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Abstract

Crustacean cardioactive peptide (CCAP) stimulates the contractions of locust oviducts. CCAP increased the basal tonus and
increased the frequency and amplitude of phasic contractions, as well as the amplitude of neurally-evoked oviduct contractions in
a dose-dependent manner. Oviducts from Vth instar larvae and adult locusts aged 10 days or less, were more sensitive to CCAP
than oviducts from adult locusts aged 12 days or more. This may be indicative of a differential expression of number or subtypes
of CCAP receptors on the oviducts at different ages, and may be related to reproductive functions or to functions of CCAP on the
oviducts during ecdysis. The oviducts appear more sensitive to CCAP when compared with previously published reports of CCAP
actions on the hindgut. CCAP actions on the amplitude of neurally-evoked contractions of the oviducts are similar to those of
proctolin, however, the oviducts are more sensitive to CCAP. No CCAP-like immunoreactive structures were discovered in the
nerves innervating the oviducts, or on the oviducts themselves, confirming the previously published suggestion (Dircksen et al.,
1991) that CCAP acts as a neurohormone at the oviducts. Cells showing CCAP-like immunoreactivity were discovered in the fat
body associated with the oviducts and represent a potential source of CCAP, along with CCAP released from the transverse nerve
and perivisceral organs. 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The walls of the lateral and common oviducts of the
African migratory locust,Locusta migratoria, are com-
posed of muscle layers (Lange et al., 1984). The individ-
ual cells which make up the muscle are electrically
coupled and have the ability to undergo spontaneous
depolarizations (Orchard and Lange, 1986). As a result,
the oviducts of the locust can contract rhythmically even
when isolated from the central nervous system. The ovi-
ducts also receive innervation arising from the VIIth
abdominal ganglion via a branch of the sternal nerve,
termed the oviducal nerve, which forms connections
onto the lower lateral oviducts and the anterior common
oviduct (Lange and Orchard, 1984a). Both the myogenic
and the neurally-evoked contractions of the locust ovi-
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ducts can be modulated by neurochemicals acting as
neurohormones and/or neurotransmitters (Lange, 1992).
A number of neurochemicals, including neuropeptides
such as proctolin, SchistoFLRFamide, locustatackykin-
ins and locustamyotropins have been found to modulate
oviduct contractions in the locust (Lange et al. 1986,
1991; Schoofs et al., 1990a,b,c,d; Kwok et al., 1999).
The biogenic amine, octopamine, and the amino acid
glutamate are also capable of modulating the muscular
activity of the oviducts in the locust (Lange and
Orchard, 1984b).

Proctolin stimulates the oviduct visceral muscle, lead-
ing to a dose-dependent increase in basal tonus and an
increase in the overall myogenic activity of the oviducts
(Lange et al., 1986). Application of proctolin to the ovi-
ducts, while stimulating the oviducal nerves, results in
a dose-dependent increase in tonus and amplitude of the
neurally-evoked contractions, coupled with an increase
in the rate of post-contraction relaxation (Noronha and
Lange, 1997). Axons possessing proctolin-like immuno-
reactivity have been found in the oviducal nerves, with
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cell bodies present in the VIIth abdominal ganglion
(Lange et al., 1986). Studies suggest that proctolin acts
as a co-transmitter, modulating the contractions elicited
by a more conventional transmitter such as glutamate
(Orchard and Lange, 1986; Lange et al., 1986; Noronha
and Lange, 1997).

A SchistoFLRFamide-like peptide and the biogenic
amine octopamine are both present in the innervated
regions of the oviducts (Lange et al., 1991). Physiologi-
cal experiments demonstrate that SchistoFLRFamide
inhibits contractions of the oviducts, resulting in a
reduction of basal tonus and a decrease in the frequency
and amplitude of phasic contractions (Lange et al.,
1991). Similarly, the biogenic amine, octopamine,
inhibits contractions of the oviduct muscle, decreasing
basal tonus and the amplitude of phasic contractions, as
well as decreasing the amplitude of neurally-evoked con-
tractions (Lange and Orchard, 1984b; Orchard and
Lange, 1988).

In this study we identify the crustacean cardioactive
peptide (CCAP) as a potent modulator of locust oviduct
contractions. CCAP is a member of a family of cardioac-
celeratory peptides designated as such because of their
ability to stimulate the heart. CCAP was originally iso-
lated and sequenced from neurohaemal structures, the
pericardial organs, of the shorecrabCarcinus maenas
(Stangier et al., 1987). It is a cyclic nonapeptide (Pro–
Phe–Cys–Asn–Ala–Phe–Thr–Gly–Cys-amide) and has
been shown to stimulate an increase in the amplitude
and the frequency of contractions of the crayfish heart
(Stangier et al., 1987). Release experiments reveal that
CCAP immunoreactive (CCAP–IR) material can be
released from the pericardial organs with high potassium
saline in a calcium-dependent manner (Stangier et al.,
1988). Further studies reveal an extensive network of
CCAP–IR neurons in the central nervous system ofCar-
cinus maenas, suggesting that the peptide may also func-
tion as a neurotransmitter (Dircksen and Keller, 1988). It
has been reported that CCAP is an enhancer of crayfish
hindgut contractions (Stangier et al., 1989).

CCAP has since been discovered in insects, including
the tobacco hawkmoth,Manduca sexta and the
migratory locust,Locusta migratoria (Cheung et al.,
1992; Stangier et al., 1989). InManduca sexta, CCAP
has been shown to increase the heartrate and more
recently CCAP has been implicated in the onset of ecdy-
sis (Cheung et al., 1992; Gammie and Truman, 1999).
In the brain and nervous system ofLocusta migratoria,
an extensive network of CCAP–IR cells and fibers exists
(Dircksen and Homberg, 1995; Dircksen et al., 1991).
CCAP has been shown to stimulate hindgut contractions
of Locusta migratoria(Stangier et al., 1989) and has
been reported to stimulate primarily the amplitude of the
heart beat as opposed to the rate, as well as exerting
myotropic effects on the oviducts inLocusta migratoria
(see Dircksen et al., 1991). From immunocytochemical

studies, Dircksen et al. (1991) have reported that there
is no CCAP–IR innervation to either the hindgut or the
oviduct, and thus concluded that CCAP must act as a
neurohormone at these tissues.

In the present study we have characterized the effects
of CCAP on the oviducts ofLocusta migratoria. Dose–
response curves for CCAP on spontaneous and neurally-
evoked contractions of locust oviducts were constructed
with the aid of physiological and neurophysiological
techniques. Immunohistochemical studies were perfor-
med to examine for the likely source of CCAP acting
on the oviducts.

2. Materials and methods

2.1. Animals

For physiological and neurophysiological experi-
ments,Locusta migratoriawere raised in a crowded lab-
oratory colony at the University of Toronto in Missis-
sauga, Canada, kept on a 12 hour light and 12 hour dark
regime at 30°C, and fed fresh wheat seedlings sup-
plemented with bran and carrots. For some of the immu-
nohistochemical experiments, females ofLocusta
migratoriawere raised in crowded conditions at the Frie-
derich-Schiller Universita¨t in Jena, Germany, kept on a
natural daylight routine and fed fresh wheat seedlings.

2.2. Chemicals

Peptides, proctolin and CCAP were purchased from
Peninsula Laboratories (San Carlos, California, USA),
and reconstituted in double distilled water to yield a
stock solution of 1 mM peptide. The stock solution was
aliquoted into microcentrifuge tubes and stored in the
freezer. Working dilutions were made from the stock
solution in saline.

2.3. Physiological and neurophysiological experiments

Oviducts from Vth instar and adult female locusts
were dissected out in physiological locust saline (150
mM NaCl, 10 mM KCl, 4 mM CaCl2, 2 mM MgCl2, 4
mM NaHCO3, 5 mM HEPES (7.2), 90 mM Sucrose, 5
mM trehalose) via a mid-ventral incision after removal
of the head, legs and wings. The Vth instar locusts were
divided into two groups, those that were nearing ecdysis,
as judged by separation of the wing buds, and the separ-
ation of the old cuticle from the newly forming cuticle
during dissection, and those that were not. Adult locusts
were divided into four groups. Locusts that had recently
emerged were compared to those that were.12 days
old. Mated locusts were compared to virgin locusts of
the same age (15–23 days). For physiological experi-
ments, the preparation consisted of the entire oviducts
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including the ovarioles. The oviducal nerves were cut
where they branched onto the oviducts and thus were
not included. The anterior lateral oviducts were attached
using minuten pins in a well containing saline, shaped
inside a Sylgard coated dish. Thread was used to attach
the common oviduct to a Grass Force Displacement
Transducer (Grass Instruments Model FT03 Quincy,
MA, USA). In this manner changes in muscle contrac-
tion could be monitored. Before beginning the experi-
ment the saline was removed from the well containing
the preparation such that a fine layer of moisture
remained on the oviducts. Consistent results were
obtained when 20µL of peptide was evenly distributed
over the preparation. Contractions of the oviducts were
monitored on a 200 mm Flat-Bed, single channel, chart
recorder (VWR, Mississauga, ON, Canada), connected
to the force transducer through an amplifier. The peptide
was washed from the preparation using saline.

For neurophysiological experiments, the lateral ovi-
ducts were cut below the insertion of the ovarioles and
the preparation consisted of the innervated portion of the
oviducts, i.e. the lower portion of the lateral oviducts
and the common oviduct. The oviducal nerves were cut
where they branched from the sternal nerve and
remained attached to the oviducts. The lateral oviducts
were attached by using minuten pins in a well containing
saline, shaped inside a Sylgard coated dish. The common
oviduct was tied using thread to a Grass Force Displace-
ment Transducer (Grass Instruments Model FT03,
Quincy, MA, USA), connected to a Goerz Servogor 124
Flat-bed chart recorder (VWR, Mississauga, ON,
Canada) through an amplifier. Stimulation of the ovidu-
cal nerves was performed using a suction electrode and
a Grass S88 stimulator through a Grass SIU5 Stimulus
isolation unit (Grass Instruments, Quincy, MA, USA).
Settings on the stimulator were as follows: 0.1 train per
second, 2000 ms train duration, 20 pulses per second
rate and 0.5 ms duration, yielding a stimulus regime of
20 Hz frequency of pulses for 2 seconds with an eight
second period of no stimulation. The stimulus regime
was monitored using a Tektronix model 5113 Dual
Beam Storage Oscilloscope (Tektronix, Beaverton, Ore-
gon, USA). The preparation was maintained in saline
and the peptide was added by removing half the volume
of saline and replacing it with an equal volume of saline
containing twice the final concentration of peptide. The
peptide was washed from the preparation using saline.

2.4. Immunohistochemistry

The head, legs and wings of females ofLocusta
migratoria were removed and a mid-ventral incision was
made through the abdomen and thorax. The locust was
pinned to a Sylgard-coated dish such that internal struc-
tures were exposed. Fixative consisting of 4% paraform-
aldehyde in Millonigs phosphate buffer pH 7.3–7.4

(0.5% NaCl, 1.45% Na2HPO42H2O, 0.262% NaH2PO4

H2O) was immediately applied for 5 to 10 minutes. Fixa-
tive was washed off of the internal structures with Tris–
HCl buffer pH 7.4 (0.6% Tris, 0.8% NaCl). The abdomi-
nal ganglia and the lower lateral and common oviducts
were excised in Tris–HCl buffer such that connectives
between ganglia and the oviducal nerves remained intact.
The preparations were then transferred to well plates
filled with fixative and left overnight at room tempera-
ture. The following morning, the majority of fat and
sheath were removed from the preparations and then the
preparations were washed in Tris–HCl buffer with sev-
eral changes. This was followed by an extensive wash
in Tris–HCl buffer at 4°C on a shaker for 48 hours. Prep-
arations were further washed with several changes of
Tris–HCl buffer before being run through an alcohol ser-
ies (30%, 50%, 70%, 90%, 100%, for fifteen minutes
each) and were then placed in propylene oxide for fifteen
minutes before being run through a reverse alcohol ser-
ies. Preparations were then rinsed in Tris–HCl buffer fol-
lowed by incubation in rabbit anti-CCAP IgG fraction
purified polyclonal antibody (diluted 1:5000) (Prepared
by Hans-Ju¨rgen Agricola, Friederich-Schiller Universi-
tät, Jena, Germany) containing 2% normal goat serum in
a solution of Tris–HCl buffer containing 0.25% Triton-X
100, 3% skim milk powder and 0.25% bovine serum
albumin, for 48 hours at 4°C on a shaker. Controls were
treated similarly, with the exception that the antibody
was preabsorbed overnight with 2×1025M CCAP. Prep-
arations were then washed extensively in Tris–HCl
buffer with many changes followed by an overnight
wash at 4°C on a shaker. Preparations were further
rinsed with several changes of Tris–HCl buffer. The
preparations were then incubated in affinity purified goat
anti-rabbit antibody conjugated to Cy3 (diluted 1:600)
(Bio/Can, Mississauga, Canada), containing 2% normal
goat serum in Tris–HCl buffer containing 0.25% Triton-
X 100, 3% skim milk powder and 0.25% Bovine serum
albumin, for 48 hours at 4°C on a shaker. Preparations
were then run through a glycerol series (20%, 40%, 60%,
80%, for fifteen minutes each) and 100% glycerol over-
night at 4°C before being mounted with 6% Movial in
distilled water (Sigma–Aldrich, Oakville, Canada) on
slides for viewing. Slides were viewed with a Nikon
Optiphot 2 Epiflourescence Microscope (Nikon Corpor-
ation, Tokyo, Japan) and a Zeiss LSM 510 Confocal
Laser Microscope (Carl Zeiss, Jena, Germany). Pictures
were taken on the Nikon Microscope with the aid of a
Nikon Microflex UFX-DX photomicrographic attach-
ment (Nikon Corporation, Tokyo, Japan).

3. Results

When applied exogenously to locust oviducts in vitro,
CCAP caused a dose-dependent tonic contraction (see
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Figs. 1–3) as well as an increase in the frequency and
amplitude of phasic contractions of the muscle (see Fig.
1 and Fig. 2). When applied to oviducts from Vth instar
locusts, CCAP (0.1 nM–50 nM) produced a slow rise in
tonus which took approximately 2 to 3 minutes to reach
peak contraction amplitude, which was followed almost
immediately by phasic contractions superimposed (see

Fig. 1. (A) Myogenic contraction of locust oviducts from late Vth
instar locusts nearing ecdysis in the presence of various concentrations
of CCAP. CCAP was added at the upward arrowheads by removing
half the amount of saline bathing the oviducts while applying an equal
volume of twice the desired concentration of peptide. CCAP was
washed off at the downward arrowheads with physiological locust
saline. CCAP increased the myogenic contractions of the Vth instar
oviducts in a dose-dependent manner, resulting in a slow rise in tonus,
followed by an increase in the amplitude and frequency of phasic con-
tractions. The trace shown here is a representative example of 14 prep-
arations. (B) Effects of CCAP on the tonus of isolated locust oviducts
from Vth instar larvae. Responses are expressed as the percentage of
the maximal change in tonus seen for each preparation. Oviducts from
early Vth instar larvae (h) and late Vth instar larvae (I) demonstrated
similar sensitivity to CCAP (threshold=10210 M, ED50 (dose required
to reach half maximal response)=4×10210 M and 5×10210 M, respect-
ively, maximum=1028 M and 5×1028 M, respectively,N=6 and 8,
respectively). Points are means±standard error.

Fig. 1(A)). Oviducts from adult locusts of ages 10 days
or less post-emergence also responded to CCAP at low
doses (0.05–1 nM) with a pronounced phasic component
immediately following an increase in basal tonus. In
contrast to the Vth instar locusts the rise in tonus was
more rapid in onset, reaching its peak contraction ampli-
tude by approximately 30 seconds. At higher doses (5
nM–1000 nM) CCAP induced a pronounced tonic con-
traction and the enhanced phasic contractions were not
seen until approximately 2 minutes after application, or
upon wash off. With oviducts from adult locusts aged
12 days or more post-emergence, the pronounced phasic
component was seen immediately following the rise in
basal tonus at all doses of CCAP (not shown). In
addition, the oviducts from the older aged adult locusts
were less sensitive to CCAP as shown in the dose–
response curve being shifted to the right (Fig. 3). Inter-
estingly however, this difference in sensitivity was not
observed between Vth instar locusts judged to be either
early or late in their instar (nearing ecdysis) (Fig. 1(B))
or between mated adult locusts and virgin adult locusts
of similar age (not shown). The effects of CCAP were
reversible upon washing with physiological locust saline
(see Fig. 1 and Fig. 2), although more washes were
required to return contractions to baseline, relative to
that required following proctolin application (Fig. 2).

CCAP caused a dose-dependent increase in the ampli-
tude of the neurally-evoked contractions, superimposed
over an increase in basal tonus and myogenic activity
(Fig. 4 and Fig. 5). During the first minute of the CCAP
response, the relaxation portion of the neurally-evoked
contractions was pronounced and is revealed in Fig. 4
as an undershoot of the contractions below the level of
resting tonus. A similar phenomena was observed in the
absence of CCAP when oviducts were overstretched (not
shown). This phenomena was superimposed on an
increase in tonus. Beyond the first minute of the
response, the tonus stabilized to a level higher than base-
line but lower than the initial response. During this phase
of the CCAP-induced response, neurally-evoked con-
tractions were clearly greater in amplitude than those in
saline alone. The apparent increases in amplitude of
neurally-evoked and spontaneous contractions during
wash-off were an artifact caused by changes in bath vol-
ume during application of excess saline. Extensive wash-
ing was required before contractions returned to the level
they were prior to the addition of CCAP.

As seen in Fig. 3, oviducts excised from Vth instar or
young adult locusts (10 days or less) were more sensitive
to CCAP than oviducts from older adult locusts (12 days
or more). In terms of myogenic contractions, oviducts
from Vth instar and young adult locusts, responded to
CCAP at a threshold concentration of approximately 0.1
nM and 0.05 nM respectively, with maximal effect at 10
nM and 50 nM respectively, and an ED50 (dose required
to reach half-maximal response) of approximately 0.4
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Fig. 2. Myogenic contractions of locust oviducts from adult locusts 10 days or less post-emergence, in the presence of 1 nM Proctolin and various
concentrations of CCAP. Proctolin or CCAP were added at the upward arrowheads by removing half the amount of saline bathing the oviducts
while applying an equal volume of twice the desired concentration of peptide. The peptides were washed off at the downward arrowheads with
physiological locust saline. CCAP stimulated the myogenic contractions of the adult oviducts in a dose-dependent manner, resulting in a sudden
increase in tonus, followed by an increase in the amplitude and frequency of phasic contractions. The threshold for CCAP activity for this particular
oviduct was 0.05 nM and maximal contraction was acheived at 50 nM CCAP. The trace shown here is a representative example of 8 preparations.

nM. In comparison, oviducts from adult locusts aged 12
days or more responded to CCAP at a threshold concen-
tration of approximately 1 nM, and achieved a maximal
effect at 500 nM with an ED50 of 13 nM. Proctolin at
1 nM was utilized as a control to determine whether the
difference in sensitivity between young and old oviducts
was physiological or an artifact of tissue preparation.
Proctolin also served to test whether the difference in
sensitivity was unique to CCAP or common to both
modulators. When CCAP responses were compared to 1
nM proctolin, the difference in sensitivity was still
apparent, thus indicating that the different responses
were indeed physiological and unique to CCAP.

A similar trend was found on the effects of CCAP on
neurally-evoked contractions of locust oviducts (Fig. 5).
Oviducts from adult locusts aged,4 days responded to
CCAP with an ED50 of 0.12 nM and reached maximal
response at approximately 5 nM. Threshold concen-
tration was below 0.01 nM. In comparison, oviducts
from adult locusts.14 days responded to CCAP with
an ED50 of 5 nM and reached maximal response at 100
nM with a threshold concentration of approximately
0.1 nM.

Immunohistochemical staining for CCAP-like immu-
noreactive (IR) material was performed on the VIIth
abdominal ganglion (AG) including the oviducal nerves
and the oviducts of Vth instar larvae, young adult locusts

,3 days post-emergence and older adult locusts (.14
days post-emergence). No CCAP-like IR material was
found in the oviducal nerves or on the oviducts in any
of the three age groups. CCAP-like IR cells were found
in the VIIth AG of adults which corresponded to those
previously described (see Dircksen et al., 1991), and
similarly located cells were found in the Vth instar
locusts (not shown). A CCAP-like IR process was seen
running in the transverse nerves originating from the
median nerve (see Fig. 6(A)). The perivisceral organs
associated with these transverse nerves were also
covered with numerous CCAP-like IR blebs (see Fig.
6(A)). Cells present in the fatty tissue associated with
the oviducts were also CCAP-like immunoreactive (Fig.
6(B) and (C)). These cells were found in all age groups,
but no processes arising from these cells could be
detected. A lightly staining CCAP-like IR process was
seen exiting the VIIth AG via the sternal nerve in 50%
of the preparations of all age groups (Fig. 6(D)). The
origin and target of this process could not be determined
since the staining of the axon disappeared just before the
point at which the oviducal nerve branched from the
sternal nerve. Overnight preabsorption of the CCAP anti-
body with 20µM CCAP abolished all staining.
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Fig. 3. Effects of various concentrations of CCAP on the tonus of
isolated locust oviducts. Responses were measured as a percentage of
the maximal change in tonus seen for each preparation. Oviducts from
early and late Vth instar locusts (G) and adult locusts aged 10 days
or less post emergence (h) were more sensitive to CCAP
(ED50=4×10210 M and 4.2×10210 M, threshold=10210 M and 5×10211

M, maximum=1028 M and 5×1028 M, N=14 and 8, respectively) than
oviducts from adult locusts aged 12 days or more post emergence (I)
(ED50=1.3×1028 M, threshold=1029 M, maximum=5×1027 M, N=7).
Points are means±standard error.

Fig. 4. Neurally-evoked contractions of locust oviducts from adult locusts in the presence of various concentrations of CCAP. Oviducts, with
oviducal nerves intact, were excised in physiological locust saline. A suction electrode was utilized to stimulate the oviducal nerve at 20 Hz for
two seconds, every eight seconds, while monitoring contractions of the oviducts on a chart recorder. CCAP was added at the upward arrowheads,
at the indicated concentrations, and washed off at the downward arrowheads with physiological locust saline. CCAP increased the amplitude of
the neurally-evoked contractions of oviducts in a dose-dependent manner, superimposed on a dose-dependent increase in tonus and an increase in
myogenic, phasic contractions. The trace shown here is a representative example of 7 preparations.

Fig. 5. Effects of various concentrations of CCAP on neurally-
evoked contractions of locust oviducts from adult locusts. Values were
converted to the percentage of the maximal change in amplitude seen
for each preparation, measured at maximum achieved amplitude. Ovi-
ducts from locusts aged 3 days or less post emergence (h) were more
sensitive to CCAP (ED50=1.2×10210 M, N=8 except at 10210 M where
N=7) than oviducts from locusts aged 13 days or more post emergence
(I) (ED50=5×1029 M, N=7 except at 10211 M where N=4 and at
5×10211 M whereN=5). Points are means±standard error.
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Fig. 6. CCAP-like immunoreactive structures in female adult locusts.
(A) Transverse nerve arising from the median nerve found between
the VIth and the VIIth abdominal ganglia. A strongly immunoreactive
axon can be seen travelling within the nerve (upward arrowhead), as
well as numerous strongly immunoreactive blebs (downward
arrowhead) associated with the perivisceral organ. (B) Group of immu-
noreactive cells located in the fat body tissue directly overlying the
innervated region of the oviducts. (C) Close up of two cells in the fat
body tissue associated with oviducts. (D) Sternal nerve of the VIIth
abdominal ganglion, containing a faint immunoreactive axon
(arrowheads). Scale bars, 30µm.

4. Discussion

CCAP enhances contractions of locust oviducts in a
dose-dependent manner. Elsewhere in locusts Stangier
et al. (1989) examined the actions of CCAP on the adult
hindgut. When comparing our results with those of
Stangier et al. (1989), it appears that the oviducts are
slightly more sensitive to CCAP than the hindgut. Ovi-
ducts from young adult locusts responded to CCAP at
concentrations as low as 0.05 nM, with all preparations
responding to 0.5 nM. In comparison, some hindguts
responded to doses of CCAP as low as 0.01 nM, but
many preparations did not respond until 1 nM was
applied (Stangier et al., 1989). This response of hindguts
is similar to that obtained with oviducts from older adult
locusts. Maximal effect on hindgut was obtained with 1
µM CCAP whereas oviducts from young adult locusts

and older adult locusts required doses of 50 nM and 500
nM CCAP, respectively, to achieve a maximal change
in tonus. The results obtained by Stangier et al. (1989)
are therefore more similar to those we have found for
older locusts and it would be of interest to determine
whether hindguts obtained from locusts of varying ages
exhibit varying sensitivity to CCAP as do the oviducts.

CCAP modulates neurally-evoked contractions of
locust oviducts in a dose-dependent manner. Responses
of neurally-stimulated oviducts to CCAP are similar to
those elicited by proctolin (Noronha and Lange, 1997).
CCAP applied to neurally-stimulated oviducts causes a
rapid increase in tonus, which then decreases and
remains constant at a level higher than basal tonus, but
lower than the initial change in tonus. The stimulatory
effects of CCAP and proctolin on the amplitude of neur-
ally-evoked contractions is best seen when the tonus ach-
ieves a plateau (Noronha and Lange, 1997). CCAP is
capable of increasing the amplitude of neurally-evoked
oviduct contractions at lower doses than proctolin
(Noronha and Lange, 1997). Increases in the amplitude
of neurally-evoked oviduct contractions can be seen at
a threshold proctolin concentration of 1 nM, whereas
CCAP acts at concentrations as low as 0.01 nM. This
relationship is consistent with the notion of proctolin act-
ing as a neurotransmitter and CCAP acting as a neuro-
hormone.

Proctolin causes a pronounced post contraction relax-
ation, which seems to be dependent on the change in
tonus caused by the peptide (Noronha and Lange, 1997).
A similar phenomenon was observed for CCAP, how-
ever the same response could be shown in saline if ovi-
ducts were overstretched. It is possible therefore that
once the oviducts reach a certain level of contracture,
the subsequent relaxation becomes more pronounced.

An unexpected finding was the difference in sensi-
tivity to CCAP observed between oviducts of different
developmental stages. When CCAP responses were
compared to a standard dose of proctolin, the difference
in sensitivity remained apparent, indicating that the ovi-
ducts were not changing their sensitivity to proctolin.
Furthermore, a comprehensive study examining the
actions of proctolin on oviducts of different developmen-
tal stages revealed no differences in the sensitivity to
proctolin (Angela B. Lange, unpublished results). Vary-
ing sensitivity of oviducts to other known myostimula-
tory modulators such as locustatachykinins and locust-
amyotropins has not been reported (Kwok et al., 1999;
Schoofs et al., 1990c,d), thus it appears that this may be
unique to CCAP.

One hypothesis for differing sensitivities of oviducts
arises from the involvement of CCAP in insect ecdysis
(see Baker et al., 1999; Truman et al., 1996; Gammie
and Truman, 1999) and the fact that the inner surface of
the common oviduct is covered with a cuticular layer
which requires shedding during ecdysis. The greater sen-
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sitivity of the oviducts of Vth instar larvae and young
adult locusts to CCAP may serve to shed this cuticular
layer during ecdysis. Initially Vth instar larvae were div-
ided into two groups, those that were nearing ecdysis,
and those that were not. It was thought that the increased
sensitivity of the oviducts to CCAP may be localized to
a period of time near ecdysis, however, there was no
difference in sensitivity between the two Vth instar lar-
vae groups. It is possible that the oviducts remain more
sensitive to CCAP during the entire juvenile stage of the
locust when ecdysis is necessary and once the final act
of ecdysis occurs, when the adult form emerges, the ovi-
ducts lose some of their sensitivity to CCAP.

It is also possible that CCAP may play a role in the
reproductive functions of the oviducts. Mating has no
effect on the sensitivity of oviducts to CCAP since no
difference was found between oviducts from mated and
virgin locusts of similar ages. CCAP may play an, as of
yet, undetermined role before and/or during the matu-
ration of the ovarioles and oviducts which may explain
the greater sensitivity to CCAP observed in young ovi-
ducts.

The difference in sensitivity between oviducts from
young locusts and old adult locusts may be a result of
differential expression of different subtypes or numbers
of CCAP receptors at the different ages, with the compo-
sition of the population of CCAP receptors changing
with maturation.

Immunohistochemistry revealed the presence of 3
bilaterally paired CCAP-like IR cells in the VIIth AG
of Vth instar, recently-emerged and mature adult female
locusts. The sizes and locations of the cells corresponds
to those cells identified by Dircksen et al. (1991), which
were designated as types 1,2 and 3, respectively. In the
VIth AG, these cells were joined by a fourth bilaterally
paired cell which Dircksen et al. (1991) designated as
type 4. These results agree with those of Dircksen et al.
(1991) and can now be extended to include Vth instar
larvae.

Dircksen et al. (1991) concluded that CCAP likely
functions as a neurohormone and not as a neuro-
transmitter on the locust oviducts because of the absence
of CCAP-like IR structures in the oviducal nerve. Our
results also failed to reveal any CCAP-like IR structures
in the oviducal nerve. In addition our results failed to
reveal any CCAP-like IR structures on the oviducts
themselves, providing further evidence for a neurohor-
monal role of CCAP on locust oviducts. In 50% of the
preparations, a faintly-staining axon could be seen leav-
ing the VIIth AG via the sternal nerve. This axon was
detected in all age groups tested. In contrast to these
findings Dircksen et al. (1991) report the absence of any
CCAP-like IR processes in the sternal nerves of the
VIIth AG of mature locusts. Although it is possible that
this axon could enter the oviducal nerve, its target could

not be determined because it could only be traced to the
first branching of the oviducal nerve.

Evidence for a neurohormonal role of CCAP in the
locust already exists (Dircksen et al., 1991; Agricola and
Braunig, 1995; Dircksen and Homberg, 1995). A number
of CCAP-like IR axons and neurosecretory structures are
present in the ventral diaphragm of the locust, including
branches of the median nerve which run to the transverse
nerve neurohemal perivisceral organs (Dircksen et al.,
1991). CCAP-like IR processes are associated with the
neurosecretory lobe of the corpora cardiaca (Dircksen
and Homberg, 1995). The midgut of the locust contains
endocrine-like cells that express CCAP-like immunore-
activity (Agricola and Braunig, 1995). These structures
are well recognized as possible areas of neurohormonal
release in insects, and so it is likely that CCAP is
released into the hemolymph in the locust, where it could
then exert effects on peripheral targets, including the
oviducts. Cells located in the fat body and connective
tissue associated with the oviducts show CCAP-like
immunoreactivity. These cells do not give rise to any
projections and may be nonneuronal in origin. Similar
cells were first shown in the crabCancer borealisand
appeared to contain tachykinin-like peptides (Blitz et al.,
1995). These cells were associated with the central ner-
vous system of the crab (Blitz et al., 1995). Recently,
similar cells expressing Lom–TK-like immunoreactivity
were found in the fat body and connective tissue associa-
ted with the oviducts of the locust (Kwok et al., 1999).
The description and location of these Lom–TK-like IR
cells corresponds well with the location and appearance
of the CCAP-like IR cells found in the present study.
The possibility of colocalisation of CCAP and Lom–TK
in these cells exists. Both peptides stimulate oviduct con-
tractions and thus could be released in unison in close
proximity to the oviducts (Kwok et al., 1999). At present
it is not known if these cells are indeed secretory.

Since the discovery of CCAP in the crab, the peptide
has been implicated in a variety of physiological func-
tions including control of heart rate, interneuronal trans-
mission, and ecdysis (Cheung et al., 1992; Dircksen et
al., 1991; Tublitz et al., 1986). CCAP has also been
shown to modulate the contractions of the locust
hindgut, presumably also acting in a neurohormonal
fashion (Stangier et al., 1989). The evidence presented
in this study suggests that CCAP, in neurohormonal
fashion, serves a physiological function in locust ovi-
ducts and that this function may be related to ecdysis
and/or reproduction.
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