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Abstract
FMRFamide-related proteins have been described in both vertebrate and invertebrate nervous systems and have been suggested
to play important roles in a variety of physiological processes. One proposed function is the modulation of signal transduction in
mechanosensory neurons and their associated behavioral pathways in the Central American wandering spider Cupiennius salei;
however, little is known about the distribution and abundance of FMRFamide-related proteins (FaRPs) within this invertebrate
system. We employ immunohistochemistry, Hoechst nuclear stain and confocal microscopy of serial sections to detect, charac-
terize and quantify FMRFamide-like immunoreactive neurons throughout all ganglia of the spider brain and along leg muscle.
Within the different ganglia, between 3.4 and 12.6% of neurons showed immunolabeling. Among the immunoreactive cells,
weakly and strongly labeled neurons could be distinguished. Between 71.4 and 81.7% of labeled neurons showed weak labeling,
with 18.3 to 28.6% displaying strong labeling intensity. Among the weakly labeled neurons were characteristic motor neurons
that have previously been shown to express ɣ-aminobutyric acid or glutamate. Ultrastructural investigations of neuromuscular
junctions revealed mixed presynaptic vesicle populations including large electron-dense vesicles characteristic of neuropeptides.
Double labeling for glutamate and FaRPs indicated that a subpopulation of neurons may co-express both neuroactive com-
pounds. Our findings suggest that FaRPs are expressed throughout all ganglia and that different neurons have different expression
levels. We conclude that FaRPs are likely utilized as neuromodulators in roughly 8% of neurons in the spider nervous system and
that the main transmitter in a subpopulation of these neurons is likely glutamate.
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Introduction

Over the past three decades, the phenomenon of co-
transmission and co-release of two or more transmitters from
individual neurons has become well established in both verte-
brate and invertebrate nervous systems. Co-expression of two
counteracting small molecule transmitters has been described
in both vertebrate and invertebrate systems (Schwarzer and
Sperk 1995; Sloviter et al. 1996; Fabian-Fine et al. 2015).
However, a majority of cases where co-transmission has been

described involve fast-acting, small molecule transmitters in
combination with one or more neuropeptides that are released
in a frequency-dependent manner (Jan and Jan 1982; Whim
and Lloyd 1989; Loi and Tublitz 2000; Liu et al. 2011; van
den Pol 2012; Nässel 2018).

Four important aspects of co-transmission are as follows:
(1) the importance of co-transmission in the context of behav-
ior and synaptic plasticity (Whim and Lloyd 1989; Loi and
Tublitz 2000; Sloviter et al. 1996); (2) the diversity of func-
tional characteristics in which co-transmission is utilized (Jan
and Jan 1982;Whim and Lloyd 1989; Sloviter et al. 1996); (3)
the importance to identify the co-transmitted neuroactive com-
pounds and their receptors within individual neurons to con-
duct functional studies; and (4) the importance of intact neu-
ronal networks and synaptic circuits for functional studies. To
this end, invertebrate model systems have proven particularly
advantageous. These systems often provide comparatively
easy access to intact synaptic circuits, contain large
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individually identifiable neurons that are suitable for intracel-
lular recordings and contain a limited number of cells within
the synaptic circuits.

One exceptionally suitable model system to study co-
transmission are the mechanosensory neurons in the walking
legs of the Central American wandering spider Cupiennius
salei. In these neurons, co-transmission is utilized in efferent
neurons that exert central control onto mechanosensory neu-
rons (Fabian-Fine et al. 1999b, 2000). The mammalian equiv-
alent to this invertebrate system are the vestibular and cochlear
systems, in which mechanosensory hair cells and adjacent
afferent neurons receive efferent innervation (Schrott-Fischer
et al. 2007; Rabbitt and Brownell 2011). The bony encase-
ment of the cochlear and vestibular systems makes the exam-
ination of the mammalian systems more challenging com-
pared to the peripherally located invertebrate equivalents.
Numerous similarities in the efferent innervation of
mechanosensory neurons in both the invertebrate and verte-
brate systems underline the possibility of a common ancient
origin; however, it is currently unclear whether these systems
are homologous or analogous. Biochemical, morphological
and functional studies on intact synaptic circuits of this inver-
tebrate model system are thus important and of relevance.

Walking legs of wandering spiders contain numerous
mechanosensory hair and slit sensilla that are innervated by
large, bipolar mechanosensory neurons (Foelix and Chu-
Wang 1973; Barth and Libera 1970; Seyfarth and French
1994; Fabian-Fine et al. 1999b, Fabian-Fine et al. 2000).
The dendrites, somata and initial axon segments of these pe-
ripherally located mechanosensory neurons are innervated by
a multitude of morphologically and biochemically diverse ef-
ferent fibers (Fabian-Fine et al. 1999b, 2000; Widmer et al.
2005; Fabian-Fine et al. 2017). These fibers have been shown
to exert inhibitory and excitatory functions onto the sensory
neurons (Panek et al. 2002; Panek and Torkkeli 2005;Widmer
et al. 2005; Pfeiffer et al. 2009). Extensive ultrastructural and
immunohistochemical investigations have revealed that nu-
merous efferent synapses are likely co-releasing two or more
transmitters/modulators from individual synapses. The pres-
ence of large electron-dense vesicles, which is characteristic of
neuropeptides (Salio et al. 2006; Merighi et al. 2011; van den
Pol 2012), suggests that neuropeptides are likely playing a
prominent role in the efferent control of mechanosensory sig-
nal transduction. We recently demonstrated that neuropeptide
candidates within these synapses are FMRFamide-related
peptides (FaRPs; Fabian-Fine et al. 2017). Over recent years,
FaRPs have been shown to act as neuromodulators in a num-
ber of different invertebrate systems. One example is the ex-
citatory action of FaRPs in chromatophore neuromuscular
junctions of the cuttlefish Sepia officinalis (Loi and Tublitz
2000, see discussion). In auxiliary hearts of mosquitoes that
propel hemolymph into the antennae of the insects, FaRPs
have accelerating effects (Suggs et al. 2016). Although the

presence of FaRPs has been described in the visual system
and along mechanosensory neurons of C. salei (Becherer
and Schmid 1999; Fabian-Fine et al. 2017), the distribution
of these neuropeptides throughout the rest of the spider ner-
vous system has not been described in detail. For future func-
tional studies, this knowledge is of crucial importance, which
is why we investigate the detailed distribution of FMRF-like
immunoreactive (FMRFa-LIR) neurons in all areas of the spi-
der CNS and along leg muscle.

Materials and methods

Experimental animals

All experiments were performed on adult females of the
Central American wandering spider Cupiennius salei.
Animals were bred in the laboratory, raised individually in
plastic containers and fed with juvenile or adult crickets.
Animals were kept under normal environmental conditions
with natural day/light cycles at 23 °C.

Tissue dissection

Prior to dissection, spiders were deeply anesthetized with
CO2. After removal of the distal leg segments below the pa-
tella, animals were perfused with paraforaldehyede (PFA)
consisting of 6% paraformaldehyde in 0.1 M phosphate-
buffered saline pH 7.4 (PBS). The proximal leg segments
and the prosoma containing the CNS of the animals were
submerged in 6% PFA and kept in the refrigerator overnight.
Dissection of leg muscles and CNS tissue was carried out in
PBS as described previously (Fabian-Fine et al. 2015). The
CNS was embedded in 4% agarose (Sigma-Aldrich A9539)
and sectioned using a Leica VT 1000S vibrating microtome at
a thickness of 70 μm. Individual brain slices were transferred
into 16-well dishes containing PBS using a fine paintbrush.

Immunohistochemistry

Anti-FMRFamide immunolabeling of CNS tissue Brain sec-
tions were washed in PBS (3 × 20 min) and incubated in per-
meabilization and blocking medium (PBM) consisting of
0.05% Triton-X 100 (Sigma X100), 10% normal goat serum
(Sigma G9023) and 0.25% bovine serum albumin (Sigma
A4503) for 15 min to permeabilize the cell membranes and
prevent unspecific cross-reaction of the primary antiserum.
The polyclonal antiserum against FaRPs was the same used
in our previous studies (Fabian-Fine et al. 2017; rabbit anti-
FMRFamide Sigma Millipore AB15348) and was diluted
1:1000 in PBS containing 10% PBM for 24 h at 6 °C.
During the first and final 2 h of primary antiserum incubation,
brain slices were placed on a shaker and gently agitated on ice
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to ensure a homogenous penetration of the antiserum. Prior to
incubation with the secondary antibody, brain slices were
washed in PBS (4 × 20 min on ice) and incubated in PBM
(15 min). The secondary Cy3-conjugated goat-anti-rabbit an-
tibody (Jackson ImmunoResearch Laboratories 111-165-003)
was used at a dilution of 1:500 in PBS containing 10% PBM;
the tissue was immersed in the antibody solution for 24 h at
6 °C. The brain slices were washed in PBS (3 × 10 min) and
incubated in Hoechst Blue (Sigma H 6024) at a concentration
of 1:3000 in PBS for 20 min on ice to stain neuronal nuclei.
After additional washing in PBS (3 × 10 min), brain slices
were mounted on glass slides using Mowiol (Sigma-Aldrich
81381; Fabian-Fine et al. 2015). To minimize bleaching, the
preparations were left to polymerize overnight at 6 °C.

FMRFamide immunolabeling of muscle tissue Incubation with
the polyclonal anti-FMRFamide antiserum was carried out
identically to FMRFamide immunolabeling of the brain slices
with the exception that muscle tissue was not embedded in
agarose or vibratome sectioned. Immunolabeled muscle fibers
were mounted in Mowiol on glass slides.

FMRFamide-glutamate double labeling Animals were per-
fused, dissected and immunolabeled as described above with
the following exceptions. The fixative used contained 4%
PFA and 0.15% glutaraldehyde in 0.1 M PBS pH 7.4. The
primary antiserum solution was used at a dilution of 1:800 for
both the polyclonal anti-FMRFamide antiserum (Rabbit anti-
FMRFamide Sigma Millipore AB15348) and the mouse anti-
glutamate antibody (Sigma-Aldrich G9282). The secondary
antibodies (Cy3 goat-anti-rabbit Jackson ImmunoResearch
no. 111-165-003; Alexa 488 goat-anti-mouse Jackson
ImmunoResearch no. 115-545-146) were diluted 1:500 in
PBS containing 10% PBM. Incubation of the tissue followed
for 24 h at 6 °C. After subsequent washing in PBS (3 ×
10 min), the tissue was stained with Hoechst nuclear stain as
described above. Preparations were washed in PBS (5 ×
10 min) before mounting in Mowiol on glass slides. Slides
were left overnight at 6 °C to allow polymerization of the
embedding medium prior to examination with a Zeiss LSM
510 confocal microscope.

Electron microscopy Preparations intended for EM analysis
were processed as described previously (Fabian-Fine et al.
2015). In brief, 2.5% glutaraldehyde and 4% PFA in 0.1 M
PBS, pH 7.4 was used for fixation overnight at 6 °C.
Preparations were osmicated for 15 min in 0.5% OsO4-PBS
prior to dehydration with molecular-grade ethanol and propyl-
ene oxide. The tissue was embedded in Araldite (Electron
Microscopy Sciences 13900) and polymerized at 60 °C over-
night. Series of 60-nm ultrathin sections were cut with a Leica
Ultracut EM UC7 and collected on Pioloform-coated single-
slot copper grids. After contrasting with uranyl acetate (5 min)

and Reynold’s lead citrate (5 min), examination was carried
out using a FEI Tecnai 12 electron microscope operated at
80 kV.

Antibody/antiserum characterization Preparations treated
with the secondary antibodies only lacked immunofluores-
cence demonstrating that immunofluorescence was not due
to non-specific cross-reaction of the secondary antibodies.
The specificity of the Sigma anti-glutamate antibody in spider
tissue has been tested and discussed previously using double
labeling for glutamate and the vesicular glutamate transporter,
which both appeared co-localized within the same neurons
(Fabian-Fine et al. 2015). The anti-FMRFamide antiserum
has also been used in spider tissue. We analyzed the
transcriptomes of C. salei and identified at least two
FMRFamide-like peptides (accession numbers KY074554
and KY07455) that are likely recognized by this antiserum
(Fabian-Fine et al. 2017). The specificity of antibody binding
is also supported by the FMRFamide distribution pattern
throughout the visual system in C. salei that has been de-
scribed previously (Becherer and Schmid 1999) and matches
our observations described here.

Image acquisition

Digital image acquisition and analysis were carried out using a
Zeiss 510 Meta laser-scanning microscope with × 10/0.3, ×
20/0.75, × 40/1.3 Plan-Neofluar, × 63/1.4 oil Plan-
apochromat objectives. For image analysis, the Zeiss ZEN
2012 laser scanning microscope software and Adobe
Photoshop and Illustrator were used.

Quantitative image analysis A total of 213 confocal images
through the CNS were utilized for quantitative analysis.
Only images that were representative of the typical labeling
pattern were chosen for evaluation. The numbers of evaluat-
ed images per ganglion were as follows: pedipalpal n = 45 (n,
number of confocal image series evaluated); opisthosomal
n = 25; walking legs n = 49; cheliceral, n = 54; posterior cell
layer, n = 29; dorsal cell layer, n = 11). Each confocal image
consisted of 5–20 individual 1–3-μm-thick optical sections.
To distinguish neurons from glia cells, we utilized the char-
acteristic shapes of the nuclei. The round, Hoechst Blue–
stained neuronal nuclei could be easily distinguished from
the elliptical and more brightly stained nuclei characteristic
of glia cells within this tissue (for details, see Fabian-Fine
et al. 2015). Individual optical sections were exported as
JPEG or TIFF files. Using Adobe Photoshop CS5, the con-
focal image was reconstructed in numerical order according
to the original Z-stack of optical sections. Each optical sec-
tion was represented as a layer in one file. Neuronal nuclei on
each optical section were counted manually on a new layer
using the paintbrush tool. Based on the size of the neuronal
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nuclei (small, medium, large) and the labeling pattern within
the evaluated neurons, we distinguished between unlabeled
and labeled neurons. Among the labeled neuron population,
strongly and weakly labeled small, medium and large neu-
rons were distinguished with soma sizes ranging from 5 to
24 μm, 15 to 40 μm and 30 to 100 μm, respectively (Fabian-
Fine et al. 2015). The first counted layer was moved to the
second optical section and a new layer was created to count
additional neuronal nuclei that appeared in the second optical
section. To ensure that each neuron was only counted once,
the first two counted layers were transferred to the third op-
tical section and a new layer was created to count additional
neuronal nuclei that appeared in the third optical section.
This pattern continued for the remaining optical slices. All
data were recorded and graphed using Microsoft Excel. For
each ganglion, the total number of counted neurons was used
to determine the ratio of labeled versus unlabeled neurons.
Ratios of weakly and strongly labeled FMRF-IR neurons and
their respective sizes were determined based on the total
number of labeled neurons.

Results

Anatomy of the sub- and supraesophageal complexes
of the spider CNS and neuron types

The fused spider nervous system is located in the prosoma of
the animals (Fig. 1a) and consists of two main complexes, the
dorsally located supraesophageal complex and the ventrally
located subesophageal complex. The esophagus penetrates
through the CNS from anterior to posterior between these
two complexes. Each hemisphere of the subesophageal com-
plex consists of four leg ganglia, one anterior pedipalpal gan-
glion, and one posterior opisthosomal ganglion (Fig. 1b). The
supraesophageal complex contains the cheliceral and visual
ganglia. As previously described, the neurons in all ganglia
differ widely with regard to the size of their somata and nuclei
(Babu and Barth 1984; Fabian-Fine et al. 2015). The soma
diameters of large neurons range from 30 to 100 μm (mean
46 μm), with an average nuclear size of about 18 μm.
Medium-sized neurons are between 15 and 40 μm in diameter
(mean 24 μm) with nuclear diameters around 10 μm. The
somata of small neurons differ between 5 and 24 μm in diam-
eter (mean 13 μm) with nuclear diameters of 4 μm. The large
neurons are presumed motor neurons whereas the medium
and small neurons are likely interneurons and globuli cells
(Babu and Barth 1984).

FMRFamide-like immunolabeling in walking leg ganglia We
observed FMRFa-LIR neurons of all abovementioned sizes
throughout all leg ganglia. The labeling pattern within indi-
vidual neurons varied fromweak punctate labeling to strongly

labeled neurons that appeared solidly labeled (Fig. 1c–e).
Quantitative analysis revealed that 12.6% (n = 293) of all ob-
served neurons (n = 2328) were labeled (Fig. 2a). The remain-
ing 87.4% (n = 2035) of unlabeled somata were identified by
their characteristic Hoechst Blue–stained nuclei (Fig. 1e;
Fabian-Fine et al. 2015). The majority of labeled neurons
showed weak punctate labeling (75.1% n = 220); only
24.9% (n = 73) displayed strong labeling (Fig. 2b–e). Large
motor neurons in the medial areas of each walking leg showed
either weak or no labeling (Fig. 1d). High-magnification con-
focal microscopy demonstrates the granular nature of the
immunolabeled epitopes in both strongly and weakly labeled
neurons (Fig. 1d and e). Due to the higher density of labeled
epitopes, the strongly labeled neurons appeared solidly la-
beled at lower magnification whereas the signal in weakly
labeled neurons appeared punctate. Clearly visible nuclei
within the weakly labeled FMRFa-LIR neurons confirmed
that weak labeling intensities were not caused by eccentric
section planes through the periphery of the neurons. In the
leg ganglia, 51.2% (n = 150) of labeled neurons were small
and weakly labeled; 13.3% (n = 39) were medium and weakly
labeled; and 10.6% (n = 31) were large putativemotor neurons
(Fig. 3). The percentages of strongly labeled small and medi-
um neurons were 9.2% (n = 27) and 15.7% (n = 46), respec-
tively. No strongly labeled motor neurons were observed in
the leg ganglia (Fig. 3e–h).

FMRFamide-like immunolabeling in opisthosomal ganglia
The number of FMRFa-LIR neurons in the opisthosomal gan-
glia was the second largest relative to the rest of the brain. The
percentage of labeled versus unlabeled neurons was 10.2%
(n = 293) to 89.8% (n = 2578), respectively (Fig. 2a). The
number of weakly labeled (79.2% n = 232) compared to
strongly labeled neurons (20.8% n = 61) was similar to the
predominantly weakly labeled neurons in the leg ganglia
(Figs. 2e, 4). Characteristic medium and large neurons on
the medial (Fig. 4b) and posterior dorsolateral sides of both
ganglia were consistently strongly labeled (Fig. 4d). Among
the strongly labeled neurons, 8.9% (n = 26) were small, 8.5%
(n = 25) were medium and 3.4% (n = 10) were large (Fig. 3).
Numerous immunoreactive axonal projections were observed
projecting toward the leg ganglia and into the opisthosomal
nerve.

FMRFamide-like immunolabeling in pedipalpal ganglia Of all
observed neurons, 8.1% were labeled (n = 234) with 91.9%
(n = 2651) unlabeled (Fig. 2). A majority of labeled neurons
were located in the medial and anterolateral regions showing
predominantly weak labeling intensities (71.4%; n = 167;
Figs. 2 and 5). Among the weakly labeled neurons, 26.5%
(n = 62) were small, 29.5% (n = 69) medium and 15.4% (n =
36) large. Strongly labeled neurons were observed in both the
medial and peripheral areas of the ganglia (Fig. 2a). Only
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28.6% (n = 67) of the labeled neurons displayed strong immu-
noreactivity (19.7% small, 5.6% medium and 3.4% large;
Figs. 3 and 4).

Cheliceral ganglia Quantitative analysis revealed that 91.4%
(n = 2792) of all observed neurons in the cheliceral ganglia
were unlabeled with 8.6% (n = 262) of labeled neurons.
Among the labeled neurons, the majority displayed weak la-
beling (72.1%; n = 189). Strongly labeled neurons accounted
for 27.9% (n = 73; Figs. 2, 6). Large, putative motor neurons

in the anteromedial and anterolateral regions showed weak
labeling intensity (Fig. 6a). Small populations of medium-
sized neurons in the anteromedial area showed strong (2.7%;
n = 7) and weak (1.5%; n = 4; Fig. 3) labeling intensity (Fig.
6). Similar to the neuropil regions in the other ganglia, numer-
ous FMRFa-LIR varicose fibers of different sizes (small, me-
dium, large) were observed in the cheliceral region (Fig. 6h).

Posterior cell layer (PCL) This ganglion is located posteriorly
to the central body (Fig. 7) and contained 3.4% (n = 153) of

Fig. 1 a Schematic drawing ofC. salei. The fused central nervous system
is located in the prosoma of the animals (arrow). b–e Distribution of
FMRFa-LIR (red) and Hoechst Blue–stained (blue) neurons in the leg
ganglia of C. salei. b Schematic drawing showing the distribution of
strongly labeled (black dots) and weakly labeled (gray dots) FMRFa-
LIR neurons in the leg ganglia of all four walking legs (LG1–LG4), the
pedipalpal ganglia (PPG) and opisthosomal ganglia (OG) in the left and
right hemispheres. Within the LG’s, the majority of neurons was observed
in the medial (arrowhead) and lateral areas (arrow). c Confocal image of
the medial area of walking legs (asterisks in a and b are corresponding

areas) with large (large arrow), medium (small arrow) and small
(arrowhead) weakly labeled neurons. d Medial area with two weakly
labeled motor neurons (large arrows) and one unlabeled motor neuron
(arrowhead); small arrow, strongly labeled small neuron. e Higher mag-
nification of small, strongly labeled neurons (small arrows), a weakly
labeled motor neuron reveals the vesicular nature of the labeling (large
arrow). Arrowhead, unlabeled neuron in which only the nucleic stain is
visible. Double arrowheads, comparatively faint Hoechst Blue–stained
large nucleus in a motor neuron. Scale bars (b, c) 70 μm; (d, e) 20 μm
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FMRFa-LIR–labeled neurons compared to 96.6% (n = 4338)
of unlabeled neurons (Fig. 2). The majority of immunoreac-
tive neurons were weakly labeled (81.7%, n = 125) compared
to strongly labeled cells (18.3%, n = 28). Most labeled neu-
rons were arranged in mixed clusters of both labeling intensi-
ties and located in the lateral and medial areas throughout the
ganglion (Fig. 7a–c). Among the strongly labeled neurons,
17% were small (n = 26) and only 1.3% (n = 2) were medium
sized. No large neurons were observed in the PCL. The weak-
ly labeled neuron population consisted of 77.1% (n = 118) of
small and 4.6% (n = 7) of medium-sized neurons.

Dorsal cell layer (DCL) Located anterodorsally and dorsally to
the central body, this ganglion contained 7.2% (n = 708) of
FMRFa-LIR neurons with 92.8% of unlabeled neurons (n =
9165). Both weak and strong labeling patterns were observed,
75.4% (n = 534) and 24.6% (n = 174) respectively.

FMRFa-LIR in leg nerves and along leg muscle Our observa-
tions of weakly labeled putative motor neurons in leg ganglia
suggest that this neuropeptide may be utilized as a
neuromodulator in a subpopulation of neuromuscular junctions
(see BDiscussion^). We would therefore expect FMRFa-LIR
axons within the main leg nerves projecting into the periphery
and labeled terminals along leg muscle. Examination of the leg
nerves revealed numerous FMRFa-LIR varicose fibers
projecting into the periphery (Fig. 8a). Leg muscles showed
an abundance of FMRFa-LIR varicosities along muscle fibers
suggestive of neuromuscular junctions (Fig. 8b). Interestingly,
this labeling pattern was localized to some muscle fibers,
whereas other muscle fibers were unlabeled. Ultrastructural ex-
amination of neuromuscular junctions in muscle adjacent to
mechanosensory neurons revealed the presence of diverse ves-
icle populations including large electron dense vesicles charac-
teristic of neuropeptides (Fig. 8c, see BDiscussion^).

Fig. 2 a Histogram of FMRFa-
LIR neurons (dark gray columns)
versus unlabeled neurons (light
gray columns). Throughout all
ganglia, the majority of neurons
appeared unlabeled. The largest
percentage of labeled neurons
was observed in the leg ganglia
(LG; 12.6%) followed by the
opisthosomal ganglia (OG,
10.2%), cheliceral ganglia (CG,
8.6%), pedipalpal ganglia (PPG,
8.1%), the dorsal cell layer (DCL,
7.2%) and the posterior cell layer
(PCL, 3.4%). b–d Schematic
drawings of the different ganglia
and the locations of the strongly
and weakly labeled neurons
within the ganglia. eHistogram of
the FMRFa-LIR neurons showing
the percentage of strongly (gray
columns) versus weakly (black
columns) labeled neurons. The
majority of neurons appeared
weakly labeled. The highest per-
centage of strongly labeled neu-
rons was observed in the
pedipalpal ganglion (PPG,
28.6%), followed by the chelicer-
al ganglion (CG, 27.9%), dorsal
cell layer (DCL, 24.6%), leg gan-
glia (LG, 24.9%), opisthosomal
ganglia (OG, 20.8%) and posteri-
or cell layer (PCL, 18.3%)
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Fig. 3 Percentages of small,
medium and large FMRFa-LIR
neurons. a Histogram of the size
distribution in weakly labeled
neuron populations. b–d
Examples of weakly labeled small
(arrow in b), medium (arrow in c)
and large (arrow in d) neurons. e–
g Examples of strongly labeled
small (arrow in e), medium (ar-
row in f) and large (arrow in g)
neurons. h Histogram showing
the size distribution in strongly
labeled neuron populations. Scale
bars (a, e) 10 μm; (c, f) 20 μm;
(d, g) 50 μm
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FMRFamide-glutamate double labeling FMRFa-LIR neurons
in the PCL were located in areas where glutamate-like immu-
noreactive neurons have recently been described (Fabian-Fine
et al. 2015). To investigate if some of these neurons display
co-localization for both transmitters, we conducted double
labeling for glutamate and FMRFamide. Our findings re-
vealed that a subpopulation of weakly labeled FMRFa-LIR
neurons also displayed strong glutamate-like immunoreactiv-
ity (glut-LIR). Interestingly, some of the strongly FMRFa-LIR
neurons also showed strong glut-LIR (Fig. 9). We also ob-
served FMRFa-LIR neurons that were negative for glutamate
as well as Glut-LIR neurons that lacked FMRFa-LIR.
Numerous neurons were void of immunolabeling for either
transmitter.

Ultrastructural examination of presynaptic profiles in the CNS
Ultrastructural investigation of presynaptic profiles through-
out the CNS revealed a large variety of morphologically dis-
tinct presynaptic profiles characterized by diverse presynaptic
vesicle populations (Fig. 9e). Whereas some terminals
contained large populations of homogenous small (~ 20 nm

in diameter) or large electron lucent vesicles (45–62 nm in
diameter), others contained a large variety of mixed vesicle
populations. The latter included small and large electron lu-
cent vesicles that ranged between 20 and 62 nm and different
types of electron dense vesicles such as large (80–100 nm in
diameter) and small (~ 50 nm in diameter) electron dense ves-
icles, large dense core vesicles (~ 70 nm in diameter) and large
medium-dense vesicles (~ 70–90 nm in diameter).
Interestingly, many profiles containing mixed vesicle popula-
tions differed from each other with regard to vesicle type and
number (Fig. 9e). These findings support our light microscop-
ic observations of biochemically diverse neurons based on
differences in their transmitter content and concentrations.

Discussion

In this study, we show the distribution of FaRPs throughout
the nervous system of the Central American wandering spider
C. salei. The distribution of FaRPs was described in the visual
ganglia of the same model organism (Becherer and Schmid

Fig. 4 Distribution of FMRFa-
LIR neurons in the opisthosomal
ganglion. Throughout the entire
ganglia, weakly and strongly la-
beled neurons were observed.
Characteristic neurons were con-
sistently observed in the anterior,
medial and posterior regions of
the ganglia. a The majority of la-
beled neurons in the anterior re-
gion consisted of small weakly
labeled (arrowheads) neurons.
Some medium (large arrow) and
small (small arrow) strongly la-
beled neurons were also ob-
served. Hoechst Blue stain reveals
numerous unlabeled neurons
throughout the entire ganglion
(double arrowheads in a, b, d). b
Characteristic clusters of three
strongly labeled neurons were
observed in both hemispheres in
the medial region of the ganglia
(arrows). c Schematic drawing of
the ganglia in the subesophageal
ganglion. The outlined areas in-
dicate the areas shown in a, b and
d. d Weakly labeled, large neu-
rons were observed in the
posteriolateral areas of both
hemispheres (arrowheads). Scale
bars 50 μm
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1999) and the labeling patterns we observed throughout the
visual system are largely consistent with those of this earlier
study. Differences in labeling intensity in the PCL where
Becherer and Schmid reported a stronger labeling signal can
likely be attributed to differences in the detection methods for
the secondary antibodies. Becherer and Schmid utilized an
enzymatic peroxidase reaction, whereas we employed a
fluorochrome-coupled secondary antibody. Enzymatic detec-
tion methods have been shown to be less localized as the
reaction product may diffuse over short distances and thus
appear more widely distributed compared to fluorochrome-
coupled secondary antibodies that remain at the site of the
epitope (Fabian-Fine et al. 1999a).

Weakly versus strongly labeled neurons

Strongly and weakly labeled neurons in C. salei have been
reported previously for octopamine (Seyfarth et al. 1993), his-
tamine (Fabian and Seyfarth 1997), GABA, glutamate
(Fabian-Fine et al. 2015), acetylcholine (Fabian-Fine et al.
2017) and FaRPs (Becherer and Schmid 1999). One hypoth-
esis for these differences in labeling intensities is the possible
depletion of transmitter from neurons after strong stimulation.
One observation that does not support this hypothesis is the
fact that weakly labeled neurons appeared consistently weakly
labeled throughout all evaluated brains and were not random
as would have been expected in the case of activity-dependent
depletion. This hypothesis is also inconsistent with the sites of
transmitter release and synthesis for classic transmitters such
as glutamate, GABA and acetylcholine. These fast-acting
small molecule transmitters are usually released from presyn-
aptic terminals and one would expect to see activity-
dependent depletion of transmitters predominantly in presyn-
aptic areas of the neuropil where these transmitters are

released and recycled rather than the associated cell bodies.
In the case of neuroactive peptides, this hypothesis could be
valid since their synthesis takes place exclusively in the
somata. The release of neuropeptides is not restricted to pre-
synaptic sites but may also occur in the soma of the cells (Jan
and Jan 1982; Boarder 1989; van den Pol 2012; Nusbaum
et al. 2017).

A second hypothesis is that strongly labeled neurons rep-
resent projection neurons that send their axonal processes out-
side of their respective ganglia and form a network of numer-
ous axon collaterals with abundant synaptic contacts through-
out the CNS. The synthesis of neuropeptides is usually re-
stricted to neuronal somata. Therefore, it is conceivable that
projection neurons that form long axonal processes and nu-
merous synaptic contacts synthesize larger amounts of neuro-
peptide and appear more brightly labeled compared to local
circuit neurons with comparatively short axons and fewer syn-
apses. The injection of fluorescent dyes into strongly and
weakly labeled neurons to visualize their axonal projections
may be useful to address this hypothesis.

A third hypothesis is that the weakly labeled neuroactive
compounds act as a neuromodulator and thus occur at lower
concentrations compared to the main transmitters utilized
within the respective neurons. The fact that a majority of
FMRFa-LIR neurons in our study are weakly labeled is con-
sistent with this hypothesis and it is well known that modula-
tory neuropeptides act mainly on G-protein–mediated metab-
otropic receptors (Civelli 2012; Nusbaum et al. 2017). The
required amount of transmitter to elicit a physiological re-
sponse is small due to the amplification effect of G-protein–
mediated second messenger cascades. Although in the case of
FaRPs, direct action on FMRFamide-gated Na+ channels has
been described (Lingueglia et al. 1995), the receptors on
which FaRPs act in the spider nervous system have not yet
been identified.

Fig. 5 FMRFa-LIR neurons in the pedipalpal ganglia. a Schematic
drawing of the ganglia indicating the locations of the labeled neurons.
The area indicated by the inset and asterisk corresponds to the area shown
in b. LG1–4, leg ganglia 1–4; PPG, pedipalpal ganglia; OG,
opisthosomal ganglia. b Most labeled neurons were weakly labeled,

medium-sized neurons in the anterolateral region of the ganglia (large
arrows). Numerous small, weakly labeled neurons were observed in the
medial area of the ganglia (small arrows). Arrowheads, small, strongly
labeled neurons. Scale bar 50 μm

Cell Tissue Res (2019) 376:83–96 91



Fig. 6 FMRFa-LIR neurons in the cheliceral ganglia. a Schematic
drawing of the ganglia indicating the location of the strongly (black
dots) and weakly (gray dots) labeled neurons. b Anterior region of the
left ganglion showing strongly labeled (arrow), weakly labeled
(arrowheads) and unlabeled neurons (double arrowhead). c–g Most
neurons are located in the anteromedial region of the ganglia. Hoechst
Blue nuclear stain reveals that the majority of neurons appear unlabeled
(double arrowheads). Numerous small, weakly labeled neurons can be

observed throughout the area (small arrowheads). Arrows, strongly
labeled small and medium-sized neurons. Large arrowhead, large weakly
labeled motor neuron. Inset in c: higher zoom of a weakly labeled neuron;
h numerous labeled varicose projections of different sizes were observed
throughout the neuropil. Double arrowheads, small varicosities;
arrowhead, medium varicosities; arrow, large varicosities. Scale bars
(b, d, e) 50 μm; (c, f, g) 100 μm; (h) 5 μm
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This third hypothesis is supported by our ultrastructural in-
vestigations revealing an unexpected variety of diverse presyn-
aptic profiles with morphologically distinct vesicle populations.
Although some transmitters are likely co-released from the
same vesicles as demonstrated in the example of dopamine
and GABA in the mammalian brain (Tritsch et al. 2012), in
general, transmitters are released from morphologically distinct
vesicle populations (Fabian-Fine et al. 2000; Salio et al. 2006;
Merighi et al. 2011). The final answer to differences in the
labeling intensities of FMRFa-LIR neurons may well be a mix-
ture between the hypotheses discussed above.

Co-localization with glutamate and functional
significance of FMRFamide

The distribution of FMRFa-LIR neurons in the CNS of
C. salei revealed labeling in areas and neuron populations that
have previously been described to show glut-LIR (Fabian-
Fine et al. 2015). Double labeling for both transmitters re-
vealed that there is indeed co-localization of both epitopes
throughout the brain. Similar observations of FMRFamide/
glutamate co-localization have been reported in cuttlefish
(Loi and Tublitz 2000) where both transmitters have been

shown to be present at chromatophore neuromuscular junc-
tions initiating the expansion of dark brown chromatophores.
Whereas glutamate initiated an instant and fast chromatophore
expansion, the onset of FMRFamide-initiated expansion was
delayed by up to 500 msec and longer lasting compared to the
glutamate-initiated response. Similarly, effects have been de-
scribed in abdominal extensor muscles of crayfish, where
FaRPs have been shown to increase the amplitude of excitato-
ry junctional potentials in a dose-dependent manner (Skerrett
et al. 1995). The physiological effects of FaRPs however do
not seem to be limited to the slow onset of activation but may
bemore diverse. For example in the nematodeCaenorhabditis
elegans, the upregulation of FaRPs has been observed during
the stress-induced entry of larval stages into dauerlarvae,
which alter physiological and behavioral patterns until envi-
ronmental conditions are more favorable for survival (Lee
et al. 2017). We are currently conducting a detailed character-
ization of the co-localization of glutamate and FaRPs through-
out the spider nervous system. In future experiments, func-
tional studies are required to investigate the effect of FaRPs
on the leg muscle inC. salei and mechanosensory neurons. As
discussed in the following two paragraphs, of particular inter-
est are the projection pathways of the glutamate/FMRFa-LIR
neurons.

Fig. 7 FMRFa-LIR neurons in
the posterior cell layer (PCL). a
Schematic drawing of the visual
area showing the location of
immunolabeled neurons in the
PCL, the dorsal cell layer (DCL)
and visual ganglia (VG); on, optic
nerves. b–d Clusters of strongly
labeled (arrows) and weakly
labeled neurons (arrowheads) can
be observed throughout the PCL.
The majority of neurons appeared
unlabeled as visualized by
Hoechst Blue nuclear stain
(double arrowheads). Scale bars
(b, c) 50 μm; (d) 10 μm
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Immunolabeled neuron types and their
central and peripheral projection patterns

In an anatomical study of the spider central nervous system,
Babu and Barth (1984) classified large and medium-sized
neurons as motor neurons, interneurons, or neurosecretory
nerve cells. The larger neurons often send their axonal pro-
cesses to more distant receptive partners such as leg muscles,
adjacent ganglia and projection pathways, or peripherally
located sensory neurons. Some neurons project from the

dorsally located visual area to the ventrally located leg
ganglia as demonstrated by Schmid and Dunker (1993) in
the example of histamine-like immunoreactive neurons.
Small neurons are often local circuit neurons that communi-
cate information within their respective ganglia. The different
types of FMRFa-LIR immunoreactive axonal projections in
neuropil areas provide evidence that a subpopulation of small
neurons may also send their axonal projections over longer
distances, parallel to large and medium axonal profiles.
Previous studies of efferent projections onto sensory neurons
in slit sense organs have shown that the small axonal profiles
form small synaptic contacts onto the medium and large neu-
ron profiles and vice versa, creating an intricate network of
efferent control onto sensory neurons (Fabian-Fine et al.
1999b, 2000). The presence of FMRFa-LIR efferent projec-
tions along mechanosensory neurons has previously been de-
scribed (Fabian-Fine et al. 2017). It is unclear where these
efferent neurons originate and whether efferent fibers that
run in parallel originate in the same ganglion or from different
ganglia within the CNS. This information is of critical impor-
tance to understand how sensory neurons are controlled by
efferent neurons. As mentioned above, intracellular injection
of fluorescent dyes into FMRFa-LIR neurons may be a suit-
able approach to answer this question.

Neurochemical diversity of neurons and their
implications for behavioral circuits

Our observations in conjunction with previous observations of
biochemically diverse neurons in the CNS of C. salei (see
above) indicate that the spider CNS contains a large variety
of biochemically diverse neuron populations with many neu-
rons co-transmitting two or more neuroactive compounds.
These observations are not unique to C. salei, in fact there is
evidence, especially from serial section microscopy, in both
vertebrate and invertebrate model systems suggesting that
most, if not all, neurons express more than one transmitter
type (Church and Lloyd 1991; Trudeau 2004). Studies in
Drosophila melanogaster have revealed an astounding variety
of biochemically diverse neurons containing mixtures of two
or more (1) fast-acting small molecule transmitters, (2) small
molecule transmitters and neuropeptides and (3) neuroactive
peptides (Kolodziejczyk et al. 2008; Croset et al. 2017; Nässel
2018). There is an increasing body of literature on transmitter
co-expression. The functional implications of this phenome-
non are suggestive of an astoundingly rich and complex rep-
ertoire of mechanosensory perception in spiders, which likely
contributed to the evolutionary success of these arthropods. It
also highlights the importance of the systematic morphologi-
cal, biochemical and functional characterization of this excep-
tionally suitable model system to gain a better understanding
of signal transduction in mechanosensory organs.

Fig. 8 a, b FMRFa-LIR varicose neuronal processes projecting into the
leg nerves (arrowheads in a) and along leg muscle (arrowheads in b). c
Electron micrograph of a neuromuscular synapse (large arrow) contain-
ing electron lucent (arrowheads) and peripherally located electron dense
(arrow) vesicles. Inset in a: area in the spider central nervous
system shown in a. Inset in b: higher zoom of varicose projections shown
in the corresponding inset. Scale bars (a) 15 μm; (b) 18 μm; (c) 30 nm
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