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Abstract

Spiders (Araneae) include cursorial species that stalk their prey and more stationary
species that use webs for prey capture. While many cursorial hunting spiders rely on
visual cues, web-building spiders use vibratory cues (mechanosensation) for prey cap-
ture. We predicted that the differences in primary sensory input between the species
are mirrored by differences in the morphology/architecture of the central nervous
system (CNS). Here, we investigated the CNS anatomy of four spider species, two
cursorial hunters Pardosa amentata (Lycosidae) and Marpissa muscosa (Salticidae), and
two web-building hunters Argiope bruennichi (Araneidae) and Parasteatoda tepidariorum
(Theridiidae). Their CNS was analyzed using Bodian silver impregnations, immunohis-
tochemistry, and microCT analysis. We found that there are major differences between
species in the secondary eye pathway of the brain that pertain to first-order, second-
order, and higher order brain centers (mushroom bodies [MB]). While P. amentata and
M. muscosa have prominent visual neuropils and MB, these are much reduced in the
two web-building species. Argiope bruennichi lacks second-order visual neuropils but
has specialized photoreceptors that project into two distinct visual neuropils, and P.
tepidariorum lacks MB, suggesting that motion vision might be absent in this species.
Interestingly, the differences in the ventral nerve cord are much less pronounced, but
the web-building spiders have proportionally larger leg neuropils than the cursorial spi-
ders. Our findings suggest that the importance of visual information is much reduced in
web-building spiders, compared to cursorial spiders, while processing of mechanosen-
sory information requires the same major circuits in both web-building and cursorial

hunting spiders.
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1 | INTRODUCTION

Differences in the specific lifestyle of closely related animal species
are mirrored in the relative size and wiring of different central ner-
vous system (CNS) areas. This is particularly evident when lifestyles
rely on specific sensory modalities, such as vision in whirligig beetles
(Strausfeld et al., 2009), visual and olfactory cues in butterflies that use
different food sources (Couto et al., 2020; Montgomery et al., 2021),
or differences in feeding ecology in primates (Louail et al., 2019). Spi-
ders (Araneae) represent a group of predators that have evolved awide
range of lifestyles, particularly with regard to foraging strategies that
depend strongly on vision or vibration (Foelix, 2011). We can expect
that such lifestyle-specific sensory input is reflected in the structure of
the CNS (cf. Chittka & Niven, 2009). However, while sensory systems
in spiders have been well studied (reviewed in Barth, 2002), our knowl-
edge of spider CNS anatomy is mainly derived from one species with
a cursorial lifestyle, the wandering spider Cupiennius salei (Keyserling,
1877) (Anton & Tichy, 1994; Babu & Barth, 1984, 1989; Loesel et al.,
2011; Schmid & Becherer, 1999; Schmid & Duncker, 1993; Strausfeld
& Barth, 1993; Strausfeld et al., 1993). Studies on the brains of other
spider species have specifically focused on details of the visual sys-
tem (Hanstrém, 1921; Kovoor et al., 2005; Long, 2021; Steinhoff et al.,
2020).

The CNS of spider species studied so far is composed of highly fused
ganglia: the ventral nerve cord (VNC), which consists of the posterior
opisthosomal neuropil (OpN), four paired leg neuropils (LNs 1-4) and a
central area with different neuropilar structures that receive primary
sensory input from sensilla located on the legs and pedipalps (Anton
& Tichy, 1994; Babu & Barth, 1984, 1989). The brain, which is located
anterio-dorsal of, and fused with the VNC, is composed of the three
neuromeres trito-, deuto-, and protocerebrum (Lehmann et al., 2016;
Scholtz & Edgecombe, 2006; Steinhoff et al., 2017). A distinct border
between the different neuromeres is usually not discernable, and the
tripartition of the brain has been subject to a long-lasting debate. While
the deutocerebrum was considered absent in chelicerates by several
authors (Babu, 1965; Bitsch & Bitsch, 2007; Wegerhoff & Breidbach,
1995; Weygoldt, 1975, 1985), more recent molecular and embryolog-
ical studies concluded that the segmentation of the chelicerate brain
is tripartite (Brenneis et al., 2008; Damen & Tautz, 1998; Mittmann &
Scholtz, 2003; Scholtz & Edgecombe, 2006; reviewed in Scholtz, 2016).
The tritocerebrum is largely made up of the pedipalpal neuropil (PdN)
and situated just below (ventral of) the esophagus, while the deuto-
cerebrum contains the cheliceral neuropil (ChN) and is situated lateral
and dorsal of the esophagus (Babu & Barth, 1984; Lehmann et al,,
2016; Steinhoff et al., 2017). The protocerebrum is the dorsalmost
neuromere of the brain and is composed of a central neuropilar area
(protocerebral neuropil, PN), the higher order integration neuropils
arcuate body (AB), and mushroom bodies (MB), as well as the visual
neuropils (Babu & Barth, 1984; Steinhoff et al., 2020).

Most spiders possess four pairs of eyes, one of which distinctively
differs from the others in anatomy and development (Land, 1985;
Morehouse et al., 2017). The principal eyes (or anterior median eyes,

AME) have a movable retina, are able to detect colors, and are used
for object recognition (Barth et al., 1993; Land, 1985; Schmid, 1998;
Yamashita & Tateda, 1976, 1978). The secondary eyes (comprising
anterior lateral eyes [ALE], posterior lateral eyes [PLE], and poste-
rior median eyes [PME]), differ considerably between spider families
(Homann, 1950, 1952) but have retinae that are not movable, can-
not distinguish colors, and are used for motion detection (Land, 1985;
Morehouse et al., 2017; Schmid, 1998). The principal eye pathway in
the brain is similar in all spider species investigated so far and consists
of afirst-order (AM1), second-order (AM2), and higher order (AB) neu-
ropil (Steinhoff et al., 2020; Strausfeld et al., 1993). The secondary eye
pathway shows pronounced variation between different spider species
(Hanstrom, 1921; Long, 2021; Steinhoff et al., 2020). While in C. salei,
every secondary eye serves its own first- and second-order visual neu-
ropils (Babu & Barth, 1984; Strausfeld & Barth, 1993), this is not the
case in jumping spiders, in which two shared second-order visual neu-
ropils exist, and the PME is only connected to a single visual neuropil
(Steinhoff et al., 2020). Hanstréom (1921) compared the visual systems
of the secondary eyes of three families of web-building spiders with
two families of cursorial hunting spiders. He found only a single visual
neuropil for all secondary eyes in the web-building spiders, in contrast
to large first- and second-order visual neuropils in wolf spiders and
jumping spiders (Hanstrém, 1921). Long (2021) investigated the sec-
ondary eye visual neuropils of species from 19 different families across
the spider tree of life and categorized them based on the presence and
size of the neuropils into four groups: (1) spiders with a single visual
neuropil; (2) spiders with a single visual neuropil and MB; (3) spiders
with a first-order visual neuropil, a small second-order visual neu-
ropil, and MB; and (4) spiders with large first- and second-order visual
neuropils and large MB. Perhaps not surprisingly, these differences in
neuropil number in the secondary eye visual pathway also result in
volumetric differences in visual and higher-order neuropils of differ-
ent spider species as shown by Weltzien and Barth (1991) and Long
(2021).

To date, it remains unclear whether the differences in spider brain
anatomy are restricted to visual brain areas. This study therefore inves-
tigates, whether other regions of the CNS show similar differences that
can be related to the sensory ecology of the species studied. We com-
paretwo cursorial spider species that roam freely and attack prey when
encountering it and two web-building spiders that are relatively sta-
tionary and catch prey with their web in which they also reproduce.
Among the cursorial hunters, we selected the salticid Marpissa mus-
cosa (Clerck, 1757) and the lycosid Pardosa amentata (Clerck, 1757);
among the web-building spiders, we chose the araneid Argiope bruen-
nichi (Scopoli, 1772) and the theridiid Parasteatoda tepidariorum (C. L.
Koch, 1841). These species have been studied in terms of their ecol-
ogy, mating behavior, and developmental biology (see below); thus, our
study contributes to a considerable body of knowledge. We compare
our findings on the anatomy of the CNS in these species with that of the
well-studied ctenid spider C. salei (Babu & Barth, 1984, 1989; Straus-
feld & Barth, 1993; Strausfeld et al., 1993) and discuss what we can

learn from our findings about the sensory ecology of spiders.
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2 | MATERIAL AND METHODS
2.1 | Experimental animals

Adult females of the following species: A. bruennichi, M. muscosa,
and P. amentata, were collected in and near Greifswald (Germany)
and processed for histology and microCT immediately. Individuals
of the species P. tepidariorum were collected in the greenhouses of
the botanical garden of the University Greifswald and reared in cli-
mate chambers (26°C, 80% humidity, 12/12 h light cycle). Parasteatoda
tepidariorum individuals were kept individually in plastic boxes of
145 x 110 x 68 mm size that were enriched with paper tissue.

2.2 | MicroCT analysis and volume calculation

Prosomata were fixed in fresh acetic alcohol formalin solution (AAF;
10 mL 16% paraformaldehyde, 2.5 mL glacial acetic acid, 42 mL 80%
ethanol) at room temperature for 4 h. Samples were dehydrated in a
graded ethanol series (70%, 80%, 90%, 96%, and 3 x 99.8% ethanol
for 30 min each) and then transferred to a 1% iodine solution (iodine,
resublimated [Carl Roth, X864.1] in 99.8% ethanol) for 48 h to enhance
tissue contrast. Samples were subsequently washed three times in
99.8% ethanol, mounted in fresh 99.8% ethanol, and scanned once
(overview scan of the entire prosoma; Sombke et al., 2015). After-
ward, samples were critical point dried with an automated dryer (Leica
EM CPD300) using slow CO, admittance with a delay of 120 s, 30
exchange cycles (CO, : 99.8% ethanol), followed by a slow heating pro-
cess and slow gas discharge. Dried prosomata were mounted using a
conventional glue gun onto plastic rods so that the AME were oriented
upward.

MicroCT scans were carried out with an optical laboratory-scale
X-ray microscope (Zeiss XradiaXCT-200; Sombke et al., 2015). Scans
were performed with a 4x or a 10x objective lens unit using the follow-
ing settings: 40 kV, 8 W, 200 uA, and exposure times between 0.5 and
3s.Scans took between 1 and 2 h and resulted in pixel sizes between 1.7
and 5.5 um. Reconstruction of tomographic projections was done using
the XMReconstructor software (Zeiss), resulting in image stacks (TIFF
format). All scans were performed using Binning 2 for noise reduc-
tion (summarizing 4 pixels) and were reconstructed with full resolution
(using Binning 1).

The volumes of the different neuropilar structures were calcu-
lated using AMIRA 5.4.5 and 6.0.0 (Visualization Science Group, FEI).
Since we were comparing different species with different body sizes,
it was necessary to calculate the amount of shrinkage of the tissue
for each specimen (Rivera Quiroz & Miller, 2022). To do this, the CNS
volume in both the wet and the dried condition and the factor by
which the two differed was calculated. This factor was later used to
adjust the volumes of the different brain regions, which were recon-
structed and calculated from the dried scans. In order to account for
individual variation, we reconstructed the CNS structures of three

specimens per species and used the mean for comparison (given in
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percentage of total CNS neuropil volume). A full table of all calcu-
lated volumes is available from Morphobank (see Data Availability
Statement).

2.3 | Azan staining

The prosomata of two females of each species were fixed in Gregory’s
artificially aged Bouin solution (Gregory, 1980). After 4 days in fixa-
tive, the prosomata were dehydrated through a graded ethanol series
(80%, 90%, and 3 x 96% ethanol for 20-min each) and were then trans-
ferred for 2 h into a 1:1 solution of 96% ethanol:tetrahydrofuran (Carl
Roth, CP82.1) at room temperature. Samples were kept for 24 h in
pure tetrahydrofuran followed by 24 h in a solution of 1:1 tetrahy-
drofuran and paraffin (Carl Roth, 6643.1) at 60°C. Afterward, samples
were transferred to 100% paraffin at 60°C for 48 h and then embedded
in fresh paraffin. Sagittal sections (5 um) were cut with a motor-
ized rotary microtome (Microm HM 360). Sections were stained with
Azan according to Geidies (Schulze & Graupner, 1960) and mounted in
Roti-Histokitt Il (Carl Roth, T160.1).

2.4 | Bodian reduced silver staining

Following anesthetization with CO, and removal of the opisthosoma
and legs (without coxae), the prosomata of several individuals of the
four focal species were fixed in AAF solution (42 mL 80% ethanol,
10 mL16% paraformaldehyde (PFA), 2.5 mL acetic acid). After 4 h in
fixative, the prosoma was dehydrated through a graded ethanol series
(70%, 80%, 90%, 96%) and was then transferred for 2 h into a 1:1
solution of 96% ethanol:tetrahydrofuran (Carl Roth, CP82.1). Samples
were kept for 24 h in 100% tetrahydrofuran followed by 24 h in a
solution of 1:1 tetrahydrofuran and paraffin (Carl Roth, 6643.1). After-
wards, samples were embedded in pure paraffin. Horizontal, frontal,
and sagittal sections (15 um) were made with a motorized rotary
microtome (Microm HM 360) and subsequently stained according to
the original Bodian method (Bodian, 1936). Sections were rehydrated
through an ethanol series (Roti Histokit, terpineol, 100%, 90%, 70%,
50% ethanol) and incubated overnight at 60°C in a 2% protargol solu-
tion. Protargol was synthesized according to the recipe by Pan et al.
(2013). To achieve an ideal staining result, the pH was set to 8.0. No
copper was added to the solution, as we found that even a small amount
(0.25%) increased the selectivity of the stain to an undesired degree.
In the morning, the staining jar was allowed to cool to room tempera-
ture, and sections were briefly rinsed in double distilled water (ddH,O)
and then developed in a 1% hydroquinone/ 2% sodium sulfite mixture
in ddH,O for 5 min. Afterward, sections were rinsed under running
tap water for 3 min and then placed in a solution of 1% gold chlo-
ride in ddH,O for 10 min. Sections were then rinsed in two changes
of ddH,0 for 15 s each and placed in a 4% oxalic acid solution for
8 min. Following two additional rinses in ddH20 for 15 s each, sections

were placed in 10% sodium thiosulfate for 5 min. Finally, sections were
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TABLE 1 Primary and secondary antibodies.

Labeling reagent
Primary

Monoclonal anti-synapsin antibody produced in mouse (RRID AB_528479)

Polyclonal anti-acetylated a-tubulin antibody produced in rabbit (RRID AB_2637882)

Secondary

Dilution and specifications

1:1000, DSHB 3C11; Steinhoff et al. (2017, 2020), this
study

1:1000, 1:250, ThermoFisher PA5-58711

Polyclonal Cy3 anti-mouse IgG secondary anti- body produced in goat (RRID AB_2338680) 1:500, Jackson Immuno Research, 115—165-003

Polyclonal Alexa 488 anti-rabbit IgG secondary antibody produced in goat (RRID

AB_2534074)
Hoechst 33258

TABLE 2 Methods and antisera combinations.

1:500, Invitrogen, A11006

1:1000, Sigma 14530

Methods Antisera combinations/staining  Combined with Specimens

Wholemount Anti-synapsin (mouse) Cy3 anti-mouse (goat) 2
Anti-acetylated-a-tubulin (rabbit) Alexa Fluor 488 anti-rabbit (goat)

Vibratome sections (60 & 80 um)  Anti-synapsin (mouse) Cy3 anti-mouse (goat) 12
Anti-acetylated-a-tubulin (rabbit) Alexa Fluor 488 anti-rabbit (goat) Nuclear labeling: Hoechst

33258

Wholemount Micro-emerald dye / 5
anti-synapsin (mouse) Cy3 anti-mouse (goat)

Paraffin sections (15 um) Bodian silver impregnation / 20

microCT scans 1% idodine (in 99% ethanol) / 12

washed two times in ddH20 for 8 min, dehydrated through an ethanol
series (the inverse of the series above) and mounted in Roti-Histokitt
Il (Carl Roth, T160.1) under glass slides. The protocol described above
consistently yielded very good staining of P. amentata, M. muscosa, and
P. tepidariorum sections. However, no consistent results were obtained
for A. bruennichi, as often only a few neurites were recognizable. In
some series, individual sections stained well, while in other series, only
parts of sections or none at all showed the desired degree of selectivity.
We tried variations of the above Bodian staining protocols following
the recommendations of Gregory (1980) but none of them produced
satisfactory results in A. bruennichi. Interestingly, staining attempts in
related species (A. lobata, Araneus cornutus) did not work either, possibly

due to specific tissue properties in orb weavers.

2.5 | Anterograde tracing of retinula cells

To clarify the identity of the visual neuropils, the axons of retinula cells
(RCA\) of the different secondary eyes were traced in A. bruennichi and
P. tepidariorum. The spiders were anesthetized with CO, and immobi-
lized on a dissection dish filled with plasticine, using insect pins and a
piece of fine mesh. A tiny hole was pierced into one of the eyes using a
custom-made manual micromanipulator and a minutia. Using thin for-
ceps, a crystal of micro-emerald (dextran fluorescein with biotin, 3000
MW, D7156; ThermoFisher) was inserted through the hole in the eye.

The hole was then sealed with Vaseline. The preparations were stored
overnight at 4°C so that the dye had sufficient time to reach the termi-
nation sites of the RCA. The next morning, the spiders were dissected,
and the CNS with eye nerve and retinae attached was isolated and fixed
overnight in 2% PFA. After several washing steps in PBS, the brains
were immunostained with anti-synapsin (see details below; Tables 1
and 2). Finally, the tissue was cleared in RapiClear (SunJin Lab) and

imaged with a Leica SP5 Il confocal microscope.

2.6 | Immunohistochemistry

Three different combinations of markers were used to visualize neu-
ropils and connecting neurites in the CNS of the four focal spider
species (see Table 1 for a list of marker combinations used and Table 2
for specifications of labeling reagents).

Individuals of the four species (details Table 2) were anesthetized
with CO,, and then their brains were dissected in PBS and fixed
overnight at 4°C in 2% PFA. The brains were washed six times in
PBS for 15 min each and then immersed in Poly-L-Lysin (Sigma-
Aldrich, P4707) for 1 min. Samples were then embedded in 4% agarose
(Sigma-Aldrich, A9414) and sectioned (50 or 80 um) using a Microm
HM 650 V vibratome. After permeabilization in PBS-TX (PBS; 0.3%
Triton X-100 [Sigma-Aldrich, X100]; 1% bovine serum albumin [Sigma-
Aldrich, A2153]; 0.05% Na-acide; or alternatively PBS; 0.5% Triton;
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1.5% dimethylsulfoxide [DMSQ]) for 1 h at room temperature, incuba-
tion in primary antibodies was performed overnight at 4°C or room
temperature. The sections were washed several times with PBS-TX
after incubation. Incubation in secondary antibodies or counterstains
was done overnight at 4°C or room temperature. After repeated
washingin PBS, the sections were mounted in Mowiol (Merck 475904).

Two individuals of P. tepidariorum were processed as whole-mounts,
according to an adapted protocol after Ott (2008; see also Steinhoff
et al., 2017). Brains were dissected in TRIS buffer (0.1 M, pH 7.4 [Carl
Roth, 4855]), and fixed in zincformaldehyde at room temperature with
gentle shaking for several days. The brains were then washed three
times for 15 min each in TRIS buffer and incubated for 2 h in a 4:1
mixture of methanol and DMSO (Carl Roth, 4720). After incubation in
100% methanol for 1 h, the brains were rehydrated in a graded series
of methanol (90%, 70%, 50%, and 30%) for 10 min each and washed in
TRIS buffer. The brains were then permeabilized in PBS-DMSO (PBS,
5% bovine serum albumin, 1% DMSO, 0.05% Na-acide) for 2 h at room
temperature and incubated in the primary antibody at 4°C for 4 days.
The brains were then washed several times in PBS-DMSO for 2 h and
incubated in secondary antibody for 4 days at 4°C. They were then
transferred to a graded glycerol series containing 1%, 2%, and 4% (each
for 2 h) and 8%, 15%, 30%, 50%, 60%, 70%, and 80% (each for 1 h) glyc-
erolin TRIS buffer and 1% DMSO. After five changes in pure ethanol for
30 min each, the brains were mounted in fresh methyl salicylate (Sigma,
76631). We replaced the primary antibodies with PBS-TX in control

experiments and did not detect any neuronal labeling.

2.7 | Microscopy, image processing, and
nomenclature

Immunohistochemically labeled sections and wholemounts were
examined with a Nikon eclipse 90i microscope and imaged with a
Leica SP5 Il confocal microscope (cLSM). Serial Bodian-stained paraf-
fin sections were examined and photographed with a Nikon eclipse 90i
microscope at 20x magnification. Alignment of images from Bodian-
stained sections was carried out using the TrakEM2 module in Image)
1.52i and the AlignSlices module in AMIRA 5.4.5. Three-dimensional
visualizations of Bodian and microCT image stacks were performed
using AMIRA 5.4.5 and 6.0.0 (Visualization Science Group, FEI). Draw-
ings and figure plates were created using Corel PaintShop Pro 21.0 and
CorelDRAW 20.1. The images were processed in Corel Paint Shop Pro
with global contrast and brightness adjustment functions. The termi-
nology used for CNS structures is consistent with Richter et al. (2010).
For spider-specific CNS structures, we follow the terminology of Stein-
hoff et al. (2020), Strausfeld et al. (1993), Strausfeld and Barth (1993),
and (specifically with regard to tracts in the VNC) Babu and Barth
(1984, 1989). We have changed some of the original abbreviations
introduced by Babu and Barth (1984, 1989) but give the original abbre-
viation in brackets behind the abbreviation used here. Positional data
are given in relation to the body axis. We refer to results from immuno-
histochemical experiments as immunoreactivity, for example, synapsin

immunoreactivity.

THE JOURNAL OF COMPARATIVE NEUROLOGY

List of abbreviations used in the text with previous abbreviations
used by other authors for the same structures, if applicable.

Abbreviations

as used by
Babu and

Abbreviations Barth (1984) Structure

AB CB Arcuate body

ABd Arcuate body, dorsal lobe

ABv Arcuate body, ventral lobe

ALE ALE Anterior lateral eyes

AL1 ALOL First-order visual neuropils of
ALE

AL2 Second-order visual neuropils
of ALE

AME AME Anterior median eyes

AM1 AMOL First-order visual neuropils of
AME

AM2 AMOM Second-order visual neuropils
of AME

ASc Anterior stomodeal
commissure

Bc3-5 Brain commissure 3-5

BN Blumenthal neuropil

BVt BVT Brain vertical tract

Cc CcC Central commissure

Chc Cheliceral commissure

Chc2 Cheliceral commissure 2

ChN CHG Cheliceral neuropil

CLt CL Centro-lateral tract

CTt CT Central tract

cVNC Central part of the ventral
nerve cord

Dc DC Dorsal commissure

Dch Deutocerebrum

L2 Additional second order visual
neuropil of ALE and PLE in
M. muscosa

LCt LCT Lateral cerebral tract

LN 1-4 AMG 1-4 Leg neuropils 1-4

LSAt LSAT Lateral sensory association
tract

MB Mushroom bodies

MBb BRG Mushroom body bridge

MBb2 Mushroom body bridge 2

MBd Mushroom body head

MBh PD Mushroom body haft

MBp HT Pedunculus of the mushroom

body

(Continues)
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Abbreviations
MCt
MCc
MDc
MeCt
MDt
MDc
MVt
OE
OpN
PCc
PCDt
PCMt
PCVt
PdN
Pdp
Pdc
Pdc2
PLE
PL1

PL2

PME
PM1

PM2

PN

PrincVis

PSc

RCA
SC
SecVN1

SecVN2

SecVis

Abbreviations
as used by
Babu and
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MC
MCC
MDC
MCT
MD
MDC
MV
OES
OPiG
[PEC
PCDT
PCMT
PCVT
PDG

PLE
PLOL

PME
PMOL

OMSE
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Structure

Mid-central tract
Mid-central commissure
Mid-dorsal commissure
Median-cerebral tract
Mid-dorsal tract
Mid-dorsal commissure
Mid-ventral tract
Esophagus

Opisthosomal neuropil
Protocerebral commissure
Protocerebro-dorsal tract
Protocerebro-median tract
Protocerebro-ventral tract
Pedipalpal neuropil
Pedipalpal projection
Pedipalpal commissure
Pedipalpal commissure 2
Posterior lateral eyes

First-order visual neuropils of
the PLE

Second-order visual neuropils
of the PLE

Posterior median eyes

First-order visual neuropils of
the PME

Second order visual neuropils
of the PME

Protocerebral neuropil

Combined first- and
second-order visual
neuropils of the principal
eyes

Posterior stomodeal
commissure

retinula cell axons
Soma cortex

First-order visual neuropils of
all secondary eyes (ALE,
PLE, PME)

Second-order visual neuropils
of all secondary eyes (ALE,
PLE, PME)

Combined first- and
second-order visual
neuropil(s) of the secondary
eyes

(Continues)

Abbreviations

as used by

Babu and
Abbreviations Barth (1984) Structure
SLt SLT Sensory longitudinal tract
ST Sucking stomach
STb Stomodeal bridge
Tcb Tritocerebrum
Ve vC Ventral commissure
VisN Visual neuropils
VLt VL Ventro-lateral tract
VMt VMT Ventral median tract
VNC Ventral nerve cord

3 | RESULTS
3.1 | General organization of the CNS

The CNS comprises the dorsal brain and a fused VNC. The brain is com-
posed of three neuromeres, the trito-, deuto-, and protocerebrum. The
tritocerebrumis situated below the esophagus and formed by the PdN,
while the deutocerebrum borders the esophagus laterally, extends
slightly above it (dorsal of it) and consists of the ChN. The protocere-
brum is the dorsalmost neuromere of the brain and consists of a central
neuropil with many tracts, the AB, and visual neuropils. We describe
the CNS of the four focal spider species (Figure 1) from dorsal to ven-
tral, starting with the visual system (Figures 2-6), followed by higher
order neuropils and tracts in the protocerebrum (Figures 7-9), the
deuto- and tritocerebrum (Figure 10), and the VNC (Figures 11-14).
The VNC consists of a central neuropil rich in tracts (central VNC
[cVNC], see details below), four paired LNs and a posterior OpN. The
entire CNS is surrounded by a soma cortex, which is thickest ventral of
the VNC, whereas only a thin layer of very few somata is observed dor-
sal of the VNC (Figure 14a). We could distinguish two cell types: giant
somata, which are found in small numbers and only ventral of the VNC
(Figures 8d and 14a) and regular somata that are most densely packed
anterior of the PN (e.g.,, Figure 2a,d). For every aspect, we describe
P. amentata first because its CNS is most similar to that of C. salei,
and then highlight the differences in the other three species, M. mus-
cosa, A. bruennichi, and P. tepidariorum. We briefly describe the visual
system in M. muscosa, as we explored it in detail in a previous study
(Steinhoff et al., 2020). Three-dimensional PDFs with all reconstructed
neuropils and tracts for all species are available at Morphobank (see
Data Availability Statement).

3.2 | Principal eye pathway

In P. amentata, the retina of the principal eyes is connected to its first-
order neuropil (AM1) by long RCA (Figure 5a). The AM1 is cup-shaped
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FIGURE 1 Azan-stained mid-sagittal sections of prosomata (a, b, ¢, d) and 3D reconstructions of the CNS of all focal species (a’, b’ ¢, d’). (a, a’)
Pardosa amentata, (b, b’) Marpissa muscosa, (c, c’) Argiope bruennichi, and (d, d’) Parasteatoda tepidariorum. AB, arcuate body; AME, anterior median
eye; ALE, anterior lateral eye; CNS, central nervous system; LNs, leg neuropils; PME, posterior median eye; VNs, visual neuropils. (b) adapted from

Steinhoff et al. (2017).

(Figure 2b-b’) and situated posterior to the first-order visual neuropils
of the secondary eyes (see section below), embedded in the anterior
soma cortex. It is connected to the second-order visual neuropil (AM2)
by a neurite bundle (Figure 2b-b’). The AM2 is of oval shape, and a neu-

rite tract projects from it into the posterior brain region and connects

to the AB (Figure 2b-b’). This general arrangement is the same in all
four species studied, although in M. muscosa, the AM1 is clearly sub-
divided into distinct regions (Figure 2a; cf. Steinhoff et al., 2020). The
AM1 in A. bruennichi is the dorsalmost neuropil and is situated ante-

riorly of the dorsal soma cortex (Figure 2c-c’). The AM2 is located at
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FIGURE 2 The principal eye pathway. (a) Sagittal Bodian-stained section of the protocerebrum in M. muscosa showing neurites connecting the
AM1 with the AM2, as well as a chiasm of neurites connecting the AL2/PL2 to the MBp. Arrowheads point to neurites connecting the MB with the
VNC. (b, c) Maximum projections of image stacks (cLSM) showing synapsin immunoreactivity (magenta) and tubulin-immunoreactivity (gray). (b) In
P. amentata the AM1 is connected to the AM2 via tightly adjoining neurites, other neurites project from the AM2 to the AB. (b’, ¢, d’)
Three-dimensional reconstructions based on serial Bodian-stained sections. (b’) Visual pathway of the principle eyes in P. amentata. (c) In A.
bruennichi, the AM1 is connected to the AM2, while the AM2 sends neurites toward the outer tips of the AB. (c’) Visual pathway of the principle
eyes in A. bruennichi. (d) In P. tepidariorum, Bodian-stained sections reveal thin neurites connecting the AM1 with the AM2 and the latter with the
AB. (d') Visual pathway of the principle eyes in P. tepidariorum. a, anterior; AL2/PL2, second-order visual neuropil of anterior lateral and posterior
lateral eyes; AB, arcuate body; AME RCA, retinula cell axons of the anterior median eyes; AM1, first-order visual neuropil of the anterior median
eyes; AM2, second-order visual neuropil of the anterior median eyes; d, dorsal; |, lateral; MBp, mushroom body pedunculus; SC, soma cortex.

the outer rim of the brain, has weak synapsin immunoreactivity, and 3.3 | Secondary eye pathway
its shape is less well distinguishable from the surrounding neuropil

than in P. amentata (Figure 2c). In P. tepidariorum, the AM1 is roundish
instead of cup-shaped and situated more anterior than in P. amentata
(Figure 2d-d’). The AM2 has a slender oval shape and is less clearly
distinguishable from the surrounding PN (Figure 2d).

In P. amentata, each eye supplies its own first-order visual neuropil via
long RCA that extends in a single bundle through the anterior prosoma
along with the nerve of the principal eyes (Figure 5a). The first-order

visual neuropil of the PME (PM1) is the largest and most dorsally
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FIGURE 3 The secondary eye pathway. (a, b, e, f) Bodian-stained sections. (c, d, €, ') Three-dimensional reconstructions based on serial
Bodian-stained sections. (g-h) Maximum projections of image stacks (cLSM) showing synapsin immunoreactivity (magenta) and
tubulin-immunoreactivity (gray and gold). (a) Sagittal section showing the secondary eye visual system of P. amentata. Every eye serves its own
first- and second-order neuropil and the second-order neuropils connect to the MBd. The MBd is closely connected to the MBp. (b) Sagittal section
showing the secondary eye visual system of M. muscosa. The ALE (and PLE, not shown) connect to their own first-, but two shared second-order
visual neuropils. Arrows show connections between AL1 and L2 and between AL1 and AL2/PL2. AL2/PL2 further connects to the MBp. (c)
Three-dimensional reconstruction of the secondary eye visual system of P. amentata. All first-order visual neuropils of the secondary eyes (PL1 and
AL1 obscured by PM1, which is most dorsal), connect to their second-order neuropils and directly to the AB. * shows the AL2. The LCt connects the
MB to the VNC. (d) Three-dimensional reconstruction of the secondary eye visual system of M. muscosa. * shows the MBb, ** the MBb2. Arrow
points to direct connection between first-order visual neuropils and the AB. The LCt connects the MB to the VNC. (e) Horizontal section showing

(Continues)
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FIGURE 3 (Continued)

the secondary eye visual system of P. tepidariorum. Arrows point to neurites connecting the SecVN1 with the AB. (¢’) Three-dimensional
reconstruction of the secondary eye visual system of P. tepidariorum. (f) Horizontal section showing the secondary eye visual system of A.
bruennichi. Arrowhead points to neurites connecting PM1b, PL1b, and AL1 with the AB. (f’) Three-dimensional reconstruction of the secondary eye
visual system of A. bruennichi, left half shows connections of PM1a and PL1a to the MBp, right half shows connections of PM1b, PL1b, and AL1 to
the AB. The MBh is located medially. (g) Secondary eye visual neuropil and tracts in P. tepidariorum. SecVN1 is located just ventral of the AM1,
bundles of neurites connecting it to other brain regions are highlighted. (g) Isolated visual tracts and potential MBb in P. tepidariorum. (h) PM1 and
PL1 connect directly to the MBp in A. bruennichi. a, anterior; AB, arcuate body; ALE RCA, retinula cell axons of the anterior lateral eyes; AL1,
first-order visual neuropil of the anterior lateral eyes; AL2, second-order visual neuropil of the anterior lateral eyes; AL2/PL2, second-order visual
neuropil of anterior lateral and posterior lateral eyes; AM1, first-order visual neuropil of the anterior median eyes; d, dorsal; |, lateral; L2, shared
second-order visual neuropil of the anterior lateral and posterior lateral eyes; LCt, lateral cerebral tract; MB, mushroom body; MBb, mushroom
body bridge; MBb2, mushroom body bridge 2; MBd, mushroom body head; MBh, mushroom body haft; MBp, mushroom body pedunculus; PL1,
first-order visual neuropil of the posterior lateral eyes; PL1a, first-order visual neuropil of the posterior lateral eyes a; PL1b, first-order visual
neuropil of the posterior lateral eyes b; PL2, second-order visual neuropil of the posterior lateral eyes; PM1, first-order visual neuropil of the
posterior median eyes; PM13a, first-order visual neuropil of the posterior median eyes a; PM1b, first-order visual neuropil of the posterior median
eyes b; PM2, second-order visual neuropil of the posterior median eyes; SecVN1, first order visual neuropil of the secondary eyes; v, ventral.

located visual neuropil. The first-order visual neuropil of the PLE (PL1)
is only slightly smaller and similarly shaped, lying just below the PM1
(Figures 3a,c and 5a). The first-order visual neuropil of the ALE (AL1)
is much smaller than the PM1 and PL1 and nested within the visual
neuropils posterior of the ventralmost part of the PL1 (Figures 3a,c
and 5a). All first-order visual neuropils send long conspicuous axons
along the brain margin into the region immediately anterior and ventral
of the AB, where they form an arch and probably terminate (Figures 3c
and 5a). In addition, each first-order visual neuropil supplies its own
second-order visual neuropil (PM2, PL2, and AL2), which are glomeru-
lar in structure and located directly posterior of their first-order visual
neuropil (Figures 3a,c and 5a). While PM2 and PL2 are both slightly
smaller than PM1 and PL1, respectively, AL2 is similar in size to AL1
(Figures 3a,c and 5a). All three second-order visual neuropils send most
of their axons to the anterior part of the MB, the mushroom body
head (MBd; Figures 3a,c and 5a). This arrangement found in P. amen-
tata contrasts with the situation in M. muscosa, where the first-order
visual neuropils of the AL1 and PL1 are connected to two second-order
visual neuropils (AL2/PL2 and the additional L2), and the small PM1 is
only connected to the AB (Figures 3b,d and 5b). While AL1 and PL1
are also connected to the AB, AL2/PL2 and L2 are all connected to
the MB in M. muscosa (Figures 3b,d and 5b; cf. also Steinhoff et al.,
2020).

InA. bruennichi, anti-synapsin labeling and Bodian staining show that
the RCA of the secondary eyes terminates in two closely adjacent,
anterior cauliflower-shaped neuropils and a smaller, tripartite finger-
shaped neuropil, which is located just posterior of the cauliflower-
shaped neuropils (Figure 4a-c). Dye backfills from the different sec-
ondary eyes reveal that the posterior-median eyes send RCA only into
the more medial cauliflower-shaped neuropil (PM1a) and the left (clos-
est to the midline of the brain) “finger” of the tripartite neuropil (PM1b;
Figure 4a). The RCA of the posterior-lateral eyes, on the other hand,
terminate in the more lateral cauliflower-shaped neuropil (PL1a) and
the medial “finger” of the tripartite neuropil (PL1b) (Figures 4b and 6a).
The smaller anterior-lateral eye (ALE) extends RCA only into the right
(lateralmost) “finger” of the tripartite neuropil (AL1; Figures 4c and 6a),

but some axons terminate posterior of the AL1 (Figures 4c’ and 6a).

Crossing of RCA from the different eyes was not observed, implying
that each eye strictly serves its own visual neuropils (Figures 4a-c
and 6a). Thus, PME and PLE send axons into two first-order visual neu-
ropils, PM1a, PM1b, PL1a, and PL1b, while the ALE only sends axons
into one first-order visual neuropil, the AL1 (Figure 4a-c). While PM1b,
PL1b, and AL1 are connected to the region just anterior and ventral
of the AB via long neurites that run along the outer rim of the proto-
cerebrum, PM1a and PL1a are connected to the anterior MB via thick
neurite tracts (Figures 3f-f’,h and 6a).

In P. tepidariorum, there is only one pair of first-order visual neuropils
of the secondary eyes (SecVN1), supplied by RCA of all secondary eyes
as shown by Bodian stains and dye backfills (Figures 3e-e” and 4d-¢’).
While the RCA of the ALE mostly terminates anterior-medially in the
SecVN1, the termination sites of the PME RCA are more distributed
throughout the neuropil and some terminate posteriorly and outside
of the SecVN1 (Figures 4d-e’ and 6b). Due to the small size of the
secondary eyes, we were not able to trace the PLE RCA, but these
likely terminate in the most lateral part of the SecVN1 (Figures 4e
and 6b). A thin tract of neurites connects the SecVN1 directly to
the AB, similar to the other species studied (Figures 3e-e’ and 6b).
Tubulin-immunostaining shows that further neurites originating from
the SecVN1 run ventrally into the PN (Figure 3g-g’). Their exact ter-
mination site or origin (if they are ascending neurites) could not be
determined.

3.4 | Arcuate body

In all four species investigated, the AB is a distinct crescent-shaped
neuropil in the dorso-posterior region of the brain, directly adjacent to
the soma cortex (Figures 2, 3c-d,e’-f), 8a, 9, and 14a). It consists of three
distinct layers and contains an intricate arrangement of fine neurites
that cross each other in a regular pattern (Figures 8a and 9b,d). In sagit-
tal sections using Bodian stains or anti-tubulinimmunolabeling, a group
of neurites (likely primary neurites) arises in the soma cortex dorsal of
the AB, passes through the AB, and projects into the central part of the

PN (Figure 14). In all species examined, the AB is the termination site
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FIGURE 4 Maximum projections of image stacks (cLSM) showing synapsin immunoreactivity (magenta), and anterograde tracing of retinula
cell axons (green) in the secondary eye visual pathway of A. bruennichi (a-c) and P. tepidariorum (d-e). (a) Most RCA of the PME terminate in the
PM1a, while some terminate in the PM1b instead. (b) Most RCA of the PLE terminate in the PL1a, while some terminate in the PL1b instead. (c)
RCA of the ALE terminate in the AL1. (c') Maximum intensity projection of the anterograde tracing of ALE RCA alone, reveals that some terminate
posterior and just outside of the AL1. Termination sites highlighted by arrows. (d) RCA of the ALE terminate in the medial part of the roundish
SecVN1. (e) RCA of the PME terminate in the SecVN1. (€’) Maximum intensity projection of the anterograde tracing of PME RCARCA alone,
reveals that some terminate posterior and just outside of the SecVN1. Termination sites highlighted by arrows. a, anterior; ALE, anterior lateral
eyes; AL1, first-order visual neuropil of the anterior lateral eyes; d, dorsal; |, lateral; PLE, posterior lateral eyes; PL14, first-order visual neuropil of
the posterior lateral eyes a; PL1b, first-order visual neuropil of the posterior lateral eyes b; PME, posterior medial eyes; PM1a, first-order visual
neuropil of the posterior median eyes a; PM1b, first-order visual neuropil of the posterior median eyes b; PN, protocerebral neuropil; RCA, retinula

cell axon; SecVN1, first order visual neuropil of the secondary eyes.

of neurites from the visual neuropils AM2, PL1, AL1, and PM1 (PL1b
and PM1b in A. bruennichi, see above; Figures 2b-d’ and 3c-f’). The AB is
further connected to the PN and the VNC via the protocerebro-dorsal
tract (PCDt; see details below; Figure 9a,c,f). We did not detect any
significant differences between the four species in the structure and

connectivity of the AB.

3.5 | Mushroom bodies

Pardosa amentata possesses prominent, bilaterally paired MB, that can
be subdivided into three structures: the cup-shaped MBd, the mush-
room body pedunculus (MBp), and the mushroom body haft (MBh;
Figures 3a,c, 5a, 7a,b, and 14a). The MB are connected to each other
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FIGURE 5 Schematic representations of the principal and secondary eye visual pathways in the brains of (a) P. amentata and (b) M. muscosa.
Only part of each tract is drawn for clarity, tracts do not originate in different parts of the primary neuropils. Insets top left: Three-dimensional
volume rendering of the prosomata of (a) P. amentata and (b) M. muscosa, based on microCT analysis. Filled black circles indicate somata with
known positions, dotted lines represent primary neurites, and arrows indicate the assumed direction of information flow. Asterisks mark
neuropilar subregions of first-order neuropils (AL1x and PL1x) in M. muscosa. AB, arcuate body; AL1, first-order visual neuropil of the anterior
lateral eyes; AL2, second-order visual neuropil of the anterior lateral eyes; AL2/PL2, second-order visual neuropil of anterior lateral and posterior
lateral eyes; ALE, anterior lateral eye; AME, anterior median eyes; L2, shared second-order visual neuropil of the anterior lateral and posterior
lateral eyes; MBb, mushroom body bridge; MBd, mushroom body head; MBh, mushroom body haft; MBp, mushroom body pedunculus; PL1,
first-order visual neuropil of the posterior lateral eyes; PL2, second-order visual neuropil of the posterior lateral eyes; PLE, posterior lateral eye;
PME, posterior median eye; PM1, first-order visual neuropil of the posterior median eyes; PM2, second-order visual neuropil of the posterior
median eyes. (b) Modified from Steinhoff et al. (2020).
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FIGURE 6 Schematic representations of the principal and secondary eye visual pathways in the brains of (a) A. bruennichi and (b) P.
tepidariorum. Insets top left: Three-dimensional volume rendering of the prosomata of (a) A. bruennichi and (b) P. tepidariorum, based on microCT
analysis. Filled black circles indicate somata with known positions, dotted lines represent primary neurites, and arrows indicate the assumed
direction of information flow. AB, arcuate body; AL1, first-order visual neuropil of the anterior lateral eyes; ALE, anterior lateral eye; AME, anterior
median eyes; MBb, mushroom body bridge; MBh, mushroom body haft; MBp, mushroom body pedunculus; PL13, first-order visual neuropil of the
posterior lateral eyes a; PL1b, first-order visual neuropil of the posterior lateral eyes b; PLE, posterior lateral eye; PME, posterior median eye;
PM13a, first-order visual neuropil of the posterior median eyes a; PM1b, first-order visual neuropil of the posterior median eyes b; SecVN1, first
order visual neuropil of the secondary eyes.
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FIGURE 7 Mushroom bodies and brain tracts. (a, ¢, e) Bodian-stained sections. (b, d, f) Three-dimensional reconstructions based on serial
Bodian-stained sections. (a-b) In P. amentata the MB consist of a MBd, MBp, and MBh and are connected to their bilateral counterpart via a thick
MBDb (*). While the LCt connects the MB to the VNC, the PCVt (**) forms an arch beneath the MB. The VMt crosses over the MBb. Further
commissures in the PN are the PCc Bc3 and Bc4, which are all situated posterior of the MB. (c-d) In M. muscosa the MB consist of the MBp and the
MBh. There is an additional protocerebral commissure, the Bc5. Arrow points to the MBb2. (e-f) In A. bruennichi, the MBh is situated medially. A
Bc4 is not present. a, anterior; AB, arcuate body; Bc3, brain commissure 3; Bc4, brain commissure 4; Bc5, brain commissure 5; d, dorsal; |, lateral;
LCt, lateral cerebral tract; * = MBb, mushroom body bridge; MBb2, mushroom body bridge 2; MBd, mushroom body head; MBh, mushroom body
haft; MBp, mushroom body pedunculus; PCc, protocerebral commissure; ** = PCVt, protocerebro-ventral tract; PM1/PL1, first-order visual
neuropil of the posterior median and posterior lateral eyes; VMt, ventral median tract.
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FIGURE 8 Bodian-stained sections reveal protocerebral tracts and connections between protocerebrum and VNC in P. amentata. (a) The VMt
curves around the MBb and the PCc. Arrows point to long neurites within the PN, likely contributing to the MeCt. (b) PCVt forms an arch below the
MB, the PCc consist of thin neurites and a central neuropilar structure. The PCDt is situated just below the AB. (c) Neurites that contribute to the
thin MBb2 are embedded in the MeCt, which extends dorsally into the PN, passing the PCc. The STb neuropil forms an arch above the oe. OE is
bordered by the ChN, below which is the PdN. (d) The SLt forms a massive tract connecting the VNC with the brain. Arrows point to giant somata
that send their neurites into the VNC. AB, arcuate body; a, anterior; ChN, cheliceral neuropil; d, dorsal; I, lateral; LN, leg neuropil; MBb, mushroom
body bridge; MBb2, mushroom body bridge 2; MeCt, median cerebral tract; OE, esophagus; PCc, protocerebral commissure; PCDt,
protocerebro-dorsal tract; PCVt, protocerebro-ventral tract; PdN, pedipalpal neuropil; PN, protocerebral neuropil; SC, soma cortex; STh,
stomodeal bridge; VM, ventral median tract.
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FIGURE 9 Tract system connecting the brain with the VNC in P. amentata. (a, e, f) Three-dimensional reconstructions based on serial
Bodian-stained sections. (b, ¢, d, d’) Bodian-stained sections. (a) CNS (transparent gray) with tracts, reconstruction of visual and VNC neuropils
removed for clarity, SLt and MeCt transparent for clarity. (b) Intricate web of fine neurites in the AB. (c) PCDt connects to the AB and directly to the
tract system of the VNC (specifically the VLt). (d) Long neurites connect the AB to the PSc (arrows). SLt passes next to the OE into the brain. (e) The
ASc connects to the VNC; BVt sends neurites through the brain into the SLt. The MBb2 forms a commissure dorsal of the Stb and ASc. VNC
commissures Dc/MDc and Vc are visible ventrally. (d’) Enlarged image from d, showing fine neurites in the AB. (f) Same as (e), but Stb, ASc, MBb2,
MeCt, BVt and SLt omitted to reveal more posterior located tracts. VNC commissures Vc, Dc/MDc, Cc and MCc are visible, VNC longitudinal tracts
MDt, Ct, VLt, CLt and MCt curve upward into the brain. The PCDt connects the AB to the VNC and the PCc forms a thick dorsal commissure.
Below the PCc are the Bc3 (*) and the Bc4 (**). In the postero-ventral PN is the PSc, with neurites extending into the dorsal PN. a, anterior; AB,
arcuate body; ASc, anterior stomodeal commissure; * = Bc3, brain commissure 3; ** = Bc4, brain commissure 4; BVt, brain vertical tract; Cc, central
commissure; CLt, centro-lateral tract; Ct, central tract; d, dorsal; Dc/MDc, dorsal and mid-dorsal commissures; f, frontal; |, lateral; LN, leg neuropil;
MeCt, median cerebral tract; MBb, mushroom body bridge; MBb2, mushroom body bridge 2; MCc, mid-central commissure; MCt, mid-central
tract; MDt, mid-dorsal tract; p, posterior; PCc, protocerebral commissure; PCDt, protocerebro-dorsal tract; PN, protocerebral neuropil; PSc,
posterior stomodeal commissure; SLt, sensory longitudinal tract; Stb, stomodeal bridge; Vc, ventral commissure; VisN, visual neuropils; VLt,
ventro-lateral tract.
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FIGURE 10 Bodian-stained sections of cheliceral and pedipalpal neuropils and tracts in P. amentata. (a) Pdp connects PdN with the SLt, the
first LN is visible and part of the Cc. (b) The Pdc2 is located in a ventral position, connecting the two bilaterally paired PdN. (c) The BN consists of
conspicuous columns that are arranged from dorsal to ventral and border the Pdc, which is situated dorsal of the Pdc2. (d) The Chc connects the
two bilaterally paired ChN. The Stb surrounds the OE dorsally. () Neurites connect the PAN and ChN with VNC tracts. Prominent longitudinal
VNC tracts are the MDt and CTt, part of the Cc, VLt and MCt are also visible. a, anterior; BN, Blumenthal neuropil; Cc, central commissure; Chc,
cheliceral commissure; ChN, cheliceral neuropil; Ct, central tract; d, dorsal; |, lateral; LN 1, leg neuropil of the first pair of legs; MCt, mid-central
tract; MDt, mid-dorsal tract; PdN, pedipalpal neuropil; Pdc, pedipalpal commissure; Pdc2, pedipalpal commissure 2; Pdp, pedipalpal projection; PN,

protocerebral neuropil; VLt, ventro-lateral tract.

by a thick commissure (mushroom body bridge, MBb) that forms an
arch across the midline of the brain and enters the MBp from the pos-
terior (Figures 3c, 5a, and 7a,b). A second, much thinner commissure
consisting of a few long neurites (MBb2) is situated posterior-ventrally
of the MB, embedded within the PN (Figures 8b and 9a,e). The neurites
that compose the MBb2 are part of the median cerebral tract (MeCt;
see below) and enter the MBp from ventrally (Figure 9a,e). The MBb2

could only be detected in frontal Bodian-stained sections, likely due to
the fact that it is very thin. In M. muscosa, however, the MBb2 is com-
posed of more neurites and can be distinguished in both horizontal and
frontal Bodian-stained sections (Figure 7d). An MBd is not detectable
in M. muscosa and the MBh does not form a continuous neuropil with
the MBp as was found for P. amentata (Figure 7c,d; cf. also Steinhoff
et al., 2020).
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FIGURE 11 Bodian-stained sections showing major tracts in the VNC of P. tepidariorum, shown exemplary for all species studied here. (a) The
MDt is the dorsalmost and largest longitudinal tract in the VNC. The SLt, which runs ventrally, can be seen anterior where it curves upward to
enter the brain. The Dc connects the two halves of the VNC, the posterior part of the MCt is also visible. The posterior part of the VNC is formed by
the LN4 and the OpN. (b) The MCt is the centralmost longitudinal tract in the VNC, part of the Ct is also visible. The Pdc is situated just beneath the
MCt. (c) CLt and VLt are located more ventral in the VNC. The 4 LN send neurites into the central part of the VNC. The Pdp and Pdc2 arise in the
PdN. (d) The SLt consists of thin neurites and stains darker than the other longitudinal tracts, connections between LN1-3 and the CLt and
between LN4 and the SLt are visible. a, anterior; CLt, centro-lateral tract; Ct, central tract; d, dorsal; Dc, dorsal commissure; |, lateral; LN1-4, leg
neuropil 1-4; MCt, mid-central tract; MDt, mid-dorsal tract; MDc, mid-dorsal commissure; OpN, opisthosomal neuropil; Pdc, pedipalpal
commissure; Pdc2, pedipalpal commissure 2; Pdp, pedipalpal projection; SLt, sensory longitudinal tract; VLt, ventro-lateral tract.
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FIGURE 12 CNStractsin P.amentata (a-c) and M. muscosa (d-f). (a-f) Three-dimensional reconstructions based on serial Bodian-stained
sections. (a, d) CNS (transparent gray) with tracts, reconstruction of visual neuropils, most protocerebral tracts and VNC neuropils removed for
clarity. (b-c,e-f) Ventral protocerebral, all deuto- and tritocerebral and all VNC tracts in dorsal (b,e) and ventral (c,f) view. a, anterior; ASc, anterior
stomodeal commissure; * = Bc3, brain commissure 3; ** = Bc4, brain commissure 4; Cc, central commissure; Chc, cheliceral commissure; Chc2,
cheliceral commissure 2; CLt, centro-lateral tract; Ct, central tract; d, dorsal; Dc/MDc, dorsal and mid-dorsal commissures; f, frontal; |, lateral;
LN1-4, leg neuropil 1-4; MCt, mid-central tract; MCc, mid-central commissure; MDt, mid-dorsal tract; MVt, mid-ventral tract; OpN, opisthosomal
neuropil; p, posterior; PCc, protocerebral commissure; PCDt, protocerebro-dorsal tract; PCVt, protocerebro-ventral tract; Pdc, pedipalpal
commissure; Pdc2, pedipalpal commissure 2; PdN, pedipalpal neuropil; Pdp, pedipalpal projection; PSc, posterior stomodeal commissure; SLt,
sensory longitudinal tract; Stb, stomodeal bridge; Vc, ventral commissure; VisN, visual neuropils; VLt, ventro-lateral tract.
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FIGURE 13 CNStractsin P. tepidariorum (a-c) and A. bruennichi (d-f). (a-f) Three-dimensional reconstructions based on serial Bodian-stained
sections. (a, d) CNS (transparent gray) with tracts, reconstruction of visual neuropils, most protocerebral tracts and VNC neuropils removed for
clarity. (b-c,e-f) Most protocerebral, all deuto- and tritocerebral and all VNC tracts in dorsal (b,e) and ventral (c,f) view. a, anterior; ASc, anterior
stomodeal commissure; Bc3, brain commissure 3; Bc4, brain commissure 4; Cc, central commissure; Chc/Pdc, cheliceral and pedipalpal
commissure; CLt, centro-lateral tract; CTt, central tract; d, dorsal; Dc/MDc, dorsal- and mid-dorsal commissure; f, frontal; I, lateral; LN1-4, leg
neuropil 1-4; MeCt, median cerebral tract; MBb, mushroom body bridge; MCt, mid-central tract; MCc, mid-central commissure; MCt, mid-central
tract; MDt, mid-dorsal tract; MVt, mid-ventral tract; OpN, opisthosomal neuropil; p, posterior; PCc, protocerebral commissure; PCDt,
protocerebro-dorsal tract; PCVt, protocerebro-ventral tract; PdN, pedipalpal neuropil; Pdp, pedipalpal projection; PSc, posterior stomodeal
commissure; SLt, sensory longitudinal tract; Stb, stomodeal bridge; Vc, ventral commissure; VisN, visual neuropils; VLt, ventro-lateral tract.
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FIGURE 14 Tracts and neuropilar structures in the VNC of P. amentata. (a, b) Bodian-stained sections. (a) The MeCt connects the dorsal
protocerebrum to the VNC. The SLt is visible as a thick tract with thin and dark-stained neurites, ventral of the MeCt. (a’) Maximum projection of
image stacks (cLSM) showing tubulin-immunoreactivity (gold) and nuclear marker (blue). Arrow points to neurites passing through the AB into the
PN. (b) The OpN is heavily innervated by neurites projecting from and to the opisthosoma. Part of the CLt is visible and the LSAt is a neuropilar
structure in the central part of the VNC. (c) Maximum projection of image stacks (cLSM) showing synapsin immunoreactivity (magenta). The LSAt
spans the VNC from posterior to anterior. a, anterior; AB, arcuate body; d, dorsal; |, lateral; LN1-4; leg neuropils 1-4; LSAt, longitudinal sensory
association tract; MB, mushroom bodies; MCt, mid-central tract; MeCt, median cerebral tract; PdN, pedipalpal neuropil; SC, soma cortex; SLt,

sensory longitudinal tract; VisN, visual neuropils.

The MB in A. bruennichi consist of a drop-shaped MBp that shows
strong synapsin immunoreactivity, a thick MBb containing large neu-
rites, and a single roundish neuropilar structure, located in the center
of the bridge on the midline of the brain, which we interpret as
the MBh due to its direct connection to the MB (Figures 3f, h,
6a, and 7e,f). We did not detect an MBb2, but there are a few

thin, long neurites projecting from the MBh into the central PN
(Figure 7f). In P. tepidariorum, no MB-like neuropil could be detected
by either immunostaining or Bodian staining. However, there is a thin
commissure crossing the brain’s midline, which we putatively inter-
pret as MBb (Figures 3g’ and 13b). An MBb2 is not present in P.

tedipariorum.
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3.6 | Protocerebral tracts

Apart from the visual neuropils, the protocerebrum in all species
investigated consists of a central neuropil (PN), traversed by commis-
sures that connect the different neuropils with each other, as well as
prominent longitudinal tracts connecting the higher order neuropils
AB and MB with the VNC. While several of the longitudinal tracts
could be reconstructed from Bodian-stained serial sections, the exact
connections of the commissures are not always clear. They are charac-
terized here and synonymized between the different species based on
their position and relative size. In P. amentata, we detected four brain
commissures, which are: the anterior and posterior stomodeal commis-
sures (ASc and PSc) and two commissures similar in size, both situated
posterior to the stomodeal bridge neuropil (Stb) and bordering the PN
dorsally and the esophagus ventrally (Figures 9a,d-f and 12a-c). The
Stbis located just dorsally of the esophagus, enveloping it laterally and
thus forming a horseshoe shape (Figures 8c, 9a,e, 10d, and 12a-c). The
ASc consists of neurites that curve downward and form two thick tracts
that reach the ventral part of the VNC and connect to the centro-lateral
tract (CLt, see below; Figures 9a,e and 12b). The neurites making up the
PSc, on the other hand, curve upward where they split up into individual
neurites that reach both the lateral- and dorsalmost parts of the PN and
connect the PSc directly to the AB (Figures 9d,f and 12b). Dorsal of the
PSc are the Bc3 and Bc4, both of which are considerably smaller than
the ASc and PSc (Figures 7a,b, 9f, and 12a). While the Bc4 is composed
of neurites directed toward the dorsal PN, the Bc3 consists of neurites
directed toward the ventral PN (Figures 9f). The dorsalmost commis-
sure in the PN is the PCc, which consists of thin neurites embedded
in a neuropilar structure and is situated immediately posterior of the
MBb (Figures 8a-c, 9f, and 12a). A prominent tract (MeCt) connects
the PCc directly with the VNC and joins the sensory longitudinal tract
(SLt, see below; Figures 8c, 9¢, and 14a). The MeCt also extends to a
region dorsal of the PCc, showing that it consists not only of neurites
involved in the PCc, but also of neurites originating dorsolaterally of
the PCc (Figure 8c). Anteriolateral of the MeCt is the brain vertical
tract (BVt), a conspicuous bundle of neurites originating in the dor-
sal somata cluster and extending ventrally into the SLt (Figure 9a.e).
Anterior of the PCc is the protocerebro-ventral tract, which forms two
bilaterally paired arches below the MB that extend into the central PN
(Figures 7b, 8b, and 12a). The ventral median tract (VMt) is formed by
neurites that pass below the PCc and the MBb and cross over the latter,
where they enter the dorsal PN (Figures 7b and 8a). The lateral cere-
bral tract (LCt) is the most laterally located tract in the protocerebrum
and connects the MB to the VNC (Figures 3c and 7b). In P. amentata,
the LCt divides into four different tracts, one of which connects to the
MBh, one to the MBp, and two to the MBd (Figure 7b). The PCDt is
located just below the AB and forms an arch anterior of the neurites
from the secondary eye visual neuropils (Figures 8b, 9a,c,d,f, and 12a).
The PCDt also has branches that connect it to the AB, the VNC and
the central PN (Figures 8b, 9a,c,d,f, and 12a). The brain commissures
in M. muscosa are very similar in size and shape to those of P. amentata

(Figures 7d and 12d-f). However, there is an additional commissure

not found in P. amentata (brain commissure five, Bc6), which is situated
dorsal of the PSc, has a downward curved shape, and consists of thin,
tightly adjoining neurites (Figure 7d). In M. muscosa, the LCt splits into
three individual tracts instead of four (as in P. amentata), two of which
are connected to the MBp and one of which contributes to the MBb,
while none appears to be directly connected to the MBh (Figure 7c,d).
In A. bruennichi, the LCt arises from the mid-central tract (MCt) of the
VNC (see below), does not split up in the protocerebrum, and connects
to the MBp (Figure 7f). There are anumber of neurites that extend from
the MBh toward the LCt and might contribute to the formation of the
LCt, but we did not observe a direct connection (Figure 7f). We did not
detect Bc4 in A. bruennichi. While the general architecture of the pro-
tocerebral tract system in P. tepidariorum resembles that of P. amentata,

we did not detect an LCt as in all other investigated species.

3.7 | Cheliceral neuropil and Pedipalpal neuropil

The ChNs border and extend above the esophagus, while the PdNs
are entirely situated below the esophagus in all investigated species.
Both the ChNs and PdNs are connected by commissures. There are two
pedipalpal commissures in all species examined (Figures 10b,c, 11b, 12,
and 13). There is a single cheliceral commissure in A. bruennichi and P.
tepidariorum (Figure 13), whereas P. amentata and M. muscosa possess
two cheliceral commissures located above and below the esophagus
(Figures 10d and 12b,c,e,f). In addition to the pedipalpal commissures,
every species has a ventrally situated bundle of neurites projecting
from the PdN into the VNC (Pdp) and terminating within the SLt (see
below; Figures 10a,e, 11c, and 12a-d,f).

3.8 | The Ventral nerve cord

The anatomy of the VNC is remarkably similar in the investigated
species. The central neuropil is dominated by six major longitudinal
tracts and contralateral commissures between the LNs, which are
embedded in a central association area (Figures 11, 12, 13, and 14).
This general layout is fairly consistent with the description of the VNC
in C. salei (Babu & Barth, 1984). There are six longitudinal tracts that
traverse the VNC from the posterior OpN to the brain, where they
enter the PN and then split up into smaller tracts (described above;
Figures 8d, 9a,c-f,and 10e). The mid-dorsal tract is the most dorsal one.
This tract occupies most of the dorsal VNC (Figures 9a,f, 10e, 11a, 12,
and 13). The MCt is situated just below the dorsal commissure (Dc) and
flanks the midline of the VNC (Figures 9f, 11a,b, 12a,b,d,e, 13, and 14a).
It has a distinct, almost triangular shape, with the widest part oriented
toward and extending into the brain (Figure 11b). Ventral to the MCt
follow three similarly sized tracts that form the core of the VNC: the
CLt followed by/dorsal of the slightly more medial central tract (Ct),
which is dorsal of the ventro-lateral tract (VLt; Figures 9a,c.ef, 10e,
11b,d, 12, and 13). The most ventrally located tract is the mid-ventral

tract, which is situated just dorsally of the ventral somata cluster
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(Figures 10e, 12c¢,f, and 13c,f). In addition to these major longitudinal
tracts, we identified a large tract (SLt; known to receive sensory input
in C. salei), located in the centralmost area of the VNC, anteriorly con-
necting to the protocerebrum, where it splits into smaller tracts (see
above, Figures 8d, 9a,d,e, 11a,b,d, 12, 13, and 14a). The SLt is char-
acterized by mostly small neurites, which in Bodian preparations are
darker stained than the neurites of the other six longitudinal tracts
(Figures 8d, 9d, 11d, and 14a). In addition to the longitudinal tracts,
there is a longitudinal neuropilar structure, the lateral sensory associ-
ation tract (LSAt), which shows strong anti-synapsin immunoreactivity
inallinvestigated species (Figure 14c). While it is easy to distinguish the
different longitudinal tracts, it is more difficult to tell apart the different
groups of commissures, which are often stacked in close proximity and
connect the bilaterally paired LNs and longitudinal tracts. We identi-
fied four distinct commissures (Dc, mid-Dc [MDc], central commissure
[Cc] and ventral commissure [Vc]; Figures 9e,f, 10a,e, 11a,b, 12, and 13)
in all four species and an additional fifth commissure (mid-Cc: MCc;
Figures 9f and 12c) in P. amentata and M. muscosa. In all four species,
the Dc and MDc are closely adjacent without longitudinal tracts in
between (Figures 11a, 12b,d,e, and 13a,b,d,e), while the other commis-
sures are more clearly separated (Figures 9f, 10e, 12¢,f, and 13c,f). In
P.amentata and M. muscosa, we detected a somewhat columnar-shaped
neuropilar structure just below the esophagus and bordering the mid-
line of the brain. This structure stains darker than the surrounding
tissue in the Bodian preparations (Figure 10c). We tentatively interpret
this structure as Blumenthal neuropil (BN). However, we could not con-
firm its presence in anti-synapsin immunolabeling of P. amentata and M.
muscosa nor find it at all in A. bruennichi and P. tepidariorum.

3.9 | Comparative volumetric analysis of the CNS
neuropils

The spider species investigated here differ in their relative investment
in different neuropils (see pie charts in Figure 16 for information on
comparative brain volumes). In all four species, the VNC makes up more
than half of the CNS volume, but it is much larger in the web-building
spiders than in the cursorial hunting spiders (73.3% in A. bruennichi and
76.5% in P. tepidariorum, compared to 63.8% in P. amentata and 55% in
M. muscosa). Correspondingly, the brain is much larger in the cursorial
hunting spiders than in the web-building spiders. While the cVNC has
a similar proportional volume in all four species, the LN and the OpN
are proportionally larger in the web-building hunters A. bruennichi and
P. tepidariorum than in the cursorial hunting spiders P. amentata and
M. muscosa. The LN is also considerably larger in P. amentata than in
M. muscosa. Within the brain, the largest differences in proportional
investment are found between cursorial and web-building spiders, with
P. amentata and M. muscosa having much more nervous tissue dedi-
cated to visual processing (visual neuropils and MB) than A. bruennichi
and P. tepidariorum. However, there are also clear differences between
the two cursorial hunters (M. muscosa has a much larger proportional
visual brain area than P. amentata) and the two web-building hunters

(A. bruennichi has more nervous tissue dedicated to visual processing

than P. tepidariorum). Furthermore, the visual neuropils of the principal
eyes (PrincVis) have the same proportional volume in P. amentata and A.
bruennichi. We also found that the relative volumes of the PN are some-
what larger in the cursorial hunting spiders than in the web-building
spiders, while the PdN is largest in P. amentata, followed by A. bruen-
nichi, M. muscosa, and P. tepidariorum. There seems to be no difference
in the proportional volume of the AB and the ChN.

4 | DISCUSSION

Comparative studies on the neuroanatomy of spiders have so far
focused on the visual system, particularly the neuropils in the sec-
ondary eye visual pathway (Hanstrom, 1921; Long, 2021; Steinhoff
et al., 2020). Web-building spiders were reported to have fewer and
smaller visual neuropils than cursorial hunting spiders; however, with
high variability between species (Hanstrém, 1921; Long, 2021; Stein-
hoff et al., 2020). Here, we have extended the scope of comparative
neuroanatomical studies in spiders by performing a detailed analysis
of all parts of the CNS. While we confirm that the most striking differ-
ences occur in the secondary eye visual pathway, we also find additional
differences in the connectivity and relative volume of neuropils in the
brain, and show that the anatomy of the VNC is remarkably conserved
among spider species with different sensory ecologies (Figures 5, 6, 11,
13, and 16; Table 3).

4.1 | Soma cortex and cell types

Babu and Barth (1984) distinguished four distinct cell types in C. salei
and the ones with the smallest diameter were termed “globuli cells”
because of the association with the MB. However, Steinhoff et al.
(2020) reported that in M. muscosa, the somata in the corresponding
cell cluster were not smaller than other somata. We can now con-
firm this finding using Bodian stains for all four species investigated
here. We found that the somata in the anterior part of the brain are
more densely packed (Figure 14a), but we did not find a cluster of dis-
tinctly smaller somata as described for C. salei (Babu & Barth, 1984;
Strausfeld & Barth, 1993). Either an anterior protocerebral cluster of
smaller somata is specific to C. salei, or there is not any real size dif-
ference between “globuli cells” and other small somata. Instead, the
differences may only be in packing density. It should be noted, how-
ever, that Bodian-stained material is not the current method of choice
to assess cell size, and future studies could approach this specific ques-
tion using better-suited methods. Babu and Barth (1984) furthermore
described large motor- or interneurons that clearly correspond to the

giant somata described here (Figures 8d and 14a).

4.2 | Visual system

The number of neuropils in the visual system and their connectivity in

the principal eye pathway is the same in all spider species studied to
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TABLE 3 Neuropils and major longitudinal and commissural tracts in the central nervous system (CNS) of Cupiennius salei, Pardosa amentata,
Marpissa muscosa, Argiope bruennichi, and Parasteatoda tepidariorum. Based on this study and (for C. salei) on Babu and Barth (1984, 1989).

CNS structures

VNC neuropilar structures

BN

SLt (1-5)

LN

LSAt

OpN

Dcb & Tcb neuropils
ChN

PdN

Pcb neuropilar structures

AB
AM1
AM2
MB
MBh
PN
SecVN1
SecVN2
Stb

Pcb longitudinal tracts
BVt

LCt
MCt
PCDt
PCMt
PCVt
VMt
Pcb commissural tracts
ASc
Bc3
Bc4
Bc5
MBb
MBb2
PCc
PSc
Dcb & Teb tracts
Chc
Chc2
Pdc
Pdc2

C. salei

+
+ 5tracts
+
+

+

+ + 4+ + + + o+ + o+ +

-~

+ + + o+ o+ o+

M. muscosa

+?

+ Single tract
+

+

L

+ + + + o+ o+ o+ 4+ o+

+ + o+ +

-~

+ + + + + o+ + +

+ o+ o+ +

P. amentata

+?

+ Single tract
+

+

<k

+

+ o+ + + o+ o+ o+ 4+

N+ 4+ o+ o+

+

+

+ + o+ +

+ o+ o+ +

A. bruennichi

+ Single tract
+
+

4L

+

Medially

+ + o+ + + + o+ o+ o+ o+ o+ o+

-~

+

+ Connected to Pdc

+ Connected to Chc

+

P. tepidariorum

+ Single tract
+
+

-

+
+ Shared

+

+ Connected to Pdc

+ Connected to Chc

+

(Continues)
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TABLE 3 (Continued)
CNS structures C.salei M. muscosa P. amentata A. bruennichi P. tepidariorum
Pdp ? + + + +
VNC longitudinal tracts
CLt + + + + +
CTt + + + + 3
MCt + + + + +
MDt ats T T + +
MVt + + + + +
VLt + Tr ar + +
VNC commissural tracts
Cc + + + + +
Dc + + + Connected to MDc + Connected to MDc + Connected to MDc
MCc + + + = =
MDc + + + Connected to Dc + Connected to Dc + Connected to Dc
Ve + + + + +

Abbreviations: AB, arcuate body; AM1, first-order visual neuropil of the AME; AM2, second-order visual neuropil of the AME; ASc, anterior stomodeal
commissure; Bc3, brain commissure 3; Bc4, brain commissure 4; Bc5, brain commissure 5; BN, Blumenthal neuropil; BVt, brain vertical tract; Cc, central
commissure; Chc, cheliceral commissure; Chc2, cheliceral commissure 2; ChN, cheliceral neuropil; CLt, centro-lateral tract; CTt, central tract; Dc, dorsal com-
missure; Dcb, deutocerebrum; LCt, lateral cerebral tract; LNs, leg neuropils; LSAt, lateral sensory association tract; MB, mushroom bodies; MBb, mushroom
body bridge; MBb2, mushroom body bridge 2; MBh, mushroom body haft; MCc, mid-central commissure; MCt, mid-central tract; MDc, mid-dorsal commis-
sure; MDt, mid-dorsal tract; MVt, mid-ventral tract; OpN, opisthosomal neuropil; PCc, protocerebral commissure; PCDt, protocerebro-dorsal tract; PCMt,
protocerebro-median tract; PCVt, protocerebro-ventral tract; Pdc, pedipalpal commissure; PdN, pedipalpal neuropil; Pdp, pedipalpal projection; PN, proto-
cerebral neuropil; PSc, posterior stomodeal commissure; SLt, sensory longitudinal tract; SecVN1, first-order visual neuropils of the secondary eyes; SecVN2,
second-order visual neuropils of all secondary eyes; Stb, stomodeal bridge; Tcb, tritocerebrum; Vc, ventral commissure; VLt, ventro-lateral tract; VM, ventral

median tract; VNC, ventral nerve cord.

date (Long, 2021; Steinhoff et al., 2020; Strausfeld et al., 1993). Con-
sidering the variation within the visual pathway of the secondary eyes,
this is remarkable and suggests that the AME serve a similar functionin
all spider species that possess them. In Salticids and in C. salei, the AME
are used for object recognition (Fenk et al., 2010; Land, 1972; Schmid,
1998). However, whether web-building spiders such as A. bruennichi
and P. tepidariorum are capable of such behavioral performance remains
to be tested.

The visual system of the secondary eyes in P. amentata is very similar
in anatomy and connectivity to that of C. salei (Steinhoff et al., 2020;
Strausfeld & Barth, 1993). In both species, all secondary eyes serve
their own first- and second-order visual neuropils, before the informa-
tion is sent on to the MB. Furthermore, all first-order visual neuropils
are connected to the AB. Aside from the similarities, the AL1, PL1, and
PM1 appear to be much more convoluted in P. amentata than in C. salei
(this study, cf. with Babu & Barth, 1984; Steinhoff et al., 2020; Straus-
feld & Barth, 1993), which probably increases the surface area of these
neuropils. This aspect coincides with the fact that C. salei is strictly
nocturnal and hunts prey mainly through vibratory cues (Barth & Sey-
farth, 1979), while P. amentata hunts its prey during the day, when more
visual information is available. The secondary eye visual system of the
web-building hunter A. bruennichi is very different from all other visual
systems described so far in spiders. While A. bruennichi has no second-
order visual neuropils, the PME and the PLE have specialized retinula

cells that project either into a neuropil that is linked to the MB (PM1a,

PL1a) or another neuropil that connects to the AB (PM1b, PL1b). Yet,
the ALE only connects to a single neuropil, which is linked to the AB
(AL1), but some RCA project further into the PN and could potentially
connect the ALE to the MB as well. Long (2021) reported the absence of
second-order visual neuropils in the species A. trifasciata but misinter-
preted the identity of the different first-order visual neuropils as three
different structures, each serving one eye. It would be interesting to
explore how the distinct photoreceptors are arranged in the retina and
whether they sample the entire field of view or only part of it. The lack
of a second-order visual neuropil implies that less intensely processed
information is sent to the MB in this species. The quality of motion
vision might thus be reduced, compared to spiders with second-order
visual neuropils. In P. tepidariorum, all secondary eyes extend their RCA
into a single visual neuropil (SecVN1) that is directly connected to the
AB. We found that some PME RCA terminate posterior of the SecVN1,
and these may connect further to other brain regions than the AB. We
also discovered a potential MBb, indicating the possibility that the MB
circuitis present in P. tepidariorum but reduced to such a degree that no

neuropils are visible.

4.3 | The spider mushroom body

The mushroom body of spiders is clearly a higher order visual neuropil,

as it receives input mainly from the second-order visual neuropils of
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OpN
PdN
ChN

Argiope

PrincVis
SecVis

FIGURE 15

Marpissa

Parasteatoda

Pie charts showing the relative volumes of brain areas in proportion to the volume of the entire CNS in the studied species. AB,

arcuate body; ChN, cheliceral neuropils; cVNC, central ventral nerve cord; LNs, leg neuropils; MB, mushroom bodies; OpN, opisthosomal neuropil;
PdN, pedipalpal neuropil; PN, protocerebral neuropil; PrincVis, combined first- and second order visual neuropils of the principal eyes; SecVis,

combined first- and second order visual neuropils of the secondary eyes.

the secondary eyes (Babu & Barth, 1984; Long, 2021; Steinhoff et al.,
2020; Strausfeld & Barth, 1993, and cf. this study). Furthermore, we
have shown here that P. tepidariorum does not possess any conspic-
uous mushroom body-like neuropils, which is also the case in other
spider species and seems to be related to poor visual abilities and a
stationary lifestyle (Long, 2021; Park et al., 2013). The obvious ques-
tion that arises from these findings is whether the MB of spiders should
be termed differently as has been done earlier (termed optical neuropil
3, ON3, in Strausfeld & Barth, 1993). This would avoid confusion with
MB in insects that primarily process olfactory input. Wolff and Straus-
feld (2015) regarded the MB to be lost in spiders but to be present in

other arachnids. Unfortunately, this suggestion was not discussed or

explained further by the authors but likely is based on the absence of
expression of the DCO and Leo proteins in the MB of the spiders they
investigated. These markers, in contrast, are expressed in the MB of
other arachnids such as amblypygids (Wolff & Strausfeld, 2015). How-
ever, earlier studies suggested, based on gene expression similarities,
that the MB of insects and spiders are homologous (Doeffinger et al.,
2010). Strausfeld (2012) argued that a switch in modality from olfac-
tion to vision might have occurred. Developmental and gene expression
studies might help to clarify this question. In the meantime, it seems
appropriate to refer to the MB in spiders as “spider mushroom body”
and point out that it differs at least functionally from the mushroom

body of most insects and other arachnids.
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FIGURE 16 Schematicwiring diagram of the spider CNS. Visual system as in C. salei and P. amentata, for variation see Figures 4 and 5. Wiring
of interneurons based on Babu and Barth (1984), Gronenberg (1989, 1990), and this study; innervation, central projection and termination pattern
of sensory neurons based on Babu and Barth (1989), Anton and Tichy (1994), and this study. Blue lines represent sensory neurons, red lines
represent longitudinal interneurons of the VNC, black lines represent interneurons of the brain, and pink lines represent commissural
interneurons that cross the midline of the CNS. See list of abbreviations in the main text.

44 |

Tracts in the protocerebrum

While the MBb and the PCc were described by Babu and Barth (1984)
for C. salei, the other brain commissures discovered in this study
(MBb2, Asc, Psc, Bc3, Be4, Be5) had not been detected in C. salei

(Table 3). It is likely that these commissures contribute to smaller cir-
cuits that were not analyzed in the CNS of C. salei (Babu & Barth, 1984)
since it seems unlikely that they are not also present in this species. The
VMt was described as connecting to the MBp after crossing over the
MBbin C. salei (Babu & Barth, 1984). We could not confirm this in any of
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the four species studied here. It rather seems as if the VMt connects to
the dorsal PN after crossing over the MBb (Figures 7 and 16). The PCDt
was described as “entering the hafts” in C. salei (Babu & Barth, 1984), a
pattern we could not observe in the species studied here. In horizon-
tal sections, it is obvious that it projects into the central PN (Figure 8b),
and it is therefore possible that it also sends some neurites to the MB.
If these connections exist, they must be rather inconspicuous. We did
not detect an equivalent of Bc4 in A. bruennichi, but this may be due
to the lower selectivity of the Bodian stain in this species, compared
to the other three species. However, anti-tubulin labeling also failed
to detect Bc4, leading us to assume that it either belongs to a circuit
that is not present in A. bruennichi, or that the neurites that comprise
it are too thin to be detected with the methods used here. Babu and
Barth (1984) described a protocerebro-median tract (PCMt) in C. salei,
formed by the fusion of MCt, Ct, CLt, and VLt tracts before splitting up
again into the protocerebral tracts LCt, MeCt, and VMt. We could not
confirm the presence of this tract (Table 3). Instead, we were able to
follow the course of each longitudinal tract into the PN, where they
appear to taper but do not merge (Figure 9a,e,f). While we reported
that LCt and MeCt both join the SLt near the esophagus, we could not
find any connections of the VMt to the VNC (Figures 7 and 16). All lon-
gitudinal tracts from the VNC tightly adjoin as they pass the esophageal
connective, and although this was not observed here, it is quite possible

that neurites cross over into different tracts.

45 | Tracts in the VNC

Babu and Barth (1984) identified four commissures: DC, MDC, CC, and
VC in C. salei. Babu and Barth (1989) also mention four commissures,
but they are termed DC, MDC, MCC, and CC. It is unclear whether
MCC constitutes a newly identified fifth commissure and VC was omit-
ted, or whether CC from the earlier study was renamed MCC and VC
from the earlier artcle was renamed CC. Later, Becherer and Schmid
(1999) redrew the figure from Babu and Barth (1989) and added the
VC as the fifth commissure without justifying this or indicating that
they significantly altered the original drawing. In the four spider species
investigated here, we found that Dc and MDc tightly adjoin and a sep-
aration is not possible with the methods used here. We also did not
detect an MCc in the studied web-building hunters A. bruennichi and P.
tepidariorum but were able to detect it in P. amentata and M. muscosa.
It seems unlikely that the web-building hunters would lack this fifth
commissure, and it is well possible that it is tightly adjoining one of the
neighboring commissures (much like Dc and MDc).

Babu and Barth (1984, 1989) identified and described five “sensory
longitudinal tracts (SLt)” in the cVNC of C. salei. They termed them “sen-
sory” because they found that many sensory neurons from the legs
terminate in the tracts. Because these sensory neurons project both
into the posterior and the anterior direction, they concluded that the
SLts must consist of both descending and ascending neurons (Babu &
Barth, 1984; Figure 16). In the species studied here, we could not distin-
guish five different SLts, but only a single, large SLt occupying the most
central part of the VNC (Figures 14a and 16). This could be partially due

to the methods employed here, as we were unable to identify the ter-
mination sites of the sensory neurons, which might reveal a patterning
not visible in Bodian stains and anti-tubulin immunolabeled material.
However, the position, color and thickness of neurites that make up the
SLt (Figures 11d and 14a) clearly show that it is identical to the SLts
described in C. salei (Babu & Barth, 1984). We can therefore assume
that the arrangement of afferent sensory neurons is similar to the one
in C. salei in the four species described here.

While the cVNC is characterized by the six prominent longitudinal
tracts, it also houses several neuropilar structures that receive direct
sensory input (Babu & Barth, 1989). In addition to the LN, sensory neu-
rons also project directly to the SLts, the LSAt, and even onto some
of the longitudinal tracts (Babu & Barth, 1989; Gronenberg, 1990).
A third termination site of sensory neurons within the cVNC is the
BN, which receives input from hygro- and thermoreceptors and has so
far only been found in C. salei (Anton & Tichy, 1994; Figure 16). We
found a candidate structure in P. amentata and M. muscosa that very
likely is the BN (Figure 10c). However, anterograde tracing of sensilla
is required to explore this assumption. Such testing could also show
whether the BN is truly absent or only less conspicuous in A. bruennichi

and P. tepidariorum.

4.6 | Volumetric differences

Differences in sensory ecology often correlate with differences in the
volume of CNS areas (Chittka & Niven, 2009). Larger volumes typically
occur especially in sensory processing areas of the CNS and provide
improved performance, such as a finer resolution or higher sensitivity
of the sensory system (Chittka & Niven, 2009). We can thus expect the
largest volume differences between web-building and cursorial hunt-
ing spiders inthe CNS areas that process sensory information, whereas
differences in CNS areas that consist mainly of non-synaptic areas,
i.e. tracts should be less pronounced. Indeed, this is what we found in
the four species studied here (Figure 15). The differences in the pro-
portional volume of CNS areas clearly reflect differences in lifestyle:
Neuropils that process mainly visual information are proportionally
much larger in the cursorial hunting spiders, while the opposite is true
for the LN that process mechanosensory information. We found very
few differences in the cVNC and the PN, which both comprise many
tracts but also comprise a number of neuropilar, sensory processing
areas. It should be noted that the proportional volume of the neuropils
associated with the principal eyes is the same in P. amentata and A.
bruennichi, suggesting a similar importance of the visual information
collected by these eyes. The volume differences observed in the OpN
might be related to the fact that A. bruennichi and P. tepidariorum spin
webs, a complicated task that involves specific movements and the pre-
cise use of various silk glands (Foelix, 2011; Kovoor, 1987). Pardosa
amentata has the proportionally largest PdN, about twice that of P. tep-
idariorum, while the other two species have volumes in between. These
species-specific differences possibly indicate behavioral differences in
the use of the pedipalps, which would need to be explored in future

studies. It is interesting that the ChN has a similar size in all species,
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although it processes primary sensory information. Likely, the amount
and quality of information gathered by the sensilla on the chelicerae is
similar in all species. The similarity in the proportional volume of the
AB supports the notion that it is not (in contrast to the MB) primar-
ily a higher order visual neuropil but of overarching importance (see
Functional Considerations section).

4.7 | Functional considerations

With the additional information on spider CNS anatomy and con-
nectivity provided here, a refined picture emerges of the functional
relationships of CNS areas and variation among different groups of
spiders (Table 3; Figure 16). While the LN1-4, ChN, and PdN pro-
cess sensory information from their respective appendages (Anton &
Tichy, 1994; Babu & Barth, 1989; Gronenberg, 1989), they also house
a “motor region” consisting of efferent neurites (Babu & Barth, 1989;
Schmid & Becherer, 1999). More proximal neuropil regions such as the
LSAt, SLt, BN, and to some extent the longitudinal tracts also receive
direct sensory information and, in addition, are innervated by interneu-
rons from various CNS regions, potentially serving as higher order
integration centers within the VNC (Figure 16). Apart from being pro-
cessed within the VNC, sensory information is also sent to various
regions in the brain (Gronenberg, 1990) and likely processed in the PN
and the AB. The present study shows that the arrangement of tracts
and neuropil regions is similar in spider species that differ greatly in
lifestyle (Table 3; Figure 16), and it is therefore reasonable to assume
that these similarities also extend to functionality.

The brainreceives direct sensory information from the eyes, and the
visual pathways, particularly of the secondary eyes, vary greatly in spi-
ders (Hanstrém, 1921; Long, 2021; Steinhoff et al., 2020; this study).
These anatomical differences most likely result in different functional-
ity. Cursorial hunting spiders detect motion with their secondary eyes
(Schmid, 1998; Zurek & Nelson, 2012; Zurek et al., 2010), which pro-
vide input to the MB. At least one type of neuron originating at the MB
innervates the motor region of the LN (Gronenberg, 1990), which sug-
gests that the MB play a role in vision-guided motion control. Visual
motion detection is thus likely to be much less well-developed or even
absent in web-building spiders that do not possess MB such as P. tep-
idariorum. The evolution of three- dimensional webs, such as those
built by P. tepidariorum, was likely largely driven by predator avoidance
(Blackledge et al., 2002), which in turn might allow for smaller eyes and
reduced visual processing in the brain.

While MB vary greatly among spider species (Long, 2021; Steinhoff
et al., 2020; this study), the AB is very similar and always present, even
in spiders that lack eyes (personal observation, unpublished). Further-
more, the relative size of the AB is similar in all species studied here
and does not correlate with web-building (Weltzien & Barth, 1991).
This observation, and the fact that the AB is well connected to both
the VNC and the brain, suggests that it is not specifically dependent
on a particular type of sensory input but plays a fundamental role in
the integration of broad, multimodal sensory information and possibly

motor control. To further investigate the functions of the CNS regions

described here, electrophysiological recordings from single neurons in
combination with dye backfills are required (cf. Gronenberg, 1990). For
example, analysis of the central processing of olfactory information
represents one promising avenue of future neurobiological research
in spiders. The comparative morphological findings of this study pro-
vide the basis for physiological studies on the sensory ecology of
spiders.
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