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Abstract The midgut of the female mosquito Aedes ae-
gypti was studied immunohistologically with antisera to
various regulatory peptides. Endocrine cells immunore-
active with antisera to perisulfakinin, RFamide, bovine
pancreatic polypeptide, urotensin 1, locustatachykinin 2
and allatostatins Al and B2 were found in the midgut.
Perisulfakinin, RFamide and bovine pancreatic polypep-
tide all react with the same, about 500 endocrine cells,
which were evenly distributed throughout the posterior
midgut, with the exception of its most frontal and caudal
regions. In addition, these antisera recognized three to
five neurons in each ingluvial ganglion and their axons,
which ran longitudinally over the anterior midgut, as
well as axons innervating the pyloric sphincter. The lat-
ter axons appear to be derived from neurons located in
the abdominal ganglia. Antisera to two different all-
atostatins recognized about 70 endocrine cells in the
most caudal area of the posterior midgut and axons in the
anterior midgut whose cell bodies were probably located
in either the brain or the frontal ganglion. Antiserum to
locustatachykinin 2 recognized endocrine cells present in
the anterior midgut and the most frontal part of the pos-
terior midgut, as well as about 50 cells in the most cau-
dal region of the posterior midgut. Urotensin 1 immuno-
reactivity was found in endocrine cells in the same re-
gion as the perisulfakinin-immunoreactive cells, but no
urotensin-immunoreactive axons were found in the mid-
gut. Double labeling experiments showed that the uroten-
sin and perisulfakinin immunoreactivities were located in
different cells. Such experiments also showed that the lo-
custatachykinin and allatostatin immunoreactivities in
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the most caudal area of the posterior midgut were pres-
ent in different cells. No immunoreactivity was found in
the mosquito midgut when using antisera to corazonin,
allatotropin or leucokinin IV. Since these peptides have
either been isolated from, or can reasonably be expected
to be present in mosquitoes, it was concluded that these
peptides are not present in the mosquito midgut.

Introduction

A considerable number of different types of endocrine
cells can be distinguished in the insect midgut on the ba-
sis of their morphology, type of secretory granules and
immunoreactivity to various regulatory peptides (Ni-
shiitsutsuji-Uwo and Endo 1981; Endo and Ni-
shiitsutsuji-Uwo 1981; Endo et al. 1982a, b; Duve and
Thorpe 1982; Iwanaga etal. 1981, 1986; Andries and
Tramu 1984, 1985a, b; Brown et al. 1985, 1986, 1990;
Schols et al. 1987; Glittli et al. 1987; Andriés and Beau-
villain 1988; Montuenga ct al. 1989; Jenkins et al. 1989;
Verhaert et al. 1989; Zitnan et al. 1993; Lundquist et al.
1993; Reichwald etal. 1994; Agricola and Bréunig
1995). It seems a reasonable expectation that, as in verte-
brates, these cells are involved in the regulation of diges-
tion. Release of elementary granules from the cell bodies
has been demonstrated at the ultrastructural level (Endo
and Nishiitsutsuji-Uwo 1982; Brown et al. 1985), but the
specific functions of these cells remain unknown.

Female Aedes aegypti mosquitoes take a single large
blood meal which is then digested in a relatively short
time span. It is known that the initiation of digestion in-
duces massive changes in the midgut. Thus, transcrip-
tion, synthesis and release of trypsin, the major prote-
ase secreted into the gut lumen of mosquitoes, are dra-
matically increased after a blood meal in the mosquito
A. aegypti (Briegel and Lea 1975; Barillas-Mury et al.
1991). Such changes might very well be mediated by
regulatory peptides secreted by the endocrine cells of
the midgut and mosquitoes are therefore likely to be
good experimental model systems for the elucidation of
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the physiological role of the endocrine cells in the in-
sect midgut.

Previous work on the endocrine cells in the midgut of A.
aegypti has already shown the presence of various cell
types using electron microscopy (Brown et al. 1985). One
of these cell types reacts with antisera to the molluscan car-
dioexcitatory tetrapeptide, FMRFamide, and bovine pan-
creatic polypeptide (Brown et al. 1986). We are interested
in elucidating the functions of the endocrine cells, which
will need the isolation and structural identification of the
peptides produced by them. Since antisera to insect neuro-
peptides may be useful for the isolation of immunoreactive
materials, we have concentrated in the present study on the
use of such antisera for the immunohistological identifica-
tion of regulatory peptides in the mosquito midgut.

Materials and methods

Insects

A. aegypti was reared as described by Shapiro and Hagedorn
(1982). Throughout this study only adult non-blood-fed females of
3- to 7-days old have been used.

Materials

The allatotropin, corazonin and leucokinin IV antisera and their
use in immunohistology have been described before (Veenstra and
Davis 1993; Veenstra et al. 1994; Chen et al. 1994). The antisera
to bovine pancreatic polypeptide (615-R110-146-17), urotensin 1,
RFamide (145-1V), and allatostatin B1 were kind gifts from Drs
R.E. Chance, K. Lederis, C.J.P. Grimmelikhuijzen, and R. Feyerei-
sen, respectively. The perisulfakinin and locustatachykinin IT
(50820091) antisera were raised by one of us (H.-J.A.) as follows.
Five milligrams of peptide dissolved in 2.5 ml of phosphate-buf-
fered saline pH 7.2 (PBS) was mixed with 2.5 ml of 2% aqueous
(v/v) glutaraldehyde. After incubation for 3 min at room tempera-
ture, 4 ml PBS containing 20 mg bovine thyroglobulin was added,
the mixture stirred continuously for 2h at 4° C, and dialyzed
against PBS. Male rabbits (29-30 weeks old) were injected subcu-
taneously with 400 Lg (160 ul) of the conjugates, emulsified in
100 pl Freund’s complete adjuvant. Three months later, booster in-
jections (200 pg of conjugate in 2 ml distilled water) were given
on 3 consecutive days. The antisera were collected 6 days after the
last injection.

The rhodamine-labeled goat anti-rabbit IgG was from Boehrin-
ger Mannheim Biochemicals (Indianapolis, Ind., USA), fluores-
cein-labeled goat anti-rabbit IgG from Molecular Probés (Eugene,
Ore. USA) and the fluorescein-labeled Fab fragment of goat anti-
rabbit IgG from Jackson ImmunoReseach Laboratories (West
Grove, Pa.). Fluorescein-labeled and rhodamine-labeled anti-all-
atostatin B2 IgG and anti-perisulfakinin IgG were prepared in the
laboratory as follows. Immunoglobulin G was purified from the
antisera with octanoic acid as described by Harlow and Lane
(1988), dialyzed against HPL.C-grade water, and lyophilized. The
perisulfakinin IgG was then reacted with fluorescein isothiocyan-
ate (Boehringer Mannheim) in 0.1 M sodium bicarbonate buffer
pH 9.0 for 4 h at room temperature. The allatostatin IgG and peri-
sulfakinin IgG were reacted with tetramethylrhodamine succini-
midylate (Molecular Probes) for 2 h at room temperature in 0.1 M
sodium bicarbonate buffer pH 8.3, after which 1.5 M hydroxyl-
amine pH 8.0 was added to a final concentration of 0.15 M and the
incubation was continued for another 30 min. The labeled IgG
were separated from the unincorporated fluorescent labels by gel
filtration. The fluorescein- and rhodamine-conjugated perisulfaki-
nin IgGs had molar fluorescent label:protein ratios of 2.15 and
0.94, respectively. Perisulfakinin was from Bachem Feinchemi-

kalien (Bubendorf, Switzerland), locustatachykinin 2 and RFam-
ide from Peninsula Laboratories (Belmont, Calif., USA) and
allatostatin B2 a gift from Dr. R. Feyereisen.

Immunohistology

The whole-mount immunohistological methods used were adapted
from Davis et al. (1993) and Tibbetts and Nichols (1993). Midguts
were dissected from mosquitoes and fixed in 4% paraformalde-
hyde in phosphate buffer overnight at 4° C. All washes were per-
formed in 0.1 M phosphate buffer, pH 7.4, containing 0.5% Triton
X-100 and 0.1% sodium azide. After fixation the tissue was
washed 6 times for 1 h at room temperature on a shaker; occasion-
ally the last wash was performed overnight at 4° C. After washing
the tissues, they were incubated for 1.5 h in 10% normal goat se-
rum in washing buffer, followed by the application of the primary
antiserum diluted in washing buffer containing 2% normal goat se-
rum, after which the tissue was left overnight at 4° C on a shaker.
The tissue was washed as after fixation and the secondary antise-
rum was applied in the same fashion. Antisera were diluted 1:1000
(urotensin 1, RFamide), 1:2000 (perisulfakinin, allatostatins, bo-
vine pancreatic polypeptide), 1:5000 (locustatachykinin 2), or
1:40000 (perisulfakinin); secondary antisera were diluted 1:1000.
After the final washes the guts were mounted in 80% glycerol
made up to 20 mM sodium bicarbonate buffer, pH 9.5.

Double labelings were performed on selected midguts which
had been labeled and viewed previously. After removing the cover
slip the tissue was returned to the washing buffer, washed twice
for 1 h, and pretreated for 2 h with 2% normal goat serum and 2%
preimmune rabbit serum in washing buffer. The tissue was then in-
cubated overnight at 4° C with either the fluorescein-labeled peri-
sulfakinin or the rhodamine-labeled allatostatin IgG. Tissues were
washed 6 times, and mounted as described above. Results obtained
with the fluorescein-labeled goat anti-rabbit IgG in the double la-
beling procedures were unsatisfactory, and for double labelings in-
volving rhodamine-labeled anti-perisulfakinin or anti-allatostatin
B1, the first unlabeled antiserum was therefore visualized using a
fluorescein-labeled Fab fragment of goat anti-rabbit IgG.

Immunohistological controls

Immunoreactivity was suppressed after preabsorption for 24 h
with 10 nmol/ml of the peptide used to generate each antiserum,
or with 100 nmol of RFamide for the RFamide antiserum. Such
controls were not performed for the antisera to urotensin 1 and bo-
vine pancreatic polypeptide, since the immunohistological speci-
ficity ‘of these antisera on the mosquito midgut has already been
reported (Brown et al. 1986; 1990) and these antisera were includ-
ed in the present study only for comparative purposes.

Special controls were performed for the perisulfakinin antise-
rum. Since perisulfakinin has a C-terminal RFamide, it was ex-
pected that the antiserum might react with other insect neuropep-
tides having a C-terminal RFamide. In a competive ELISA for
perisulfakinin set up according to the protocol described by Kin-
gan (1989) the antiserum did not recognize RFamide, FMRFam-
ide, or leucomyosuppressin in amounts of up to 10 nmol per well,
while 100 fmol of perisulfakinin was easily detectable. Since such
ELISA experiments are only indicative of the specificity of the an-
tiserum in immunocytology, we also tested it in immunocytology
on the central nervous system of prepupae of Drosophila melano-
gaster, the only insect species for which the differential localiza-
tion of the the FMRFamides, leucomyosuppressins and sulfakinins
has been determined (Schneider et al. 1991; O’Brien et al. 1991;
Nichols 1992; Tibbetts and Nichols 1993).

High performance liquid chromatography (HPLC)

Midguts were dissected under saline and stored frozen at —70° C
until a total of 1000 had been collected. The tissue was then ho-
mogenized in 15 ml of Bennett’s mixture (Bennett et al. 1981),



centrifuged and separated on a previously activated and equilibrat-
ed C-18 Sep-Pak column. The Sep-Pak was washed with 5 ml wa-
ter containing 0.1% trifluoroacetic acid (TFA), and the peptide-
containing fraction eluted with 5 ml of 65% acetonitrile in water,
containing 0.1% TFA. The peptide-containing fraction was re-
duced to about 1 ml and then diluted with 0.1% TFA in water to 4
ml, which was injected onto a reversed phase Econosil C-18 col-
umn (4.6x250 mm, 10 um particle size, pore size 60 A) from All-
tech Associates (Deerfield, I11.). The column had been equilibrated
with 6.5% acetonitrile and 0.1% TFA in water and the flow rate
was 1 ml/min. After injection the column was eluted isocratically
with 6.5% acetonitrile and 0.1% TFA in water for 10 min, fol-
lowed by a linear gradient over 50 min to 39% acetonitrile and
0.1% TFA in water. Immediately after the first gradient a second
gradient was run to 65% acetonitrile and 0.1% TFA in water over
10 min. The column was then washed with 65% acetonitrile and
0.1% TFA in water. Delay between the pumps and the detector
was about 9.5 min. Absorbance was monitored at 214 nm with 0.5
absorbance units full scale. Eighty 1-min fractions were collected
and, after the addition of 100 pg radioimmunoassay-grade bovine
serum albumin (Sigma Chemical, St. Louis, Mo., USA), lyophili-
zed. Samples were then shipped to Omaha for assay on the trans-
epithelial voltage of the Malpighian tubule.

Electrophysiology

Malpighian tubules of female A. aegypti were perfused in vitro ac-
cording to the method of Burg et al. (1966). The tubules were per-
fused with symmetrical saline (150 md NaCl, 25 mM HEPES, 5
mM glucose, 7 mM CaCl,, 1.8 mM NaHCOj;, and 0.6 mM MgCl,,
pH 7.0) at room temperature. The transepithelial voltage was mea-
sured via Ag-AgCl electrodes with respect to ground in the bath.
The lyophilized HPLC fractions were dissolved in 600 ul saline
and injected into the bath to test for effects on the transepithelial
voltage. No distal holding pipette was used, but this does not sig-
nificantly affect the transepithelial voltage, since the electrical
length constant of these tubules (about 300 pm) is much smaller
than the length of the tubules used (always more than 1500 pm).

Results

The insect gut can be divided into three parts, the fore-
gut, the midgut and the hindgut. Both the foregut and the
hindgut have a cuticular lining on the inside, and it is the
midgut where digestion takes place. Not surprisingly,
then, endocrine cells have only been described from the
insect midgut. In the adult female mosquito, the midgut
is divided into two parts, the anterior midgut and the
posterior midgut. It is in the posterior midgut that the
blood meal is stored and digested.

RFamide, perisulfakinin and bovine pancreatic
polypeptide

The immunocytochemical results with the RFamide, bo-
vine pancreatic polypeptide and high concentrations of
perisulfakinin antisera were indistinguishable. Double la-
beling procedures in which bovine pancreatic polypep-
tide-or RFamide-immunoreactive cells and axons were
first visualized with rhodamine using a two-step proce-
dure followed by fluorescein-labeled perisulfakinin IgG
confirmed that all immunoreactive cells contained both
rhodamine and fluorescein labels. Similar experiments
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Fig.'1 Schematic localization of immunoreactive endocrine cells
in the midgut of Aedes aegypti as revealed by antisera to RFamide,
perisulfakinin and bovine pancreatic polypeptide (top panel), lo-
custatachykinin II (second from top), allatostatins Al and B2
(third panel from top) and urotensin 1 (bottom panel)

using urotensin | antiserum instead of bovine pancreatic
polypeptide or RFamide antiserum yielded immunoreac-
tive cells containing either rhodamine or fluorescein la-
bel (see below; Fig. 3E). It was therefore concluded that
the double labeling of the same cells with these different
antisera was not due to an artifact and that the three anti-
sera all recognized the same cells in the mosquito mid-
gut. Consequently, the positive RFamide-, bovine pan-
creatic polypeptide- and perisulfakinin-immunoreactive
material will be described together.

Dispersed within the posterior midgut epithelium of
the adult female there are about 500 immunoreactive en-
docrine cells, which are of the open columnar type (Figs.
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1, 3B). These cells measure about 10 pm, have basolater-
al extensions and stain equally intensely with all three
antisera. In addition to these endocrine cells, there is a
circular immunoreactive axonal ring around the pyloric
sphincter (Fig. 2B). The source of the latter processes is
from four axons which run in two symmetrical pairs in
each proctodaeal nerve longitudinally over the hindgut.
Their cell bodies are most likely located in the abdomi-
nal ganglia, but this could not be established beyond
doubt. In the anterior part of the midgut there are several
immunoreactive axons, which run longitudinally over the
gut. They are derived from three to five immunoreactive
cell bodies in each ingluvial ganglion (Fig. 2A).

Perisulfakinin

Experiments on D. melanogaster showed that the perisul-
fakinin antiserum was specific for sulfakinins when used at
concentrations of 1:10 000 or lower. For the Aedes midgut,

Fig. 2 A RFamide-immunoreactive neurons in the gluvial gangli-
on and their axons running over the anterior midgut. Anterior top,
posterior bottom. B RFamide-immunoreactive axon ring around
the pyloric sphincter and some of the RFamide-immunoreactive
endocrine cells in the posterior midgut. Note the absence of RF-
amide-immunoreactive endocrine cells in the most posterior re-
gion of the midgut. Anterior top, posterior bottom. C Allatostatin-
immunoreactive axons on the anterior midgut. Anterior top, poste-
rior bottom. D Allatostatin-immunoreactive axons and endocrine
cells in the most posterior part of the midgut. Anterior top, posteri-
or bottom. Scale bars indicate 100 um (A, C, D) or 200 pm (B)

Fig. 3A-E Immunocytological localization of peptides in endo-
crine cells of the midgut of the female mosquito A. aegypti. A
Double labeling of green locustatachykinin (closed arrows; lo-
custatachykinin antiserum 1:5000, followed by fluorescein-labeled
Fab fragment of affinity-purified anti-rabbit IgG) and red allatosta-
tin (open arrows; rhodamin-labeled anti-allatostatin IgG) immu-
noreactivity in the caudal-most area of the posterior midgut. An
allatostatin-immunoreactive axon is also in focus (arrowheads).
Anterior to right, posterior to left. B Localization of perisulfakinin
immunoreactivity. Note the presence of endocrine cells in the pos-
terior midgut, with the exception of the frontal and caudal regions.
Perisulfakinin primary antiserum, fluorescein-labeled secondary
antiserum. Anterior up, posterior down. C Double labeling of or-
ange/red allatostatin and green perisulfakinin immunoreactivity in
the posterior part of the stomach. Rhodamine-labeled anti-all-
atostatin IgG and fluorescein-labeled anti-perisulfakinin IgG. Note
allatostatin-immunoreactive endocrine cells in the most posterior
part of the stomach, and the allatostatin-immunoreactive axons
coming from the hindgut (arrowheads). Anterior to right, posterior
to left. D Caudal area of the posterior midgut showing green lo-
custatachykinin immunoreactivity (closed arrows; locustatachyki-
nin antiserum 1:5000 and fluorescein-labeled Fab fragment of af-
finity-purified anti-rabbit IgG) and red perisulfakinin immunore-
activity (open arrows; rhodamine-labeled anti-perisulfakinin IgG).
Anterior to right, posterior to left. E Double labeling of red uro-
tensin 1 (closed arrows; primary antiserum 1:2000; thodamine-la-
beled secondary antiserum) and green anti-perisulfakinin immuno-
reactivity (open arrows; fluorescein-labeled anti-perisulfakinin
IgG) in the posterior midgut. Anterior to right, posterior to left.
(AM anterior midgut, PM posterior midgut, MT Malpighian tu-
bules). Scale bars indicate 125 pm (A, E), 500 um (B) or 250 um
D)
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the endocrine cells in the midgut were still immunoreactive
when the antiserum was diluted at 1:40 000, but the immu-
noreactive cells in the ingluvial ganglion and the immuno-
reactive axon terminals in the hindgut were no longer rec-
ognized by the perisulfakinin antiserum at this dilution.

Locustatachykinin

The locustatachykinin 2 antiserum yielded a relatively
high background, in particular it seemed to have a strong
affinity for membranes. This background staining was
inconsistent, sometimes it was relatively low, on other
occasions it was very intense, but it was never reminis-
cent of the localization of a regulatory peptide. About
60-80 locustatachykinin-immunoreactive endocrine cells
were located in the anterior midgut, about 2040 in the
most frontal region of the posterior midgut and another
30-40 in the most caudal region of the stomach (Figs. 1,
3A, D). The size of these cells was about 8—12 pm; they
.were of the open type and had basolateral extensions. No
immunoreactive nerve fibres were detected in any part of
the midgut or the hindgut.

Allatostatin

Allatostatin immunoreactivity was found in about 40-60
endocrine cells in the most caudal part of the posterior
midgut, just in front of the pyloric sphincter (Fig. 1).
These cells were also of the open type, had basolateral
extensions and measured about 10-12 um. In the same
region of the posterior midgut there were allatostatin-im-
munoreactive fibres, intermingled with the allatostatin-
immunoreactive neuroendocrine cells (Fig. 2D), which
were derived from axons in the proctodaeal nerve, whose
cell bodies were located in the terminal abdominal gan-
glion. In the anterior part of the midgut, allatostatin-im-
munoreactive fibres were also present (Fig. 2C).

Double labeling with perisulfakinin and allatostatin
antisera established that the allatostatin-immunoreactive
endocrine cells in the caudal part of the posterior midgut
are different from both the perisulfakinin- and the lo-
custatachykinin-immunoreactive endocrine cells in the
midgut (Fig. 3A, C). The allatostatin-immunoreactive
axons in the hindgut were present in the same nerves as
the RFamide-immunoreactive axons and at first sight at
low magnification they almost appeared identical. How-
ever, these were different axons, as could be most clear-
ly seen in the location of their final destination (com-
pare e.g. Fig. 2B with Fig. 2D). The allatostatin-immu-
noreactive axons in the anterior part of the midgut were
similarly very closely associated with the RFamide-im-
munoreactive axons in the anterior midgut. However,
the RFamide-immunoreactive neurons in the ingluvial
ganglion were not recognized by the allatostatin antisera
and the allatostatin-immunoreactive axons could be fol-
lowed up to the cerebral neurohemal organ, which con-
tained a considerable amount of allatostatin-immunore-

active axons and axon terminals. This made it impossi-
ble to establish where the cell bodies of the allatostatin-
immunoreactive axons on the anterior midgut were lo-
cated.

Urotensin 1

In general, immunoreactivity with this antiserum, al-
though consistent, was weak and it had a relatively high
background. A variable number of urotensin 1-immuno-
reactive cells was found in the epithelium of the posteri-
or midgut. Double labeling experiments of urotensin 1
immunoreactivity labeled with the secondary rhodamine-
labeled antibody and the fluorescein-labeled perisulfaki-
nin IgG clearly established that these two types of immu-
noreactivity were located in different cells (Fig. 3E),
even though the two cell types were present in the same
general area. In the best preparation we could count up
to 350 cells per midgut. Although a substantial portion
of the urotensin 1-immunoreactive cells was of the open
type, due to the less intensive staining with this antibody
we were unable to ascertain whether this was true for all
cells. The basolateral extensions were similarly much
more difficult to distinguish.

Allatotropin, leucokinin, and corazonin

No immunoreactivity was observed in the midguts of
adult females with antisera to allatotropin, leucokinin IV,
or corazonin.

Electrophysiological evidence for a diuretic factor
in the midgut

The presence of urotensin 1-like immunoreactive cells in
the mosquito midgut suggested the possible presence of
a related peptide in the mosquito midgut. Since urotensin
1 is related to corticotropin-releasing factor and insect
diuretic hormone (e.g. Kataoka et al. 1989), the uroten-
sin 1 immunoreactivity might be due to a diuretic pep-
tide. We therefore extracted 1000 midguts, separated the
extract by HPLC, and assayed the fractions on the trans-
epithelial voltage of the mosquito. This assay has been
shown to be very specific for diuretic factors and every
factor known to stimulate fluid secretion by the Mal-
pighian tubules also has clear effects on the transepithe-
lial voltage (e.g. Petzel et al. 1985; Veenstra 1988). The
results showed electrophysiological activity eluting in
fractions 69-80, which is clearly different from the
leucokinins recently isolated from A. aegypti (Veenstra
1994). The Aedes leucokinins also have very strong elec-
trophysiological effects on the Malpighian tubules (Pet-
zel, unpublished data), but elute much earlier on HPLC
(Fig. 4). Since the electrophysiological activity was
found in several fractions, it is possible that more than
one peptide is involved.



80
2
2 60 - 12 3 £
e =
S 40- B
< 2
S L hi 2
high 2}
i
20 1 =
St
g
=
0 T . T 0
a 0 20 40 60 80
Time (min)
mV v my
40— 40 - *
20 20—
0 5 min
- — 1

b C
Fig. 4 a HPLC chromatogram of Sep-Pak prepurified extract of
1000 A. aegypti midguts. Fractions containing electrophysiologi-
cal activity on the Malpighian tubules of the same species are indi-
cated by histograms. Elution times of the Aedes leucokinins 1, 2
and 3 are indicated by arrows I, 2 and 3. b Effects of material elu-
ting between 72 and 73 min on the transepithelial voltage of a

Malpighian tubule. ¢ Effects of material eluting between 77 and 78
min on the transepithelial voltage of a Malpighian tubule

Discussion
Comparative aspects

Previous work on the endocrine cells in the mosquito A.
aegypti had identified four different cell types using elec-
tron microscopy and two cells types using immunocytol-
ogy with antisera to the molluscan cardioexcitatory tetra-
peptide, FMRFamide, and the vertebrate peptides pan-
creatic polypeptide and urotensin 1 (Brown et al. 1985,
1986, 1990). We have extended this work by using anti-
sera to various insect regulatory peptides and the results
suggest the presence in these cells of regulatory peptides
belonging to three well-characterized peptide families,
the allatostatins, locustatachykinins, and the sulfakinins.
It is interesting to note that the location of the four types
of endocrine cells found here by immunocytology nicely
coincides with the location of the four different endo-
crine cell types described by Brown et al. (1986) using
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electron microscopy. This suggests that there may be on-
1y four different types of endocrine cells in the midgut of
the mosquito. However, in moths, cockroaches, and drag-
onfly larvae, a larger number of cell types was found
(Endo and Nishiitsutsuji-Uwo 1981; Nishiitsutsuji-Uwo
and Endo 1981; Andries and Tramu 1985a, b), and it can
therefore not be excluded that other cell types remain to
be discovered in the mosquito midgut.

Identity of the immunoreactive materials

Five allatostatins were initially isolated from the cock-
roach Diploptera punctata by their ability to inhibit juve-
nile hormone biosynthesis (Woodhead et al. 1989; Pratt
et al. 1989, 1991). These peptides are encoded by a sin-
gle cDNA obtained from mRNA isolated from cockroach
brain (Donly et al. 1993). Five peptides homologous to
the cockroach allatostatins have been isolated and identi-
fied from the blowtly Calliphora vomitoria (Duve et al.
1993). Allatostatin immunoreactivity has been detected
by immunohistology in brain as well as midgut of both
cockroaches and flies (Duve et al. 1993; Reichwald et al.
1994), and it has been shown for the cockroach that the
allatostatin gene expressed in the brain is also expressed
in endocrine cells of the midgut (Reichwald et al. 1994).
There is, thus, evidence for the existence of peptides ho-
mologous to allatostatins in Diptera, as well as for the
expression of the allatostatin gene in the midgut. We
therefore believe that the allatostatin-immunoreactive en-
docrine cells in the mosquito midgut produce mosquito
homologs of this peptide family.

In an earlier study, the presence and distribution of
FMRFamide and bovine pancreatic polypeptide-immu-
noreactive endocrine cells in the mosquito midgut has
been reported (Brown etal. 1986). It has been shown
clsewhere that these antisera cross-react on insect tissue
(Veenstra 1984; Veenstra and Schooneveld 1984), and
this appears also to be the case with the endocrine cells
in the mosquito midgut (Brown et al. 1986). Evidence re-
ported elsewhere suggests that the insect bovine pancre-
atic polypeptide immunoreactive material is more close-
ly related to (FM)RFamide than the pancreatic polypep-
tides (Veenstra and Schooneveld 1984; Veenstra 1984;
Myers and Evans 1985). Our double labeling experi-
ments demonstrated that these cells are the same as the
ones reacting with antisera to RFamide and perisulfaki-
nin. The question then arises, which peptides are pro-
duced by these cells. Four (FM)RFamide-related peptide
families have been isolated from insects, these include:
(1) the “real” FMRFamides with a C-terminal sequence
of Phe-Met-Arg-Phe-amide (Nambu et al. 1988; Schnei-
der and Taghert 1988); (2) the myosuppressins with a C-
terminal FLRFamide sequence (Holman etal. 1986;
Robb et al. 1989; Kingan et al. 1990); (3) the sulfakinins
with a C-terminal sequence of DDY (sulfate)GHMRFam-
ide (Nachman et al. 1986a, b; Nichols et al. 1988; Veen-
stra 1989); and (4) the “head peptides” with their C-ter-
minal sequence of SL(R/K)(L/T)RFamide, which were
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initially isolated from head extracts from A. aegypti
(Matsumoto et al. 1989) and more recently from the ner-
vous system of the horseshoe crab (Gaus et al. 1993) and
the cockroach midgut (Veenstra and Lambrou 1995). As
with the FMRFamide-immunoreactive material in the
nervous system, it is not immediately clear which of the
identified FMRFamide-like peptides are responsible for
the (FM)RFamide immunoreactivity.

In situ hybridization with probes for the Drosophila
FMRFamide gene did not yield a signal in the FMRFam-
ide-immunoreactive cells in the midgut, suggesting that
these peptides are not present there (Schneider et al.
1991; O’Brien et al. 1991). It seems plausible, then, that
the homologous gene in A. aegypti, if it exists, is similar-
ly not expressed in the midgut. The presence of the so-
called Aedes head peptides in the mosquito midgut has
been suggested before (Brown et al. 1994), and our re-
cent identification of a homologous peptide in the mid-
gut of the American cockroach (Veenstra and Lambrou
1995) makes it very likely that the Aedes head peptides
are present in the mosquito midgut. The RFamide-immu-
noreactive endocrine cells in the midgut are also recog-
nized by the perisulfakinin antiserum, even when this is
used in a sufficiently high dilution to be specific for sul-
fakinins in Drosophila, which suggests the presence of a
sulfakinin in these cells. However, the presence of both
the Aedes head peptides and the sulfakinins in the mos-
quito midgut needs to be confirmed and the presence of
other RFamide-related peptides in the RFamide-immu-
noreactive endocrine cells of the mosquito midgut cannot
be excluded.

The locustatachykinins were initially isolated from
the locust Locusta migratoria (Schoofs et al. 1990a, b)
and two related peptides have been found in the fly C.
vomitoria (Lundquist et al. 1994). In blowflies, locusta-
tachykinin-immunoreactive endocrine cells have also
been found in the midgut (Lundquist et al. 1993), indi-
cating the possibility that the locustatachykinins, like the
allatostatins (Reichwald et al. 1994), are authentic insect
brain-gut peptides. However, this will need to be con-
firmed by isolation and structural identification of the lo-
custatachykinin-immunoreactive peptides.

The urotensin 1-immunoreactive cells described here
from the midgut of A. aegypri have been described brief-
ly before (Brown et al. 1990). Since insect diuretic hor-
mones structurally related to corticotropin-releasing fac-
tor and urotensin have been isolated from several insect
species (Kataoka et al. 1989; Lehmberg et al. 1991; Kay
etal. 1991), and the gene encoding this hormone is ex-
pressed in the midgut of the sphinx moth Manduca sexta
(Digan et al. 1992), it is tempting to speculate that these
cells might produce a diuretic hormone. The presence in
the midgut of A. aegypti of material with strong electro-
physiological effects on the Malpighian tubules of the
same species reinforces this hypothesis.

Antisera against leucokinin IV and allatotropin re-
vealed neuroendocrine cells and neurons in the central
nervous of A. aegypti (Chen et al. 1994; Veenstra, unpub-
lished observations) and the identity of the leucokinin-

and allatotropin-immunoreactive peptides of A. aegypti
has been established (Veenstra 1994; Veenstra, unpub-
lished data). Thus, while homologs of these peptides are
present in A. aegypti and the antisera used here detect
these peptides in the nervous system, no allatotropin- or
leucokinin-immunoreactive endocrine cells or nerve fi-
bers were found in the mosquito midgut. Hence, it ap-
pears that these peptides are not present in the midgut of
A. aegypti. Corazonin has been well conserved during
evolution in insects (Veenstra 1991) and the antiserum
used here is useful for the immunohistological localiza-
tion of this peptide in the nervous system of insects, in-
cluding Diptera (Veenstra and Davis 1993; Cantera et al.
1994). Nevertheless, no corazonin immunoreactivity was
found in the mosquito midgut, indicating that this pep-
tide is not present in this tissue.

Possible functions

Endocrine cells in the digestive tract are generally be-
lieved to have a paracrine function, i.e. that the peptides
they produce are locally released and effective on gut
cells nearby; in addition they may also have effects on
more distantly located target organs (e.g. Fujita et al.
1981). If their major effects are on cells nearby, then the
location of the immunoreactive cells in the mosquito
midgut may give important clues to their functions.

Locustatachykinins were isolated from locust brain by
their ability to induce hindgut contractions. The posterior
midgut needs to be firmly tightened at both ends in the
mosquito until the blood meal is digested, after which
the posterior end is loosened and the digested blood is
moved into the hindgut. The presence of locustatachyki-
nin-immunoreactive peptides in endocrine cells at both
ends of the posterior midgut might, therefore, suggest
the involvement of these peptides in keeping these ends
contracted in order to keep the blood meal confined to
the posterior midgut, while being digested.

In cockroaches, allatostatin is able to inhibit proctolin-
induced contractions of the hindgut (Lange et al. 1993),
while in flies, two allatostatin homologs have been shown
to inhibit gut contractions in the fly ileum (Duve et al.
1993; Duve and Thorpe 1994). The presence of allatosta-
tin-immunoreactive peptides in the most posterior end
might, therefore, suggest the involvement of this peptide
in relaxing the pyloric sphincter once the blood has been
fully digested. It is interesting to note the presence of all-
atostatin-immunoreactive axons derived from neurons in
the abdominal ganglia in the same area, suggesting the
existence of both a paracrine and a nervous pathway to
relax the pyloric sphincter. Similarly, the allatostatin-im-
munoreactive axons on the anterior midgut might release
allatostatins during feeding in order to relax the anterior
midgut and allow blood to flow into the midgut.

Apart from the induction of muscle contraction or its
relaxation, peptides produced by the midgut endocrine
cells are likely to be involved in the regulation of trypsin
synthesis and release, which shows drastic changes im-



mediately after a blood meal (Briegel and Lea 1975;
Barillas-Mury et al. 1991; 1995), as well as ion and wa-
ter homeostasis. In blood-feeding insects, like the mos-
quito, ion and/or water homeostasis can be severely dis-
rupted by a meal the size of the insect. Although it can-
not be excluded that the locustatachykinin- and allatosta-
tin-immunoreactive peptides are involved in the regula-
tion of trypsin metabolism and ion and water homeosta-
sis, it seems more likely that such a role would be played
by the peptides produced in the RFamide- and/or uroten-
sin-immunoreactive cells, since those cells are present in
the same area of the posterior midgut epithelium where
trypsin is produced (Graf et al. 1986) and where most of
the water and ions from the blood meal are absorbed.
Urotensin 1 is related to insect diuretic hormones (Kata-
oka et al. 1989) and in the moth, M. sexta, the diuretic
hormone gene is expressed in the midgut (Digan et al.
1992), while sulfakinins are structurally related to chole-
cystokinin (Nachman et al. 1986a, b), which in verte-
brates can stimulate trypsin biosynthesis (Rothman and
Wells 1967; Rosewicz et al. 1989). It is therefore tempt-
ing to speculate that the RFamide-immunoreactive endo-
crine cells in the mosquito midgut contain sulfakinins
and that these peptides are the regulators of trypsin syn-
thesis and/or secretion, while the urotensin I-immunore-
active cells are involved in the regulation of water and
ion homeostasis. If the mosquito sulfakinins were indeed
regulating trypsin synthesis and release, then not only
would their structures be homologous to cholecystokinin,
but also their function.

These hypotheses regarding the functions of the endo-
crine cells of the mosquito midgut can be tested once the
peptides have been isolated and identified. We are there-
fore now directing our efforts to the isolation and identi-
fication of these peptides.
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