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Summary
This thesis is part of an extended research, aimed to unravel how complex behavioral
patterns are regulated by the insect brain. Reproduction related sound production of
grasshoppers (stridulation) that can be manipulated by injections of neurotransmitters into
the central complex (CX) is chosen as a model system for this research. The central complex
is, as its name implies, located in the center of the insect brain and is involved in the
integration of sensory input and subsequent activation of motor patterns. Several studies
implicate the central complex as the ‘decision center’ for stridulatory behavior in
grasshoppers. On the molecular level, a number of neurotransmitters play a role in the
regulation of stridulation within the central complex. In unfavorable situations, stridulation is,
in fact, suppressed by the tonic release of nitric oxide (NO) in the upper unit of the CX (CBU),
which leads to the release of GABA by tangential neurons in the lower unit of the CX (CBL).
In favorable situations, stridulation is stimulated by achetylcholine (ACh) release into the
CBL, mediating excitation of columnar neurons that project into the lateral accessory lobes
(LAL). A recent study implies that the neuropeptide proctolin is also involved in the regulation
of stridulation. Proctolin is a neuropeptide that occurs in various invertebrates and although it
is widely distributed in the central nervous system of insects, the actual functional role of the
neuropeptide, besides acting as a modulator on peripheral muscles, still remains unclear.
The aim of this thesis was to further describe the role of proctolin in the regulation of acoustic
communication in the grasshopper Chorthippus biguttulus. Therefore, stridulation was
stimulated by injections of synthetic proctolin into the protocerebrum of male grasshoppers
and, simultaneously, it was tried to locate and label the neurons that were affected by the
proctolin stimulus. Secondly, immunocytochemistry against proctolin was used to map the
distribution of proctolin in the brain of Ch. biguttulus males.
The experiments confirmed that proctolin induces stridulation when injected into the CBU of
restrained but intact grasshoppers, although only weak activation of sound production was
achieved. Therefore the peptide may merely function as a modulator within the cephalic
control circuits for stridulatory behavior by enhancing the effects of other neurotransmitters.
This hypothesis is in agreement with previous studies that depict proctolin as a
neuromodulator of neuromuscular junctions in insects. However, the 'inability' of proctolin to
induce the full stridulatory behavior, might also result from the rapid desensitization of
proctolin receptors or poor physiological conditions of the partly dissected animal.
Columnar neurons of the central complex are expected to be involved in the detection of
proctolin in favorable situations for stridulation. In labeling experiments, only the upper parts
(from CBU to pars intercerebralis) of the columnar neurons were stained. It is, however,
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expected that the stained neurons also connect to the lower unit of the central complex since
previous studies on the distribution of the proctolin receptor in the central complex of Ch.
biguttulus, indicated that proctolin receptors are present in columnar neurons that connect
the PB with the CBU and CBL.
The immunocytochemical studies indicated that both the LAL and individual clusters of
neurons in the brain are responsible for the release of proctolin into the CBL.
Immunoreactivity was also observed in accumulations of synaptic vesicles in the CBU, but
the source of these synapses remains unclear. Finally, prominent staining was observed in
neurosecretory cells of the brain, indicating a neurohormonal role for proctolin.
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1. Introduction
1.1 PROCTOLIN
Proctolin is a neuropeptide that occurs in both vertebrates and invertebrates. Proctolin was
first isolated from cockroach hindgut tissue and characterized as a pentapeptide (Fig. 1)
(Brown, 1975). Since then, the same structure has
been isolated from a wide range of insects and
crustaceans (Bishop and Oshea, 1982; Breidbach
and Dircksen, 1989; Keshishian and Oshea, 1985;
Nässel and Oshea, 1987; reviewed by Orchard et
al., 1989; Siwicki and Bishop, 1986; Veenstra et al.,
1985). While the function and distribution of
proctolin in mammals still remains rather unclear,

Fig. 1 The structure of proctolin (Konopinska,

the biological activity of proctolin in insects and 1999)

crustaceans is far better understood. It is, for example, regarded as the main neuromuscular
transmitter in the gut and oviducts of most insect species since it causes dose-dependent
contractions of dissected and isolated gut and oviduct tissue of several insect species, such
as the cockroach Periplaneta americana (Brown, 1975), the locust Locusta migratoria (Lange
et al., 1986), and the cockroach Leucophaea maderae (Holman and Cook, 1985). Next to
this originally suggested role as visceral neuromuscular transmitter, proctolin induces
contractions of skeletal muscles, such as the extensor tibiae in locusts (O'Shea, 1986) and
the coxal depressor in cockroaches (Washio et al., 1990), and is expected to function as a
neurohormone in L. migratoria (reviewed by Lange, 2002). Finally, proctolin was localized by
immunocytochemistry in the central nervous system of several insect species and is
therefore expected to exert a widespread role in the regulation of sensory-, motor- and
interneurons (reviewed by Lange, 2002 and Nassel, 2002) which is of special interest for the
present study.
1.2 NEUROPEPTIDES IN THE INSECT NERVOUS SYSTEM
The insect central nervous system (CNS) consists of the brain, the suboesophagael ganglion
(SOG), three thoracic ganglia and several abdominal ganglia (for an overview of the
grasshopper CNS, see Fig. 2A). The brain and ventral ganglia consist of two main parts: the
pheripheral cortex, where the somata of neurons are located and the neuropiles in the
center, where the fibers of neurons make synaptic contacts (fig. 2B and C).
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Fig. 2 Schematic overview of the insect central nervous system. The grasshopper CNS (A) is composed of the
brain, SOG, three thoracic ganglia (third thoracic ganglion fused with three abdominal neuromeres) and five free
abdominal ganglia. Apart from the SOG, the grasshopper brain (B) is also connected to the CC via the NCCi I and
II and to the HCG via the FG and NCG (from Konings et al., 1989). A frontal section (C) through the brain of the
cockroach L. maderae reveals the main structures and neuropils of the insect brain (kindly provided by Dr. T.
Reischig). (A aorta; AL antennal lobe; CA corpus allatum; CB central body; CCG glandular lobes of the CC; CCS
storage lobe of the CC; FG frontal ganglion; HCG hypocerebral ganglion; MB mushroom body; NCA I nervus
corporis allatum I; NCC I nervus corporis cardiaci I; NCC II nervus corporis cardiaci II; NSC I nervus
cardiostomatogasticus I; NSCII nervus cardiostomatogastricus II; ON oesophageal nerves; PB protocerebral
bridge; PI pars intercerebralis; RN recurrent nerve; SOG suboesophageal ganglion )

Neuropeptides, such as proctolin, exert various functions in the insect nervous system.
Release of neuropeptides can occur either at typical synaptic sites, where they act at a short
distance on particular postsynaptic neurons, or at non-synaptic sites, where they act at a
longer distance and can reach a more diffuse set of cells and tissues (Nässel, 2002). At
synaptic sites, neuropeptides can function both as neurotransmitter, by acting directly onto
ligand-gated ion channels and as a neuromodulator, by influencing cellular excitability
through metabotropic receptors and intracellular signaling pathways. Neuromodulators serve
to enhance, prolong, decrease, or shorten the effects of a co-released neurotransmitter.
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Proctolin action has primarily been studied in organs outside the central nervous system. In
these studies proctolin has primarily been described as a neuromodulator, rather than a
neurotransmitter (Cook and Holman, 1979; O'Shea, 1985; Piek and Mantel, 1977). Secondly,
there is evidence that proctolin is also released into the haemolymph as a neurohormone in
several insect species (Homberg et al., 1991; Lange, 2002; Nässel and Oshea, 1987).
1.3 DISTRIBUTION OF PROCTOLIN IN THE INSECT CNS
The distribution of proctolin has been mapped in several insect species, where it appeared to
be widely distributed throughout the central nervous system (see Fig. 3). The results of these
studies that are relevant for the present study will now be summarized for three different
insect species. At first, proctolin-like immunoreactivity (PLI) was observed in cell bodies in all
ganglia of the CNS of the cockroach P. americana. Most of the immunoreactive cell bodies
were found in the terminal ganglion, whereas relatively few immunoreactive cell bodies were
detected in the brain. Most of the reactive
cell bodies in the brain were located in
clusters in the tritocerebrum and processes
from these cells were innervated the
circum-oesophageal connectives and the
SOG (Bishop and Oshea, 1982). The CNS
of the blowfly Calliphora erythrocephala,
contains

significantly

more

proctolin-

immunoreactive neurons. In this species,
immunoreactive neurons were found to
innervate different parts of the brain, such
as

the

central

protocerebrum

body
and

complex
the

in

the

tritocerebrum.

Fig. 3 Drawing of proctolin-like immunoreactivity in the
brain of L. migratoria showing the lateral neurosecretory
cells (LNC) that send processes through the nervi
corporis cardiaci II (NCC II) to the corpora cardiaca.
Immunoreactive processes are also shown in the
labrofrontal nerve (LFN) and the circumesophageal
connective (CEC). (from Clark et al., 2006)

Furthermore, the mapped neurons included both interneurons and neurosecretory cells, and
possibly also motorneurons (Nässel and Oshea, 1987). Thirdly, PLI was observed in cells
and processes of the brain and all ganglia of the locust L. migratoria. Prominently stained
fibers in the brain belonged to lateral neurosecretory cells that send their axons through the
paired nervi corporis cardiaci to the corpus cardiacum (CC). Furthermore, PLI was observed
in fibers that connect the CC with the paired corpora allata (Clark et al., 2006). To conclude,
the occurrence of proctolin in the various types of neurons of the CNS suggests that proctolin
functions as a neurotransmitter or neuromodulator and as a neurohormone (Konopinska,
1999; Lange, 2002; Nässel, 1993).
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1.4 MECHANISM OF ACTION OF PROCTOLIN
The mechanism of action of proctolin has mainly been studied in visceral and skeletal muscle
cells of insects. The majority of these studies, in which isolated muscle tissue was either
directly stimulated by proctolin application or indirectly stimulated by electrical activation of
peripheral nerves that contained axons of proctolin-immunoreactive motorneurons, report
consistent results. Proctolin was found to stimulate foregut contraction in the locust S.
gregaria via the activation of an inositol phospholipid pathway, resulting in elevated
intracellular levels of IP3, and IP4 (Hinton and Osborne, 1995; Hinton and Osborne, 1996).
Similar results were obtained in a study on mandibular muscle contraction of L. migratoria
(Baines et al., 1990). Furthermore, it was observed that proctolin-induced gut contraction can
be reduced by co-injections of both
the non-specific Ca2+ channel blocker
Co2+

and

the

inositol

1,4,5-

triphosphate (IP3) receptor blocker
decavanadate (Hinton et al., 1998).
Additionally, Wilcox and Lange (1995)
reported

that

contraction

of

requires

proctolin-induced
the

extracellular

locust

oviduct

Ca2+

influx,

which was confirmed by a study of
Wegener and Nässel (2000) on the
hyperneural muscle of the cockroach
P. americana. Finally, Phillip et al.
(2006) revealed in a study on muscle
contraction in the crustacean isopod
Idotea

emarginata

that

proctolin

activity can be mimicked by coFig. 4 Activation of a visceral muscle cell with proctolin leads to an

injections of protein kinase C (PKC) activation of the phospholipase C second messenger pathway,
2+

activators

and

inhibited

by

which leads eventually to the release of intracellular Ca

ions and

PKC the contraction of the muscle cell. (Gq11?, postulated G-protein link
inhibitors. They also revealed that the between receptor and PLC; PLC, phospholipase C; PIP2,

phosphatidylinositol bisphosphate; DAG, diacylglycerol; IP3, inositol

innervation cannot be inhibited by a 1,4,5-trisphosphate; PKC, protein kinase C; RyR, ryanodine

receptor; IP3R, inositol 1,4,5-trisphosphate receptor) (adapted from

protein kinase A inhibitor and that Hinton et al., 1998)
proctolin does not change the intracellular concentration of 3,5-cyclic adenosine
monophosphate (cAMP) whereas it significantly reduces the intracellular concentration of
3,5-cyclic guanosine monophosphate (cGMP). Altogether these results suggest that proctolin
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mediates its stimulating effect in muscle cells via the activation of the phospholipase C
second messenger pathway (Fig. 4).
Although the function of proctolin in insects has been intensively studied, many aspects of its
mechanism and role still remain unclear. First of all, two contradicting opinions exist about
the nature of the proctolin receptor. In the locust Schistocerca gregaria at least two different
subtypes of proctolin receptors have been identified (Baines et al., 1996), while only one
proctolin receptor has been identified in the fruit fly Drosophila melanogaster (Egerod et al.,
2003; Johnson et al., 2003). Second, whereas numerous studies have focused on the
mechanism of action of proctolin in muscle cells, similar research about its effects on nerve
cells is very limited. The only known functional role of proctolin in the insect CNS is its role in
the control of reproduction related sound production by stridulation in the grasshopper
Chorthippus biguttulus and other closely related species. The stimulating effect of proctolin
on stridulation could be inhibited by neomycin and Li+ and prolonged by phorbolester, and it
was therefore hypothesized that proctolin may also mediate its effects on nerve cells via
activation of the phospholipase C pathway (Vezenkov, 2004). Research on the regulation of
stridulation in grasshoppers, which will be elaborated with more detail below, has turned out
to be a unique tool to study the connection between a complex behavioral pattern and the
neurochemical basis of its control by decision making circuits in the brain.
1.5 GRASSHOPPER ACOUSTIC COMMUNICATION
Reproduction-related acoustic communication of grasshoppers and its regulation by the CNS
has been a subject of study for many years. Stridulation is
generated by complex movements of the hind legs against the
wings, is species-specific and plays an important role in partner
finding, mating and rivalry (Elsner, 1974). The movements of the
hind legs and wings during stridulation are generated by central
pattern generators and motor neurons in the third thoracic ganglia
that are activated by the brain via descending command neurons,
which originate in the protocerebrum and arborize dorsal to the
posterior part of the central body (Hedwig and Heinrich, 1997) (also
see Fig. 5). The central body complex in the protocerebrum of the
grasshopper brain regulates when and which command neuron is Fig. 5 Structure of a

stridulatory command

activated to produce a particular sound pattern from the repertoire neuron of Omocestus
of the species (Heinrich et al., 2001a; Wenzel et al., 2005).
Under natural conditions, stridulation can be triggered by acoustic
cues that are produced by other grasshoppers of the same species.

viridulus within the brain and
suboesophageal ganglion
(SOG). PC, protocerebrum;
DC, deutocerebrum; TC,
tritocerebrum.(from Hedwig
and Heinrich, 1997)
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Under laboratory conditions, stridulation can also be stimulated and inhibited by injecting
neuro-active substances into the protocerebrum of restrained but intact grasshoppers (see
Fig. 6 for a recording of a pharmacologically induced song). Pharmacologically induced
stridulation is indistinguishable from naturally induced stridulation concerning the accuracy of
movement patterns and the temporal composition of songs and includes complex behavioral
sequences, such as hind leg shaking and precopulatory movements, which are arranged in a
sequence typical of natural courtship behavior (Heinrich et al., 1997). Therefore, it allows us
to link the effects of different neuro-active substances, or combinations of these substances,
on different parts of the grasshopper brain to the natural behavior of the animal.

Fig. 6 Recording of the hind leg movements of a Ch. biguttulus male that is stimulated by injection of muscarine
into the central complex. Stimulation with muscarine elicits long stridulatory activity composed of several
individual song sequences and resembles the naturally induced stridulation pattern of the species. (lHL left hind
leg; rHL right hind leg) (from Hoffmann et al., 2007)

1.6 REGULATION OF STRIDULATION BY THE CENTRAL COMPLEX
The central complex (CX) is located in the center of the insect brain and consists of a group
of interconnected neuropils: the protocerebral bridge (PB), the upper and lower division of
the central body (CBU and CBL) and the paired nodule (fig. 7A). The lateral accessory lobes
(LAL) that are located posterior to the CX form the major in- and output neuropils of the CX.
Tangential and columnar neurons form the connections between the different parts of the CX

Fig. 7 Frontal sections through the CX and LAL of the locust S. gregaria, showing (A) an overview of the different
elements of the CX and LAL (from Müller et al., 1997), the (B) tangential neurons that connect the LAL with the
CBL (from Homberg et al., 1999, and the (C) columnar neurons that connect the LAL with the CBL and PB (from
Vitzthum et al., 2002). (PB: protocerebral bridge; CBU and CBL: upper and lower divisions of the CX, NU and NL:
upper and a lower subunit of the paired noduli, LAL: lateral accessory lobes, MO: median olive, LT: lateral
triangle)

(Fig. 7B and C). Tangential neurons provide input from the LAL to the CBL and PB and have

12

their somata located either posterior to the CX or in the pars intercerebralis (PI). Columnar
neurons connect the PB with the CBU and CBL and also send information to the LAL. All
columnar neurons have their somata in the PI (Homberg et al., 1999; Müller et al., 1997).
The CX is expected to play an important role in motor control, visual orientation and
communicative sound production in insects (Popov, 2004; Strauss, 2002; Vitzthum et al.,
2002). Particularly, the CX is expected to play a key role in the regulation of acoustic
communication in grasshoppers (Heinrich et al., 2001a). The decision whether or not to sing
depends on a complex balance of different signaling molecules in the CX. In the natural
situation, the balance of signaling molecules in the CX depends on both the input of sensory
neurons to the CX that reflect the actual
behavioral situation and the reproductive
state of the animal. By injecting signaling
molecules

into

the

protocerebrum

restrained

grasshoppers,

the

of

natural

situation-specific balance of excitation and
inhibition in the CX can be altered, which
can cause the animal to sing, even in the
unfavorable situation of being fixed to a
holder. The same setup can be used to Fig. 8 Schematic view of the regulation of stridulation by
investigate substances that can inhibit the the central complex. In unfavorable situations, stridulation
artificially induced singing, or substances
that can suppress an inhibition. This
pharmacological

approach

is

used

to

becomes suppressed by the release of NO in the CBU,
which leads to the release of GABA into the CBL by
tangential neurons. In favorable situations, stridulation is
stimulated by ACh release into the CBL and the
subsequent excitation of columnar neurons that project
into the LAL (Kindly provided by Prof. Dr. R. Heinrich)

create an as complete as possible picture
of the different neurotransmitters and neuromodulators that contribute to the regulation of
complex behavioral patterns by the CX. Combined with the results of immunocytochemical
studies, we can identify subcompartments and individual neurons that contribute to
behavioral control through the release of particular signaling molecules. Until now,
acetylcholine (ACh), proctolin, and dopamine were found to stimulate stridulation (Heinrich et
al., 1997; Kunst, 2008; Vezenkov, 2004), while GABA, glycine, and nitric oxide (NO) were
found to inhibit singing (Kunst, 2008; Wenzel et al., 2005) (a graphical presentation can be
found in Fig. 8).
1.7 PHARMACOLOGICAL STIMULATION AND INHIBITION OF STRIDULATION
The majority of studies on the regulation of stridulation were performed with grasshoppers of
the species Ch. biguttulus and O. viridulus because these species generate stereotyped
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stridulatory patterns that can easily be recorded and analyzed. The stimulatory effect of
proctolin on stridulation has mainly been studied in Ch. biguttulus. Repetitive injections of
proctolin into the protocerebrum of both males and females initiated stridulation that is similar
to the natural stridulation of this species. It was suggested that the phospholipase pathway is
involved in the stimulation with proctolin and that proctolin may alter the efficacy of other, coreleased neurotransmitters, such as glycine, histamine and glutamate (Vezenkov, 2004).
Similarly, injecting dopamine into the CX of Ch. biguttulus elicits stridulation; although, no
modulatory effects of dopamine on other neuro-active substances, such as muscarine, were
observed (Kunst, 2008). ACh exerts its function by binding to either muscarinic or nicotinic
receptors in the protocerebral neuropil regions. Binding of ACh to its muscarinic receptor
activates G proteins that, subsequently activate both the adenylate cyclase pathway and the
phospholipase C pathway (Heinrich et al., 2001b). The ACh agonist muscarine selectively
activates muscarinic receptors, while nicotine activates ionotropic nicotinic receptors.
Muscarine acts as a very potent stimulant of stridulation since muscarinic receptors are
almost exclusively expressed in the CX and unspecific activation of other, concurrent
behaviors is quite unlikely. Single injections of muscarine into the CX cause prolonged
stridulation, that can be enhanced in duration and intensity by repetitive injections. Nicotine,
on the other hand, only stimulates single song sequences with a short latency (Heinrich et
al., 1997). Endogenously released ACh predominantly activates nicotinic receptors, while
muscarinic excitation depends on repetitive or tonic presynaptic release of ACh that partly
escapes rapid hydrolysis by ACh-esterase (Hoffmann, 2007). Nitric oxide (NO) inhibits
stridulation by stimulation of the cGMP pathway in CX neurons (Wenzel et al., 2005).
Conversely, reduced levels of NO achieved by pharmacological inhibition of nitric oxide
synthase may lead to disinhibitions of stridulation (Weinrich et al., 2008). Furthermore,
injections of GABA and glycine into the CX suppress stridulation induced by cholinergic
agonists (Heinrich et al., 1998).
1.8 AIM OF THE THESIS
The aim of this thesis was to expand the knowledge about the function of the neuropeptide
proctolin as a chemical messenger in the central complex of Chorthippus biguttulus and its
particular role in the control of sound production. In order to identify neurons that release
proctolin in the central complex, grasshopper brains were sectioned and labelled with antiproctolin antibodies. Central complex neurons that are excited by proctolin were studied by
two different approaches. Firstly, tracers that are preferentially incorporated by postsynaptic
sites were co-injected to sites where injections of proctolin stimulated sound production.
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Secondly, labelling of proctolin receptor-expressing neurons was attempted with an antibody
raised against a proctolin receptor of Drosophila melanogaster.
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2. Materials and methods
2.1 ANIMALS
Experiments were performed with adult males of the grasshopper Chorthippus biguttulus.
Animals were captured in the vicinity of Göttingen (Germany) and kept in the lab for several
weeks, or reared in the lab from eggs that were laid by animals captured the previous year.
2.2 CHEMICALS / DRUGS
2.2.1 Pharmacological stimulation
Synthetic proctolin (Arg-Tyr-Leu-Pro-Thr) (obtained from Sigma-Aldrich) was used to
stimulate stridulation at a concentration of 10-3 M (diluted in a locust Ringer solution).
2.2.2 Neuron labeling
To label the neurons that are involved in proctolin induced stridulation, a neurobiotin tracer
(N-biotinamide hydrochloride) (obtained from Linaris) was used. The tracer was diluted to a
concentration of 5% in bi-distillated water. The same experiment was performed with a
fluorescent dextran (obtained from Molecular Probes) dissolved in locust Ringer.
2.3 IMMUNOCYTOCHEMISTRY
2.3.1 Proctolin-like and proctolin receptor-like immunoreactivity
For the immunocytochemical mapping of proctolin, brains were dissected and fixed overnight
in 4% paraformaldehyde (PFA) in 0,1M phosphate buffer with a pH of 7,4. After fixation, the
brains were embedded in a mixture of albumine and gelatine and postfixed for 4 to 5 hours in
4% PFA. After the postfixation the embedded brains were sectioned with a vibratome in
sections of 50 ųm. Sections were repeatedly rinsed and kept overnight in phosphate-buffered
saline (PBS), containing 1% Triton to permeabilize the tissue. The sections were blocked at
room temperature in PBS

containing 10% Normal Goat Serum, 0,25% Bovine Albumin

Serum and 0,5% natrium aldehyde to prevent background staining and fungus formation.
The same solution was used to dilute the proctolin antibody (generously gifted by D.R.
Nässel, Stockholm University; Johnson, et al., 2003) to a concentration of 1:4000 and the
proctolin receptor antibody (gifted by H. Taghert, Washington University School of Medicine,
St. Louis (Johnson et al., 2003)) to a concentration of 1:1000, in which the sections were
incubated for 3 nights at 4ºC. A secondary antibody raised against rabbit antigen and
coupled to Cy3 was diluted to a concentration of 1:100 in PBS with 1% Triton and used to
incubate the sections for 2 hours at room temperature or overnight at 4ºC. After staining, the
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sections were washed in PBS and embedded in a 1:1 mixture of PBS and glycerol on a glass
slide.
2.3.2 Wholemount stainings
The brains for the wholemount preparations were treated in a similar way as the brain
sections. Initially, they were incubated in a mixture of 1% collagenase (from Clostridium
histolyticum, Type IV) and 1% hyaluronidase (Type II, from sheep testes) (both enzymes
obtained from Sigma-Aldrich) in PO4-buffer for 1 hour at 30ºC to digest the outer theca
around the brain, after fixation of the tissue. Whole mounts were incubated in PBS 10%
Triton (instead of 1% Triton) for 3 nights (instead of 1 night) and incubated with the
secondary antibody for 2 nights (instead of 1 night). Afterwards, the brain was repeatedly
washed in PBS, dehydrated through an ethanol series (30, 50, 70, 90, 97% and 100%) for
10 min. each and then cleared in methylbenzoate.
2.3.3 Alternative fixation methods
The initial proctolin antibody (gift from H. Agricola, Friedrich-Schiller Universtität, Jena
(Agricola et al., 1985)) and the proctolin receptor antibody did not produce specific staining
when used according to the above described methods. Therefore, several adjustment were
made to the conventional protocol that will, shortly, be described in the following paragraph.
The type of fixative and the duration of the fixation time can have an important influence on
the result of immunostainings. Fixation prevents autolysis, attack from bacteria and changes
in volume and shape of the brain tissue but it also causes the crosslinking of proteins, and
consequently, potential blockage of binding sites for the antibody (Hopwood, 1969).
Therefore, at first, the fixation time in 4% PFA was both increased and decreased (ranging
from 2 hours until 1 night). Since neither of this resulted in successful stainings, two
alternative fixatives were used. The first was composed of 4% PFA and 2% gluteraldehyde in
0,1M phosphate buffer, while the second fixative was composed of picrinic acid and 4% PFA
in 0,1M phosphate buffer (picrinic acid was used at two different concentrations for the
second fixative: 0,2% and 0,7%). Neither of the fixatives improved the quality of the staining.
Additionally, the antibodies were tried at different concentrations (ranging from 1:500 to 1:10)
and with a longer incubation time (until a maximal incubation time of 4 nights), on different
parts of the grasshopper central nervous system (suboesophagal ganglion and first thoracic
ganglion until second abdominal ganglion), and on different insect species (Grillus
bimaculatus and Drosophila melanogaster).
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2.4 EXPERIMENTAL DESIGN
2.4.1 Pharmacological stimulation
For pharmacological stimulation of stridulation, the grasshopper was waxed to a holder by
the pronotum. The dorsal part of the head was opened and the frontal part of the head cuticle
was tipped forward and fixed with insect pins to expose the dorsal surface of the brain (with
respect to the neural axis). The rest of the animal was kept intact, so it was able to move all
its appendages freely (for an overview of the experimental setup, see Figure 9).
Proctolin was injected into central nervous neuropil regions through double-barreled glass
electrodes using a pressure-injection device (WPI, model 820). The tip diameter of the
electrode was measured in earlier experiments to be approximately 10–15 ųm (Heinrich et
al., 1997) and the pressure and pulse duration delivered by the apparatus were adjusted so
that less then 10 nl of proctolin was applied per injection.

A

B

Fig. 9 The experimental setup (a) for the pharmacological stimulation (from Wenzel, 2000). The animal is waxed
to a holder and supplied with two pieces of reflective foil (b) before its head is opened and the capillary is
introduced into the brain

To record stridulatory movements, a piece of reflective foil (Scotchlite 3M, type 7610 was
glued to each hind leg femur. Two opto-electronic cameras (Helversen and Elsner, 1977)
were aimed towards the two reflecting spots. A one-dimensional photodiode in each camera
monitored the up/down component of the stridulatory movements of one hind leg. The
recorded data were digitized by means of an A/D converter card (Data Translation DT 2821
FF-8DI) with the software Turbolab 4.0 (Bressner Technology) using a sampling rate of 4
kHz per channel, and were stored as data files. The analysis program NEUROLAB (Hedwig
and Knepper, 1992) was used to visualize the original data.
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2.4.2 Neuron labeling
With the double-barreled capillary, proctolin and the neurobiotin tracer (or a fluorescent
dextran) could be sequentially applied to the same site within the brain. The first chamber,
which was filled with proctolin, was used to search for a place within the brain where
stridulation could be stimulated. As soon as the correct injection site was found, the second
chamber of the electrode, which was filled with the tracer, was used to label the neurons that
were affected during the stimulation. After the injection of the tracer, the animal was placed in
a humid chamber at 4ºC for 1 night. The next morning, the brain was dissected, fixed in 4%
PFA for 3h and embedded in a mixture of gelatine and albumine. The embedded brain was
postfixed overnight in 4% PFA. After the postfixation it was sectioned with a vibratome
(sections of 50 ųm) and washed in PBS 1% Triton overnight at 4ºC. Subsequently, the
sections were incubated for 3h at room temperature in Cy3 conjugated streptavidin (obtained
from Rockland) diluted to 1:400 in PBS 1% Triton to visualize the neurons that contained the
neurobiotin.
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3. Results
Pharmacological stimulation with neuro-active substances has been proven to be valuable
tool to study the role of a certain substance in the control of grasshopper acoustic
communication. Injections of, for example the ACh receptor agonist muscarine, into the
central complex elicits prolonged sound production that includes complex song patterns
(Heinrich et al., 1997). Apart from the more conventional neurotransmitters, such as ACh and
GABA, the neuropeptide proctolin seems to be involved in the regulation of stridulation by the
brain (Vezenkov, 2004). The aim of this study was to further characterize the role of proctolin
in the control of stridulation in the grasshopper Ch. biguttulus. Therefore, three different
experiments were executed. In the first experiment it was tried to induce stridulation in adult
males by injections of a synthetic proctolin into the protocerebrum. In the second experiment,
which was connected to the first, it was attempted to label the neurons that are directly
activated by injected proctolin by co-injecting a neuronal tracer to the site where proctolin
induced stridulation. The third experiment aimed to describe the distribution of proctolin
immunoreactive neurons in the brain.
3.1 PHARMACOLOGICAL STIMULATION OF STRIDULATION
Injections of proctolin into the protocerebrum induced stridulation in Ch. biguttulus males,
although proctolin appeared to be less effective in stimulating stridulation than muscarine.
Throughout the study, a total number of 54 experiments was performed, of which 12
experiments were successful in stimulating stridulation. In 14 experiments the animal did not
respond to the proctolin injections and in the remaining 28 experiments the animals
performed behaviors that were not involved in the reproduction
related behavior of this species (for a recording of such
unspecific behavior, see appendix chapter 1). The proctolininduced stridulation patterns resembled the pattern of natural
stridulation of Ch. biguttulus. There were some remarkable
differences between stimulation with proctolin and stimulation
with muscarine. Proctolin-induced stridulation was in general Fig. 10 In a number of animals,
injections of proctolin induced a

shorter (less than 10 seconds) and consisted of only one or prolonged lifting of a single hind leg
and subsequent trembling of the

two separate singing sequences (see Fig. 11). Although, in tarsi; a behavior that is expected to
one experiment stridulation lasted for almost 80 seconds and be part of the reproduction related
behavior of the species

consisted of 5 separate singing elements (see Fig. 12).
Another difference was that stridulation could only be induced after 2 or 3 injections of
proctolin to the same site in the brain (also see Fig. 11), suggesting that proctolin-stimulated
excitation gradually increases with repeated or prolonged presence at its receptors to reach
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a sufficiently high level that eventually initiates stridulation. Finally, after the animal was once
stimulated to sing, it could not be stimulated for a second time at the same site in the brain,
which is also different from stimulation with muscarine.

Fig. 11. Recording of the hind leg movements of a Ch. biguttulus male that is stimulated by injections of proctolin
into the central complex. The first injection of proctolin (at t = 0) did not evoke a reaction in the animal. The
second injection (at t = 13) evoked repetitive slow lifting of both hind legs. The third injection (at t = 84) evoked
stridulation that lasted for 3 seconds and consisted of one song sequence. (LH left hind leg; RH right hind leg)

Fig. 12 Recording of the hind leg movements of a Ch. biguttulus male that is stimulated by injections of proctolin
into the central complex. The second injection of proctolin (at t = 0) (the first injection was not recorded) induced
stridulation that lasted for 80 seconds and consisted of five separate song sequences. (LH left hind leg; RH right
hind leg)

3.2 LABELING OF PROCTOLIN-REACTIVE CENTRAL COMPLEX NEURONS THAT
INITIATE STRIDULATION
To label the neurons that are directly activated by the injected proctolin and subsequently
initiate stridulation, a neuronal tracer (neurobiotin) was co-injected at sites where proctolin
induced stridulation. The same experiment was also performed with fluorescent dextrane
instead of neurobiotin; however, these experiments were not successful probably because
the subsequent experimental steps caused bleaching of the preparation (an example of a
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preparation with dextrane can be seen in appendix chapter 2). The results displayed in this
section were all produced with neurobiotin. Neurobiotin is taken up by the postsynaptic
membrane of living neurons and can subsequently be visualized with fluorescently-coupled
streptavidin. After processing of the brain, it is possible to distinguish the injection site of the
tracer, the somata of the neurons that took up the tracer, and, in some cases, the neurites of
these neurons.
In total, twelve different preparations were examined, of which seven preparations were
valuable for further analysis. In the other five preparations either too much neurobiotin was
injected and neurons were unselectively stained, or no neurobiotin at all was injected. In this
section an overview of the observed injection sites and stained neurons will be summarized
in drawings. The corresponding photographs of the labeled brain sections can be found in
appendix chapter 3. An additional drawing of a sagittal section through the grasshopper brain
(Fig. 13) was used to indicate where
the presented frontal (= horizontal with
respect to the neuraxis) sections were
situated.
In the various preparations, three
different injection sites were identified
where

proctolin

stimulated

sound

production. The first injection site (Fig.
14), which was found in five of the
Fig. 13 Sagittal section through the grasshopper brain. (AL,

seven preparations, was located in the antennal lobe; Ca, Calyx of the mushroom body; CBL, lower
unit of the central complex; CBU, upper unit of the central
dorsal part of the CBU. The somata of complex; LAL, lateral accessory lobe; N, nodulus of the
the stained neurons were exclusively central complex; PB, protocerebral bridge) (Freely adapted
from Burrows, 1996)

located in the pars intercerebralis (PI).
The second injection site (Fig. 15), which was observed in one preparation, was located in a
more ventral part of the CBU. The somata of the stained neurons were also located in the PI.
In addition, this preparation contained staining in fibers of columnar neurons, which connect
the CBU with the protocerebral bridge. The third injection site (Fig. 16) was located
posteriorly to the central complex and was observed in one preparation. This preparation
also contained stained somata in the PI and staining in fibers of columnar neurons.
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Fig. 14 Injection site 1. Drawing of frontal sections through the brain of Ch. biguttulus indicating the neurons that
are potentially activated by proctolin to initiate stridulation. The red circle in A indicates the site where proctolin
(and subsequently a neurobiotin tracer) was injected to stimulate stridulation. The somata that took up the tracer
were located in the pars intercerebralis (blue circles in B and C). (AL, antennal lobe; Ca, Calyx of the mushroom
body; CBL, lower unit of the central complex; CBU, upper unit of the central complex; LAL, lateral accessory lobe;
PB, protocerebral bridge; α, alpha lobe of the mushroom body)

Fig. 15 Injection site 2. Drawing of frontal sections through the brain of Ch. biguttulus indicating the neurons that
might be involved in the regulation of stridulation by proctolin. The red circle in B indicates the site where proctolin
(and subsequently a neurobiotin tracer) was injected to stimulate stridulation. The somata that took up the tracer
were located in the pars intercerebralis (blue circles in A, B and C). Staining could also be observed in fibres of
columnar neurons that connect the CBU with the PB (in A, B and photograph). (AL, antennal lobe; Ca, Calyx of
the mushroom body; CBL, lower unit of the central complex; CBU, upper unit of the central complex; LAL, lateral
accessory lobe; PB, protocerebral bridge; α, alpha lobe of the mushroom body)
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Fig. 16 Injection site 3. Drawing of frontal sections through the brain of Ch. biguttulus indicating the neurons that
might be involved in the regulation of stridulation by proctolin. The red circle in B indicates the site where proctolin
(and subsequently a neurobiotin tracer) was injected to stimulate stridulation. The somata that took up the tracer
were located in the pars intercerebralis (blue circles in B and C). Staining could also be observed in fibres of
columnar neurons that connect the CBU with the PB (in B). (AL, antennal lobe; Ca, Calyx of the mushroom body;
CBL, lower unit of the central complex; CBU, upper unit of the central complex; LAL, lateral accessory lobe; PB,
protocerebral bridge; α, alpha lobe of the mushroom body)

3.3 PROCTOLIN-LIKE IMMUNOREACTIVITY
During the period of the study, two different proctolin antibodies were used. The first antibody
(from Taghert) did not produce successful stainings in any off the attempts (for some
examples of these unsuccessful stainings, see appendix chapter 4). Luckily we received
another proctolin antibody (from Nässel) that gave better results; the results presented
below, were all produced with the last mentioned antibody.
3.3.1 Control experiment
At first, the antibody was tested for its ability to bind to proctolin. In this control experiment,
four different brain preparations were made; the first preparation (Fig. 17a) was incubated
with the antibody, while the other three preparations (Fig. 17a, b, and c) were labeled with
the same amount of the antibody that was preabsorbed with three different concentrations of
of proctolin. Adding proctolin to the antibody solution is expected to bind to the antibody
before and prevents its binding to the proctolin in the tissue of the preparation. Anti proctolin
immunostaining was weaker with an increasing amount of proctolin and was completely
absent in the preparation with the highest amount of proctolin.
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Fig. 17 Control experiment to test the ability of the proctolin antibody to bind to proctolin. The first preparation (A)
was labeled with the pure antibody, which resulted in a specific staining of fibers around the CX. In the other three
preparations (B, C and D) proctolin antibody was preabsorbed with synthetic proctolin at three different
-9
-6
-3
concentrations (10 for B, 10 for C, and 10 for D), which results in a weaker proctolin immunostaining in the
brain.

To present the results of the
PLI it was chosen to divide
the brain into four different
parts: two parts ventral to the
central

complex,

one

part

around the central complex
and one part dorsal to the
central complex (also see Fig.
18).
tried

Subsequently,
to

it

was

reconstruct

the

different sections within each
part in a drawing.

Fig. 18 Sagittal sections through the grasshopper brain leading to a
division into four parts (Freely adapted from Burrows, 1996)

3.3.2 First part; ventral to the central complex
The first part (Fig. 19) contains four brightly stained neurons that could be followed into the
second section of the preparation, where they were observed to emerge from two separated
bundles of fibers. Secondly, weak staining was detected in fibers around the alpha lobes of
the mushroom bodies and in somata posterior to the mushroom bodies.
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Fig. 19 Frontal sections (A and B) through the protocerebrum showing the distribution of proctolin ventral to the
central complex. Proctolin could be detected in four neurons in the most ventral section of the brain (red arrows in
A), in fibers around the alpha lobes of the mushroom bodies (blue arrows in B), and in somata posterior to that
(green arrows in B). The stained neurons of the displayed sections were reconstructed in a drawing (C). (Ca,
Calyx of the mushroom body; α, alpha lobe of the mushroom body)

3.3.3 Second part; ventral to the central complex
The second compartment of the brain (Fig. 20) contains two large paired neurons or bundles
of neurons that could easily be recognized in every preparation. The first bundle of fibers
(indicated with the blue and green arrows in Fig. 20) that will further on be referred to as ‘Pt1
neurons’ seems to be connected to somata located posteriorly to the calyces of the
mushroom bodies, although the actual connection between the somata and fibers could not
be seen. In subsequent sections of dorsal parts of the brain and in whole mount
preparations, the Pt1 neurons were observed to leave the brain through the labrofrontal
nerve (LFN) and the circumesophageal connective (CEC) (also see Fig. 21A). The second
pair of bundles (red arrows in Fig. 20) that will further on be referred to as ‘Pt2 neurons’
arborizes posterior to the alpha lobes of the mushroom bodies and might therefore be
responsible for the arborization around the alpha lobes that was observed in the more ventral
compartment of the brain. The Pt1 neurons could not be traced in wholemount preparations.
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Due to their location it might be possible that the Pt2 neurons are connected to the somata
that were observed in the first part of the brain (Fig. 19) and to fibers that run anterior to the
central complex that were observed in the adjacent medial compartment of the brain that
included the central complex (Fig. 22) (for a possible reconstruction, see Fig. 21B).

Fig. 20 Frontal sections (A1,A2 and A3) through the protocerebrum showing the distribution of proctolin ventral to
the central complex. Proctolin could be detected in two large bundles of fibers (Pt1 and Pt2 neurons). The Pt1
neurons (blue and green arrows in A2 and A3), are probably connected to somata posterior lateral to the calyces
of the mushroom bodies, although the proximal parts of their neurites were not visible in the stainings (enlarged
part of A2).The Pt2 neurons (red arrows in A1 and A3) arborize posterior to the alpha lobes of the mushroom
bodies. The stained neurons of the displayed sections were reconstructed in a drawing (B) (Ca, Calyx of the
mushroom body; α, alpha lobe of the mushroom body)

3.3.4 Third part; around the central complex
The labeling experiments (see section 3.2) suggested that, in the majority of experiments,
stridulation was induced by injecting proctolin into the CBU. It was therefore expected to
observe PLI in neurons that innervate the CX. Clear immunoreactivity surrounding the central
complex was associated with a few neurons that arborized posterior to the CBL and most
probably had their somata anterior to the antennal lobes and posterior to the calyces of the
mushroom bodies (red arrows in Fig. 22). These neurons seem to exclusively innervate the
CBL. Secondly, prominent staining was observed in four large fibers anterior to the CBU
(purple arrows in Fig. 22) and in accumulations of synaptic vesicles in the CBU (blue arrows

27

in Fig. 22). Finally, PLI was also observed in fibers of the isthmus tract that connects the LAL
with the CBL, although this staining was not observed in every preparation analyzed.

Fig. 21 A: Reconstruction of the Pt1 neurons that were observed to contain proctolin in the ventral part of the
brain. The neurons are expected to be connected to somata located posterior lateral to the calyces of the
mushroom bodies and leave the brain through the labrofrontal nerve and the circumesophageal connective
(indicated with the red arrow in C). B: Possible reconstruction of the Pt2 neurons that were observed to contain
proctolin in the ventral part of the brain. The neurons are expected to be connected to the somata that were
observed in a more ventral part of the brain and to the fibers that run anterior to the central complex and arborize
in the most dorsal part of the brain (indicated with the blue arrow in C).

3.3.5 Fourth part; dorsal to the central complex
In the sections representing the most dorsal compartment of the brain (Fig. 23) it was
possible to further trace the fibers that were observed anterior to the CX in the third part of
the brain (purple arrows in Fig. 22). The projections of the fibers approach each other into the
dorsal part of the brain and form large arborizations in the most dorsal section of the brain
(red arrows in Fig. 23). Secondly, it was possible to trace the fibers of the Pt1 neurons (blue
arrow in Fig. 23) that were observed in the second, more ventral compartment of the brain
and leave the brain through the LFN and CEC.
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Fig. 22 Frontal sections (A1,A2,A3,B, and C ) through the protocerebrum showing the distribution of proctolin
within and around the central complex. Proctolin is present in fibers that run anterior to the CBU (purple arrows in
A,B and C), in a dense arborization posterior to the CBL (red arrows in A1,A2,A3 and B), in accumulations of
synaptic vesicles in the CBU (blue arrows in B and C), and in fibers of the isthmus tract (green arrow in C). The
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arborizations posterior to the CBL arise from neurons that possibly have their somata anterior to the antennal
lobes and posterior to the calyces of the mushroom bodies (white arrowheads in A2 and A3), although the actual
connections between the fibers and the somata could not be traced. The stained neurons of the displayed
sections were reconstructed in a drawing (D). (Ca, Calyx of the mushroom body; CBL, lower unit of the central
complex; CBU, upper unit of the central complex; LAL, lateral accessory lobe; α, alpha lobe of the mushroom
body).

Fig. 23 Frontal sections (A1,A2,A3,B, and C) through the protocerebrum, deutocerebrum and tritocerebrum
showing the distribution of proctolin dorsal to the central complex. Proctolin could be detected in fibers that project
towards each other and arborize in the most dorsal part of the brain (red arrows) and in fibers that leave the brain
through the LFN and CEC (blue arrow). The stained neurons of the displayed sections were reconstructed in a
drawing (D).

3.4 PROCTOLIN RECEPTOR IMMUNOREACTIVITY
Finally, it was tried to map the distribution of the proctolin receptor (PrLI) in the brain of Ch.
biguttulus. The proctolin receptor was previously mapped in the CNS of the same species
and found to be present in columnar neurons that connect the PB with the CBU and CBL
(Kunst, 2008; also see appendix chapter 5). Therefore, it was of special interest to
investigate wether the receptor antibody co-localizes with the labeled neurons that
incorporated the tracer from sites where proctolin stimulated stridulation (described in section
3.2). Unfortunately, the newly received receptor antibody did not produce successful
stainings in any off the attempts with various modifications of the protocol for tissue
processing (for some examples of these unsuccessful stainings, see appendix chapter 4).
Only one approach to label brains as whole mounts resulted in staining of somata on the
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surface of the brain (see Fig. 24). Labeling of brain sections with the same antibody did not
result in specific staining of somata or processes within the brain. Since PrLI was only
observed on the outer surface of the brain it is expected that the somata belong to structures
outside the brain, such as peripheral nerves and probably the corpora cardiaca.

.
Fig. 24 Proctolin receptor immunoreactivity in a whole mount preparation of a Ch. biguttulus brain (left; dorsal
view of the whole brain, right; enlargement of the indicated area). PLr-I was observed in cell bodies on the surface
of the dorsal part of the brain. The origin of the observed cell bodies is unclear; they might, however, be part of
the remains of the corpora cardiaca.
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4. Discussion
Since its discovery in insects in 1975, proctolin has extensively been studied in various
invertebrates. Some of its best described functions are its stimulatory effect on visceral
muscles in various insect species (Holman and Cook, 1985; Lange et al., 1986; Philipp et al.,
2006), and its modulatory effect on the neuromuscular junction of locusts (Cook and Holman,
1979; Hinton et al., 1998; O'Shea, 1985; Piek and Mantel, 1977; Washio et al., 1990). Apart
from that, proctolin is expected to function as a neurohormone in insects (Clark et al., 2006;
Homberg et al., 1991; Lange, 2002; Nassel, 2002; Veenstra et al., 1985). Although proctolin
was found to be widely distributed within the central nervous system (Agricola et al., 1985;
Bishop and Oshea, 1982; Breidbach and Dircksen, 1989; Clark et al., 2006; Keshishian and
Oshea, 1985; Nassel and Oshea, 1987; Veenstra et al., 1985), little is known about its
function and mode of action as a central nervous messenger. The first functional role of
proctolin in the CNS comes from a study on the regulation of acoustic communication in
grasshoppers. Proctolin, when injected into the protocerebrum of restrained but intact
grasshoppers, elicits stridulation that resembles the natural stridulation of the species
(Vezenkov, 2004). Pharmacological studies on this preparation have been combined with
immunocytochemical studies and serve as a valuable tool to identify the neurons,
neurotransmitters and -modulators, receptors and second messenger pathways that are
involved in the selection and coordination of situation-specific patterns during grasshopper
sound production.
In the present study, the effects of injections of proctolin into the grasshopper brain were
further described. Moreover, it was tried to identify the neurons that are directly affected
during the pharmacological experiments with proctolin and to describe proctolin
immunoreactivity in the brain.
4.1 PHARMACOLOGICAL EXPERIMENTS WITH PROCTOLIN
Injections of proctolin into the protocerebrum induced stridulation in Ch. biguttulus males.
However, proctolin was not as effective in stimulating stridulation as earlier described
substances, such as muscarine. Proctolin could, for example, only induce stridulation in a
limited number of animals and only after repetitive injections. Furthermore, proctolin induced
stridulation that was in general short and could not be repeated at the same injection site in
the same animal. These results provide a better understanding on the role in the CNS of both
proctolin and its receptor.
First of all, the observations fit perfectly into the description of proctolin as a potential central
nervous neurotransmitter or neuromodulator. However, the finding that proctolin only
produces short stridulatory sequences in a limited number of animals is more consistent with
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proctolin working as a neuromodulator than proctolin acting as a neurotransmitter.
Modulatory effects of proctolin on the efficacy of other neurotransmitters were earlier
observed by Vezenkov (2004), who performed similar experiments with Ch. biguttulus and
suggested that co-injections of proctolin alter the time course of stridulation induced by other
neurotransmitters. In a study on signal transduction at the neuromuscular junction of locusts,
O’Shea et al. (1985) also observed that proctolin by itself did not induce the complete
behavior of the insect, while co-injections with glutamate perfectly mimicked the
characteristics of the muscle contraction of a freely behaving animal. Some observations of
the present study are, however, conflicting with this theory. Although in most animals
stridulation lasted for less than ten seconds, one animal stridulated for almost 80 seconds
after a second injection of proctolin. Furthermore, many animals performed other behaviors
that are expected to be part of the reproduction related behavior of the species during the
course of stimulation, such as repetitive lifting of both antennae and hind leg lifting with
tarsus trembling, which implies that proctolin is, in fact, capable of inducing several
stridulatory sequences and the different elements of mating behavior. This inconsistency in
the results can be explained in several ways. First of all, the variety in the duration of
stridulation is most probably caused by differences in the exact location of the injection and
the amount of injection. Second, the outcome of the experiments is expected to depend on
the physiological state of the animals. Repetitive insertion of the electrode, for example,
damages the brain and decreases both the likelihood of an animal to sing and the duration of
singing. Moreover, the conditions of the animal prior to the experiment, such as the
availability of food and suitable mates, affect the basal motivation to stridulate and, therefore,
the results of the experiment. To summarize, the ability of proctolin to induce the full
stridulatory behavior, as it was regularly observed in experiments with muscarine (Heinrich et
al., 2001a), seems to depend on many factors, which makes it difficult to draw conclusions
about the precise function of proctolin in the brain. It will be interesting to investigate to what
extend co-injections with muscarine can improve proctolin-induced stridulation and if
proctolin immunocytochemistry co-localizes with immunocytochemistry of other transmitters
in the brain. This would further support the idea of proctolin as a co-tranmsitter that
modulates neural transmission of a principal transmitter of particular neurons in the CX.
Secondly, the results provide a better understanding of the mode of action of the proctolin
receptors in the brain. The observation that proctolin cannot induce stridulation twice at the
same site in the brain implies that repetitive release of proctolin causes a desensitization of
its receptor, which was previously observed to happen through a translocation of β-arrestin
from the cytoplasm to the plasma membrane (Johnson, 2003). The occurrence of receptor
desensitization provides us with another reason why proctolin is not as effective in

33

stimulating stridulation. In fact, prolonged stimulation with proctolin would cause an
inactivation of all neurons that should detect proctolin during the stimulation, making it
impossible to induce the appropriate behavior.
Finally, the problems in motivating the animal to sing with proctolin might indicate that
proctolin receptors in the central complex are not as numerous as, for example, muscarinic
ACh receptors.
4.2 LABELING OF PROCTOLIN-REACTIVE CENTRAL COMPLEX NEURONS THAT
INITIATE STRIDULATION
The result of the labeling experiments provide additional knowledge about the neurons that
are potentially involved in the regulation of stridulation by proctolin and the regions of the CX
that are affected by these neurons. Co-injections of the neurobiotin tracer at the same site
where proctolin induces stridulation, enables us to identify the neurons that are functionally
downstream to the injection site. Three different injection sites were found: one in the dorsal
part of the CBU, one in the central part of the CBU and one posterior to the CBU. The
stained somata and fibers probably belong to columnar neurons that connect the CBU with
the PB and have their somata in the PI.
First of all, the results confirm that proctolin is an endogenous signaling molecule in the CBU
and suggests that situations that are favorable for stridulation may lead to a release of
proctolin in the CBU. The finding of a third injection site posterior to the CBL implies that
structures outside the CX, possibly the stridulatory command neurons that have elaborate
and dense arborizations posterior to the CX (Heinrich et al., 2001a), may also detect
proctolin and play a role in the regulation of the behavior. However, no cells that resemble
the descending stridulatory command neurons itself were labeled with the proctolin
antiserum. In fact, none of the analyzed preparations contained staining in connections to
structures outside the CX, implying that the release of proctolin only affects structures within
the CX. These observations are consistent with the results of an earlier studies that
described the distribution of the proctolin receptor in the CX of Ch. biguttulus. In this
experiment, proctolin receptors were only observed in columnar neurons that connect the
CBU with PB (Kunst, 2008; also see appendix chapter 5), which further supports the results
of the present study.
A disadvantage of the used method is that the tracer is unspecifically incorporated by all
post-synaptic sites within the diffusion range around its site of application and it is not
possible to differentiate between synapses that active or inactive in the process of initiating
stridulation. In most preparations, many neurons were stained (in some preparations more
than 25), of which, presumably, not all are involved in the regulation of stridulation by
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proctolin. Double labeling experiments with a proctolin receptor antibody would make the
results more specific. Another disadvantage is that not the entire neuron is stained with this
method. Proctolin detection seems to be limited to columnar neurons in the CBU that
connect to the PB: a result that is inconsistent with results of the proctolin immunostainings,
which indicate that proctolin innervates both the CBU and CBL. For unknown reasons, the
tracer only seems to have diffused towards the cell body of the neuron, while other pars of
the neuron remain unstained. This difference in staining intensity might also simply be due to
the difference in size of the different parts of the neuron and, therefore, the difference in their
storage capacities for the tracer.
4.3 PROCTOLIN-LIKE IMMUNOCYTOCHEMISTRY
Proctolin-like immunochemistry identifies neurons that produce and secrete proctolin as a
intercellular chemical messenger. Immunocytochemistry was, in the first place, used to
visualize immunoreactive neurons of the CX. However, further analysis of the preparations
also revealed prominent staining in other parts of the brain.
4.3.1 PLI around the central complex
Strong staining against proctolin could be detected in fibers posterior and anterior to the
central complex. The fibers posterior to the CX form dense arborizations close to the CBL
and are therefore expected to play a role in the innervate of this brain structure. Similar
neurons that have their somata posterior and anterior to the CX and seem to exclusively
innervate the CBL were observed in the blowfly brain by Nässel and O’Shea (1987). The
fibers anterior to the grasshopper CX, on the other hand, arborize in the most dorsal part of
the brain and are, therefore, not expected to be involved in the innervation of the CX.
PLI was also observed in fibers of the isthmus tract that connects the LAL with the CBL and
in accumulations of vesicles in the CBU. It is unclear which neurons are responsible for the
reactivity in the CBU since no connections between the CBU and other parts of the CX were
observed.
Previous studies reported an innervation of the CBL by neurons containing other neuroactive
signaling molecules relevant for the control of stridulation. GABA, which inhibits stridulation,
was observed in fibers of the isthmus tract and arborizations in the CBL (Kunst, 2008) and
muscarinic ACh receptors were observed in columnar neurons that connect the LAL with the
CBL (Hoffmann, 2007). It is, thus, reasonable to propose that the proctolin-immunoreactive
structures, observed in the present study, are involved in the release of proctolin in the CBL
and influence stridulation through modulatory actions within this neuropil.
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4.3.2 PLI in other parts of the brain
Treatment with the proctolin antibody resulted in a strong staining in large neurons or
bundles of neurons (further referred to as Pt1 and Pt2 neurons) that seem to connect several
parts of the brain. The Pt1 neurons could easily be traced in whole mount preparations,
where they were observed to leave the brain through the labrofrontal nerve and the
circumesophageal connective. The Pt1 neurons resemble the proctolin-immunoreactive
neurosecretory cells that were identified in locusts (Clark et al., 2006; also see Fig. 3) and
were, therefore, also classified as neurosecretory cells. The Pt2 neurons could, in contrast,
not be traced in whole mount preparations. A reconstruction of the Pt2 neurons, that derived
from immunolabeling of brain sections, is presented in figure 21B. Pt2 neurons form large
superficial arborizations in the dorsal part of the brain. In the blowfly CNS, PLI was observed
in similar neurons that have their nerve endings located superficially in the neural sheath,
although, these neurons were observed in the abdominal ganglia. Electron microscopy
confirmed that these neurons have terminals outside the neural sheath, and, hence, it was
hypothesized that these neurons release proctolin directly into the circulation, where it may
function as a neurohormone (Nässel and Oshea, 1987). In the lobster and crayfish similar
proctolin-immunoreactive terminals were found in suboesophageal and thoracic ganglia
(Siwicki and Bishop, 1986) suggesting a similar role as neurosecretory cells for the Pt2
neurons in Ch. biguttulus. Several functions for proctolin as neurohormone have been
proposed. Miller (1979), for example, proved that proctolin regulates the heartbeat when
excreted into the hemolymph of cockroaches, and Lange (2002) observed that proctolin
stimulates contractions in regions of locust oviducts that are not innervated by nerves.
Proctolin excretion into the hemolymph in the head of Ch. biguttulus might play a role in the
innervation of antennal muscles, as was observed in locusts (Bauer, 1991), or in the
innervation of the corpora cardiaca, since proctolin receptor immunoreactivity was observed
in cell bodies on the dorsal surface of the brain that, possibly, belong to the corpora cardiaca
(Fig. 24).
4.4 CONCLUSIONS
Proctolin induces stridulation when injected into the upper unit of the central complex of
restrained but intact grasshoppers, but the stimulatory effect of this neuropeptide was clearly
weaker than that of the non-hydrolysable cholinergic agonist muscarine. The majority of cited
articles depict proctolin as a modulator at neuromuscular junctions in insects, which is in line
with the observed inability of proctolin to induce the full stridulatory behavior. However, this
‘inability’ might also result from the rapid desensitization of proctolin receptors or by poor
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physiological conditions of the restrained and partially dissected grasshoppers. Columnar
neurons of the central complex are expected to be excited by the release of proctolin in
behavioral situations that favor stridulation. In labeling experiments, only the upper part (from
CBU to PI) of the columnar neurons were stained though it is nevertheless expected that
these neurons also connect to the lower unit of the central complex. Previous studies on the
distribution of the proctolin receptor in the central complex of Ch. biguttulus indicated that
proctolin receptors are present in columnar neurons that connect the PB with the CBU and
CBL.
Immunocytochemical studies made clear that the lateral accessory lobes and individual
clusters of brain neurons are responsible for the release of proctolin in the CBL.
Immunoreactivity was also observed in accumulations of synaptic vesicles in the CBU, but
the source of these synapses was unclear. Finally, prominent staining was observed in
neurosecretory
the

brain,

cells

indicating

neurohormonal

role

of
a
for

proctolin.
Based on the results of
this study, it was tried to
further

complete

the

current knowledge on the
flow of information and
convergence of signaling
pathways

within

the

central complex (see Fig.
25).

Fig. 25 Favorable situations for stridulation cause the release of proctolin in
the CBL , where it positively modulates the effects of stimulatory effects on
stridulation of other excitatory neurotransmitters such as acetylcholine.
Proctolin is released in the CBL by neurons that connect the CBL with the
LAL and by clusters of neurons that are located outside the CX. Labeling
experiments indicate that proctolin can also be detected in the CBU,
although, the origin of proctolin in the CBU is unknown. After release,
proctolin can be detected by columnar neurons that connect the PB with
the CBU and, expectedly, with the CBL.
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Appendix
This appendix contains the results of experiments that were left out of the results section,
such as the original photographs of the immunohistochemical preparations, some pictures of
unsuccessful or presumably unspecific stainings and recordings of pharmacologically
stimulated hind leg movements. Moreover, it contains an overview of the used buffer and
fixation solutions.
1. PHARMACOLOGICAL STIMULATION WITH PROCTOLIN
In the majority of animals, proctolin induced hind leg movements that are not involved in the
reproduction related acoustic communication of the animal. These movements involved, for
example, repetitive lifting of both hind legs or walking movements. See below for a recording
of this behavior.
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Recording of the hind leg movements of a Ch. biguttulus male that is stimulated by injections of proctolin into the
central complex. The first injection of proctolin (at t = 0) did not evoke a reaction in the animal. The second
injection (at t = 49) evoked repetitive lifting and shaking of both hind legs. The third and fourth injection evoked a
similar reaction, although with declining duration.
This behavior was classified as unspecific
compared to the reproduction related sound
production of this species.

2. NEURON LABELING WITH
DEXTRANE
The first labeling experiments were
performed with a fluorescent dextrane.
Like

neurobiotin,

the

dextrane

is

preferentially taken up by the post
synaptic membrane of intact neurons.
The labeling with dextrane, however, did
not produce reliable results, probably
because

the

intermediate

steps

Neuron labeling with co-injections of dextrane (frontal
section through the median part of the brain). No specific
neurons are stained. A faint staining can be observed in
the CBU, possibly indicating the place where the
dextrane was injected.

(between injecting and embedding of the
sections) caused bleaching of the preparation.

3. NEURON LABELING WITH NEUROBIOTIN
The results of the neuron labeling with neurobiotin are based on seven preparations. In total,
three different injection sites were identified, where proctolin successfully stimulated sound
production. To increase the clearness of the findings, the labeled neurons and injection sites
were reconstructed in drawings presented in the results section. This paragraph contains the
photographs of some of the preparations. The preparations were numbered from 1 to 12 (five
preparations were left out because too much or no neurobiotin at all was injected), and the
different sections of one preparation are indicated with the letters a until d (ranging from the
dorsal part of the brain (a) until the ventral part of the brains (c or d)). The red circles in the
pictures indicate the injection sites,
while the blue arrows indicate the
somata of the neurons that accumulated
the neurobiotin.
3.1 Injection site one (preparations 2, 5,
8, 9 and 11)
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3.2 Injection site two (preparation 10)

3.3 Injection site three (preparation 3)
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4. PROCTOLIN IMMUNOREACTIVITY (‘OLD’ ANTIBODY) AND PROCTOLIN RECEPTOR
IMMUNOREACTIVITY
This section contains some photographs of unsuccessful stainings that were produced with
the ‘old’ proctolin antibody (from Agricola) and the proctolin receptor antibody (from Taghert).
See section 2.3.3 in the report for a description of alternative fixation methods that were used
to improve the quality of immunolabeling.

Stainings with the initial proctolin antibody and the proctolin receptor antibody result neither in specific staining of
neurons in brain (C) nor in the thoracic and abdominal ganglia (A) of Ch. Biguttulus. No specific staining was
obeserved when both antibodies were tested on the brain of Drosophila (B), although both antibodies were
originally raised against Drosophila-specific antigens.

5. EARLIER MAPPING OF PROCTOLIN RECEPTOR IMMUNOREACTIVITY IN CH.
BIGUTTULUS
Since the of proctolin receptor antibody did not produce successful stainings in my studies
with Ch. biguttulus, the results of an earlier experiment (Kunst, 2008) were used to discuss
the results of the present study. Stainings with the receptor antibody resulted in a distribution
of rather weak immunosignals in different parts of the brain. Staining in the CX was most
prominent in the CBU. Pr-ir was observed in columnar neurons in the CX that have their
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somata in the PI and connect the CBU with the PB and CBL. No connections between the
CX and its major output regions, the LAL, were observed.

The distribution of the proctolin receptor in the central complex. Pr-ir was most prominent in columnar neurons
that innervated the different parts of the CX (Kunst, 2008)

6. RECIPES OF USED SOLUTIONS
Albumin/gelatine (embedding)
-

A: 24,2 g albumin from chicken (obtained from Sigma) in 66 mL H2O

-

B: 5,7 g gelatine in 25 mL H2O

Mix A with B under slow heating.
Locust Ringer´s solution
Dilute the following substances in H2O:

- 8,18 g/L NaCl
- 0,75 g/L KCl
- 0,59 g/L CaCl2
- 0,34 g/L NaHCO3
- 0,72 g/L NaH2PO4
- 17,84 g/L glucose

Paraformaldehyde (fixative)
-

4,0 g paraformaldehyde

-

0,58 g NaH2PO4

-

0,15 g NaH2PO4 * 2 H2O

Dissolve in 50 mL distilled water at 60ºC. Set pH to 7,4 by adding HCl or NaOH to the solution.
Add distilled water until a total amount of 100 mL solution is reached.
PBS-buffer
-

A: 1,4 g Na2HPO4 in 100 mL H2O

-

B: 1,6 g NaH2PO4.H2O in 100 mL H2O

Mix 84,1 mL of solution A with 15,9 mL B. Set pH to 6,9 by adding HCl or NaOH to the solution.
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