand
sensilla are assumed to mainly innervate the lateral anN. puteanus[44]. The lateral antenna 1 neuropil receives
tenna 1 neuropil, if not exclusivelyd9]. Nonetheless, in mechanosensory input from bimodal sensilla on the first
P. hawaiensisCaprella acutifrons and Gammarusspp., antenna B6, 37, 97] and contains dendrites of motor neu-
afferents of olfactory sensory neurons associated wittrons controlling the movement of the first antennp, 99].
the aesthetascs form a distinct bundle in the lateral partin P. hawaiensisthe lateral antenna 1 neuropil displays a
of the nerve of the first antenna3g, 90]. These afferents bi-lobed shape as in the stomatopodeogonodactylus
innervate the olfactory glomeruli, which are spherical in oerstedii[100 and in many decapods34] that was also
N. puteanus[44] and slightly more wedge-shaped in described inN. puteanus but not in O. cavimana[44].
Gammarusspp. B8 and P. hawaiensisSpherical olfac- The tritocerebrum of P. hawaiensiss dominated by the
tory glomeruli are part of the ground pattern of mala- antenna 2 neuropil, which receives mechanosensory in-
costracan brains and represent a plesiomorphic featureput from the second antenna and controls its move-
[56, 57, 91, 92]. For decapod crustaceans, it was previ-ments [101, 10Z. Both neuropils, the lateral antenna 1
ously suggested that an increasingly elongated shape afeuropil and the antenna 2 neuropil, are known to
olfactory glomeruli coincides with an increasing com- show a stratified appearance representing a somatoto-
plexity of the olfactory system70, 71, 73]. In the brain  pic organization in many malacostracang3, 100, 103).

of P. hawaiensis anti-synapsin labelings reveal a slight However, a stratification is not part of to the ground
regionalization of the olfactory glomeruli into cap and pattern of malacostracans 5[/] and not evident in
base that is known from many malacostracans whereamphipod brains (#4], this study). A tritocerebral tegu-
olfactory glomeruli can be differentiated in up to three mentary neuropil is present medially to the antenna 2
regions (cap, subcap, and base). This regionalization is aeuropil in P. hawaiensisG. setosu$41], and O. cavi-
consequence of region-specific interconnection of affer-mana, but seems to be absent iN. puteanus[44]. The
ents and different types of interneurons3y, 93]. Hence, tritocerebral tegumentary neuropil receives input from
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the paired tegumentary nerve that transmits mechano-hemiellipsoid body) seems to be a common feature of
sensory information from the carapace (not from the Amphipoda [38, 43, 44]. Beyond the uniformity of
organ of Bellonci). Although this nerve could not be amphipod brains, there is also a certain degree of vari-
identified with certainty, it was previously described by ability in architecture and size of different neuropils
Divakaran @5] in P. hawaiensis [59]. Ramm and Scholtz 44] suggested that size and
structural elaboration of neuropils might correlate with
Sexual dimorphism in amphipod brains? ecology and life style in different species. For example,
Amphipod crustaceans show sexual dimorphisms0f]. the cave-dwelling amphipod speciel. puteanus pos-
Mature amphipod males are often larger than females, butsesses reduced visual neuropils corresponding to its re-
the most striking feature is the ghificantly enlarged second duced compound eyes, and the terrestrial amphipod
pereopod in males (i.e. gnathopod; Fitp) [104 105. In  speciesO. cavimana possesses reduced deutocerebral
laboratory conditions, it is noticeable that males are morechemosensory lobes in correspondence to reduced first
actively moving around by leaving the coral gravel moreantennae (compare also4f]). Amphipod species from
frequently (personal observation). They also constantlydeep-sea feature either well-developed sense organs and
check nearby females about their fertility status to grabassociated neuropils of the chemosensory or visual sys-
receptive females in precopula (Fida) for later sexual tem [59]. The brain of Streetsiasp. is dominated by
reproduction. Investigating tk reproductive behavior of the well-differentiated visual neuropils in correspondence to
amphipod speciesGammarus palustris Borowsky and its large eyes and the brain o€orophium volutator
Borowsky [0 assumed that contact pheromones might whose second antennae are considerably enlarged, is
play an important role for this behavior. These speculationscharacterized by a pronounced tritocerebrunbg]. We
fit to descriptions on sexual inorphisms of the peripheral conclude that the obvious disparity of amphipod life his-
sensory system that first antennae of male amphipods carnories and ecologies is clearly mirrored in their neuro-
be equipped with male-specific sensillz(7, 108. However, anatomy. As the brain of P. hawaiensisdoes not
the presence and sensory processing of possible attractantisplay striking modifications from the suggested
is still unresolved. Sexual dimorphism of the deutocerebralground-pattern of Malacostraca or bias towards any
chemosensory lobe was described in Mysidacea ang@articular sensory modality, we assume that its brain
EuphausiacealD9g and similarly suggested in Brachyura may represent the common type of the amphipod
[114. Slight differences were also noticed in the centralbrain.
bodies of male and female individuals of the brachyuran
genusUca [111]. However, based on our data set we usedAdditional files
we were not able to detect sexual dimorphism in the brain
of P. hawaiensisTherefore, further investigations are re-
quired to discover possible neuroanatomical foundation for
sexual dimorphic behavior ifP. hawaiensis

Additional file 1: Table S1.Used protocols for immunohistochemical
labelings. (DOCX 17 kb)

Additional file 2: Table S2.Used reagents for immunohistochemical
labelings. (DOCX 17 kb)

Additional file 3: Table S3.Volume of the brain and reconstructed

Conclusions neuropils of two specimen d&¥. hawaiensi$DOCX 14 kb)

With reference to the ground pattern of Malacostraca
[57], the brain of Parhyale hawaiensigxhibits all neuro-
pils of the proto-, deuto-, and tritocerebrum with excep-
tion of lobula plate (protocerebrum) and projection
neuron tract neuropil (deutocerebrum). It is character-
ized by a modified lamina, which shows a chambereg
appearance probably depending on specialized photo

Additional file 4: Interactive content related to Fity. Three-dimensiona
reconstruction of a male brain located within the head capsulP.of|
hawaiensidased on microCT data. (PDF 10294 kb)

Additional file 5: Interactive content related to Fig. Three-dimensional
reconstruction of a female brain Bf hawaiensksased on histological
sections. (PDF 7291 kb)

Additional file 6: Interactive content related to Fig.Three-dimensional
I reconstruction of a male brain &f. hawaiensisased on histological
sections. (PDF 6177 kb)

receptor terminals, and an elaborated central complex.
In contrast to previous descriptions of the visual system
in P. hawaiensis we have shown the presence of the
inner chiasm and, therefore, the third visual neuropil is
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