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Abstract
Projections from peripheral receptors directly into the protocerebrum of insects have only been little studied. Retrograde 
staining of nerves from the antennae, maxillary palps and legs has revealed some fibres that project into the central areas 
of the protocerebrum. In the case of the antennae and palps, it was not known which receptors were responsible for these 
projections. In the legs of locusts, multipolar neurons (MN) with characteristic terminal dendritic masses (TDM) have 
been described to project into a neuropil called “superior ventral inferior protocerebrum” (SVIP). However, such neurons 
have only been found in the abdominal infrared organs of the Australian fire beetle Merimna atrata, where they function as 
thermoreceptors. In several orthopterans, fibres from the antennae and palps also project into the SVIP. The present work 
suggests that the multipolar neuron from the infrared organ of Merimna also projects into the protocerebrum, possibly into 
a ventral region functionally analogous to the SVIP. No MNs but single scolopidia were found in the tips of the antennae 
and palps of locusts, apparently responsible for projections into the SVIP, where they probably function as receptors for 
haemolymph pressure.

Keywords Neuroanatomy · Insect brain · Protocerebrum · Central projections · Multipolar neuron with terminal dendritic 
mass · Scolopidium

Introduction

The protocerebrum of the insect brain contains the highest 
association centres of the insect nervous system such as the 
mushroom bodies, the lateral horn and the central complex 
(Strausfeld 2012; Pfeiffer and Homberg 2014; Fahrbach 
2006; Gupta and Stopfer 2012). These structures are not 
present in all the other posterior ganglia. Sensory informa-
tion processed in the protocerebrum is generally supplied by 
interneurons or projection neurons and originates from all 
areas of the insect body. Thus, sensory information provided 
by ocelli, compound eyes, antennae, and a variety of chemo- 
and mechanoreceptors located on the mouthparts on the head 
but also on the thorax or abdomen are fed into the protocer-
ebrum via interneurons downstream of the primary receptor 

cells (Mizunami 1995; Haag and Borst 2004; Homberg et al. 
1989; Bräunig et al. 1981; Yamao et al. 2022). Consequently, 
interneurons receive inputs from several to very many recep-
tor neurons and perform a first form of information process-
ing such as integration, modulation, and filtering (Kanzaki 
et al. 1994; Hennig et al. 2004). Finally, in the protocer-
ebrum, multisensory integration is achieved (Kinoshita and 
Homberg 2017), because the information provided by the 
different classes of peripheral receptors is combined here.

However, in 8 publications known to the authors so far, 
direct projections into the protocerebrum were described, 
which obviously originate from receptor neurons located 
in the periphery. In 6 cases, these projections were uncov-
ered by anterograde staining of the antennal nerve, where 
sub-tracts or individual fibres projected into posterior- or 
ventro-medial regions of the protocerebrum. In particular, 
such projections were found in larvae of Manduca (Kent 
and Hildebrand 1987), in honeybees (Maronde 1991; Suzuki 
1975; Arnold et al. 1985), in various species of Orthop-
tera (Ignell et al. 2001), in mosquitoes (Ignell et al. 2005), 
in cockroaches (Watanabe et al. 2010) and finally also in 

 * Helmut Schmitz 
 h.schmitz@uni-bonn.de

1 Institute for Zoology, University of Bonn, Meckenheimer 
Allee 169, 53115 Bonn, Germany

http://crossmark.crossref.org/dialog/?doi=10.1007/s00435-023-00606-7&domain=pdf


342 Zoomorphology (2023) 142:341–356

1 3

crickets (Yoritsune and Anomura 2012). In another case, 
anterograde staining of the maxillary palpal nerve of vari-
ous orthopterans revealed similar protocerebral projections 
(Ignell et al. 2000). However, the associated neurons in the 
antenna and palps have not yet been identified. Therefore, 
the stimuli measured by these neurons are still unknown.

Finally, in 2013, Bräunig and Krumpholz showed in the 
migratory locust that such projections are also developed by 
receptor neurons located in the distal areas of the legs (tibia, 
tarsus) (Bräunig and Krumpholz 2013). In that work, the 
associated neurons were described as well. Neuroanatomical 
and morphological investigations showed that these neurons 
are multipolar and are equipped with a specialised dendritic 
areas—named terminal dendritic mass (TDM). A TDM is 
composed of many hundreds of densely packed dendrites 
of small diameter. The dendrites contain large amounts of 
mitochondria. Multipolar neurons with a TDM have been 
found so far only in the abdominal infrared (IR) organs of 
pyrophilous beetles of the genus Merimna (includes only the 
species M. atrata (Schmitz et al. 2000, 2001). The central 
projections of these neurons working as thermoreceptors in 
the IR organ of Merimna (Schmitz and Trenner 2003) are 
unknown.

Although no consistent picture has yet emerged with 
regard to the exact target sites (neuropiles) of the protocer-
ebral projections mentioned, it seems that, at least in Orthop-
tera, the projections from the antennae, maxillary palps and 
legs project into a region that has been termed “superficial 
ventral inferior protocerebrum” (SVIP). This neuropil is 
located near the tips of the medial lobes of the mushroom 
bodies and is characterised by an extreme ventral position 
(Ignell et al. 2000, 2001; Bräunig and Krumpholz 2013). In 
the following, we define the protocerebrum as the part of the 
upper cerebral ganglion immediately adjacent to the brain 
volume, which contains the antennal lobes (referred to as the 
deutocerebrum). Thus, we follow the terminology currently 
in use, based on morphological findings and frequently used 
in the established literature (Ito et al. 2014; Immonen et al. 
2017; Wolff and Strausfeld 2016). However, future develop-
mental genetic studies will have to show whether especially 
superficially located neuropils of the protocerebrum defined 
in this way may be of deutocerebral origin from their embry-
onic origin.

The present work, therefore, has two objectives: (i) iden-
tification and morphological characterisation of the receptor 
neurons (RN) in the antennae and palps of the locust project-
ing into the SVIP; (ii) elucidation of the central projections 
of the MN in the IR organ of Merimna. The results will be 
used to test the hypotheses that MN with TDM also occur 
in the palps and antennae and that all these neurons project 
exclusively into the SVIP of the protocerebrum. Most prob-
ably, the SVIP is a small part of the crepine that is wrapped 

around the medial lobes (Ito et al. 2014; Immonen et al. 
2017).

Material and methods

Laboratory animals

The Australian fire beetle Merimna atrata (Coleoptera, 
Buprestidae) and the migratory locust Locusta migratoria 
(Orthoptera, Acrididae) were studied.

Merimna atrata was captured in January 2019 in Western 
Australia after forest fires in eucalypt forests on fresh burned 
areas in the Perth Metropolitan Region (Collection licence 
number: FO25000232 of the Department of Biodiversity, 
Conservation and Attractions, WA). The beetles were kept in 
small containers and fed with raisins, almonds, and peanuts. 
The neuroanatomical experiments were made in a laboratory 
at the WA Wildlife Research Centre in Woodvale, WA.

Locusta migratoria was bought in a pet shop (Fressnapf) 
in Bonn. Until the experiments in the laboratory of the Insti-
tute of Zoology at the University of Bonn, the animals were 
kept in cages and fed with lettuce, carrots, and oatmeal.

The experiments comply with the Principles of Animal 
Care of the National Institutes of Health, the German Ani-
mal Welfare Act and the guidelines of the European Union 
(Directive 2010/63/EU).

Preparation of the nervous system

To visualise the central projections of the multipolar neurons 
in the infrared organ of Merimna atrata, all legs of the beetle 
were removed. Subsequently beetles were glued with their 
dorsal side to a wooden block using a non-toxic fast-curing 
2-component adhesive (Luxatemp from DMG, Hamburg, 
Germany). In order to keep the running distance of the dye 
towards the head as short as possible, only nerves running 
from the anterior pair of IR organs located on the second 
abdominal segment to the corresponding abdominal gan-
glion were filled. For this purpose, in the area of the 1st and 
2nd sternite, a medial window of approx. 2  mm2 was cut into 
the cuticle at a distance of about 2 mm from an IR organ. 
Air sacs and tracheae located in the dissection opening were 
removed until the nerve running to the IR organ became vis-
ible. Finally, the nerve was cut at distance of about 0.5 mm 
from the ganglion with a dissecting scissors.

In locusts, staining was done on antennal and maxillary 
palpal nerves in both retrograde and anterograde directions.

To visualise the central projections of the antennal and 
palpal receptors, antennae and maxillary palps were cut in 
distal areas. Subsequently the nerves were filled over the 
terminal openings of the stumps.
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In order to selectively fill only peripheral neurons, which 
run with their central projections into the protocerebrum, a 
suitable preparative procedure had to be developed. Instead 
of filling cut nerves with dye, specifically cut parts of the 
brain were brought into contact with the dye solution in a 
suitable capillary. Through this approach, only the cut axons 
of neurons projecting into the protocerebrum were in a dye-
exposed area. The antennal lobe remained intact. Conse-
quently, all units already terminating in the antennal lobe 
were not stained.

For this purpose, a window was frontally cut into the 
cuticle of the head between the eyes and antennae and the 
brain was completely exposed (Fig. 1). A metal rod with a 
flattened tip (width 1 mm) was placed under the ganglion 
with a micromanipulator. The following sections could now 
be made on this platform:

1. Retrograde staining of the antennal nerves (cf. Fig. 1A): 
division of the brain by a median cut close to the anten-

nal lobe. This created the area, in which the cut axons 
of the neurons projecting into the protocerebrum were 
located. Subsequently, a cut was made through the optic 
stalk, and another cut below the tritocerebrum. The brain 
remnant, therefore, remains connected only to the anten-
nal nerve.

2. Retrograde staining of the maxillary palp nerve (cf. 
Fig. 1B): the first two sections were made as described 
above. Then the antennal nerve was cut off and the brain 
remnant remained connected to the tritocerebrum and 
the associated connective.

Staining of the receptor neurons and their terminal 
branches by axonal filling

The ends of the cut nerves (also those in the stumps of the 
cut antennae and palps) as well as the surfaces of the cut 
brains containing axons of neurons projecting into the pro-
tocerebrum were placed in adapted capillaries with slightly 

Fig. 1  Cutting the brain to size for the anterograde filling of fibres 
projecting from the protocerebrum into antennae and maxillary palps. 
Brain (B, i. e. supraoesophageal ganglion) already exposed; frontal 
view. A For filling the respective neurones in the antenna, 3 cuts were 
made: 1: A median cut through the brain close to the antennal lobe 
(AL, black on the right). This cut produced the area finally exposed 
to the dye. 2: A cut through the thinnest part of the optic lobe. 3: A 

cut below the tritocerebrum. The residual piece of the brain remains 
connected only to the antennal nerve. The cut brain was sucked into 
the dye-filled pipette so that the area created by the first cut became 
in direct contact to the staining solution. B For filling neurons in the 
maxillary palps, the first two cuts 1 and 2 described in A were made 
correspondingly. Cut 4 was made through the antennal nerve. The cut 
brain was sucked into the pipette as described above
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larger diameters. In the case of the brain remnants, a small 
negative pressure was applied to the lumen of the capillary. 
The capillaries were filled with a 5% solution of Neurobio-
tin (in distilled water; Vector Laboratories). Subsequently, 
the animals with the neural tissue in the capillaries were 
transferred to humid chambers. The preparations of Mer-
imna atrata, which were filled in anterograde direction, 
were placed in the refrigerator at a temperature of 8 °C for 
5–7 days. Preparations of Locusta migratoria, which were 
also filled anterogradely, were first stored at room tem-
perature for one day and then placed in the refrigerator for 
another 2–4 days. Locusta preparations that were filled via 
the brain remnants into the periphery were first stored at 
room temperature for 1–3 days and then placed in the refrig-
erator for further 2–4 days. The vitality of the animals was 
checked daily, and Ringer solution was replenished if neces-
sary. Subsequently, the parts intended for further processing 
(antennae, maxillary palps and parts of the central nervous 
system) were removed and fixed in paraformaldehyde (PFA, 
4% in aqua dest.) for 1 to 2 h. If necessary, openings were cut 
in cuticle to allow a good access for the fixative.

After 5 washing steps (2 × 10 min., 3 × 15 min.) in 0.25% 
phosphate buffer (PBS), to which 0.1% TritonX was added 
(PBS-TX), incubation in Cy3™-conjugated streptavidin 
(1:1000 in PBS-TX, Vector Laboratories, Inc., Burlingame, 
CA, USA) took place overnight. After further 6 washing 
steps (3 × 15 min. in PBS-TX, 3 × 15 min. in PBS), the 
samples were dehydrated using an ascending alcohol series 
and made transparent by placing them in methyl salicylate 
(Sigma-Aldrich, Fluka Chemika, Buchs, Switzerland). 
Finally, the samples were embedded in DPX (Merck KGaA, 
Darmstadt, HE, Germany) on section slides with a central 
hollow.

Light and transmission electron microscopy

Freshly excised distal parts of antennae and palps were 
immediately transferred into iced glutaraldehyde fixative 
(3% glutaraldehyde in 0.05 mol  l−1 cacodylate buffer, pH 
7.1, 400 mosmol  l−1). Specimens were then fixed overnight, 
subsequently washed in buffer and postfixed with 1.5%  OsO4 
in the same buffer. Afterwards specimens were dehydrated 
through an ascending ethanol series and embedded in Epon 
812 using propylene oxide as a bridging solvent. Semithin 
and ultrathin sections were cut with a Reichert Ultracut 
Microtome using glass- or diamond knives. Semithin sec-
tions with a thickness of 0.5 µm were stained with a 0.05% 
toluidine-blue/borax solution and examined with a Zeiss 
Axioscope 5 light microscope. Photos were taken with a 
Jenoptik Gryphax Arktur. Ultrathin sections were stained 
with uranyl acetate and lead citrate and examined with a 
Zeiss Libra 120 TEM at 60 kV.

Fluorescence microscopy

All samples were first examined with an Axioscope 5 
(Zeiss, Oberkochen, Germany). Cy3™ fluorescence exci-
tation was performed with the green light LED (565 nm) 
of a Colibri 3 solid-state light source. Images were 
taken with an Axiocam 202 mono-digital camera (Zeiss, 
Oberkochen, Germany).

Selected samples were then further examined with a con-
focal laser scanning microscope (LSM 710, using a Zeiss 
AXIO Observer Z1 inverted microscope, Zeiss, Germany) 
equipped with a tenfold objective. Fluorescence excitation 
was performed with the green light line of the He/Ne laser 
at 543 nm. Scanning frequency was set to 400 Hz and reso-
lution in x –y direction was 512 to 512 pixel (pixel size 
2.5 µm). Resolution in z-direction was 2 µm. Image stacks of 
whole ganglia and brains (whole mounts) were acquired with 
the integrated camera using Zeiss ZEN software, version 3.4.

A two-dimensional representation of the images of a 
stack, showing all focal planes in one image, was produced 
with the image processing programme Fiji (ImageJ 1.52n). 
Three-dimensional reconstruction of the Neurobiotin-filled 
units was also done using ImageJ software. The reconstruc-
tions were then further processed with the ImageJ plugin 
“SNT Legacy 3D Viewer” and converted into a “surface” 
representation. Finally, 3D views were created with the 
Microsoft 3D Viewer.

The illustrations were created with Adobe Photoshop CC 
(v. 23.2).

Results

The apical scolopidium in the antenna of the locust

The neuroanatomy of antennal neurons that do not remain 
with their central projections in the antennal lobe but ramify 
in the protocerebrum were elucidated. For this purpose, the 
projections of individual fibres in the so-called “superficial 
ventral inferior protocerebrum” (SVIP) already shown by 
Bräunig and Krumpholz were confirmed (Fig. 2C).

Selective filling of these units in anterograde direction 
on the basis of specially cut brains showed that these fibres 
are the axons of scolopidia (Fig. 2A, B). Due to the long 
distance and the difficult to control condition that the fibres 
had to lie in the cut surface of the brain created by the first 
cut (cf. Fig. 1A), only 2 backfills were successful (in one 
adult locust and in one last instar larva). However, there were 
no differences between the two specimens. In each case, 
only one fibre runs into the terminal antennomere, where it 
continues into the soma of a scolopidium. From the soma, 
a long straight dendrite extends further distally (Fig. 2B).
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Combined semi/ultrathin section series showed that 
the soma lies within the nerve (Figs. 2A, 3A). The den-
drite inner segment (DIS) separates from the nerve as it 
continues (Figs. 3B, 4A). Therefore, the dendrite—sur-
rounded by the scolopale and attachment cell—runs freely 
through the haemocoel (Figs. 4B, 5A) and ends in a cap 
inside the attachment cell (3F, 5B). Distally, the attachment 

cell contacts basal areas of the hypodermis (Fig. 2A). The 
attachment cell is densely filled by microtubuli (Figs. 3E, 
4A, B, 5A, B). Six scolopale rods were already found in the 
apical region of the DIS. The rods are attached to the cell 
membrane of the DIS by desmosomes and fibres connecting 
the desmosomes to the cylindrical root filament inside the 
DIS provide additional rigidity (Fig. 3C). More distal in the 

Fig. 2  Apical scolopidium in the distal segment of the antenna 
of Locusta. In A and B: Tips of the antennae on the left. A Light 
micrograph showing soma (S), scolopale cell (SC) and attachment 
cell (AC) of the single scolopidium in the terminal segment of the 
antenna. The attachment cell is in contact to the basal region of the 
epidermis. The soma region inside the nerve is obviously connected 
to the terminal opening of the antennal vessel (AV, see arrowhead). 
N: nerve; Bar: 50 µm. B Soma (arrowhead) and dendritic region of 
the scolopidium filled with Neurobiotin from the terminal arborisa-

tion of its axon in the protocerebrum (indicated by arrow in C). Bar: 
50 µm. C Neurobiotin-filled fibres in the brain of Locusta. After fill-
ing the antennal nerves of both antennae, the antennal lobes (AL) 
became visible. From the left AL a fibre is projecting anteriorly into 
the protocerebrum ramifying in the superior ventral inferior protocer-
ebrum (SVIP, arrow). Although stained much weaker, the projections 
into the SVIP are also visible on the right. an: anterior, po: posterior; 
Bar: 200 µm
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region of the dendrite outer segment (DOS), the scolopale 
rods form an almost closed ring (Fig. 3D); at the level of 
the ciliary dilatation, individual rods become visible again 
(Fig. 3E). A striking feature is the nesting of the scolopale 
and attachment cells. At the level of the DIS, the attachment 
cell is already recognisable with a basal extension enclosed 
in a bulge of the scolopale cell (Fig. 4A). Further distal, the 
attachment cell surrounds the scolopale cell more and more 
and shows a strong increase in volume (Fig. 4B) until it 
finally completely surrounds the scolopale cell (Fig. 5A). In 
the area of the cap, the attachment cell has nearly completely 
displaced the scolopale cell (Fig. 5B).

Although no three-dimensional representation of the mor-
phological relationships within the distal antennomere was 
obtained, there is evidence that the soma region of the scolo-
pidium is in mechanical contact with the terminal opening of 
the antennal vessel (see arrowhead in Fig. 2A).

As a result, we found a single monodynal, mononematic 
scolopdium (Field and Matheson 1998).

The apical scolopidium in the maxillary palps 
of the locust

We also found neurones in the maxillary palps that have ter-
minal arborisations in the SVIP. These projections—already 
described by Bräunig and Krumpholz in 2013—were 
confirmed in the context of our work (Fig. 6C). Selective 

anterograde staining starting at the cut brain surface created 
by cut 1 (cf. Fig. 1B) revealed one to two somata in the distal 
areas of the palps (Fig. 6B).

Subsequent combined series of semi-thin/ultrathin sec-
tions revealed that at least the most distal neuron is a scolo-
pidium. Cross-sections through the apical regions of palpi 
of six animals always showed a scolopidium with a soma 
located in the nerve (Fig. 6A). As in the antennal scolo-
pidium, the DIS separates from the nerve to run freely in the 
haemocoel (Figs. 6A, 9A). Longitudinal and cross-sectional 
series yielded the result in all specimens (N = 6) that the 
attachment cell terminates freely in the haemocoel. In some 
cases, thin membranous structures could be detected in the 
terminal area of the attachment cell (Fig. 6A, arrowhead), 
but we were unable to identify a structure firmly attached to 
the attachment cell such as epidermis, other sensory cells, 
or tracheae. In the proximal area of the DIS the root fila-
ment has a star-shaped cross-section (Fig. 7A), which then 
becomes more and more roundish. Here, the basal parts of 
the scolopale rods appeared (Fig. 7B). When in the distal 
area of the DIS, the full number of six scolopale rods is vis-
ible, the root filament takes on a pentagonal to hexagonal 
shape. The reason for this obviously is that fibres arising 
from the desmosomes that connect the cell membrane to 
the scolopale rods are centrally attached to the root filament 
(Fig. 7C). In region of the basal body inside the DIS, the 
scolopale rods form an almost closed tube (Fig. 7D). This 
tube becomes completely closed in the region of the DOS 
(Fig. 7E). Here, the scolopale cell is already completely 
surrounded by the attachment cell. Further distally, a well-
developed ciliary dilatation appears, which in one specimen 
is supported by processes of the scolopale cell (Figs. 7F, 
8A). The attachment cell is surrounded by a relatively thick 
layer of vortex-shaped extracellular material, which in turn 
is partially enclosed by a glial cell (Fig. 8A). In the termi-
nal region of the DOS, 9 double tubuli can be seen. Here, 
also material of the cap becomes visible (Fig. 8B). A few 
micrometres more distally, the cap is fully developed and 
encloses the terminal end of the DOS (Fig. 8C). The layer 
of extracellular material around the attachment cell is still 
conspicuous. It continues to be partially enclosed by a glial 
cell. Following the cap, the attachment cell continues sur-
rounded by the vortex-shaped extracellular material for a 
distance of many micrometres (Fig. 8D) until it finally disap-
pears. Fine lamellar membranous remnants with contacts to 
the last detectable fragments of the attachment cell suggest 
that there may be a connection with the basal region of the 
sensory epithelium covering the apical cap of the palpus.

In this apical scolopidium also, a strong nesting of scolo-
pale and attachment cell was observed. Compared to the 
scolopidium located in the antennal tip, the attachment cell 
is relatively thickly sheathed with extracellular material 

Fig. 3  Ultrastructure of the scolopidium in the tip of the antenna. 
A Soma in the periphery of the antennal nerve encased by (dark) 
glia cells. Asterisk marks large nucleus. Bar: 2 µm. B Cross-section 
through dendritic inner segment (DIS) which has already separated 
from the nerve. Arrow points to root filament located in the middle of 
the DIS. A dark glial cell with a large nucleus (asterisk) surrounds the 
DIS as well as numerous axons of the antennal nerve. Some axons are 
marked by arrowheads. Bar: 1 µm. C Cross-section through DIS more 
distally; DIS surrounded by six scolopale rods. The root filament 
(asterisk) has adopted a cylindric shape. The rods are enclosed by the 
membrane of the scolopale cell. In the contact zone between the rods 
and the DIS desmosomes are located; two are marked by arrowheads. 
Fine fibres connect the desmosomes to the root filament. The large 
surrounding scolopale cell shows numerous vacuoles. Bar: 0.5 µm. D 
Cross-section through the DOS (arrow). Inside the DOS nine double 
tubuli are visible showing side arms. The scolopale rods have merged 
for the most part. Bar: 1 µm. E Cross-section through the ciliary dila-
tion (arrow) of the dendritic outer segment. The ciliary dilation shows 
three additional circular bodies in its centre. From the nine periph-
eral microtubule doublets, broad bilayered spokes project inward. The 
scolopale cell containing the scolopale rods is completely surrounded 
by the attachment cell. A dense arrangement of microtubuli inside the 
attachment cell causes its dark coloration. Bar: 1 µm. F Cross-section 
through the cap containing the tip of the DOS (arrowhead). The cap 
shows a typical fissured structure. The endings of the scolopale rods 
inside the terminal parts of the scolopale cell are also visible. The 
complex is fully surrounded by the attachment cell showing a large 
U-shaped nucleus. Bar: 1  µm. AC: attachment cell, CA: cap, DIS: 
dendritic inner segment, DOS: dendritic outer segment, GC: glial 
cell, SC: scolopale cell

◂
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arranged in a vortex, which in turn is enclosed by glial cells 
(Fig. 9B). In summary, it is also a monodynal, mononematic 
scolopdium.

Protocerebral projections of units in the nerve 
running to the IR organ in Merimna atrata

In the nerves connecting the first (anterior) pair of abdominal 

Fig. 4  Overall view of cross-sections through the scolopidium 
extending freely through the haemocoel, pt. I. A Section through dis-
tal part of the DIS framed by the scolopale rods (corresponding to 
section shown in Fig. 3C). At this level, the large vacuolated scolo-
pale cell displays a characteristic lacuna containing the basal exten-
sion of the attachment cell (arrow). In the lower right a small portion 
of the nerve accompanied by tracheae and encased by glial cells is 
still attached to the scolopidium. Bar: 3  µm. B Section through the 
DOS. The lateral lacuna has become much more extended containing 
the enlarged attachment cell. Bar: 2.5 µm. AC: attachment cell, DIS: 
dendritic inner segment, DOS: dendritic outer segment, GC: glial 
cell, SC: scolopale cell

Fig. 5  Overall view of cross-sections through the scolopidium 
extending freely through the haemocoel, pt. II. A Section through cil-
iary dilation of the DOS (corresponding to section shown in Fig. 3E). 
The attachment cell now completely surrounds the scolopale cell. 
However, last remains of the scolopale cell can still be seen outside 
this inclusion (asterisk). Bar: 2 µm. B Section through the cap region 
(corresponding to section shown in Fig.  3F). The large attachment 
cell encloses the distal part of the scolopale cell and the cap with 
the DOS in its centre. Note the large nucleus of the attachment cell 
(asterisk). Bar: 3 µm. AC: attachment cell, CA: cap, DOS: dendritic 
outer segment, GC: glial cell, SC: scolopale cell
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IR oranges with the 2nd abdominal ganglion, a few units 
were found that project into the brain (SOG, Fig. 10). Due 
to the limited number of beetles that all had to be captured in 
the field and the long distances the Neurobiotin had to travel, 
only three preparations resulted that showed projections of 
individual fibres into the SOG. In two specimens, a single 
fibre is visible in the ipsilateral pharyngeal connective. 

However, it ends immediately after entering the tritocer-
ebrum. Since no branching is visible, it can be assumed that 
the transport of dye had stopped at this position.

In another specimen, a fibre could be traced into the infe-
rior neuropils of the brain (Ito et al. 2014) (Fig. 10A–D). 
Related to body axis orientation, the terminal arborisations 
obviously take place in a neuropil region located anterior 

Fig. 6  Apical scolopidium in the distal segment of the maxillary 
palp of Locusta. In A and B tips of the antennae on the left. A Light 
micrograph showing soma (S), scolopale cell (SC) and attachment 
cell (AC) of the single scolopidium in the terminal segment of the 
maxillary palp. The soma is located inside the nerve (N). Arrowhead 
indicates position where the attachment cell obviously ends. Bar: 
50 µm. B Two somata (arrowheads) in the outermost tip of the palpus 
(left). Units were filled with Neurobiotin from their terminal arborisa-

tions in the protocerebrum (indicated by arrow in C). Bar: 100 µm. 
C Neurobiotin-filled fibres in the brain of Locusta. After filling the 
nerves of both maxillary palps, neuropil areas of palpal afferents 
below the antennal lobes in the deutocerebrum became well visible. 
From both neuropils fibres project anteriorly into the protocerebrum 
ramifying in the superior ventral inferior protocerebrum (SVIP, 
marked by arrow on the left). Bar: 200 µm. an: anterior, po: posterior, 
pr: proximal, di: distal
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to the central body of the mushroom body (Fig. 10C, D). If 
it should turn out that it is also anterior to the medial lobe, 
arborisations may be within the crepine as well. Similar to 
the arborisations shown in the brain of Locusta in the SVIP, 
a fibre collateral also runs from this branching region further 
anteriorly (arrowheads in Figs. 10C, D).

Discussion

Projections of primary afferents 
into the protocerebrum

As mentioned in the introduction, direct projections of 
sensory neurons into the protocerebrum have not been 
well described. In most cases, these are incidental findings 
that have arisen in the course of investigations into other 
questions. As a result, there is no consistent picture with 
regard to the number of fibres (one to several dozen, i.e. 
fibre tracts), projection areas (neuropils) and, in particular, 
the modality of the associated sensory cells. Since almost 
exclusively retrograde staining of antennal nerves into the 
CNS has been performed, no information about the somata 
located in the periphery has been obtained, with one excep-
tion (multipolar neurons with a presumed thermosensitive 
function in the legs of Locusta, see below).

In bees, crickets and cockroaches, tracts have been 
described that branch from the antennal nerves and then run 
in the median regions of the PC. In the bee, tracts extend into 
the median but also into the lateral posterior PC. In these 

regions, the fibres appear to overlap with fibres from visual 
projection neurons that also branch there (Maronde 1991). In 
crickets and cockroaches, fibre tracts run from the antennal 
nerve into medioventral regions of the PC (Watanabe et al. 
2010; Yoritsune and Aonuma 2012).

One to very few (2–3) fibres of the antennal nerve have 
been found in Manduca caterpillars and mosquitos, which 
also run into medioventral regions of the PC. In Manduca 
caterpillars, 1–2 fibres initially extend into the median PC, 
run dorsally and eventually branch out into uncharacterised 
regions of the brain (Kent and Hildebrand 1987). In mosqui-
toes, a few ventrally arranged fibres enter both the superior 
and inferior median PC (Ignell et al. 2005).

Finally, in several Orthoptera species, retrograde stain-
ing of the nerves of the antennae, maxillary palps and legs 
identified a few fibres each that all enter a ventral neuropil 
of the PC. Because of its ventral location, this neuropil was 
named the “superficial ventral inferior protocerebral” neuro-
pil (SVIP) (Ignell et al. 2000, 2001; Bräunig and Krumpholz 
2013). It lies in close proximity to the tips of the ß-lobes of 
the mushroom bodies. However, some fibres extend beyond 
the SVIP further anteriorly into as yet undefined protocer-
ebral regions. These fibres are particularly prominent when 
the antennal nerve is stained. In the case of the leg nerves, 
anterograde staining and subsequent histological and ultra-
structural studies revealed that a few multipolar neurons 
located in the legs, which have a so-called “terminal dendrite 
mass” (TDM), are responsible for the projections into the 
SVIP. A TDM is characterised by the striking feature that 
the dendrites branch out strongly and lose a lot of diameter 
at the same time. As the dendrites stay together, a compact, 
tangle-like dendritic mass is formed, characterised by large 
amounts of mitochondria inside the dendrites. One of these 
neurons was found in the proximal tibia and two in the tarsi. 
The somata are located in the nerves or directly in the area 
of nerve branches (Bräunig and Krumpholz 2013). Before 
their discovery in the legs, MNs with a TDM had only been 
described in the abdominal infrared organs of the Australian 
‘fire beetle’ Merimna atrata. Here, one MN innervates each 
IR organ and functions as a thermoreceptor (Schmitz et al. 
2000, 2001; Schmitz and Trenner 2003).

Protocerebral projections from the IR organs 
of Merimna atrata

The hypothesis described in the Introduction that the MN 
with a TDM innervating the IR organs of Merimna also 
projects into the protocerebrum could be confirmed with 
high probability by the results of this work. However, a 
neuropil region morphologically identical and, therefore, 
possibly homologous to the SVIP neuropil in the locust 
brain could not be shown by our neuroanatomical staining. 
Due to the different structure of the orthopteran and beetle 

Fig. 7  Ultrastructure of the most distal scolopidium in the tip of the 
maxillary palp. A Cross-section through dendritic inner segment 
(DIS) of the scolopidium. Asterisk marks star-shaped root filament 
located in the middle of DIS. The DIS is enclosed by dark glial cells. 
Bar: 0.5 µm. B Cross-section through DIS at a more distal position: 
The root filament (asterisk) has adopted a cylindric shape. The sur-
rounding scolopale cell shows numerous vacuoles. The basal part of a 
first scolopale rod can be seen on both sides of the duplication of the 
cell membrane (mesaxon) of the scolopale cell (arrow). Bar: 1 µm. C 
Section showing the tight connections between the DIS (asterisk) and 
the scolopale rods. In the contact zone between the rods and the DIS 
desmosomes are located; two are marked by arrowheads. Fine fibres 
connect the desmosomes to the root filament inside the DIS. Bar: 
0.5  µm. D Cross-section through the lower basal body in the distal 
part of the DIS. The ciliary root has divided into 9 bundles passing 
around the periphery of the basal body. On this level, the scolopale 
rods are close together. Bar: 0.5  µm. E Cross-section through the 
DOS. Inside the DOS nine microtubule doublets are situated. Each 
doublet shows an electron-dense A-tubule with a pair of side arms 
and a hollow B-tubule. The scolopale rods have merged forming a 
ring of filaments. Bar: 0.25 µm. F Cross-section through the ciliary 
dilation of the dendritic outer segment. The ciliary dilation shows 
three additional circular bodies in its centre. From the nine peripheral 
microtubule doublets, broad bilayered spokes project inward. Bar: 
0.25  µm. AC: attachment cell, DIS: dendritic inner segment, DOS: 
dendritic outer segment, GC: glial cell, SC: scolopale cell

◂
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brains, it is possible that a SVIP neuropil does not exist in 
beetles. On the other hand, the fibre shown in Fig. 10 has 
a similar median course like the fibres that branch out in 
the orthopteran SVIP. Although the presumed areas where 

synaptic contacts with interneurons are formed are not as 
clearly concentrated and are not located as far ventral as in 
the orthopteran SVIP, parts of the fibres also extend further 
anteriorly in the Merimna protocerebrum (arrowhead in 

Fig. 8  Ultrastructure of the scolopidium in the tip of the maxillary 
palp. A Another cross-section through a DOS in the area of the cili-
ary dilation. In this scolopidium, the scolopale cell builds a proto-
plasmatic bridge supporting the ciliary dilation. The scolopale cell is 
enveloped by the attachment cell. Both cells are enwrapped by vor-
tex arranged extracellular material. A glial cell partly surrounds this 
complex. Bar: 1 µm. B Cross-section through the DOS distal to the 
ciliary dilation. The electron-dense A-tubuli have lost their side arms. 
Asterisk marks electron-dense material from the emerging cap. Bar: 

0.5 µm. C Section through the cap region. The dark attachment cell 
encloses the distal part of the scolopale cell and the cap with the DOS 
in its centre (arrowhead). Last distal remains of the scolopale rods 
are still visible. Bar: 1  µm. D Cross-section through the attachment 
cell distal from the cap. Note pronounced network of vortex arranged 
extracellular material around AC. Bar: 0.5 µm. AC: attachment cell, 
CA: cap, DIS: dendritic inner segment, DOS: dendritic outer seg-
ment, GC: glial cell, SC: scolopale cell
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Fig. 10C). It can, therefore, be postulated that the protocer-
ebral region stained here may be functionally analogous to 
the SVIP of orthopterans because they may make contacts 
with spatially similarly situated interneurons. Further neu-
roanatomical studies of the antennal and maxillary palpal 
nerves will have to show whether there are also neurons in 
the antennal and maxillary palps of Merimna that ramify in 
the protocerebrum in a similar way as the fibres of the nerve 
that run to the IR organ.

Until the MN is filled intracellularly with dye, it cannot be 
excluded that afferents of other receptors are responsible for 
the projections found in the protocerebrum. The nerve into 
which the MN axon enters continues laterally beyond the IR 
organ. Various mechanoreceptors are known to be located 
in this area: exteroreceptors such as cuticular hair mecha-
noreceptors (sensilla trichodea) and interoreceptors such as 
chordotonal organs and multipolar stretch receptors. A small 
chordotonal organ (CO) of unknown function consisting of 
2 scolopidia is also located immediately adjacent to the MN 
innervating the IR organ. However, protocerebral projections 
of these mechanoreceptors have not been described. The 
most anterior projections of abdominal mechanoreceptors 
known so far originate from COs housed in the abdominal 
tymbal organs of stinkbugs projecting to the AMMC of the 
deutocerebrum (Nishino et al. 2016).

It is, therefore, postulated that the protocerebral projec-
tions of the fibres shown here, which lie in the nerve running 
to the IR organ, originate from the thermoreceptive MN in 
the IR organ. Like in the SVIP of the locust brain, the con-
nections of the axonal terminals in the protocerebrum to 
secondary interneurons have to be elucidated. The focus of 
interest is primarily on connections to the visual systems.

Protocerebral projections of single scolopidia 
in antennae and palps

Since retrograde staining of the antennal and maxillary pal-
pal nerves of the Orthoptera species studied revealed pro-
jections of some fibres into the SVIP (Ignell et al. 2000, 
2001; Bräunig and Krumpholz 2013), and later on Bräunig 
and Krumpholz were able to show that MN with TDM in 
the legs of Locusta also project into the SVIP, the authors 
hypothesised that MN with TDM must also be present in the 
antennal and maxillary palps of Orthoptera. Therefore, an 
important aim of the present study was to demonstrate these 
MN by anterograde staining and morphological examination 
in the two head appendages.

Surprisingly, only single scolopidia was found in the apical 
region of the antennae and maxillary palps, obviously project-
ing with their axons into the SVIP. As scolopidia are generally 
present on all parts of the insect body (Field and Matheson 

Fig. 9  Overall view of cross-sections through the apical scolopidium 
in the maxillary palp. A Cross-section in which the scolopidium con-
sists mainly of the large scolopale cell. The highly vacuolated scolo-
pale cell encloses the DIS. At this basal position, the scolopale rods 
are still absent and the ciliary root (asterisk) exhibits a stellate shape. 
The scolopale cell is surrounded by a thin layer of glial cells. Bar: 
3 µm. B Cross-section through DOS (arrow) proximal from the cili-
ary dilation. The scolopale cell is enclosed by the attachment cell. 
The scolopale rods form a tube. The complex of the two nested cells 
is surrounded by vortex-shaped extracellular material in turn partly 
enclosed by glial cells. Bar: 5 µm. AC: attachment cell, DIS: dendritic 
inner segment, DOS: dendritic outer segment, GC: glial cell, SC: 
scolopale cell
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1998; Moulins 1976), scolopidia have already been described 
also in the tips of the antennae and palps. A single scolopidium 
has been found in the terminal segment of the antenna of the 
last instar larva of Tenebrio molitor. As in the locust antenna, 
the attachment cell is connected to the basal membrane of the 
hypodermis (Bloom et al. 1981). In the labial palps of pupae 
of several butterfly species, 3 scolopidia each have been found 
in very distal positions (Lee and Altner 1986; Lee et al. 1988). 
However, in all cases, the somata were not located in a nerve. 
In contrast, the somata of the scolopidia found in our study in 
the locust antenna were located in the nerves. Since the somata 
in the antennae are located in the distal antennomere and in the 
apical 3rd segment of the palps, a function as a stretch receptor 
measuring distance changes between 2 articulated sclerotised 
segments can be excluded. In the antenna, the region of the 
soma is obviously connected to the terminal opening the anten-
nal vessel; in the palps, the attachment cell is most probably 
connected to the basal area of the hypodermis, in which the 
sensory and enveloping cells of the sensilla are embedded. 

These external sensilla are located in large numbers on the 
membranous dome-shaped apex of the palpus. This region 
of soft cuticle can be inflated and deflated by haemolymph 
pressure. Therefore, we speculate that the scolopidium may 
measure the position of the membranous apical region of the 
palp. In the case of the antenna, the rhythmic activity of the 
basal antennal heart (Pass 1980) alters the diameter of the 
apical orifice of the antennal vessel. These events could be 
measured by the scolopidium, which in this case would be 
involved in measuring haemolymph pressure and thus may 
be involved in circulation regulation. The authors of the three 
former studies mentioned above also speculated that the func-
tion of the scolopidia, termed “apical sensory organs” (ASO), 
might be to sense changes in cuticular tension and thus meas-
ure the hydraulic pressure of the haemolymph. A comprehen-
sive description of how blood pressure is coupled with cuticle 
deformation in the insect antenna has been published recently 
(Donley et al. 2022). However, nothing seems to be known 

Fig. 10  Protocerebral projection of units in the nerve innervating the 
IR receptors in Merimna atrata. A Ramification of a single axon in 
the protocerebrum. The axon is located in the nerve running from 
the IR organ to the associated abdominal ganglion. Bar: 150 µm. B 
Schematic drawing of the protocerebral projection showing the anten-
nal lobes and the upper and lower central bodies as lead structures. 
Bar: 150 µm. C Dorsal view of the ramification area at higher mag-
nification. Upper and lower central bodies are visible as well as the 

noduli (arrows). One collateral runs further anteriorly (arrowhead). 
Bar: 100 µm. D Confocal image of a lateral view of the brain of Mer-
imna showing the ramification area of the axon located ventral from 
the central bodies. Position of the central body marked with dashed 
lines. Arrowhead points to one collateral running further anteriorly. 
Bar: 100 µm. AL: antennal lobe, CB: central body, CBU, CBL: upper 
and lower central body, CC: circumesophageal connective, an: ante-
rior, po: posterior, pr: proximal, di: distal, la: lateral, ce: central
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about internal mechanosensors involved in blood pressure 
regulation.

Concluding remarks

The hypothesis of Bräunig and Krumpholz that MNs with 
TDM with projections into the SVIP may be present in all 
body appendages—at least in Orthoptera—could not be 
confirmed by the present work. The fact that scolopidia 
were found in the distal areas of the antennae and maxillary 
palps, which are obviously responsible for these projections, 
makes the issue of protocerebral projections from peripheral 
receptors even more confusing. However, assuming that a 
thermoreceptive function of the MNs in the legs can be dem-
onstrated, additional thermoreceptors in the antenna would 
make comparatively little sense, since the insect antenna 
is equipped with well-studied thermoreceptors (Altner and 
Loftus 1985).

In the future, it would, therefore, be necessary to investi-
gate which types of interneurons have synaptic contacts with 
the receptors that branch out in the SVIP and to which other 
brain areas these interneurons in turn pass on information. 
Physiological characterisation of these interneurons would 
require intracellular recordings and staining.
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