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The distribution and partial characterization of FMRFamide-related
peptides in the salivary glands of the locust, Locusta migratoria
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& p . 1 :Abstract. The distribution and partial characterization
of FMRFamide-related peptides in the salivary glands of
the locust, Locusta migratoria, were investigated by
means of immunohistochemistry, radioimmunoassay and
reversed-phase high performance liquid chromatogra-
phy. Whole-mount preparations of glands stained posi-
tively against anti-FMRFamide antisera, and contained
the equivalent of 837±80 fmol FMRFamide/gland pair,
as determined by radioimmunoassay. FMRFamide-like
immunoreactivity occurred in the processes of the trans-
verse nerves of both the prothoracic and mesothoracic
ganglia, but was not found in the salivary motoneurons 1
or 2 of the suboesophageal ganglion, both of which di-
rectly innervate the salivary glands via the salivary nerve
7b; nor was it found within the salivary nerve 7b itself,
leading to the salivary glands. It was, however, found as
a superficial nerve plexus on the surface of nerve 7 at the
suboesophageal ganglion, but did not appear to extend to
the salivary glands. The origin of this staining is unclear.
High performance liquid chromatography of salivary
gland tissue extracts, monitored by radioimmunoassay,
revealed 4 peaks of immunoreactive material, 2 of which
co-migrated with AFIRFamide and GQERNFLRFamide,
previously isolated from the locust ventral nerve cord.
These 2 synthetic peptides did not elevate basal levels of
the second messengers cyclic AMP or cyclic GMP in the
salivary glands.

& k w d :Key words: Salivary glands – Ventral nerve cord –
FMRFamide – Immunohistochemistry – Radioimmuno-
assay – Locusta migratoria(Insecta)

Introduction

It is becoming increasingly apparent that FMRFamide
(Phe-Met-Arg-Phe-amide), and the family of FMRFam-
ide-related peptides (FaRPs), play a large and diverse
role in biological processes. The tetrapeptide FMRFam-
ide was originally sequenced from the marine mollusc
Macrocallista nimbosa(Price and Greenberg 1977), in
which it was found to have cardioexcitatory effects. In
recent years the family to which this peptide belongs has
grown dramatically and its members have been shown to
affect a variety of tissues such as visceral and skeletal
muscle (Walther et al. 1984; Cuthbert and Evans 1989;
Lange et al. 1991; Peeff et al. 1993), neurons (Walther et
al. 1984) and glands (Baines and Tyrer 1989; Yasuyama
et al. 1993).

Much of the evidence for the presence of FaRPs in in-
sects has been obtained using immunohistochemical and
chromatographic techniques. Such studies have shown
that FaRPs are associated with both the central and pe-
ripheral nervous systems as well as optic lobes, muscle
and visceral tissues (Ohlsson et al. 1989; Tsang and
Orchard 1991; Schoofs et al. 1993). Furthermore, a
number of FaRPs have been sequenced from various in-
sects (Matsumoto et al. 1989; Robb et al. 1989; Fonagy
et al. 1992; Nichols 1992; Duve et al. 1992; Schoofs et
al. 1993; Lange et al. 1994; Peeff et al. 1994). From
these studies, and with the application of available bioas-
says, the physiological relevance of FaRPs is becoming
clearer. It is known for instance, that FaRPs potentiate
neurally-evoked contractions of the locust extensor tibi-
ae (Walther et al. 1984; Evans and Myers 1986), inhibit
myogenic contractions of locust oviducts (Lange et al.
1991; Peeff et al. 1993) and may modulate the actions of
biogenic amines on visceral tissues (Banner and Os-
borne 1989).

Of interest to us is the role that FaRPs may play in
the regulation of salivary gland activity in L. migratoria.
In Locusta, the aminergic innervation of the salivary
glands has been clearly documented (Klemm 1972;
Orchard et al. 1992; Ali et al. 1993). The glands are di-
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rectly innervated via 2 pairs of salivary motoneurons, the
SN1 and the SN2, whose cell bodies are located within
the suboesophageal ganglion (Altman and Kien 1979).
These neurons each send an axon via a branch of nerve
7, salivary nerve 7b, to the salivary glands. The SN1
have been shown to contain dopamine, whereas the SN2
contain serotonin (Gifford et al. 1991; Orchard et al.
1992; Ali et al. 1993). These 2 biogenic amines increase
salivation levels (Baines and Tyrer 1989), and are also
capable of increasing cAMP levels in dose-dependent
manners in isolated salivary gland preparations (Ali et
al. 1993).

Recent studies have also suggested the presence of
FMRFamide-related peptides in the salivary glands
(Myers and Evans 1985; Baines et al. 1989; Schoofs et
al. 1993). However, the types of FaRPs present and their
sites of origin are questionable. Immunohistochemical
studies of the locust (Schistocerca gregaria) CNS have
indicated that the source of FaRPs innervating the saliva-
ry glands originates from a small branch of the posterior
transverse nerve from the mesothoracic ganglion (Myers
and Evans 1985). Cobalt backfills of nerves in the sali-
vary glands of L. migratoria, on the other hand, show in-
nervation from the prothoracic ganglion (Baines et al.
1989). This has led to the suggestion that FaRPs in the
salivary glands of Locustamay originate from the pro-
thoracic ganglion. More recent use of an antibody raised
against the sequence for the FaRP, SchistoFLRFamide,
has revealed immunoreactivity in the suboesophageal
ganglion near the SN2, and in an axon in a nerve along
the salivary duct of L. migratoria (Schoofs et al. 1993).
This has led to an alternate suggestion, that SchistoFLR-
Famide is involved in salivary gland function and may
be co-localised with serotonin in the SN2 and in the ax-
on of nerve 7b projecting to the salivary glands. Howev-
er, the high affinity for the C-terminal moiety of FaRPs
by this antibody (Schoofs et al. 1993) necessitates
stronger confirmation that SchistoFLRFamide is indeed
involved.

At the very least, these studies indicate the presence
of FaRPs and FaRP innervation associated with the sali-
vary glands, suggesting a role for these peptides in the
regulation of fluid production and/or secretion. The ap-
parent differences between the studies, however, have
necessitated a reappraisal of both the source and distri-
bution of FaRP innervation in the salivary glands, prior
to studying their role(s) in fluid secretion. In this study
we describe the distribution of, and partially character-
ize, 4 FaRPs associated with the salivary glands, and de-
termine their sites of origin.

Materials and methods

Animals

Locusts were taken from a colony of Locusta migratoriareared
as previously described in Peeff et al. (1994). Experiments were
performed on adult males, 5–10 days old. A mixture of adult
male and female locusts, 5–21 days old, were used for reversed-
phase high performance liquid chromatography (RP-HPLC) anal-
ysis.

Immunohistochemistry

Ganglia and salivary glands were dissected under physiological
saline (150 mM NaCl; 10 mM KCl; 4 mM CaCl2; 2 mM MgCl2;
4 mM NaHCO3; 5 mM HEPES, pH 7.2; 90 mM sucrose; 5 mM
trehalose), and fixed in 2% paraformaldehyde in Millonig’s buffer
for 1.5 h. Tissues were washed in phosphate-buffered saline (PBS;
10 mM phosphate buffer, pH 7.2, containing 0.9% NaCl) for
4–5 h. PBS was used to dilute all solutions unless stated other-
wise. Tissues were incubated in 4% TritonX-100 (2% normal se-
rum; 2% BSA) for 1 h. This step was carried out to enhance pene-
tration of the antibodies and reduce non-specific binding. Tissues
were then processed for either FMRFamide-like, serotonin-like or
tyrosine hydroxylase-like immunoreactivity (FMRFa-ir, seroto-
nin-ir, TH-ir, respectively) by the methods described below. The
primary antibodies were pre-absorbed in 0.4% TritonX-100 (2%
normal serum; 2% BSA) for 18 h to occupy non-specific antigenic
sites. Two independently produced polyclonal rabbit anti-FMRF-
amide antisera were used (antiserum1: Incstar, Stillwater, Mn; an-
tiserum2: Peninsula, Belmont, Calif., USA). Anti-serotonin and
anti-TH antisera were purchased from Incstar.

For FMRFa-ir, the tissues were incubated for 48 h at 8°C in a
1:1000 dilution of either of the 2 anti-FMRFamide antisera, in
0.4% TritonX-100 (2% normal goat serum; 2% BSA). This was
followed by a 5–8 h wash in cold PBS prior to incubation in the
secondary antiserum for 18 h at 8°C. The secondary antibody was
fluorescein isothyocyanate (FITC)-conjugated goat anti-rabbit im-
munoglobulin G (IgG) diluted 1:200 (10% normal goat serum).
Tissues were washed in PBS and subsequently cleared and mount-
ed on depression slides in 5% n-propyl gallate in 80% glycerol,
pH 7.3 (Sigma, St. Louis, Mo.). The commercially available anti-
FMRFamide antisera both show high specificity for RFamide, and
antiserum1 has been shown quantitatively to have similar affinities
for FLRFamide, FMRFamide and SchistoFLRFamide (Tsang and
Orchard 1991).

Double-labelling immunohistochemistry, using either anti-
FMRFamide and anti-serotonin antisera, or anti-FMRFamide and
anti-TH antisera, was performed in a manner similar to that de-
scribed above. The 2 primary antisera were applied together,
whereas the secondary antisera were applied sequentially. The pri-
mary and secondary antibodies used, and any changes in their
concentrations, are listed below.

For FMRFamide/serotonin double-labelling, rabbit anti-FMR-
Famide antiserum with FITC-conjugated donkey anti-rabbit IgG
were used. Goat anti-serotonin antiserum (1:500) was used with
Texas Red-conjugated donkey anti-goat IgG. Normal donkey se-
rum was used for pre-absorption.

For FMRFamide/TH double-labelling, goat anti-FMRFamide
antiserum with Texas Red-conjugated donkey anti-goat IgG were
used. Monoclonal mouse anti-TH antiserum (1:400) was used
with FITC-conjugated donkey anti-mouse IgG. Normal donkey
serum was used for pre-absorption.

Goat secondary antisera were purchased from Daymar Inc.
(Toronto, Ontario), while donkey secondary antisera were pur-
chased from Jackson Immunoresearch (West Grove, Pa.). Bovine
pancreatic polypeptide and FMRFamide were both used for block-
ing anti-FMRFamide antibodies, and were purchased from Penin-
sula.

Tissue extraction and HPLC analysis

Ten groups of 10 salivary gland pairs were dissected in physiolog-
ical saline, transferred to 1 ml of extraction medium (90% metha-
nol;9% glacial acetic acid;1% water), freeze-thawed, sonicated,
and centrifuged at 8800×g for 15 min. The supernatant was col-
lected and pooled. The pellet was resuspended in extraction medi-
um and processed as above. All supernatant was pooled and evap-
orated to dryness using a Speed-Vac concentrator (Savant, Farm-
ingdale, N.Y.), then run through a C18-containing Sep-Pak car-



Fig. 1. A–E FMRFa-ir in whole-mount preparations of salivary
glands of the locust, Locusta migratoria. FMRFa-ir axons (ar-
rows) follow the length of the salivary duct (sd), and lie on the ac-
ini (ac). The salivary duct is highlighted due to autofluorescence
of the tissue. A The posterior region of the salivary glands pos-
sesses numerous branching FMRFa-ir axons, often following the
salivary duct. Scale bar:60 µm. B FMRFa-ir neurohaemal regions
(white arrows) are found predominantly where multiple axons
meet. Scale bar:40 µm. C Only single FMRFa-ir axons are found

in nerves of the anterior portion of the salivary glands. Scale bar:
40 µm. D, E FMRFa-ir axons lie over top of the acini of the sali-
vary glands (E scale bar:25 µm), with blunt-ended terminals (D
scale bar:40 µm). F–G Double-labelling of nerve 7 exiting the
suboesophageal ganglion (asterisk), revealing FMRFa-ir and TH-
ir, respectively. Solid arrowsdenote immunoreactive axons. Clear
arrows denote nerve 7 surface. Note the FMRFa-ir on the mem-
brane in (F). Scale bar:40 µm& / fi g. c :
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tridge, and prepared for HPLC analysis as described by Lange et
al. (1994). Extracts were resuspended in HPLC buffer and chro-
matographed sequentially on 2 different HPLC systems using var-
ious acetonitrile gradients:

System 1. A Brownlee RP-C18 Spheri-5 column (46 mm×
25 cm) was used with a linear acetonitrile gradient (containing
0.1% TFA) of 9–60% acetonitrile, run at 1 ml/min. This gradient
was run over 34 min, 2 min after injecting the sample. Selected
fractions were pooled, evaporated to dryness and redissolved in
HPLC solvent to be run on System 2.

System 2. A Brownlee Phenyl Spheri-5 column (46 mm×
25 cm) was used with 2 different linear acetonitrile gradients (con-
taining 0.1% TFA), run at 1 ml/min. The first gradient ran from
18–60% acetonitrile, over 60 min, 2 min after injecting the sample.

Selected fractions were processed individually, as described
for System 1, using the same Phenyl column with a slower aceto-
nitrile gradient. The slower gradient ran from 20–29% acetoni-
trile, over 60 min, 2 min after injecting the sample. Selected frac-
tions were aliquoted, evaporated to dryness, and resuspended in
HPLC buffer alone or spiked with synthetic FaRPs (AFIRFamide,
GQERNFLRFamide and ADVGHVFLRFamide from Queen’s
University Core Facility, Kingston, Ontario; PDVDHVFLRFam-
ide from Peninsula) previously isolated and sequenced from the
locust CNS (Peeff et al. 1994; Lange et al. 1994). These aliquots
were rerun on the second Phenyl system.

The radioimmunoassay for FMRFamide-like peptides was car-
ried out as described previously by Peeff et al. (1994).

Cyclic AMP and cyclic GMP measurements

Salivary glands were dissected under physiological saline and as-
sayed for the effects of FaRPs on cAMP and cGMP levels. Addi-
tionally, 5×10–7 M serotonin was tested on glands, as a positive
control for cAMP elevation. Tissues were incubated in physiologi-
cal saline containing 0.5 mM 3-isobutyl-1-methyl-xanthine
(IBMX), along with various concentrations of synthetic AFIRF-
amide or GQERNFLRFamide for 10 min at room temperature.
The reaction was terminated by addition of 500µl boiling 0.5 M
sodium acetate buffer, pH 6.2, followed by 5 min of boiling. The
samples were stored for up to 24 h at –20°C. The samples were
sonicated, centrifuged at 8800×g for 10 min and the supernatant

removed for cAMP and cGMP determination. The pellet was dis-
solved in 50µl 0.5 N sodium hydroxide for protein determination.
Cyclic AMP and cGMP levels were measured by radioimmunoas-
say using a commercially available kit (New England Nuclear,
Lachine, PQ). The protein content of the salivary glands was de-
termined using the BioRad protein assay (Melville, NY) based up-
on Bradford (1976) using γ-globulin as the standard. Chemicals
other than the synthetic FaRPs were obtained from Sigma.

Results

Immunohistochemistry

Salivary glands. & p . 1 :The glands stained positively against
the 2 different rabbit polyclonal anti-FMRFamide antise-
ra. Staining patterns were similar for both antisera. The
FMRFa-ir was found as an elaborate plexus of immuno-
reactive processes. In most cases, the processes followed
the path of the extensively branched salivary duct
(Fig. 1a–c). Branches containing FMRFa-ir processes
only joined the salivary nerve 7b midway through the
glands. This was apparent from double-labelling experi-
ments revealing FMRFa-ir axons alongside the dopami-
nergic or serotonergic axons in nerve 7b within the sali-
vary glands (Fig. 2), but not in nerve 7 at the suboesoph-
ageal ganglion (Fig. 1f, g).

The FMRFa-ir axons often possessed large varicosi-
ties (Fig. 1b; arrows) diagnostic of neurohaemal storage
and release sites. In contrast to the finer and extensively
branched dopaminergic SN1 and serotonergic SN2 pro-
cesses, which were deeply embedded within the acini
(Ali et al. 1993), the FMRFa-ir processes in the salivary
glands were anchored as a superficial network of termi-
nal varicosities over the acini (Fig. 1d, e).

Nerve branches of the posterior region of the salivary
glands exhibited the greatest distribution and intensity of
FMRFa-ir staining, and contained many FMRFa-ir pro-

Fig. 2A, B. Camera lucida reconstructions of FMRFa-ir axons and cells of
the salivary glands, ventral nerve cord and suboesophageal ganglion of Lo-
custa migratoria. A The prothoracic (PRO) and mesothoracic ganglia (ME-
SO) and transverse nerves (tn) projecting to the acini (ac) of the salivary
glands are depicted. FMRFa-ir axons often follow the salivary duct (sd),
eventually joining salivary nerve 7b (n7b). Only FMRFa-ir cell bodies and
axons are shown. B The suboesophageal ganglion (SOG) and FMRFa-ir cell
bodies (filled cells) are depicted. The SN1 (dopaminergic) and SN2 (seroto-
nergic) motoneurons (clear cells) and their axons exiting via nerve 7 (n7) are
also shown. Nerve 7 branches as salivary nerve 7b (n7b, seen in A) and trav-
els to the salivary glands. The SN1and SN2cells do not possess FMRFa-ir.
FMRFa-ir on nerve 7 is not depicted for clarity. Scale bars:400µm& / fi g. c :
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cesses (Fig. 1b). Very little FMRFa-ir was found in the
anterior third of the glands. Only single FMRFa-ir axons
were found in anterior nerve branches (Fig. 1c; arrows),
with at most 1 or 2 branches staining positively in each
salivary gland preparation. These anterior fibres con-
tained FMRFa-ir axons alone, with no TH-ir or seroto-

nin-ir, suggesting that they were not nerve fibres of the
salivary nerve 7b.

Suboesophageal ganglion. & p . 1 :The suboesophageal ganglion
(SOG) is the origin of the 2 pairs of salivary motoneu-
rons, the SN1 (dopaminergic) and the SN2 (serotoner-

Fig. 3A, B. FMRFa-ir in whole-mount preparations of 2 thoracic
ganglia and transverse nerve (TN) branches associated with the
salivary glands (SG). A FMRFa-ir is traced through the TN (ar-
rows) of the posterior median nerve (MN), from the prothoracic

ganglion (PRO), and enters the salivary glands. Scale bar:
150 µm. B Similar FMRFa-ir is found in the TN of the mesotho-
racic ganglion (MESO). Scale bar:90 µm& / fi g. c :
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Fig. 4A, B. Fractionation of
FMRFa-ir from extracts of 100
adult Locustasalivary glands us-
ing 2 RP-HPLC columns with
different acetonitrile gradients. A
RP-HPLC separation on a C18
column (System 1) revealed 1
broad peak of FMRFa-ir materi-
al. The values have been convert-
ed from subsamples of 100 sali-
vary glands to 1 salivary gland
pair (SG pair). B RP-HPLC sep-
aration of pooled fractions 21 to
27 from (A) on a Phenyl column
with a fast acetonitrile gradient
(System 2A). Four FMRFa-ir
peaks were detected (filled bars)
and rerun individually with a
slower acetonitrile gradient
(System 2B). Histogram fills
correspond to appropriate fills in
individual runs C through F. Ar-
rowsdenote elution times of la-
belled peptides& / fi g. c :

gic). They directly innervate the salivary glands via a
branch of nerve 7, the salivary nerve 7b (Gifford et al.
1991; Orchard et al. 1992; Ali et al. 1993). The SOG
was therefore double-labelled with anti-FMRFamide and
anti-TH (an indication of the presence of dopamine), or
anti-FMRFamide and anti-serotonin, to map the loca-
tions of FMRFa-ir cells and axons relative to the 2 moto-
neurons. FMRFa-ir was not found in the SN1 or SN2 of
the SOG (Fig. 2b). Instead, 2 FMRFa-ir cell bodies were
located directly posterior to the SN2, but did not send
projections to the salivary glands. Moreover, FMRFa-ir
axons were not present within nerve 7 at the SOG, but
were found in processes of the transverse nerves joining
the salivary nerve 7b well within the salivary glands.
However, FMRFa-ir was apparent as a nerve plexus on
the surface of nerve 7 at the SOG (compare Fig. 1f, g;
clear arrows). This superficial staining never appeared to
extend to the salivary glands. For clarity, this staining is
not shown in the composite camera lucida drawing of
the SOG (Fig. 2b).

Thoracic ganglia. & p . 1 :The 3 thoracic ganglia of the ventral
nerve cord were dissected while still attached to the sali-
vary glands via branches of their transverse nerves (TN).
These preparations were stained with anti-FMRFamide

antiserum to determine the origins of FMRFa-ir in the
salivary glands (Figs. 2, 3).

One small axonal tract entering the anterior region of
the salivary glands stained positively for FMRFa-ir and
was traced to the posterior TN of the prothoracic gangli-
on (Figs. 2a, 3a). Staining of the TN in the salivary
glands was limited to a few branches extending anterior-
ly. Another FMRFa-ir axon entering the mid-portion of
the glands was traced to the posterior TN of the meso-
thoracic ganglion, with many FMRFa-ir processes pro-
jecting in all directions in the salivary glands (Figs. 2a,
3b). The staining pattern suggested that most FMRFam-
ide-like material originated from the mesothoracic gan-
glia. The branches of the TN from the metathoracic gan-
glion, which entered the salivary glands, did not stain
positively for FMRFa-ir at the level of the salivary
glands (data not shown).

Controls. & p . 1 :Staining was almost entirely eliminated in the
salivary glands when the primary antiserum was preab-
sorbed overnight with 50µg/ml FMRFamide. In con-
trast, the most typically cross-reactive non-related pep-
tide, bovine pancreatic polypeptide, at a concentration of
50 µg/ml did not visibly alter the intensity or the distri-
bution of staining. No staining was visible when primary



or secondary antisera were eliminated in the incubation
steps.

Radioimmunoassay

Quantification of FMRFamide-like material. & p . 1 :Anti-FMR-
Famide antiserum 1 was used for the radioimmunoassay
(RIA), to quantify the FMRFamide-like peptides in the
salivary glands. The amount of FMRFamide-like materi-
al in salivary gland tissue extracts was expressed as
FMRFamide-like equivalents (FLE), as described by
Tsang and Orchard (1991). L. migratoria contained
837±80 fmol FLE/gland pair (n=10). This amount was
reduced proportionately when single glands were as-
sayed (420±44 fmol FLE/single gland, n=12), demon-
strating that the amount of tissue present did not inter-
fere with the RIA.

Reversed-phase high performance liquid chromatogra-
phy. & p . 1 :The pooled material run through System 1(C18 col-
umn), resulted in the resolution of 1 large peak of
FMRFa-ir material over a 3 min period (Fig. 4a). This
fraction, and adjacent fractions (20–27), were pooled,
evaporated to dryness and run through System 2
(Fig. 4b). The 4 groups of FMRFa-ir fractions (shaded
bars) were then run individually through System 2 at a
slower gradient.

The slower acetonitrile gradient of each individual
fraction (Fig. 4c–f) did not appear to resolve any further
FaRP peaks. The elution profiles of both systems were
remarkably similar to those previously determined from
locust ventral nerve cord extracts (Lange et al. 1994),
except for the absence of a peak where SchistoFLRFam-
ide and ADVGHVFLRFamide eluted. Individual elution
profiles of the peptides isolated and sequenced from
ventral nerve cord tissue (Lange et al. 1994), were then
compared with the salivary gland profiles. Of the 4 re-
solved peaks, fractions 26/27 co-eluted with synthetic
AFIRFamide, fractions 30/31 co-eluted with synthetic
GQERNFLRFamide, while fractions 35/36 and 47/48
did not co-elute with any known FaRPs from the CNS
(Fig. 4c–f, respectively). The elution profile of fractions
35/36, however, did match the profile of another FaRP
also isolated from the ventral nerve cord, which is not
yet fully sequenced (AXXRNFIRFamide; Lange et al.
1994). FaRPs co-eluting with synthetic SchistoFLRFam-
ide (PDVDHVFLRFamide) or ADVGHVFLRFamide
were not apparent in the salivary glands (see Fig. 4f; ar-
rows).

From these separations, it appears that the salivary
glands of L. migratoria contain at least 4 different Fa-
RPs, 2 of which are likely extended FIRFamides and 1
which is an extended FLRFamide. SchistoFLRFamide
and ADVGHVFLRFamide do not appear to be present.

Effects of FMRFamide-like peptides on cyclic
AMP/GMP levels

Both dopamine and serotonin are known to induce in-
creases in basal levels of cAMP in a dose-dependent
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Fig. 5. Increases in cAMP content/mg protein of salivary glands
(SG) of adult male Locusta following incubation for 10 min in
5×10–7 M serotonin (///), or different concentrations of AFIRFam-
ide (\\\) or GQERNFLRFamide (XXX), with 0.5 mM IBMX. The
values reflect increases over IBMX control levels, and are repre-
sented as means±SE (n>5). Asteriskrepresents significant differ-
ence (P<0.001)& / fi g. c :

manner in the salivary glands of L. migratoria (Ali et al.
1993). These amines also appear to increase the rates of
salivary gland fluid secretion in situ (Baines et al 1989).
Similar signal transduction mechanisms of FaRPs were
examined by measuring changes in levels of cAMP, as
well as changes in another second messenger, cGMP, in
the salivary glands. The glands were assayed for changes
in intracellular levels of both cAMP and cGMP after be-
ing exposed to AFIRFamide and GQERNFLRFamide at
varying concentrations for a 10 min period. Additionally,
5×10–7 M serotonin was applied to salivary glands, as a
positive control for cAMP elevation. There were no ap-
parent increases in basal levels of cAMP compared to
control IBMX levels, after FaRP application, for a range
of concentrations from 10–8 M to 10–5 M, while seroto-
nin increased levels significantly (P<0.001, see Fig. 5).
There was no effect on basal levels of cGMP in the sali-
vary glands after application of FaRPs or serotonin (data
not shown).

Discussion

The present data indicate the presence of at least 4 Fa-
RPs in the salivary glands of the locust, Locusta migra-
toria. Two of these co-elute with AFIRFamide and
GQERNFLRFamide (Fig. 4c,d), one has a similar elu-
tion profile to a partially sequenced FaRP (AXXRNFIR-
Famide from Lange et al. 1994), and one does not elute
with any FaRPs previously sequenced from the locust
CNS. SchistoFLRFamide (PDVDHVFLRFamide) and
ADVGHVFLRFamide do not appear to be present in any
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appreciable amounts. These results, along with the im-
munohistochemical data, suggest that the salivary glands
contain some of the FaRPs that have been previously
isolated from the locust ventral nerve cord (Peeff et al.
1994; Lange et al. 1994).

FMRFa-ir is most abundant, in terms of both staining
intensity and the number of processes stained per nerve
branch, towards the posterior region of the glands. The
origin of FMRFa-ir is traced to the prothoracic and me-
sothoracic ganglia, via posterior transverse nerve (TN)
branches. Our observations are similar to those of Myers
and Evans (1985), who found FMRFa-ir in branches of
the TN of the mesothoracic ganglion extending into the
salivary glands in S. gregaria. We have now also shown
similar staining patterns in the prothoracic ganglion in L.
migratoria. Baines and colleagues (1989) have traced
salivary gland innervation to the prothoracic ganglion in
L. migratoriaby cobalt backfilling.

While it has been suggested that a further source of
FaRP innervation of the salivary glands originates from
the SN2 cells of the SOG (Schoofs et al. 1993), the dou-
ble-labelling experiments reveal that FaRPs are not co-
localized with either dopamine in the SN1, or serotonin
in the SN2 motoneurons. Instead, 2 large and strongly
FMRFa-positive cells, which do not appear to send pro-
jections to the salivary glands, are located just posterior
to the SN2. These cells have been previously described
by Myers and Evans (1985) and Evans and Cournil
(1990) in S. gregaria. Moreover, while we find that
nerve 7 of the SOG does not contain a FMRFa-ir axon, a
FMRFa-ir nerve plexus is seen on its surface. The source
of these immunoreactive axons is unclear. Axons located
superficially on nerves is not uncommon. A serotonergic
satellite system of nerves originating from the SOG has
been described in L. migratoria by Bräunig (1987), and
has been implicated in locust feeding. The FMRFa-ir
does not appear to project as far as the salivary glands,
and as the salivary nerve 7b is the only source of inner-
vation of the salivary glands from the SOG (Altman and
Kien 1979; Ali et al. 1993), this staining pattern suggests
that the FaRPs seen in the present study originate from a
source other than the SOG.

The stained axons following the salivary duct report-
ed here, originate from branches of the transverse nerves
of the ventral nerve cord, where they often join the sali-
vary nerve 7b. This may be the case for FMRFa-ir found
in the salivary glands by Schoofs et al. (1993) as well.
While there is the possibility that the antisera used in the
present study do not recognise all the FaRPs described
by Schoofs et al. (1993), use of 2 independently generat-
ed anti-FMRFamide antisera, both of which have been
shown to recognise SchistoFLRFamide in RIA, reveal
similar staining patterns in the ganglia and salivary
glands and do not stain SN2 cells.

Both the dopaminergic and serotonergic axons in the
salivary glands branch into an extensive mesh of fine fi-
bres which are deeply embedded within the acini (Ali et
al. 1993). This staining pattern suggests that these sub-
stances may act as neurotransmitters. In contrast, the
blunt FMRFa-ir terminal varicosities lie over top of the
acini, and the axons have distinct neurohaemal regions,

most noticeably where multiple axons converge (Fig. 1b;
arrows). The presence of neurohaemal sites suggests that
at least some of the FaRPs may have a neurohormonal or
at least neuromodulatory role. The 2 sources of FaRP in-
nervation may exist to ensure that the glands receive full
innervation. This suggestion is reinforced by the distinct
staining patterns seen in anterior and posterior regions of
the glands. Multiple sites of innervation may also allow
for interactions between 2 systems in the control and
modulation of salivary gland function, between similar
or different FaRPs. Furthermore, there may be interac-
tions with other amines as well. Octopamine-like immu-
noreactivity, for instance, has been described in metatho-
racic DUM neurons innervating the salivary glands of L.
migratoria (Braünig et al. 1994). However, we should
not dismiss the possibility that the salivary glands may
be a site for the release of FaRPs or octopamine into the
thoracic cavity of the locust where they may have access
to, and affect other tissues such as the flight muscles, of
digestive and cardiovascular systems.

The effects of FaRPs on locust salivary gland activity,
if any, are decidedly different from those of either dopa-
mine or serotonin, in that the synthetic FaRPs, AFIRF-
amide and GQERNFLRFamide, do not elicit dose-de-
pendent changes in basal levels of cAMP. Since both do-
pamine and serotonin elevate cAMP levels in the saliva-
ry glands (Ali et al. 1993), it is reasonable to suggest
that the FaRPs tested do not directly stimulate the re-
lease of dopamine or serotonin in the glands, nor do they
act via cAMP. They may, however, act indirectly on sali-
vary glands by modulating the activity of either amine.
For instance, in locust foregut, it has been proposed that
FMRFamide modulates the release of serotonin involved
in muscle contraction (Banner and Osborne 1989).
These FaRPs do not appear to act via cGMP either, al-
though they may work via other second messengers. In-
deed FMRFamide has been shown to be linked to the
IP3 (Deaton 1990; Bayakly and Deaton 1992; Falconer
et al. 1993) and arachidonic acid (Piomelli et al. 1987)
second messenger systems in other organisms.

The evidence in the literature describing the effects of
FaRPs on invertebrate salivary glands is sparse. The
most convincing description of FaRP activity in salivary
glands exists for the blowfly, Calliphora vomitoria
(Duve et al. 1992). Thirteen FMRFamide-like neuropep-
tides (calliFMRFamides 1–13) have been isolated from
the thoracic ganglion. CalliFMRFamides 1–3 are capa-
ble of increasing fluid secretion rates in the Calliphora
salivary gland bioassay. In particular, calliFMRFamide 1
is active in vitro at a concentration as low as 0.1 nM.
Thus, FaRPs appear to play a direct role in the secretion
of saliva in the blowfly. FaRPs also appear to be associ-
ated with the salivary glands of the blood-sucking bug
Rhodnius prolixus(Tsang and Orchard 1991). In this an-
imal FMRFa-ir is associated with the glands, and inner-
vation of the primary salivary duct and the gland appear
to originate from the SOG and the hypocerebral gangli-
on. Work to suggest a physiological effect of FaRPs on
salivary gland activity in Rhodnius, however, is lacking.

In light of this information it seems highly probable
that FaRPs may play some role in modulating the activi-



ty of the locust salivary glands. Given the putative iden-
tities and general distribution of FaRPs in the salivary
glands, we are now in a position to study the physiologi-
cal roles of these peptides on the glands, as well as to in-
vestigate the interaction between amines and peptides in
coordinating physiological behaviours.

& p . 2 :Acknowledgement.We would like to thank Victoria TeBrugge for
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