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Abstract
Insects encode multiple ILPs but only one homolog of the vertebrate IR that activates the insulin
signaling pathway. However, it remains unclear whether all insect ILPs are high affinity ligands
for the IR or have similar biological functions. The yellow fever mosquito, Aedes aegypti, encodes
eight ILPs with prior studies strongly implicating ILPs from the brain in regulating metabolism
and the maturation of eggs following blood feeding. Here we addressed whether two ILP family
members expressed in the brain, ILP4 and ILP3, have overlapping functional and receptor binding
activities. Our results indicated that ILP3 exhibits strong insulin-like activity by elevating
carbohydrate and lipid storage in sugar-fed adult females, whereas ILP4 does not. In contrast, both
ILPs exhibited dose-dependent gonadotropic activity in blood-fed females as measured by the
stimulation of ovaries to produce ecdysteroids and the uptake of yolk by primary oocytes. Binding
studies using ovary membranes indicated that ILP4 and ILP3 do not cross compete; a finding
further corroborated by cross-linking and immunoblotting experiments showing that ILP3 binds
the MIR while ILP4 binds an unknown 55 kDa membrane protein. In contrast, each ILP activated
the insulin signaling pathway in ovaries as measured by enhanced phosphorylation of Akt. RNAi
and inhibitor studies further indicated that the gonadotropic activity of ILP4 and ILP3 requires the
MIR and a functional insulin signaling pathway. Taken together, our results indicate that two
members of the Ae. aegypti ILP family exhibit partially overlapping biological activity and
different binding interactions with the MIR.
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1. Introduction
In vertebrates, insulin, IGFs, and relaxins are members of the ILP superfamily that regulate
complex physiological processes including metabolism, growth, longevity, and fertility
(Halls et al., 2007; Taguchi and White, 2008; Belfiore et al., 2009). Insulin and IGFs are
differentially processed from prepropeptides, and preferentially bind structurally related but
distinct receptor tyrosine kinase receptors (Taniguchi et al., 2006). Binding of insulin to the
IR activates the phosphoinositol 3 kinase/Akt pathway (the canonical insulin signaling
pathway) while binding of IGFs to the IGFR activates the MAPK pathway, although it is
also recognized extensive cross talk occurs between these ligands, receptors, and their
downstream signaling pathways. Relaxins in contrast bind GPCRs, which activate multiple
signaling pathways.

Phylogenetically advanced insects like the fruit fly, Drosophila melanogaster, silkmoth,
Bombyx mori, honeybee, Apis melifera, and mosquitoes (Aedes aegypti and Anopheles
gambiae) also encode multiple, structurally distinct ILPs, but only one homolog of the
vertebrate IR that activates the insulin signaling pathway (Wu and Brown, 2006; Ament et
al., 2008; Toivonen and Partridge, 2009; Teleman, 2010). Overexpression of any of the
seven ILPs encoded by Drosophila during larval development results in increased body size
(Ikeya et al., 2002), whereas ablation of the brain neurosecretory cells that produce four of
the ILPs (1, 2, 3 and 5) or genetic deletion of ILP1–5 reduces metabolic activity and size
(Rulifson et al., 2002; Broughton et al., 2005; Zhang et al., 2009). A recent comprehensive
study of gene-knockouts for all seven ILPs in Drosophila further indicates the concurrent
loss of dilp1–6 adversely affects development, stress resistance, and lifespan more than
deletion of individual dilps (Grönke et al., 2010): a finding which lends additional evidence
for the redundant and synergic activation of the insulin signaling pathway. Because
mammalian insulins also activate this pathway in insects (Fernandez et al., 1995;
Yamaguchi et al., 1995; Riehle and Brown, 1999; Wu and Brown, 2006; Gu et al., 2009),
they are often viewed as structurally and functionally equivalent homologs of insect ILPs
(Teleman, 2010). On the other hand, insect ILPs exhibit differences in expression patterns
and secretion (summarized by Wu and Brown, 2006; Yang et al., 2008; Geminard et al.,
2009; Okamoto et al., 2009; Veenstra, 2009; Grönke et al., 2010; Teleman, 2010),
suggesting the function of individual ILP members is not fully overlapping. In addition, little
is known about the actual binding affinities of insect IRs for different ILPs. Thus, it remains
unclear whether all insect ILPs are functionally redundant insulin homologs or high affinity
ligands for insect IRs.

Most mosquitoes must feed on blood from a human or other vertebrate host to mature eggs.
This aspect of mosquito biology is of great interest, because many species transmit disease-
causing pathogens when acquiring a blood meal. Recent studies also indicate that insulin
signaling impacts several processes following blood feeding including the cascade of events
required for the production of yolk and its uptake into primary oocytes (Roy et al., 2007;
Luckhart and Riehle, 2007; Brown et al., 2008; Arik et al., 2009; Sim and Denlinger 2008).
The yellow fever mosquito, Aedes aegypti, encodes eight ILP genes of which five (ILP1, 3,
4, 7 and 8) are expressed in the brain (Riehle et al., 2006). Ingestion of a blood meal triggers
the release of these ILPs and other neuropeptides, which stimulate the ovaries to produce
ecdysteroid hormones (Brown et al, 1998; Brown et al., 2008). These ecdysteroids in turn
stimulate the fat body, which is the primary metabolic organ of insects, to synthesize and
release yolk proteins produced from the nutrients acquired in the blood meal. Yolk proteins
are then packaged into primary oocytes (Roy et al., 2007).

We previously determined that synthetic ILP3 elevates carbohydrate and lipid storage by the
fat body in sugar-fed females, and exhibits potent gonadotropic activity as measured by
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stimulation of ecdysteroid production by the ovaries and yolk uptake by oocytes of blood-
fed females (Brown et al., 2008). We also showed that ILP3 binds the MIR with high
affinity (IC50= 5.9 nM), while knockdown of the MIR by RNAi greatly reduces ILP3
gonadotropic activity. Earlier studies showed that bovine insulin also stimulates ecdysteroid
production by ovaries through insulin signaling (Riehle and Brown, 1999). ILP3, however,
exhibits gonadotropic activity at much lower concentrations, and bovine insulin poorly
competes ILP3 binding to the MIR (Brown et al., 2008). Taken together, these data indicate
that ILP3 exhibits insulin-like activity and suggest bovine insulin is comparatively a weak
ligand for the MIR. In the current study, we addressed whether other ILP family members
are functionally similar or distinct from ILP3 by producing and characterizing the activity of
ILP4. Our results indicate that ILP4 and ILP3 exhibit partially overlapping biological
activities and distinctly different binding affinities for the MIR.

2. Experimental procedures
2.1. Mosquitoes

The UGAL strain of A. aegypti was used in all experiments. Mosquitoes were reared as
previously described (Riehle et al., 2006). Adult females were blood fed on anesthetized
rats.

2.2. ILP4 synthesis
The A and B chains of ILP4 were synthesized using standard Fmoc chemistry with the
exception that norleucine was substituted for the single methionine in the B chain to negate
the possible effects of oxidation on bioactivity (Supplementary Figure 1). Cross-linking of
the chains to form mature ILP4 followed by purification to homogeneity was accomplished
as previously described for the biosynthesis of ILP3 (Brown et al., 2008). The structure of
ILP4 was then confirmed by MALDI-TOF mass spectroscopy followed by lyophilization
and storage at −20° C. ILP3 used in the study was produced as previously described (Brown
et al., 2008). Both ILPs were rehydrated in water followed by dilution in Aedes saline (7.5 g
NaCl, 0.35 g KCl, and 0.21 g CaCl2 to 1 L, pH 6.5) for use in bioassays.

2.3. Metabolic assays
Newly emerged adult females were provided water only for five days followed on day 6 by
access to a 10% sucrose solution for 30 min. Immediately thereafter, females with swollen
abdomens indicative of feeding were decapitated and injected with different concentrations
of ILP4 or ILP3. Normal, intact mosquitoes (non-decapitated) served as a positive control
while mosquitoes decapitated and injected with Aedes saline alone served as the negative
control. After 24 h at 27 °C, females were frozen (−80°C), and later processed to measure
stored glycogen and lipid as described (Brown et al., 2008).

2.4. Yolk uptake and ovary ecdysteroid production assays
Yolk uptake assays were conducted using blood-fed females decapitated within 1 h PBM.
Decapitated mosquitoes were then injected with different concentrations of ILP4 or ILP3 in
0.5 μl of saline, followed 24 h later by dissection and measurement of yolk deposition per
egg using the long axis of each oocyte (Brown et al., 1998). Decapitated females injected
with saline alone served as the negative control, and intact (non-decapitated) blood-fed
females injected with saline served as the positive control.

Ecdysteroid production by ovaries was determined using a well-established in vitro bioassay
(Sieglaff et al., 2005). Briefly, 2 or 4 pairs of ovaries from non-blood-fed females were
incubated with serially diluted ILP3 or ILP4 in modified Aedes saline (140 mM NaCl, 4 mM
KCl, 1.8 mM CaCl2, 12.5 mM HEPES, 2.5 mM trehalose, 0.5 mM MgCl2, and 0.9 mM
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NaHCO3, pH 7.0) for 6 h at 27° C followed by quantification of ecdysteroids in the medium
by radioimmunoassay (RIA) using an ecdysteroid antiserum (4919) kindly donated by P.
Poncheron (Université P. et M. Curie, Paris France) (Sieglaff et al., 2005). To determine the
commitment period for ILP activation, ovaries from non-blood fed females were incubated
as above with optimal ILP doses (ILP4, 20 pmol or ILP3, 10 pmol/ovary set) for different
time periods. At the end of this period, medium was collected (50 μl) for the ecdysteroid
RIA, and replaced with medium containing no ILP. After 6 h of total incubation time,
medium from the second period was collected and ecdysteroid amounts determined as
described above. For the inhibitor experiments, ovaries were set up as above and incubated
for 6 h with ILP4 or ILP3 plus different concentrations of the IR inhibitor hydroxyl-2-
napthalenylmethyl phosphonic acid – trisacetoxymethyl ester (HNMPA-(AM3), EMD). The
concentration of HNMPA that reduced ecdysteroid production by 50% (IC50 value) was
calculated by non-linear regression using Sigma Plot (Brown et al., 2008).

2.5. Receptor binding and cross-linking assays
ILP3 and ILP4 were iodinated (125 Iodine, Perkin-Elmer) using the lactoperoxidase-
hydrogen peroxide method and purified by HPLC (Crim et al., 2002). Membranes were
extracted from 500–600 ovary pairs (4 to 7 day old non-blood fed females) as described
previously (Brown et al., 2008). Unlabeled ILP (30 μl at 10X final concentration of 0.1 nM
to 20 μM) and 125I-ILP (~200 to 300 pM, ~400K cpm/150 μl) were added to binding buffer
(50 mM HEPES (pH 7.6), 1X Hanks balanced salt solution, 3% BSA and 0.1X Roche
protease inhibitors) in 1.5 ml polypropylene microtubes (triplicate tubes/concentration)
followed by addition of ovary membranes (20 μl) to a final volume of 300 μl. Samples were
rotated overnight at 4° C, centrifuged, and the supernatants removed by aspiration. The
pelleted membranes were then rinsed with ice-cold binding buffer, re-centrifuged, and the
supernatant again removed. Cross-competitive binding experiments were set up similarly
with unlabeled ILP3 and 125I-ILP4 and vice versa. Raw counts per minute in the pellet for
each sample were converted to percent total binding, and the data from a minimum of three
independent assays were analyzed by non-linear regression as described above to generate
curves and IC50 values.

Binding assays, set up as described above, were also conducted for cross-linking
experiments. After overnight incubation, membranes were pelleted and rinsed 2X with
binding buffer minus BSA and protease inhibitors. Membranes were then dispersed in the
same buffer (240 μl) followed by addition of 30 μl of Bis[sulfosuccin-imidyl] suberate and
Bis[sulfosuccin-imidyl] glutarate (Aculytix, Rockford IL) freshly prepared in water to
achieve a 10 μM (ILP4) or 100 μM (ILP3) final concentration of each cross-linking agent.
Sample tubes were then rotated for 1 h at 4° C, and the reaction stopped by the addition of
100 mM Tris buffer (pH 7.5). Isolated pellets were then mixed with sample buffer, frozen,
and later subjected to SDS-PAGE, immunoblotting and autoradiography as previously
described (Brown et al., 2008). The MIR was detected using an anti-MIR primary antibody
(377E, 1:6,000), a peroxidase-conjugated goat-anti rabbit secondary antibody (Sigma,
1:15,000) and chemiluminescence substrate (GE Amersham ECL Advance detection kit).
Immunoblots were exposed to X-ray film (Kodak XR) for up to three weeks to
visualize 125I-ILP-protein conjugates.

2.6. Akt and MAPK immunoblots
Ovaries were pooled from in vitro assays or dissected from adult female mosquitoes and
transferred to sample buffer (1 part Novagen PhosphoSafe Extraction Buffer: 1 part Roche
protease inhibitor 1X in saline) for extraction. Ovary samples (3–4 ovary pairs per lane)
were then electrophoresed on 12.5% Tris-glycine gels (Bio-Rad) followed by
immunoblotting using rabbit primary antibodies (Cell Signaling Technologies) for phospho-
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Drosophila Akt (Ser505) (#9106) 1:1000; phospho-human p44/42 MAP kinase (Thr202/
Tyr204) (#9101) 1:2000; and rat P44/42 MAP kinase (#9102) 1:2000. Visualization of
MAPK using the above anti-MAPK served as the loading control for immunoblots.

2.7. RNAi assays
Total RNA was extracted from mosquito ovaries, first-strand cDNA synthesized, and MIR
cDNA amplified using previously described primers and reaction conditions (Brown et al.,
2008). cDNA to the Ae. aegypti relaxin receptor homolog (AaRLGR) was similarly
amplified using primers (T7-Fwd: TAATACGACTCACTATAGGG
ACATGGTCGGTACCAGAAGC; T7-Rev:
TAATACGACTCACTATAGGGTTGAGTGTGTTCCGGGTTT) designed from the
annotated AaRLGR sequence (AAEL005095; EAT43473). The resulting PCR products were
used as template (1 μg of cDNA) for dsRNA synthesis with the TranscriptAid T7 High
Yield Transcription Kit (Fermentas). dsRNA was then treated with DNAse1 and RNAse1,
precipitated, and resuspended in nanopure water. dsEGFP was similarly generated for
control treatments (Brown et al., 2008). Integrity of the dsRNA was assessed by gel
electrophoresis, and its concentration determined by spectrophotometry for dilution to 4 μg/
μl, prior to storage at −20°C. dsRNA (2 μg) was injected into intact or decapitated females
(3 to 5 days old) at 1 h PBM for the bioassays as described above. We assessed actin and
MIR expression using first-strand cDNA synthesized from total RNA, gene specific primers,
and reaction conditions as previously described (Sieglaff et al., 2005). We assessed levels of
AaRLGR knockdown in dsRLGR and dsEGFP treated samples by rqRT-PCR using a Rotor-
Gene 2000 Real-Time PCR Cycler (Corbett Research) using the primers 5′-
TCGCTCTACCTGAGGCATCT-3′ (forward) and 5′-GCTCAGGGTGCTGAGAAAAC-3′
(reverse). All experiments were done in triplicate with relative quantitations determined
using the ΔΔCT method. Transcript abundance was normalized to internal 18S rRNA levels
from the same individual sample.

2.8. Bioassay data analysis
Sample data were statistically analyzed using the JMP 7.0 platform (SAS Inc.). Differences
among treatments for the metabolic, yolk and ecdysteroid assays described above were
analyzed by one-way ANOVA, and Dunnett’s or the Tukey-Kramer multiple comparison
procedure.

3. Results
Prior studies firmly establish that the brain is the only source of ILPs in Ae. aegypti that
stimulate egg maturation following blood feeding (Lea, 1967; Matsumoto et al., 1989;
Brown et al., 2008), but a lack of comparative data makes it unclear whether the five ILP
family members (ILP1, 3, 4, 7, and 8) expressed in brain neurosecretory cells have similar or
divergent functions in mosquito physiology. ILP3 structurally most resembles mammalian
insulin and as previously noted has both metabolic and gonadotropic activity (Brown et al.,
2008). Among the four other ILPs, we focused here on ILP4 because it is the only family
member expressed in female but not male brains (Riehle et al., 2006), and exhibits structural
differences with ILP3 that could affect receptor binding and/or biological activity
(Supplementary Fig. 1). ILP1 and 8 in contrast likely form a transcriptionally co-regulated
gene complex with ILP3 (Riehle et al., 2006), while an extended B chain makes synthesis of
ILP7 much more difficult than ILP4.

3.1. ILP4 and ILP3 exhibit partially overlapping biological activity
ILP3 exhibits strong, dose-dependent insulin-like activity by elevating carbohydrate and
lipid storage in decapitated, sugar-fed adult females to similar levels as control (non-
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decapitated), sugar-fed females (Brown et al., 2008). We assessed whether ILP4 also
exhibits insulin-like activity by conducting the same dose-response experiments using ILP3
as a positive control. Our results indicated that unlike ILP3, ILP4 had almost no effect on
glycogen or lipid stores at any concentration tested (Fig. 1A, B). In contrast, ILP4 and ILP3
exhibited similar gonadotropic activity as evidenced by dose-dependent stimulation of
ovaries to produce ecdysteroids required for stimulation of yolk protein synthesis and
release by the fat body (Fig. 2A). The concentration of ILP4 required to stimulate a
significant increase in ecdysteroid production was somewhat higher (20 pmol) than for ILP3
(5 pmol), but the maximum amount of ecdysteroids produced by ovaries (35–45 pg per
ovary pair per assay) was very similar for both peptides. ILP4 also dose-dependently
stimulated yolk deposition in primary oocytes (Fig. 2B). Again, the dose of ILP4 required to
stimulate a significant increase in yolk deposition was higher (20 pmol) than for ILP3 (10
pmol). A single injection of either 20 pmol ILP4 or 10 pmol of ILP3 into decapitated, blood
fed females also resulted in very uniform yolk deposition in primary oocytes as evidenced
by the very small standard errors for the data. However, as expected, levels of yolk
deposition in oocytes from decapitated, ILP treated females were lower than in oocytes from
intact (non-decapitated), blood-fed females (Fig. 2B).

Since brain neurosecretory cells concurrently express and presumably release ILP3 and ILP4
after blood feeding, we considered the possibility that they additively affect ecdysteroid
production by ovaries to promote rapid egg maturation. We tested this by incubating ovaries
in vitro with a suboptimal dose of ILP4 (5 pmol) or ILP3 (1 pmol) alone or together. Our
results, however, revealed no differences between ovaries incubated with each ILP or the
two ILPs together, which suggested that ILP4 and ILP3 activity is non-additive (Fig. 3A).
We also assessed whether the commitment time required to stimulate a sustained increase in
ecdysteroid production by ovaries differed between ILP4 and ILP3. Ovaries were exposed to
an optimal dose of ILP4 (20 pmol) or ILP3 (10 pmol) for increasing periods of time (10 min
to 6 h). The medium was then removed from each sample (phase 1), and immediately
replaced with medium without ILP (phase 2) to complete the 6 h incubation. The amounts of
ecdysteroids present in the phase 1 and phase 2 samples were then determined by RIA and
summed. Ecdysteroid amounts increased with the amount of time that ovaries were co-
incubated with each ILP, although phase 1 samples for ILP3 consistently contained more
ecdysteroids than the phase 1 samples for ILP4 (Fig. 3B). Thus, ecdysteroid production
positively correlated with exposure time to each ILP, but ILP3, even at a lower
concentration, activated ecdysteroid biosynthesis more strongly than ILP4. Taken together,
we concluded from these experiments that ILP4 and ILP3 exhibit distinctly different
metabolic activity but broadly similar gonadotropic activities in adult female Ae. aegypti.

3.2. ILP4 weakly competes with ILP3 and does not bind to the MIR
We compared ILP4 and ILP3 binding properties by first conducting competitive ligand-
receptor assays using ovary membranes, which are highly enriched with the MIR (Riehle
and Brown, 2002; Brown et al., 2008). Cross-competition assays using radiolabeled ILP4 or
ILP3 in the presence of increasing concentrations of unlabeled ILP3 or ILP4 respectively
showed only a small reduction of total binding (Fig. 4A). Unlabeled ILP3 reduced binding
of ILP4 by only 22% when present at 10,000-fold molar excess with a similar trend
observed for radiolabeled ILP3 displacement by ILP4 (Fig. 4A). Unlabeled ILP4 displaced
radiolabeled ILP4 somewhat more efficiently, although at 10 μM binding was only reduced
ca. 40% of total (Fig. 4B). The source of this non-specific binding was not apparent, but the
data were nonetheless sufficient to estimate an IC50 value of 509 nM (Fig. 4B). This value,
however, was 100X greater than was previously found for radiolabeled ILP3, which is fully
competed by unlabeled ILP3 with an IC50 value of 5.9 nM (Fig. 4C).
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These results indicated that ILP3 and ILP4 weakly compete with one another and suggested
they either bind different receptors or different domains on the same receptor complex. To
distinguish between these possibilities, we conducted cross-linking experiments using a
modified approach from Brown et al. (2008) that included two cross linkers of different size.
These results showed that ILP3 binds a ~500 kDa complex containing the MIR as shown on
immunoblots (Fig. 4D). ILP3 binding to this complex was also fully competed by increasing
concentrations of unlabeled ILP3. Radiolabeled ILP4 in contrast did not cross-link to the
MIR, yet did cross-link to a 55 kDa protein (Fig. 4D). Competition by unlabeled ILP4
showed near complete loss of label from the 55 kDa protein by 100 nM ILP4. In other
replicates of this cross-linking experiment, we also sometimes observed cross-linking of
ILP4 to a 120 kDa protein that was likewise competed by unlabeled ILP4 (data not shown).
However, this observation was inconsistent. Whether the the 55 kDa protein, 120 kDa
protein, or a combination of the two represent the specific binding shown in Fig. 4B
remained unclear, but our results do suggest ILP4 binds a novel protein but not the MIR as
observed for ILP3 (Fig. 4D).

3.3. ILP4 and ILP3 activate the insulin signaling pathway in ovaries
The functional and receptor binding activities of ILP3 clearly suggested this family member
should exhibit insulin-like signaling properties such as phosphorylation of the serine-
threonine kinase, Akt. In contrast, the lack of metabolic activity by ILP4 combined with a
lack of binding to the MIR suggested it might exhibit other signaling properties like
activation of the MAPK pathway as seen for vertebrate IGFs. To assess these possibilities,
we repeated our in vitro gonadotropic bioassay by treating ovaries with optimal doses of
each ILP. We then collected ovary samples at different time points post-treatment for
immunoblot analysis using a Drosophila anti-phospho-Akt and two antibodies specific for
non-phosphorylated and phosphorylated forms of human MAPK that cross-react with
mosquito Akt and MAPK respectively (Kang et al, 2008). Preliminary studies confirmed
each antibody recognized Ae. aegypti proteins of expected size for Akt and MAPK
(Supplementary Fig. 2). Our experimental results further indicated that ILP3 and ILP4 both
increased the level of phosphorylated Akt detected in ovaries at each sample time relative to
untreated control ovaries (Fig. 5A). In contrast, we detected no changes in the relative levels
of phosphorylated and non-phosphorylated MAPK after ILP3 or ILP4 treatment (Fig. 5A).
We also observed the same pattern with ovaries collected from mosquitoes 10 min to 2 h
after blood feeding, which further corroborated that ILPs released after blood feeding
activate the insulin signaling pathway in ovaries.

3.4. ILP3 and ILP4 activity requires the MIR
The preceding results fully supported the idea that ILP3 requires the MIR for function. In
contrast, our results with ILP4 show binding to a 55 and 120 kDa protein, but whether
activity was independent of the MIR remained unclear given this family member also
stimulated phosphorylation of Akt. Thus, ILP4 could depend on the MIR for function, albeit
indirectly, or the 55 and/or 120 kDa proteins could be receptors that stimulate Akt
phosphorylation and ecdysteroid production independently of the MIR. We further noted
that the 55 kDa protein is within the molecular mass range of specific leucine-rich repeat-
peptide G protein-coupled receptors (LGRs) that bind relaxin and other ILPs in mammals
(Hsu et al., 2002). Insects also encode one or more LGRs for which no ligand has been
identified (Hsu et al., 2002; Loy et al., 2008).

The Ae. aegypti genome encodes one predicted relaxin LGR homolog of 573 amino acids
and predicted molecular mass of 63.1 kDa (AaRLGR; DrmLGR3- CG31096 homolog). RT-
PCR analysis also indicated the corresponding transcript is expressed in ovaries and other
tissues (data not shown). We therefore assessed whether the egg maturation activities of
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ILP3 and ILP4 depended upon the RLGR or MIR using two complementary approaches. In
the first, we knocked down RLGR and MIR expression in ovaries by RNAi followed by
functional assays. Prior studies confirmed that dsMIR treatment of blood fed mosquitoes
significantly reduces MIR transcript and protein levels in ovaries, which correspondingly
results in reduced yolk uptake by oocytes and reduced ecdysteroid production by ovaries
(Brown et al., 2008). No antibody is available for the AaRLGR protein, but rqRT-PCR
analysis indicated that injection of dsRLGR into blood fed mosquitoes greatly reduced
AaRLGR transcript abundance in ovaries (110-fold) relative to mosquitoes injected with
dsEGFP (negative control) (Fig. 5B). However, treatment of blood fed mosquitoes with
dsRLGR or dsEGFP had no effect on yolk deposition in primary oocytes (Fig. 5C)
suggesting AaRLGR is not required for egg maturation. Comparing the effects of dsMIR and
dsRLGR on ecdysteroid production by ovaries from blood-fed, decapitated females
corroborated this conclusion (Fig. 5D). Ovaries from dsRLGR treated mosquitoes produced
near-identical amounts of ecdysteroid after treatment with ILP4 or ILP3 as ovaries from
mosquitoes treated with dsEGFP. In contrast, ovaries from females treated with dsMIR
produced almost no ecdysteroids after treatment with ILP4 or ILP3 (Fig. 5D).

As a second approach, we tested the effects of HNMPA-(AM3), a specific cell-permeable
inhibitor of insulin receptor tyrosine kinase activity and tyrosine autophosphorylation of the
mammalian IR (IC50=200 μM) (Saperstein et al. 1989) required for insulin-stimulated
signaling. Our results indicated that HNMPA-(AM3) dose-dependently reduced ecdysteroid
production by ovaries following treatment with ILP4 or ILP3 at IC50 values similar to those
previously determined for mammals (Fig. 6A). Immunoblotting experiments further
indicated that, similar to mammals, HNMPA-(AM3) disabled MIR signaling as evidenced
by the inability of ILP3 and ILP4 to increase levels of phosphorylated Akt in ovaries in the
presence of the inhibitor (Fig. 6B).

Discussion
Our understanding of ILP function in invertebrates derives primarily from characterizing the
effects of overexpressing (Ikeya et al., 2002) or deleting multiple family members (Rulifson
et al., 2002; Broughton et al., 2005; Belgacem and Martin, 2006; Zhang et al., 2009; Grönke
et al., 2010). As a consequence, the direct endocrine function(s) of individual ILP family
members and their interactions with the single IR expressed by insects remains unclear.
Here we produced two ILPs from Ae. aegypti and present evidence that they exhibit
different metabolic but very similar gonadotropic activities in adult females. Our results
further show that synthetic ILP3 binds the MIR with high affinity, whereas ILP4 does not.
Combined with earlier results showing that ILP3 binding is poorly competed by bovine
insulin (Brown et al., 2008), our results suggest that individual ILPs from Ae. aegypti are not
functionally equivalent, and that the MIR does not bind endogenous ILPs and mammalian
insulins with similar affinity. Because invertebrates encode multiple ILPs but only one IR
homolog, the diverse functions associated with insulin signaling in lower metazoans have
been attributed to developmental differences in the timing of expression or secretion of ILP
family members (Brogiolo et al., 2001; Broughton et al., 2005; Gershman et al., 2007;
Geminard et al., 2009; Taguchi and White, 2009; Grönke et al., 2010). Our results, however,
suggest differing affinities by the IR for individual ILPs may be a more important control
mechanism for function than previously recognized.

Our results fully support the conclusion that ILP3 directly binds the MIR with high affinity.
Our functional studies further indicate ILP3 signaling depends upon activation of the MIR
since dsMIR and HNMPA-(AM3) treatment both block gonadotropic activity. Prior results
showed that agonists of Akt phosphorylation stimulate mosquito ovaries to produce
ecdysteroids (Riehle and Brown, 1999, 2003). Results from the current study are in keeping
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with this finding as they indicate the gonadotropic activity of ILP3 also depends on
signaling through a functional Akt. In contrast, our binding and cross-linking experiments
indicate ILP4 binds a 55 kDa protein in ovary membranes with much lower affinity than
found for ILP3. One explanation for this result is that the synthetic ILP4 we produced
improperly refolded, due to incorrect disulfide bond formation between the A and B chains,
to yield a structure that does not bind the MIR. We cannot fully discount this possibility, but
also emphasize that ILP4 exhibited very similar gonadotropic activity to synthetic ILP3 and
much stronger gonadotropic activity than purified bovine insulin (see Brown et al., 2008),
which we would not expect if ILP4 was structurally aberrant. It is also possible our binding
data with ILP4 reflect improper binding conditions for interaction with the MIR. We think
this is unlikely, however, given preliminary studies we conducted in which a variety of
conditions were tested yet none resulted in detectable binding of ILP4 to the MIR.

Assuming ILP4 is properly folded, then our binding data together with the outcome of our
dsMIR and HNMPA-(AM3) experiments suggest interaction with the 55 kDa and possible
120 kDa proteins in some manner activates the MIR and insulin signaling to drive
ecdysteroid biosynthesis and yolk uptake. The identity of these proteins, however, and how
they might activate the MIR remains unclear. Our results strongly suggest the 55 kDa
protein is not AaRLGR, since knockdown of the corresponding transcript has no effect on
ILP4 activity. A large number of intracellular adapter proteins have also been identified that
bind and positively modulate the activity of mammalian insulin/IGF receptors (APS, CB,
DOCK2, GAB1, IRS1–4, SHC, SH2B). Yet, only IRS1 and SH2B have been shown to bind
the IR/IGRF of insects, and neither of these intracellular factors are known to directly
interact with ILPs which would suggest the 55 and 120 kDa proteins are unrelated to these
factors (Bohni et al., 1999; Werz et al., 2009). The 55 kDa and 120 kDa proteins could also
be extracellular ILP binding factors such as Imp-L2 and dALS that antagonize ILP function
in Drosophila (Honegger et al., 2008; Arquier et al., 2008). We think this too is unlikely
though, because highly purified ovary membranes were used for the ILP4 binding and cross-
linking assays we performed. In contrast, recent studies in mammals do show that G-protein
coupled receptors (GPCRs) can interact with receptor tyrosine kinases, including the IGFR,
resulting in their transactivation (Delcourt et al., 2007), and that β-arrestin-2, an intracellular
modulator of GPCR activity, scaffolds with the IR and Akt to directly activate signaling
(Luan et al, 2009). These data thus suggest the possibility that the 55 kDa protein could be a
GPCR capable of interacting with the MIR and activating insulin signaling. Obviously,
identification of these proteins is essential to understanding their interaction with ILP4.

As previously noted, ILP3 is expressed in the medial neurosecretory cells of both male and
female adult mosquitoes, whereas ILP4 expression is female specific (Riehle and Brown,
2006; Brown et al., 2008). The gonadotropic activity of ILP4 is fully consistent with
regulation of a sex-specific function like egg maturation, whereas the broader metabolic and
gonadotropic activities of ILP3 are in keeping with functions relevant to both sexes. How
ILP3 and ILP4 stimulate insect ovaries to produce ecdysteroids remains undefined, although
recent findings indicate another neuropeptide, prothoracicotropic hormone (PTTH),
stimulates ecdysteroid production in the prothoracic glands by binding a receptor tyrosine
kinase (Torso) that stimulates signal-regulated kinase (ERK) phosphorylation (Rewitz et al.,
2009). Interestingly, insulin/ILP treatment also activates Ras signaling and the ERK cascade
in both mammals and insects suggesting a potential link between PTTH and ILP-mediated
regulation of ecdysteroid production (Kim et al., 2004; Orme et al., 2006; Teleman, 2010).
Downstream events leading to increased ecdysteroid production by mosquito ovaries also
remain unclear although prior studies do suggest ILPs activate the transcription of genes
encoding cytochrome P450 enzymes required for ecdysteroid biosynthesis (Sieglaff et al.,
2005). ILP3 likely modulates glycogen and lipid storage in the fat body by activation of
insulin signaling, which regulates metabolic control in mammals and insects (summarized
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by Teleman, 2010). Insulin signaling is also known to stimulate vitellogenin synthesis in the
fat body of blood-fed Ae. aegypti females (Roy et al., 2007). In contrast, understanding why
ILP4 lacks metabolic activity will require identification of the ILP4 binding proteins.

All known insulin/IGFR receptors are encoded by single genes that are post-translationally
processed and linked as homo- or heterodimers composed of two extracellular α subunits,
which form the extracellular ligand binding domain, and two transmembrane, tyrosine
kinase β-subunits, which activate the insulin signaling pathway (Taguchi and White, 2008).
The MIR from Ae. aegypti and the Drosophila insulin receptor (DIR) are similar to
mammalian IR/IGFRs with the exception that the DIR includes approximately 300
additional amino acid residues at both the N- and C-termini (Fernandez et al., 1995; Graf et
al., 1997). The MIR and overlapping portions of the DIR are only 35% identical to the
mammalian IR, yet the literature often suggests contrary to our results that the DIR binds
mammalian insulin with similar affinity to mammalian IRs (Taguchi and White, 2008;
Telman, 2010). The evidence cited as support for this conclusion, however, derives from
studies conducted in mammalian cells expressing a recombinant chimeric receptor
comprised of the human extracellular ligand binding domain (α subunit) attached to the
Drosophila β subunit (Yamaguchi et al., 1995). This expression system showed that the
essential signal transducing capacity of vertebrate and insect IRs is conserved, but it is not
surprising that a chimeric receptor comprised of human α subunits has near identical binding
affinities for mammalian insulin as the human IR. The only study to our knowledge that
examines the affinity of the DIR for mammalian insulins is that of Petruzzelli et al. (1985)
who determined a Km of 15 nM for bovine insulin using a partially purified receptor
preparation obtained from whole body fly extracts. This result is consistent with the
biological activity that mammalian insulins have in Drosophila, mosquitoes and other
insects (summarized by Wu and Brown, 2006), but also provide no insights about the
relative affinity of the DIR for endogenous ILPs. Our results, therefore, offer the first insight
into the selectivity of an insect IR for endogenous ILPs and mammalian insulins, while also
providing the first evidence that individual insect ILP family members exhibit differences in
biological activity.
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Abbreviations

BSA bovine serum albumen

ILP insulin-like peptides

DIR Drosophila insulin receptor

GPCR G-protein coupled receptor

IGFs insulin-like growth factors

IGFR insulin growth factor-like receptor

IR insulin receptor

MAPK mitogen-activated protein kinase
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MIR mosquito (Aedes aegypti) insulin receptor

PBM post-blood meal

RNAi RNA interference

RT-PCR reverse transcriptase polymerase chain reaction

rqRT-PCR relative quantitative RT-PCR
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Fig. 1.
ILP4 does not stimulate glycogen and lipid storage in sugar-fed, decapitated female Ae.
aegypti. Mosquitoes were decapitated 30 min after sugar feeding and injected with ILP4
(0.01–100 pmol). Decapitated mosquitoes injected with 100 pmol of ILP3 or non-
decapitated (intact) mosquitoes served as positive controls while decapitated mosquitoes
injected with saline only (0) served as a negative control. Glycogen (A) and stored lipid (B)
in individual mosquitoes was then measured 24 h later with a minimum of 8 mosquitoes
analyzed per treatment. Asterisks indicate treatments that differ significantly from the
negative control (Glycogen, F7, 67= 39.0, P<0.0001; Lipid, F7, 62= 18.2, P<0.0001 followed
by Dunnett’s multiple comparison with a control procedure, α=0.05). Although marginally
statistically significant at the α=0.05 level, the increase in glycogen found with injection of 1
pmol of ILP4 was non-significant at α=0.01.
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Fig. 2.
ILP4 and ILP3 stimulate ecdysteroid synthesis by ovaries and yolk uptake by primary
oocytes from blood-fed, female Ae. aegypti. (A) Ecdysteroid production (pg ± SE) by
ovaries treated with ILP4 or ILP3. Ovaries from sugar-fed females (4 ovary pairs per
sample) were incubated 6 h in medium containing a given amount of each ILP (0.1–20
pmol), followed by quantification of ecdysteroid amounts in the medium. Ovaries incubated
in medium without ILP (0) served as a negative control. Different letters above a given
treatment indicates means that significantly differ from one another (F10, 94= 14.6,
P<0.0001; followed by comparison for all pairs using the Tukey-Kramer procedure). (B)
Yolk uptake (μm ± SE) by primary oocytes following injection of ILP4 or ILP3. Females
were decapitated within 2 h after blooding feeding and injected once with a given ILP (0.1–
20 pmol). Yolk deposition was then measured 24 h later. Females injected with saline only
served as a negative control while normal, nondecapitated (intact) females served as a
positive control. A minimum of 12 mosquitoes was analyzed per treatment. Different letters
above a given treatment indicates means that significantly differ from one another (F11, 165=
32.9, P<0.0001 and Tukey-Kramer procedure, α=0.05).
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Fig. 3.
ILP4 and ILP3 non-additively stimulate ecdysteroid production by ovaries. (A) Ovaries (4
pairs per sample) were incubated with suboptimal doses of ILP3 (1 pmol) or ILP4 (5 pmol)
for 6 h either alone or together followed by determination of ecdysteroid amounts in the
medium by RIA. Ovaries incubated in medium without ILP served as the negative control.
Each treatment was replicated 12 times. Asterisks indicate treatments, which differ
significantly from the negative control (F3, 44= 8.5, P<0.0002 and the Tukey-Kramer
procedure). (B) Effect of ILP4 or ILP3 exposure time on ecdysteroid production by ovaries.
Ovaries (4 pairs per sample) were incubated in two phases for a total of 6 h. In phase 1,
ovaries were incubated in medium containing 20 pmol of ILP4 or 10 pmol of ILP3 while in
phase 2, ovary samples were incubated in fresh medium without ILPs. At the end of each
phase, ecdysteroid amounts in the medium were determined by RIA and summed. Nine
ovary samples were analyzed per treatment.
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Fig. 4.
ILP4 and ILP3 are weak cross-competitors and bind different proteins in ovary membranes.
(A) Binding of 125I-ILP4 or 125I-ILP3 to ovary membranes in the presence of increasing
concentrations of unlabeled ILP3 or ILP4. (B) 125I-ILP4 binding to ovary membranes in the
presence of increasing concentrations of unlabeled ILP4 with calculated IC50 value
indicated. Bound counts in the presence of increasing concentrations of each unlabeled
competitor, minus non-specific binding, are plotted as a decreasing percentage of total
binding. (C) 125I-ILP3 binding to ovary membranes in the presence of increasing
concentrations of unlabeled ILP3 with calculated IC50 value indicated (from Brown et al.,
2008). (D) Autoradiograph of ovary membrane blots showing competitive binding of 125I-
ILP3 to the MIR complex (left) and competitive binding of 125I-ILP4 to ~55 kDa and 120
kDa proteins. Ovary membranes (20–30 ovary pair equivalents) were incubated with each

Wen et al. Page 17

Mol Cell Endocrinol. Author manuscript; available in PMC 2011 October 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



labeled ILP (250 pmol) and increasing concentrations of the corresponding unlabeled ILP.
Samples were then cross-linked, subjected to SDS-PAGE and blotted for autoradiography.
The first two lanes of the blot show samples incubated with (+) or without (-) ILP3. Samples
with cross-linker present (Cl+) or absent (Cl-) are indicated at the top of autoradiograph. The
bottom of the autoradiograph shows the corresponding immunoblot probed with our anti-
MIR antibody, which detects a single band at ~500 kDa in each lane.

Wen et al. Page 18

Mol Cell Endocrinol. Author manuscript; available in PMC 2011 October 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
ILP4 and ILP3 activate the insulin signaling pathway while knockdown of the MIR but not
RLGR disables gonadotropic activity. (A) Ovaries (4 pairs per sample) were incubated in
vitro with ILP3 (10 pmol) or ILP4 (20 pmol) for 10 min–2 h. Samples were then subjected
to SDS-PAGE and immunoblot analysis using primary antibodies to Drosophila-phospho-
Akt (ser505), human P44/42 MAPK, and phospho-P44/42 MAPK (Thr202/Tyr204). Three
ovary pair equivalents were loaded per lane. Increased phosphorylation of Akt was detected
within 10 min of treatment with each ILP and sustained for 2 h, whereas no change was
detected in phosphorylation levels of MAPK. (B) rqRT-PCR analysis of RLGR transcript
abundance in mosquito ovaries treated with dsRLGR or dsEGFP (negative control).
Mosquitoes were injected with each double-stranded RNA 1 h after blood feeding and
transcript abundance was determined 24 h later. Transcript levels were standardized to a
level of 1 for mosquitoes treated with dsEGFP while transcript levels for mosquitoes treated
with dsRLGR are expressed relative to the negative control. Each treatment was replicated
three times using samples generated from ovaries collected from four individuals. Error bar
=1 SD. (C) dsRLGR and dsEGFP have no effect on yolk uptake by primary oocytes (t-test,
P>0.05). Mosquitoes injected with dsRLGR (n=36) or dsEGFP (n=53) as described for (A)
were dissected 24 h later and the mean size of oocytes determined. (D) dsMIR treatment
significantly reduces ecdysteroid production by ovaries while dsRLGR and dsEGFP does
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not. Ovaries (2 ovary pairs per sample) were dissected from treated females 24 hours PBM
and incubated for 6 hours with ILP3 (10 pmol), ILP4 (20 pmol) or no ILP (Con), followed
by ecdysteroid RIA of the sample medium. A minimum of 6 samples was analyzed per
treatment. Different letters above a given treatment indicates means that significantly differ
from one another (F8, 105= 19.4, P<0.0001; followed by comparison for all pairs using the
Tukey-Kramer procedure).
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Fig. 6.
HNMPA-(AM3) dose-dependently reduces ecdysteroid production by ovaries treated with
ILP4 and ILP3. (A) Ovaries (4 ovary pairs per sample) were dissected from mosquitoes 24 h
PBM and incubated with ILP4 (20 pmol) or ILP3 (10 pmol) and increasing concentrations
of HNMPA-(AM3) for 6 h followed by ecdysteroid RIA of the medium. Ovaries incubated
in medium without ILP or HNMPA-(AM3) served as a negative control. Nine samples were
analyzed per treatment with the IC50 value for inhibiting ILP4 and ILP3 activity indicated
above the graph. (B) Ovaries (4 pairs per sample) were incubated in vitro 2 h with ILP3 (10
pmol) or ILP4 (20 pmol) for 2 h alone or with HNMPA-(AM3) (500 μM). Samples were
then subjected to SDS-PAGE and immunoblot analysis using the Drosophila-phospho-Akt
(ser505) antibody. Three ovary pair equivalents were loaded per lane. Increased
phosphorylation of Akt was detected following treatment with each ILP alone, whereas no
change in phosphorylation was detected in control ovaries (con) incubated without ILPs or
ovaries incubated with ILPs plus HNMPA-(AM3).
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