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Abstract The distribution of FMRFamide (FMRFa)-like
immunoreactivity (LI) was studied in the brain and sub-
esophageal ganglion of Triatoma infestans, the insect
vector of Chagas’ disease. The neuropeptide displayed a
widespread distribution with immunostained somata in the
optic lobe, in the anterior, lateral, and posterior soma rinds
of the protocerebrum, and around the antennal sensory and
mechanosensory and motor neuropils of the deutocere-
brum. FMRFa-immunoreactive profiles of the subesopha-
geal ganglion were seen in the mandibular, maxillary, and
labial neuromeres. Immunostained neurites were detected
in the medulla and lobula of the optic lobe, the lateral pro-
tocerebral neuropil, the median bundle, the calyces and the
stalk of the mushroom bodies, and the central body. In the
deutocerebrum, the sensory glomeruli showed a higher
density of immunoreactive processes than the mechano-
sensory and motor neuropil, whereas the neuropils of each
neuromere of the subesophageal ganglion displayed a
moderate density of immunoreactive neurites. Colocaliza-
tion of FMRFa-LI and crustacean pigment-dispersing hor-
mone-LI was found in perikarya of the proximal optic lobe,
the lobula, the sensory deutocerebrum, and the labial neu-
romere of the subesophageal ganglion. The distribution
pattern of small cardioactive peptide B (SCPg)-LI was
also widespread, with immunolabeled somata surround-
ing every neuropil region of the brain and subesophageal
ganglion, except for the optic lobe. FMRFa- and SCPg-LIs
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showed extensive colocalization in the brain of this tri-
atomine species. The presence of immunolabeled perikarya
displaying either FMRFa- or SCPg-LI confirmed that each
antisera identified different peptide molecules. The distri-
bution of FMRFa immunostaining in 7. infestans raises the
possibility that FMRFa plays a role in the regulation of
circadian rhythmicity. The finding of immunolabeling in
neurosecretory somata of the protocerebrum suggests that
this neuropeptide may also act as a neurohormone.

Keywords Brain - Neuropeptides - FMRFa - PDH -
SCPg - Circadian rhythms - Triatoma infestans
(Insecta: Heteroptera)

Introduction

Peptides with a FMRFamidated-C-terminal sequence
(FMRFa) are present throughout higher invertebrate groups
(Greenberg and Price 1992; Orchard et al. 2001) suggest-
ing that they play important conserved roles in physiolo-
gy. They form part of a larger peptide family containing
an -RFamide-C terminus, commonly known as FaRPs
(O’Brien and Taghert 1994). The FMRFa gene of Dro-
sophila melanogaster was one of the first cloned insect-
neuropeptide genes (Nambu et al. 1988; Schneider and
Taghert 1988), and various molecules and mechanisms ac-
count for the regulation of the expression of this gene,
whether in a specific cell type or during development
(Benveniste and Taghert 1999; Taghert 1999). G-protein-
coupled FMRFa receptors have been characterized in
D. melanogaster (Cazzamali and Grimmelikhuijzen 2002;
Meeusen et al. 2002) and Anopheles gambiae (Duttlinger
et al. 2003); structural comparisons of these receptors have
revealed a high degree of sequence conservation.

The distribution of FMRFa-like immunoreactivity (LI)
has been reported in the central nervous system (CNS) of
several insect species (Verhaert et al. 1985; Remy et al.
1988; Homberg et al. 1991a; Tsang and Orchard 1991).
Various cell types including motoneurons, neuroendocrine
cells, and interneurons display FMRFa-LI, and a role for
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FMRFa and related neuropeptides in the control of he-
molymph circulation, feeding, and digestion has been pos-
tulated (Duve et al. 1993; Elia et al. 1993; Nichols et al.
1999; Duttlinger et al. 2002; Harshini et al. 2002; Predel
et al. 2004).

Triatoma infestans is the main insect vector of Chagas’
disease in southern cone countries (WHO 2002). This
hematophagous heteropteran insect feeds exclusively on
warm-blooded vertebrates. Despite the epidemiological
importance of this insect species, information on neural
structures regulating host-related behavior is limited. Be-
cause of the reported actions of FMRFa in feeding and
digestion, knowledge concerning the distribution and func-
tion of this molecule and its interactions with other neu-
rotransmitters may contribute to the development of safe
and highly specific control methods (Orchard et al. 2001;
Maule et al. 2002).

The coexistence of neuroactive molecules in the CNS
of Triatoma infestans has been previously reported. Thus,
nitric oxide synthase has been found colocalized with
cholecystokinin in somata of the brain and subesophageal
ganglion (SOG; Villar et al. 1994). Furthermore, coex-
pression of either neuropeptide Y or its Y1 receptor with
cholecystokinin has been detected in cephalic and thoracic
ganglia (Settembrini et al. 2003), suggesting the possibility
of considerable coexistence of neurotransmitters in this
triatomine species. Several studies have reported the co-
expression of FMRFa-LI with other neuroactive molecules
(Orchard et al. 2001). Among them, colocalization with
insect pigment-dispersing factor (PDF)-LI in the optic lobe
(OL) has been reported as a frequent event. In several
arthropod species, the distribution patterns of PDFs are
well documented, and the projection areas of PDF-im-
munoreactive (IR) neurons have been thoroughly traced.
Furthermore, in D. melanogaster and Leucophaea mader-
ae, PDFs have been implicated as messengers of the
biological clock (Petri and Stengl 1997; Renn et al. 1999).
In the search for a food source, 7. infestans relies mainly
on olfactory cues (Taneja and Guerrin 1995). Some host
odours that stimulate olfactory receptors of basiconic and
grooved-peg sensilla have been shown to modify the walk-
ing speed of T infestans (Guerenstein and Guerin 2001).
The locomotor activity of these bugs displays a circadian
nocturnal endogenous rhythm (Settembrini 1984; Lazzari
1992); however, the anatomical location of the circadian
pacemaker (s) controlling this activity is still unknown.
We have therefore studied the possible coexpression of
3-PDH (PDH)- and FMRFa-LIs in the CNS of 7. in-
festans by using an antiserum directed against crustacean
pigment-dispersing hormone (3PDH), which has an amino
acid sequence closely related to insect PDFs.

In some insect species, the distribution of FMRFa-LI
has been studied together with that of the molluscan small
cardioactive peptide B (SCPg), and their coexpression has
been reported in neurosecretory cells and interneurons
(Homberg and Hildebrand 1989; Homberg et al. 1990,
1991a). Moreover, SCP-IR elements have been proposed
as constituting a subset of those displaying FMRFa-LI in
some arthropod species. We have consequently examined

the distribution pattern of SCPg-LI and its colocalization
with FMRFa-LI.

In the present study, we describe the distribution and
colocalization of FMRFa-, PDH-, and SCPg-LIs in the
brain and SOG of Triatoma infestans by means of im-
munocytochemical methods. Preliminary reports of these
investigations have been published in abstract form
(Settembrini et al. 2000, 2001).

Materials and methods
Insects

Adult male Triatoma infestans, free of Trypanosoma cruzi
and Blastocrithidia triatomae, were used in this study. The
insects were derived from stocks provided by the Center for
the Control of Chagas’ disease (Santa Maria, Cordoba,
Argentina) and were reared under controlled conditions
of light, temperature, and relative humidity (Settembrini
1984). The bugs were fed every 15 days on the shaved
thorax of pigeons for 1 h under dim light.

Dissection and fixation

Insects were processed for immunocytochemistry 1 week
after feeding (Settembrini and Villar 1999). Briefly, bugs
were cold-anesthetized, and their legs were secured to a
wax lamina. The dorsal cuticle of the head was removed,
and the tissues were immediately flushed with cold fix-
ative, viz., either a mixture of 4% paraformaldehyde and
0.4% picric acid in 0.16 M sodium phosphate buffer (PB,
pH 6.9) or 4% paraformaldehyde in 0.1 M PB, pH 7.3.
Dissection of the brain and SOG out of the head capsule
was performed with the tissues bathed in cold fixative.
Samples remained in the fixative for 6 h at 4°C, following
which they were rinsed in 0.01 M PB saline (PBS, pH 7.4)
and kept at 4°C until processed for immunocytochemistry.

Immunocytochemistry

Table 1 shows the source, working dilutions, and refer-
ences detailing the first characterization of the antisera used
in single- and double-labeling experiments. Only clearly
immunostained somata that appeared in all the brain and
SOG samples were considered in the results. Anti-FMRFa
(PT2) was a rabbit antiserum generated against authen-
tic FMRFa conjugated to thyroglobulin. Anti-3-PDH was
raised in rabbits against 3-pigment-dispersing hormone of
Uca pugilator, and anti-SCPg was a mouse monoclonal
antiserum against synthetic molluscan SCPg.

Single-labeling experiments

By means of indirect immunofluorescence or avidin-biotin
immunoperoxidase (ABC) techniques, single-labeling ex-



Table 1 Origin, first characterization, and working dilution of
antisera (754 double-labeling with tyramide signal amplification
method)

Antisera Origin and first characterization Working

dilutions

Anti- Paul H. Taghert (Taghert and Schneider
FMRFamide 1990; Wall and Taghert 1991)

1:2,000*
1:1,000°
1:30,000
(TSA)
1:4,000*
1:1,000°
1:500
(TSA)
Monoclonal Laboratories, University of 1:250"
Washington, Seattle (Masinovsky et al. 1:50°
1988; Homberg et al. 1991a,b)

Anti-BPDH K. Ranga Rao (Rao et al. 1985, 1987)

Anti-SCPg

?Avidin biotin immunoperoxidase technique
"Single- or double-indirect immunofluorescence labeling

periments were performed either in whole-mounted speci-
mens (rn=6) or in 18-um serial cryostat sections (Microm,
Walldorf, Germany). Before sectioning, the tissues were
cryoprotected by immersion in PBS containing 15% su-
crose, 0.02% bacitracin (Sigma, St. Louis, Mo., USA), and
0.01% sodium azide (Merck, Darmstadt, Germany), for at
least 48 h. Briefly, to study the distribution of FMRFa
(n=16 insects), the sections were incubated for 24 h at 4°C
with FMRFa antiserum (1:1,000), rinsed in 0.01 M PBS,
and incubated for 30 min at 37°C with fluorescein iso-
thiocyanate (FITC)-conjugated goat anti-rabbit antibodies
(1:80 in PBS; Boehringer, Mannheim, Germany). Subse-
quently, the sections were rinsed, mounted in 80% glycerol
in PBS, and examined with a Nikon Eclipse 800 epifluo-
rescence microscope (Nikon, Tokyo, Japan) equipped with
filter combinations for FITC-induced fluorescence. Kodak
TriX black-and-white film was used for photography.
Other experiments were performed with 3-PDH antiserum
(n=8 insects) diluted 1:1,000, followed by lissamine
rhodamine B sulfonyl chloride (LRSC)-conjugated goat
anti-rabbit antibodies (1:80, Jackson ImmunoResearch
Labs, Pa., USA).

For the ABC method (Hsu et al. 1981), the sections were
incubated with antisera either against FMRFa (n=30 in-
sects) diluted 1:2,000 or against 3-PDH (n=10 insects) at a
dilution of 1:4,000. The slides were then rinsed in PBS,
incubated at room temperature (RT) for 30 min in bio-
tinylated goat anti-rabbit secondary antibodies (1:100, Vec-
tor Laboratories, Burlingame, Calif., USA), rinsed again
in PBS, and further incubated for 1 h in ABC reagent
(Vectastain Elite kit, Vector Laboratories). Peroxidase
activity was revealed by reaction with 3,3'-diaminobenzi-
dine tetrahydrochloride (Sigma) by using glucose oxidase
(Sigma) and nickel salts for enhancement of the reaction
product (Shu et al. 1988). The sections were mounted with
Permount (Fluka, Buchs, Switzerland) and photographed
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with Agfapan APX 25 (Agfa Gevaert, Leverkusen, Ger-
many). To study the distribution of SCPg-LI (#=20 in-
sects), anti-SCPg mouse monoclonal supernatant (1:250)
and biotinylated horse anti-mouse secondary antibodies
(1:100, Vector Laboratories) were used following the pro-
tocol given above.

Double-labeling experiments

Colocalization of FMRFa- and PDH-LIs (n=16 insects)
was investigated by combining conventional indirect im-
munofluorescence with the tyramide signal amplification
method (TSA Plus, NEN Life Science Products, Boston,
Mass., USA). Cryostat sections of the brain and SOG were
incubated overnight in a humid chamber at 4°C with anti-
FMRFa antibodies (see Table 1), rinsed in TNT buffer kit
(0.1 M TRIS-HCl pH 7.5, 0.15 M NacCl, 0.05% Tween 20),
blocked with TNB buffer kit (0.1 M TRIS-HCI pH 7.5,
0.15 M NacCl, 0.05% DuPont Blocking Reagent) for 30
min, incubated with biotinylated goat anti-rabbit antibodies
(Vector Laboratories) diluted 1:100 in TNB for 1 h, rinsed
in TNT, and then incubated for 30 min in streptavidin-
horseradish peroxidase 1:100 in TNB. The slides were then
rinsed in TNT and incubated in biotinylated tyramide
diluted 1:50 in amplification diluent for about 10 min. The
slides were rinsed in TNT, followed by incubation with
streptavidin-conjugated FITC (diluted 1:500 in TNB) for
30 min, and rinsed again in TNT and PBS. Subsequently,
the sections were incubated overnight at 4°C with 3-PDH
antiserum (see Table 1) followed by staining with LRSC-
conjugated goat anti-rabbit antibodies (1:50). The sections
were dehydrated in ascending ethanol concentrations, re-
hydrated, and passed through solutions of 20%—-80% glyc-
erol in 0.05 M sodium carbonate-bicarbonate buffer pH
7.0. They were examined and photographed with a Nikon
Eclipse 800 microscope equipped with filter combinations
for FITC- and LRSC-induced fluorescence. TriX black-
and-white film was used for photography.

To investigate the coexistence between FMRFa- and
SCPg-LIs, whole-mount preparations of the brain and SOG
(n=5 insects) were transferred to 1% Triton X-100 PBS
(PBST) for at least 48 h and then immersed in PBS
containing 10% normal donkey serum for 1 h to diminish
non-specific binding. The same solution was also used for
the dilution of the primary and secondary antisera. Sub-
sequently, the samples were incubated with a mixture of
rabbit anti-FMRFa and mouse monoclonal anti-SCPg an-
tibodies (see Table 1) for 24 h at 4°C and then in a mixture
of FITC-conjugated goat anti-rabbit (1:40) and tetrameth-
yl-rhodamine isothiocyanate (TMRITC)-conjugated goat
anti-mouse (1:40, Jackson ImmunoResearch Labs) sec-
ondary antibodies for 30 min at 37°C. Brains and SOGs
were mounted in 80% glycerol as stated above and viewed
with a Nikon PCM 2000 laser-scanning confocal micro-
scope mounted on an E800 microscope equipped with
green He/Ne (543 nm), red He/Ne (633 nm), and argon
(488 nm) lasers and the appropriate filters. Stacks of
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digitized images were merged and processed by using Controls

Simple PCI 3.2 software (Compix, Cranberry Township,

Pa., USA) for image acquisition. When needed, the dig- The specificity of the FMRFa antiserum was tested by
itized images were modified to enhance contrast only overnight preincubation with each of the following pep-
(Adobe Photoshop, Adobe Systems, San José, Calif.,, tides: Drosophila DPKQDFMRFamide, Drosophila DPK

USA).

Fig. 1 Drawings of dorsal
views of Triatoma infestans
protocerebrum with optic lobes
(a—c¢), deutocerebrum (d—f top),
and subesophageal ganglion
(d—f bottom) showing FMRFa-
(a, d), PDH- (b, e), and SCPg-
Lis (e, f). Symbols represent the
number of immunoreactive so-
mata, and shadowing in the
neuropils indicates the density
of the immunolabeled processes
(an antennal nerve, apn antero-
lateral protocerebral neuropil, ¢
connectives, cb central body, ef
esophageal foramen, /a lamina
ganglionaris, /mp lateromedial
protocerebral neuropil, /o lobula
complex, /pn lateral protocere-
bral neuropil, mb mushroom
body, md mechanosensory and
motor deutocerebrum, md-mx-Ib
mandibular, maxillary, and labi-
al neuromeres of the subesoph-
ageal ganglion, me medulla, o/
optic lobe, p lobula plate, sd
sensory deutocerebral glomeru-
li, sog subesophageal ganglion).
Bars 100 pm

O1-5 immunoreactive somata @ 6-10 immunoreactive somata * 11-15 immunoreactive somata * more than 15 immuncreactive somata

alsowith FMRFa-LI row density of immuncreactive neurites m moderate density of immunoreactive neurites Ehig' density of immunoreactive neurites



QDFMRFG-OH, and Aplysia myomodulin A (PMSML
RLamide) at a concentration of 10 pg/ml in the anti-
FMRFa antibodies diluted 1:2,000. The specificity of the
SCPg antibodies was tested by overnight preincubation of
the sections with synthetic SCPg (Sigma) at 10 pg/ml, in
SCPg antiserum diluted 1:250. After preadsorption of the
antisera with the corresponding peptides, the sections were
incubated with the preadsorbed antisera and processed fol-
lowing the ABC method as stated above. Other controls
were performed by incubating the sections without either
the first or the second antisera.

P : s

E , m.-apn' P

Fig. 2 a—f Bright-field micrographs showing FMRFa-LI in the PC.
a Immunolabeled perikarya of the anteromedial soma rind and the
median furrow (arrows). Positive fibers (arrowheads) form a com-
missure. b Heavily immunostained somata of the anterior soma rind
(arrows) and thick positive processes traversing the median furrow
(arrrowheads). The central body (cb) shows numerous positive
neurites, whereas the lobes (/) of the MB are unstained. ¢ Im-
munostained perikarya in the posterolateral soma rind (straight
arrows) and in the posterior protocerebral slope (curved arrows).
Immunopositive neurites (arrowheads) are scattered in the proto-
cerebral neuropil (ppr). d Immunolabeled neurites are present in the

enbp’ W
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Results

Because of the massive development of the pharyngeal
pump musculature, the brain and SOG of Triatoma in-
festans are located posteriorly in the cephalic capsule. The
brain is composed of the protocerebrum (PC), deutoce-
rebrum (DC), and tritocerebrum (TC), and the OLs. The PC
hemispheres and the OL, which extend anterolaterally into
the head capsule, are shown in a dorsal view in Fig. la—c.
The DC (Fig. 1d—f, top) and the TC, which lie ventrally
are concealed by the dome-shaped PC lobes. The SOG

central-body complex (cb), calyces (ca) of the MB, median furrow
(arrowhead), and lateromedial protocerebral neuropil (open arrow).
An immunostained soma of the posterolateral soma rind (arrow)
possesses a thick neurite. € Two groups of somata: immunostained
profiles above the calyces (ca, straight arrows) and immunopositive
perikarya (curved arrows) at the boundary of the OL with the an-
terior protocerebral neuropil (apn). f A group of immunoreactive
perikarya (straight arrows) at the proximal OL (o/) and somata
(curved arrow) of the lateral soma layer. Varicose positive neurites
(arrowheads) lie at the boundary of the OL with the anterolateral
protocerebral neuropil (apn). Bars 20 pm
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(Fig. 1d—f, bottom) is connected to the brain by short cir-
cumesophageal connectives and extends from the posteri-
or edge of the PC lobes to the neck, where the cephalic
connectives to the prothoracic ganglion arise.

Distribution of FMRFa-LI
Protocerebrum and optic lobes

Figure la depicts the distribution pattern of FMRFa-LI in
the PC and OL as obtained from horizontal serial sections.
Protocerebral FMRFa-IR somata of various sizes could be
observed in the anterior, lateral, and the posterior soma
rinds, which surrounded the immunostained neuropil. In
the anterior soma rind, a group of medium-sized immuno-
labeled somata (11-15 pm) was found in the vicinity of the
median furrow between the PC lobes (Fig. 2a), whereas a
few small immunolabeled perikarya (6-10 um) were de-
tected lateral to this group (Fig. 2b). Other immunostained
somata were present at the entry of the ocellar nerves and
above the mushroom body (MB) calyces (Fig. 2e). In the
lateral cell-body cortex, FMRFa-IR somata were detected
forming clusters (Fig. 1a). A group of small (6—-10 pwm)
to medium-sized (11-15 wm) perikarya was seen at the
posterolateral edge (Fig. 2¢,d). Immunopositive perikarya
of the posterior soma rind were usually found forming
small clusters of about 2—4 perikarya (Fig. 1a). FMRFa-IR
cell-body clusters of the OL were largely observed in the
medial layer (Fig. 1a). In the proximal OL, several stained
somata were seen in the medial and lateral soma layers
(Fig. 2e—f). A cluster of small perikarya (6—10 pm) was
present at the level of the lobula; other immunolabeled
somata surrounded the anterior medulla and the internal
chiasma neuropils. FMRFa-LI could not be detected in the
lamina ganglionaris, either in perikarya or in neurites.
The distribution FMRFa-IR processes in the PC and OL
is also depicted in Fig. la. In the anterior PC, thin immu-
noreactive neurites were seen running across the median
furrow of the PC (Fig. 2a); other thick immunostained fi-
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Fig. 3 a-b FMRFa-LI in the DC (a) and SOG (b). a Bright-field
micrograph of immunopositive somata of the lateral layer (straight
arrows); a cell body (curved arrow) projects to the sensory deu-
tocerebral glomeruli (g). A fiber tract (arrowheads) branches medial
to the glomeruli (o esophagus). Positive neurites are also visible in

bers formed short commissures between the PC hemi-
spheres (Fig. 2b). The central body housed a high density
of varicose neurites (Fig. 2b), whereas the MB calyces and
the stalk displayed a moderate density of immunolabeled
processes (Fig. 2d,e). Immunostaining was not evident
either in the - or in the 3-lobes of the MB (Fig. 2b,d). The
lateral and the ventromedial PC neuropils showed scattered
immunostained neurites (Fig. 2d). OL neuropils displayed
immunostaining in the serpentine layer of the medulla and
in the lobula, with a higher density in the lobula plate.

Deutocerebrum

The distribution pattern of FMRFa-LI in the DC is shown
in Fig. 1d. FMRFa-IR somata were mainly detected in the
lateral cell-body layer. Thus, medium-sized (11-15 pm)
and intensely immunostained perikarya could be distin-
guished around the sensory glomeruli and in the antero-
lateral edge (Fig. 3a). Other immunolabeled cell profiles of
the lateral soma rind were detected close to the neuropil of
the antennal mechanosensory and motor center.

A moderate density of immunostained neurites could be
observed in the sensory glomeruli of the DC, with some
positive fibers at the inner border of the glomeruli. The
central neuropil was unstained. The antennal mechanosen-
sory and motor center contained blebby positive fibers
(Fig. 1d). A fiber tract with a branching pattern was seen
running medially to the glomeruli (Fig. 3a) and to the
neuropil of the antennal mechanosensory and motor center.

Subesophageal ganglion

FMRFa-LI was detected in the lateral cell-body layer of
the SOG, around the esophageal foramen and close to the
cephalic connectives linking this ganglion with the pro-
thoracic ganglion (Figs. 1d,3b).

FMRFa-IR fibers were seen around the esophageal fo-
ramen, whereas a moderate density of immunostained neu-

the antennal mechanosensory and motor center (md). Bar 20 um. b
Immunofluorescence micrograph of the SOG (straight arrow a
group of medial immunopositive somata, curved arrow cells in the
lateral cell-body layer, arrowhead paired positive neurites running
medially within the ganglion). Bar 50 um



rites was observed in the mandibular, maxillary, and labial
neuromeres (Fig. 1d). Bilateral fibers could be distin-
guished in the posterior part of the SOG and in the cephalic
connectives (Fig. 3b).

Distribution of PDH-LI

PDH-LI was observed in a few somata of the brain and
SOG (Fig. 1b, e). Single-immunolabeled perikarya were
observed in the anteromedial, anterolateral, and laterome-
dial soma rinds of the PC (Fig. 1b). Medium-sized PDH-IR
somata (11-15 pum) were seen at the boundary of the OL
with the PC lobes (Fig. 4b). A cluster of eight ovoid small
PDH-IR somata (6—10 pwm) was present in the medial cell-
body layer at the level of the lobula (Fig. 4d).

Other immunoreactive perikarya were observed in the
medial and lateral cell-body layers around the sensory
glomeruli of the DC. Immunolabeled somata of the SOG
could be detected around the esophageal foramen and in
the labial neuromere, near the origin of the cephalic con-
nectives (Fig. le).

In some areas of the brain, PDH-IR neurites were ob-
served forming meshworks (Fig. 1b,e), whereas in other
regions, the course of single-immunopositive processes
could be followed. Thus, immunolabeled neurites were ob-
served running from the OL to the anterior PC with
emerging branches to the lateral horn and to the ventro-
medial PC neuropils. Positive varicose neurites from

Fig. 4 a—d Immunofluores-
cence micrographs of double-
stained sections showing
FMRFa-LI (a, ¢) and PDH-LI
(b, d) in the proximal OL (a, b)
and at the lobula (¢, d). a, b
Double-immunostained somata
(arrows) in the medial layer of
the proximal OL (open arrow in
a perikaryon displaying only
FMRFa-LI, arrowhead in b
thick PDH-IR neurites at the
margin of the lobula neuropil,
arrowhead in a varicose
FMRFa-IR neurite). ¢, d Dou-
ble-immunostained somata (ar-
rows) within a cell-body cluster
located in the medial soma rind
of the lobula (/o); one cell body
(open arrow) shows only
FMRFa-LI (arrowheads fibers
that are either FMRFa-IR or
PDH-IR). Bars 20 pm
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somata located at the level of the lobula could be followed
up to the distal edge of the outer medulla after traversing the
inner medulla and the serpentine layers. Furthermore, thick
immunoreactive processes were seen at the medial border
of the lobula neuropil (Fig. 4b). Scattered PDH-IR pro-
cesses were observed in the SOG (Fig. le), and blebby
neurites ran along the midline of the ganglion and in the
cephalic connectives.

Colocalization of FMRFa- and PDH-LIs

The colocalization of FMRFa- and PDH-LIs is repre-
sented in Fig. 1b, e. In the OL, both markers were co-
expressed in perikarya located in the medial soma rind at
the level of the proximal OL (Fig. 4a,b) and at the an-
terior-most part of the lobula (Fig. 4c,d). Finally, somata
in the medial layer of the sensory glomeruli and in the
labial neuromere of the SOG also displayed both im-
munoreactivities (Fig. 1le).

Distribution of SCPB-LI

Protocerebrum and optic lobes

The distribution of SCPg-IR somata in the PC and OL
is portrayed in Fig. 1c. In the PC lobes, scattered im-
munolabeled somata were observed in the anteromedial
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cell-body layer and above the MB calyces (Fig. 5a). At
the anterolateral edge, some fusiform immunostained peri-
karya were observed close to the boundary of the PC with
the OL (Fig. 5b). Single-immunopositive perikarya were
also seen in the lateral soma rind (Fig. 1c¢). SCPg-IR cell
bodies of the posterior PC usually formed clusters (Fig. 5a);
thus, a cluster of about ten medium-sized (11-15 pum) im-
munopositive somata was detected at the posterior slope,
whereas other immunolabeled profiles were found in a
posteromedial position. In the proximal OL (Fig. 5b), three

Fig. 5 a—d Bright-field micrographs of sections displaying SCPp-
LI. a Section of the PC showing immunostained neurites in the
calyces (ca) of the mushroom bodies, the central body (cb), and the
lateromedial neuropil (arrowhead). Note the immunoreactive so-
mata (curved arrows) of the anterior soma rind and the perikarya
(straight arrows) of the posterior PC. b Immunolabeled somata
(straight arrows) of the proximal OL (o/) and immunostained
somata (curved arrows) of the anterior soma rind (arrowhead thick
immunopositive neurites). ¢ Section of the DC (curved arrows
immunostained somata at the anterolateral edge, straight arrow
large immunostained perikaryon close to the sensory glomeruli,
arrowheads immunolabeled neurites of the antennal mechanosen-
sory and motor center, g sensory glomeruli, md mechanosensory and
motor center). d Section of the SOG (straight arrow medial im-
munostained cell body, curved arrow anterolateral immunoreactive
perikarya, arrowheads medial immunoreactive neurites, ¢ connec-
tives). Bars 20 pm

clusters of immunoreactive somata were observed; the
larger one with the highest number of cells was located
between the medial and lateral cell-body layers of the OL.
No immunoreactive somata were detected in association
with the lamina, the medulla, or the lobula neuropils.

The distribution pattern of SCPg-IR processes is also
depicted in Fig. 1c. Immunolabeled neurites were observed
along the median furrow, in the anterolateral PC, and in the
central body (Fig. 5a). In the anterolateral PC, labeled
neurites could be followed up to the OL. The upper di-
vision of the central body showed a lower density of
immunoreactive processes than the lower part. The calyces
of the MB and the stalk displayed a moderate density of
immunolabeled neurites (Fig. 5a); some thick immunola-
beled processes were detected in the external border of the
calycal neuropil, whereas the o«-lobe was unstained.

Deutocerebrum

Around the sensory glomeruli, SCPg-IR perikarya could be
observed in the anteromedial and anterolateral cell-body
layers; the latter group was located above a large glomer-
ulus (Fig. 5c). Scattered immunostained perikarya were
also found in the lateral soma rind, whereas a large positive
cell body (20 um) was present at the level of the posterior
glomeruli (Fig. 5c). SCPg-IR cell bodies of the antennal
mechanosensory and motor center were located in both the
lateral and medial cell-body layers (Fig. 1f).

The sensory glomeruli showed a low density of thin
immunoreactive processes (Fig. 5¢), whereas the neuropil
of the antennal mechanosensory and motor center con-
tained varicose neurites. A moderate density of stained
neurites could be distinguished in the tritocerebral neuropil.

Subesophageal ganglion

Immunostaining was seen in perikarya around the esoph-
ageal foramen and in bilateral somata of the mandibular,
maxillary, and labial neuromeres. The neuropil of the SOG
displayed a low to moderate density of immunoreactive
processes (Fig. 1f). Immunolabeled neurites could be de-
tected around the esophageal foramen, close to the roots of
the maxillary nerves and within the cephalic connectives
(Fig. 5d).

Colocalization of FMRFa- and SCPg-LIs

The coexpression of SCPg- and FMRFa-Lls is portrayed in
Fig. 1c,f. Colocalization of both markers was observed in
somata of the proximal OL, in the lateral and posteromedial
PC, and in the vicinity of the median furrow between the
PC hemispheres (Fig. 6a,b). Other areas of coexpression
included the lateral cell-body layer of the sensory glomer-
uli, the anterior soma layer of the SOG, and the lateral cell
cortex at the level of the maxillary neuromere (Fig. 11).



Fig. 6 Confocal immunofluo-
rescence micrographs of the PC,
double-labeled with FMRFa
antiserum (a) and SCPg (b)
monoclonal antibodies (ao
aorta, ¢ tracheae). A soma dis-
playing both immunoreactivities
is indicated (curved arrows),
whereas some perikarya
(arrowhead) located close to
the median furrow display only
SCPg-LI and a straight arrow
marks a cell body with only
FMRFa-LI. Bar 100 um

Discussion
FMRFa-LI distribution pattern

We have determined the distribution pattern of FMRFa-LI
in the brain and SOG of Triatoma infestans by using an
antiserum against authentic FMRFa. This antiserum, PT2,
displays a high affinity for peptides sharing the C-terminal
sequence of FMRFa (Wall and Taghert 1991). In insect
tissues, antisera developed against FMRFa probably rec-
ognize the dominant epitope formed by the sequence
-RFamide (Wall and Taghert 1991; Tsang and Orchard
1991). Thus, the possibility of cross-immunoreactions to
a broad spectrum of FMRFa-related peptides cannot be
ruled out. At least six factors contributing to FMRFa-LI,
which may represent not only different FaRPs but also
degradation products, have been detected by reversed-
phase high-performance liquid chromatography in Rhod-
nius prolixus, a species akin to T. infestans (Tsang and
Orchard 1991). In our control experiments, we preadsorbed
PT2 antiserum with Drosophila DPKQDFMRFa, its in-
termediate unamidated peptide, and with PMSMLRLa
(4plysia myomodulin). The pattern of immunostaining
was blocked only when DPKQDFMRFa was employed,
suggesting that PT2 was specific for the FMRFa/-RFa
C-terminus.

The widespread distribution of FMRFa-LI in the ner-
vous tissue of adult triatomine bugs, revealed by both the
large number of immunoreactive somata and the conspic-
uous network of positive neurites, is indicative of the
outstanding physiological role of FaRPs in Triatoma infes-
tans, acting either as neurotransmitters/neuromodulators
or as neurohormones. A neurotransmitter role in 7. infes-
tans visual processing is indicated by the finding of FMRa-
LI in OL interneurons. Six clusters of immunolabeled
somata have been detected, three in the median layer and
three in the proximal OL. Immnostained processes from OL
somata have been followed up to the medulla and lobula
neuropils. Comparisons of the immunostaining patterns
have revealed a lower number of FMRFa-IR somata in the
OL of T. infestans than in other insect groups (Néssel et al.
1988; Homberg et al. 1990; Pyza and Meinertzhagen
2003). An investigation as to whether this reduction in
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FaRP expression is related to a different visually guid-
ed behavior in 7. infestans would be of interest. Coex-
pression of FMRFa- and PDH-LIs in a group of lobula
neurons that, in other species have been proposed as
constitutive elements of the circadian pacemaking system
(Helfrich-Forster 1995), might indicate a modulatory role
of FMRFa-like neuropeptides in the regulation of circa-
dian rhythmicity. In this context, microinjections of mol-
luscan FMRFa into the housefly OL counteract the effect
of PDF in the circadian changes in axon caliber of two
types of lamina interneurons (Pyza and Meinertzhagen
2003). Nevertheless, FMRFa- and PDH-LIs are also co-
localized in neural elements of the triatomine CNS for
which there is no evidence of a relationship with the cir-
cadian clock. Thus, the possible interaction of both mol-
ecules in controlling rhythmic events of 7. infestans
requires thorough physiological studies.

A neurohormonal role for FaRPs in T infestans may be
envisioned from the finding of FMRFa-IR somata located
close to the median furrow. These cells, which belong to
the median cell group of the pars intercerebralis, are known
to project to the retrocerebral complex and to the aorta.
FMRFa-like material synthesized by these cells might be
discharged into the circulation when needed. Interestingly,
the release of FaRPs from nervous tissue to the hemolymph
at various times after a blood meal has been reported in R.
prolixus (Elia et al. 1993) suggesting that FaRPs play a role
in the feeding and digestion processes of hematophagous
heteropterans by acting as a neurohormone.

In contrast to findings in R. prolixus, FMRFa-IR somata
and neurites have been observed in the DC of T. infestans.
The higher sensitivity of the ABC method may have
allowed further detection of FMRFa-LI in this part of the
brain of T. infestans. Although the role of FaRPs in
olfactory processing is still unknown, FMRFa-LI has been
reported in the antennal lobe of several insect species
(Verhaert et al. 1985; Homberg et al. 1990; Breidbach and
Wegerhoft 1994; Nassel 2002). In T infestans, FMRFa-IR
cell bodies have been mainly found in the lateral cell cortex
of the sensory glomeruli, which houses both local and
projection neurons. A high density of immunoreactive
neurites has been observed in the basal margin of the glo-
meruli, suggesting that FaRPs might also be used as neu-
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rotransmitters of projection neurons. Several transmitter
molecules have been recognized by immunocytochemical
techniques in the sensory glomeruli of these triatomine
bugs (Villar et al. 1994; Settembrini et al. 2003; Settembrini
and Villar 2004), but none have been detected in the
antennal nerve. These blood feeders rely on the perception
of olfactory cues through specific receptors located in
antennal sensilla that guide them toward the warm-blooded
host. Therefore, the identification of neurotransmitters in
antennal nerve fibers is important in order to develop
specific pest-control strategies.

PDH-LI distribution pattern

In T infestans, antibodies generated against 3-PDH reacted
with a few perikarya located mainly in the PC and the OL.
A few immunolabeled somata have also been detected in
the DC and SOG. In the fly CNS, antiserum raised against
[3-PDH from Uca pugilator shows strong specific immu-
nostaining of a few PDH-IR neurons (Néssel et al. 1993).
This immunolabeling pattern is thought to represent the
expression of a true PDF already sequenced in D. me-
lanogaster (Park and Hall 1998). Furthermore, neurose-
cretory cells in the brain of insects have been shown to
synthesize PDFs that are strongly cross-reactive with
crustacean BPDH antisera (Rao 2001).

Variability exists in terms of the presence and number of
PDH-IR somata within the heteropterans. Zavodska et al.
(2003) have described the distribution of this neuropeptide
in Gerris palludum and Notonecta glauca, species be-
longing to the same order as 7. infestans. Although there
are differences among the three species in terms of habitat
and behavior, including feeding preferences, PDH-LI have
been observed in all of them in OL perikarya situated
proximally to the medulla or close to the anterior part of the
lobula. Cell-body clusters located between the medulla and
lamina neuropils have not been detected in 7. infestans, as
reported for Phormia terranovae (Nissel et al. 1991),
Manduca sexta (Homberg et al. 1991b), Antheraea pernyi
(Sauman and Reppert 1996), D. melanogaster (Helfrich-
Forster 1997), and Hierodula membranacea (Sehadova
et al. 2003).

In D. melanogaster, the coexpression of specific clock
genes with PDF has been observed in a group of OL neu-
rons termed the ventral lateral neurons (LNv; Hall 1998).
Moreover, recent studies have provided evidence that
PDF acts as a chronobiological signaling substance per se
(Helfrich-Forster et al. 2000). The group of PDH-IR so-
mata located at the anterior-most part of the lobula may be
considered as homologues to the LNv of D. melanogaster
(Meinertzhagen and Pyza 1999). PDF is reported to affect
the migration of the screening pigment granules of the
photoreceptor terminals (Pyza and Meinertzhagen 1997).
The compound eyes of 7. infestans have to cope with
rapid changes in the intensity of light occurring at dusk
and dawn; such changes set the rthythm of the locomotor
activity of these insects (Settembrini 1984; Lazzari 1992).
Most of the activities related to the survival of these

triatomine insects, i.e., orientation to the food source,
biting, mating, and oviposition, which in turn are linked to
the spread of Chagas’ disease, take place at night. These
activities depend on rhythmic changes in eye sensitiv-
ity achieved in part by circadian movements in the screen-
ing pigments of the photoreceptor and pigment cells
(Reisenman et al. 2002). PDH-IR terminals have not been
found farther than the outer edge of the medulla. Howev-
er, 3-PDH released from outer medulla terminals may
diffuse to the lamina neuropil (Meinertzhagen and Pyza
1996) and therefore affect the migration of the screening
pigments.

In T infestans, PDH-LI has also been detected in cell
bodies and fibers of the PC, DC, and SOG. This sub-
population of PDH-IR somata might not express clock
genes, as has been previously reported in D. melanogaster
(Park et al. 2000), a finding that raises the possibility of
additional functions for insect PDFs in this triatomine
species. In this context, recent studies in locust abdominal
neurons suggest a modulatory role of PDF in the muscu-
lature of the genitalia, when this molecule is released into
the hemolymph (Persson et al. 2001).

SCPg-LI distribution pattern

The presence of SCPg-LI has been reported in the nervous
tissue of higher invertebrate species, a finding that has led
to the hypothesis of evolutionary conserved functions for
this neuropeptide. Several roles have been proposed for
this molecule including the stimulation of cardiac activity
(Reich et al. 1997) and feeding behavior (Willows et al.
1988; Perry et al. 1999). Monoclonal antibodies against
SCPg label somata and fibers in the brain and SOG of T.
infestans. In this species, immunostaining has been ob-
served in typical interneurons and in neurohemal terminals,
suggesting that the peptide might function as neurotrans-
mitter or neurohormone.

The colocalization of FMRFa- and SCPg-LIs has been
frequently reported (Homberg and Hildebrand 1989;
Homberg et al. 1990, 1991a; Davis et al. 1996). Fur-
thermore, SCPg-IR elements are regarded as a subpopula-
tion of those displaying FMRFa-LI. In the lobster Homarus
americanus, SCPg antibodies have been suggested to label
extended FaRPs (Arbiser and Beltz 1991). In T. infestans,
double-labeling has shown the colocalization of immuno-
reactivity for both FMRFa and SCPg. Moreover, we have
observed somata displaying only SCPg-LI and specific
immunostaining in areas of the brain and SOG lacking
FMRFa-LI. As proposed (Masinovsky et al. 1988), SCPg
and FMRFa antisera probably stain different peptides
coexisting within the same neuron in 7. infestans.

In conclusion, the colocalization of neurochemicals in
T. infestans nerve cells has been frequently observed
(Villar et al. 1994; Settembrini et al. 2003). The amino
acid sequences of most endogenous peptides are unknown
in this species and in many other heteropterans. The pres-
ent study provides a basis for future studies aimed at



isolating and analyzing the function of neurotransmitters
involved in feeding and digestion.
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