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a b s t r a c t

Most mosquito species must feed on the blood of a vertebrate host to produce eggs. In the yellow fever
mosquito, Aedes aegypti, blood feeding triggers medial neurosecretory cells in the brain to release
insulin-like peptides (ILPs) and ovary ecdysteroidogenic hormone (OEH). Theses hormones thereafter
directly induce the ovaries to produce ecdysteroid hormone (ECD), which activates the synthesis of yolk
proteins in the fat body for uptake by oocytes. ILP3 stimulates ECD production by binding to the mos-
quito insulin receptor (MIR). In contrast, little is known about the mode of action of OEH, which is a
member of a neuropeptide family called neuroparsin. Here we report that OEH is the only neuroparsin
family member present in the Ae. aegypti genome and that other mosquitoes also encode only one
neuroparsin gene. Immunoblotting experiments suggested that the full-length form of the peptide,
which we call long OEH (lOEH), is processed into short OEH (sOEH). The importance of processing,
however, remained unclear because a recombinant form of lOEH (rlOEH) and synthetic sOEH exhibited
very similar biological activity. A series of experiments indicated that neither rlOEH nor sOEH bound to
ILP3 or the MIR. Signaling studies further showed that ILP3 activated the MIR but rlOEH did not, yet both
neuropeptides activated Akt, which is a marker for insulin pathway signaling. Our results also indicated
that activation of TOR signaling in the ovaries required co-stimulation by amino acids and either ILP3 or
rlOEH. Overall, we conclude that OEH activates the insulin signaling pathway independently of the MIR,
and that insulin and TOR signaling in the ovaries is coupled.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

A key feature of mosquito biology is that most species must feed
on the blood of a vertebrate host to produce a clutch of eggs. The
physiological and molecular events regulating egg production in
mosquitoes are best understood in the yellow fever mosquito,
Aedes aegypti, which is a major vector of pathogens that cause
several human diseases. After adult eclosion, Ae. aegypti females
enter a pre-vitellogenic phase where juvenile hormone III from the
corpora allata (CA) programs reproductive competency by stimu-
lating the expression of target of rapamycin (TOR) and ecdysteroid
hormone signaling pathway components in the fat body, midgut,
and ovaries (Hansen et al., 2004; Zhu et al., 2003, 2006; Clifton and
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Noriega, 2011; Perez-Hedo et al., 2013; Zou et al., 2013). Oogenesis
thereafter remains arrested until a female consumes a blood meal,
which triggers neurosecretory cells in the brain to release two types
of neuropeptide hormones: ovary ecdysteroidogenic hormone
(OEH) and insulin-like peptides (ILPs) (Brown et al., 1998; Riehle
et al., 2006). OEH and ILPs stimulate the ovaries to produce
ecdysteroid hormone (ECD) (Brown et al., 1998, 2008; Wen et al.,
2010), while ILPs together with amino acid sensing through the
TOR pathway induce the midgut to produce serine proteases that
digest the blood meal. The interaction of ILPs, OEH, ECD, and TOR
stimulate the fat body to produce yolk proteins from teneral re-
serves and blood meal-derived amino acids, which are then taken
up by the ovaries and packaged into oocytes (Attardo et al., 2005;
Hansen et al., 2005; Roy et al., 2007; Bryant et al., 2010; Roy and
Raikhel, 2011; Gulia-Nuss et al., 2011). Yolk packaging and
chorion formation are completed by 36 h post-blood meal (PBM)
followed by oviposition of 120e150 eggs by 72 h.
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Most insects, includingmosquitoes, encodemultiple ILPsbutonly
one receptor tyrosine kinase (RTK) homolog of the mammalian in-
sulin receptor (IR) (WuandBrown, 2006; Baker andThummel, 2007;
Antonova et al., 2012). Prior studies with Ae. aegypti show that ILP3
stimulates the ovaries to produce ECD by binding with high affinity
to themosquito insulin receptor (MIR) (Brownet al., 2008;Wenet al.,
2010; Gulia-Nuss et al., 2011). In contrast, much less is known about
the function of OEH, which is a member of an understudied neuro-
peptide family in arthropods called neuroparsins (Badisco et al.,
2007; Veenstra, 2010). In Ae. aegypti, the OEH gene produces a pre-
dicted 149 amino acid pre-propeptide that after signal peptide
removal yields a 13.7 kDapropeptide (residues 23-149)we refer to as
the long form of OEH (lOEH). In contrast, purification of OEH from
adult females identified an 8.8 kDa C-terminal truncation of lOEH
(residues 23-108) that we call short OEH (sOEH) (Brown et al.,1998).
It is unknown whether a specific protease cleaves lOEH to produce
sOEH or if lOEH and sOEH differ in biological activity.

Also unknown is the mode of action of OEH. No receptor has
been identified for any neuroparsin family member, but it was
suggested that neuroparsins share features with the amino (N)-
terminal domain of vertebrate insulin-like growth factor binding
proteins (IGFBPs), which bind to insulin-like growth factors (IGFs)
(Badisco et al., 2007; Rosenweig and Atreya, 2010). Since IGFs and
insulin are structurally similar hormones, this led to the hypothesis
that neuroparsins function by binding to ILPs (Badisco et al., 2007,
2008). Alternatively, OEH could function independently of ILPs and
activation of the MIR.

In the first part of this study, we examined structural features of
OEH from Ae. aegypti and compared the biological activity of lOEH
to sOEH and ILP3. We then conducted studies that characterized
OEH signaling activity in ovaries. We found that hemolymph pre-
dominantly contains sOEH, but lOEH and sOEH exhibit very similar
biological activity. We also report that OEH does not bind to ILP3 or
the MIR but it stimulates phosphorylation of Akt, which is a key
regulatory nexus of insulin signaling.

2. Materials and methods

2.1. Mosquitoes

The UGAL strain of Ae. aegypti was used in all experiments. All
stages were maintained at 27 �C in a 16 h light/8 h dark photope-
riod, and larvaewere fed a standard diet (Brown et al., 2007). Adults
were provided water continuously but were fed a 5% sucrose so-
lution on day 2 post-eclosion. Females obtained blood meals from
anesthetized rats (UGA Animal Use Protocol A2010-6-094). This
protocol was reviewed and approved by The University of Georgia
Institutional Animal Care and Use Committee (IACUC) who over-
sees and provides veterinary care for all campus animal care facil-
ities. IACUC is accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International (AAALAC), is
licensed by the US Department of Agriculture, and maintains an
Assurance of Compliance with the US Public Health Service.

2.2. Alignments

Homologous genes to OEH were identified from Ae. aegypti,
select other mosquitoes with sequenced genomes (Anopheles
gambiae, Culex quinquefasciatus), and select species in the genus
Drosophila using blastx and the NCBI nonredundant database.
Identified neuroparsin family members from these dipterans plus
neuroparsin A from the orthopteran Locusta migratoria, neuro-
parsin 1 from Schistocerca gregaria, and human IGFBP7 were then
downloaded and aligned using MAFFT (Katoh et al., 2005) followed
by manual editing in Mesquite.
2.3. sOEH, lOEH, and ILP3

sOEHwas synthesized using Fmoc chemistry and a Perkin Elmer
ABI433 peptide synthesizer (Stefan Klauser, University of Zürich).
To prevent possible formation of diketopiperazine and premature
termination of the synthesis, sterically hindered HeArg(Pmc)e
2ClTrt-resin (Novabiochem, Switzerland) was used as the solid
phase support (Barlos et al., 1989, 1993). Side chain functional
groups were protected as follows: Arg(Pmc), Asn(Trt), Asp(OtBu),
Cys(Trt), Gln(Trt), Glu(OtBu), His(Trt), Lys(Boc), Ser(tBu), Thr(tBu)
and Tyr(tBu). Progress of the synthesis was verified at different
cycles bymass spectrometry and finally terminated by coupling the
N-terminal pGlu. After washing with dichloromethane and meth-
anol, the peptidyl-resin was dried and then cleaved by incubation
in a mixture of 90% trifluoroacetic acid, 2.5% water, 2.5% ethane-
dithiol, and 5% thioanisole for 2 h at room temperature (RT). The
crude peptide was twice precipitated in ice-cold tebutylmethy-
lether and pelleted by centrifugation (4 C, 15 min), dried under a
stream of nitrogen, and stored at �20 �C. After purification on a
preparative reverse phase (RP) HPLC column, peptide fraction ali-
quots were checked for bioactivity in the in vivo assay (see below).
Fractions containing bioactive peptide were pooled and lyophilized
for an additional step to enhance bioactivity. The peptide (w10 mg)
was dissolved by stirring in 1 ml of denaturing buffer (25 mM Tris
pH 8.0, 5 M urea, and 5 mM EDTA), and over 2 h, 2.5 volumes of the
oxidizing/reducing solution (25mM Tris, pH 8.0, 5 mM EDTA, 8 mM
reduced glutathione, 4 mM oxidized glutathione; SIGMA) were
added (Han et al., 1997; Hsih et al., 1997). The reaction was allowed
to equilibrate for one day at RT, and then the oxidized peptide was
checked by electrospraymass analysis, dialyzed (10mMTris pH 8.0,
0.1 M NaCl), and lyophilized. This peptide was then purified on a
C18 column by HPLC (Jupiter 5 mM, 300 A, C18). Fractions con-
taining the peptide were pooled and lyophilized, so that sOEH
could be weighed, solubilized inwater as a 200 mM stock, aliquoted
for use in bioassays, and stored at �80 �C.

Full-length OEH was produced in Escherichia coli as previously
described (Gulia-Nuss et al., 2012). In brief, OEH was PCR amplified
using OEH specific primers and cDNA as template followed by
cloning into pET-32 (Novagen) to produce an OEH-thioredoxin
fusion protein (30.5 kDa). Enterokinase (EMD Millipore) was used
to cleave the fusion tag,which resulted in full-lengthOEHwith anN-
terminal His tag (18.3 kDa) that we named rlOEH. This product was
then quantified after Ni-affinity purification and diluted to a 200 mM
stock that was stored at�80 �C until use in bioassays. ILP3 and ILP4
were synthesized as previously described (Brown et al., 2008).

Purified rlOEH or sOEH together with protein samples from
heads of non-blood fed females or hemolymph collected from fe-
males at 24 h PBM were collected in lysis buffer (Gulia-Nuss et al.,
2012), electrophoresed on 16.5% Tris-tricine gels (BioRad) under
reducing conditions, and transferred to nitrocellulose (Protran
0.1 mm, GE Healthcare) in Tris-glycine/20% methanol buffer. After
blocking, membranes were incubated overnight (4 �C) with a pre-
viously generated OEH antibody (Brown and Cao, 2001) at a dilu-
tion of 1:10,000 in Tris buffered saline plus 0.1% Tween 20) followed
by visualization using a peroxidase-conjugated goat anti-rabbit
secondary antibody (1:20,000; Sigma A6667), a chemilumines-
cent substrate (ECL Advance kit, GE Healthcare), the Gel Logic 4000
PRO platform (Carestream Health Inc, Rochester, NY).

2.4. In vivo assay for stimulation of yolk uptake into oocytes

Prior studies established that decapitation shortly after blood
feeding blocks egg maturation as measured by yolk protein (YP)
deposition into oocytes, while injection of sOEH or ILP3 dose-
dependently rescues this response (Matsumoto et al., 1989;
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Brown et al., 1998, 2008). We thus decapitated 3e5 day old females
1 h PBM, followed by injection of rlOEH, sOEH or ILP3 in 0.5 ml saline
over a standard concentration range. Intact blood-fed females
injected with saline served as a positive control while decapitated
females injected with saline served as the negative control. At 24 h
and 48 h PBM, ovaries were dissected and yolk deposition in oo-
cytes measured along the anterioreposterior axis as previously
described (Brown et al., 2008). A minimum of 4 females per dose
was analyzed by measuring the average length of 10 oocytes per
ovary pair for each female; at least 4 females per dose for each of 3
female cohorts.

2.5. In vitro assay for stimulation of ovary ecdysteroid production

Ovary ECD production was determined using a well-established
in vitro assay (Sieglaff et al., 2005). Ovaries from non-blood fed
females (two pairs per 60 ml, 6 h, 27 �C) were incubated alone or
with the l or sOEH over a standard concentration range in a buff-
ered saline (BS) or Sf-900 medium, which is a commercially avail-
able insect cell culture medium (Invitrogen) that contains all
essential amino acids (Gulia-Nuss et al., 2011). At least three sam-
ples for each peptide concentration were included in each experi-
ment with one of three female cohorts. In subsequent experiments,
a predetermined amount of the TOR pathway inhibitor rapamycin
(100 pmol/60 ml; LC laboratories, Woburn, MA) was added to me-
dium as previously described (Wen et al., 2010). To some assays we
also added 5 nmol/60 ml of PQIP (cis-3-[3-(4-methyl-piperazin-l-
yl)-cyclobutyl]-1-(2-phenyl-quinolin-7-yl)-imidazo[1,5-a]pyrazin-
8-ylamine) (OSI Pharmaceuticals, New York, NY), which is a potent
and specific inhibitor that blocks ligand induced activation of the
mammalian IR and insulin-like growth factor 1 receptor (IGFR-1) (Ji
et al., 2007; Flanigan et al., 2010). Following incubation, medium
(50 ml) from each sample and treatment was stored at �80 �C,
followed by determination of ECD titers by radioimmunoassay
(RIA) using an ecdysteroid antiserum (4919; ecdysone and 20-
hydroxyecdysone equally recognized) kindly donated by P. Porch-
eron (Université P. et M. Curie, Paris France).

2.6. OEH-ILP3 binding assays

We assessed whether rlOEH or sOEH bound ILP3 by conducting
immunoprecipitation and cross-linking experiments. Immunopre-
cipitation assays were conducted by adding equimolar amounts
(70 pmol) of OEH and ILP3 alone (control) or together in buffered
saline (1 ml) for 2 h at 4 �C, followed by addition of a previously
generated OEH antibody and ILP3 antibody which were both
generated in rabbits (2 ml neat; 30 �C) (Gulia-Nuss et al., 2012) for an
additional 4 h. Washed and resuspended Protein A PLUS agarose
(Santa Cruz Biotechnology) was the added (50 ml) to each sample
and incubated overnight at 4 �C. After centrifugation, washing with
the buffered saline and removal of the supernatant 2�, the agarose
matrix was resuspended in 0.2 M HCl-glycine buffer with 0.1%
Tween (25 ml). After centrifugation, the supernatant was immu-
noblotted and visualized as described above.

Cross-linking experiments were performed as outlined by Wen
et al. (2010). Briefly, 125I-ILP3 was labeled by the lactoperoxidase-
hydrogen peroxide method. We then added rlOEH or sOEH (1 mg)
and 125I-ILP3 (20,000 cpms) alone (control) or together in buffered
saline (40 ml total) and incubated overnight at 4 �C. Freshly pre-
pared cross-linking reagents, Bis[sulfosuccin-imidyl] suberate and
Bis[sulfosuccin-imidyl] glutarate (Aculytix, Rockford IL), were
added to achieve a 100 mM final concentration. Sample tubes were
placed on a rotator for 1 h at 4 �C followed by addition of Tris-
tricine SDS sample buffer. The samples were electrophoresed and
blotted. OEH was detected as described above while 125I-ILP3-
protein conjugates were visualized by exposing blots to X-ray
film (Kodak XR) for up to three weeks.

2.7. OEH-MIR binding assays

sOEH was labeled with 125Iodine (PerkineElmer) using the
lactoperoxidase-hydrogen peroxide or chloramine T method and
purified by HPLC (Crim et al., 2002; Wen et al., 2010). Ovary
membrane extracts were prepared using 300 ovary pairs collected
from 4 to 7 day old non-blood fed adult females as previously
described (Wen et al., 2010). Total binding was determined by
incubating 125I-sOEH (w100e200 pM, w400 K cpm/150 ml) with
ovary membranes (20 ovary pair equivalents in 20 ml) in binding
buffer (50 mM HEPES (pH 7.6), 1� Hanks balanced salt solution, 3%
BSA and 0.1� Roche protease inhibitors; 300 ml total volume) in
1.5 ml polypropylene microtubes. Unlabeled sOEH or rlOEH at 1e
10 mM were added to samples (triplicate tubes/concentration) set
up as above to compete with binding of the labeled sOEH. 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. Counts per minute were obtained for the sample
pellets and converted to percent binding.

2.8. Insulin and TOR pathway activation assays

Twenty ovary pairs from non-blood fed females were dissected
in ice-cold saline containing 1� protease inhibitor cocktail (Roche)
and transferred to a microtube cap (1.5 ml) containing 100 ml of Sf-
900 or buffered saline with 1� Halt protease and phosphatase in-
hibitor (PPI) cocktail (Thermo Scientific). rlOEH or ILP3 (40 pmol/
20 ml) was then added to the ovaries alone or with rapamycin
(200 pmol) or PQIP (10 nmol) for 30 min, 27 �C. After incubation,
each capwas clipped onto a microtube and centrifuged to pellet the
ovaries (1000 � g, 1 min, 4 �C). Supernatant was replaced with
100 ml of ice-cold immunoprecipitation lysis buffer (Pierce 87788)
containing 1� PPI. After 5 min on ice, the ovary sample was ho-
mogenized (30e60 s), and another 100 ml of the above buffer was
added to rinse the pestle. The ovary extract was freeze-thawed 3�,
vortexed, sonicated with a probe set for brief, low pulses, and
transferred to a 100 K MW cut-off column (Pall Life Sciences, Ann
Arbor, MI). After centrifugation (13,000 � g, w40 min, 4 �C), the
retentate (w20 ml) and filtrate (w180 ml) were collected separately
and stored at �80 �C, and the protein content of each extract was
determined (Bradford Coomassie kit, Thermo scientific, cat #
23200).

Aliquots (120 mg protein/well) of retentate or filtrateweremixed
with Laemmeli sample buffer (non-reducing), heated at 90 �C for
5 min, and centrifuged, prior to loading onto a 4e20% Tris-glycine
gel (BioRad Criterion) for separation (100 V, 4 �C) and transfer to
nitrocellulose (Protran 0.2 mm,Whatman; 3 h at 50 V, 4 �C in 12mM
Tris-base, 96mMglycine, 50%MeOH). After transfer, themembrane
was dried, rewet in Tris buffered saline, treated with blocking agent
(0.1 g/10 ml, GE Healthcare Advance kit), and incubated overnight
(4 �C) with primary antibody added to the blocking buffer. The
unphosphorylated form of the MIR was detected using a previously
developed rabbit antibody (b chain specific 376, 1:6000). An anti-
phosphotyrosine antibody was used to detect phosphorylated
MIR (Invitrogen 61-5800, 1:1000) (Wen et al., 2010). We also used
antibodies previously shown to specifically recognize phosphory-
lated Drosophila Akt kinase (p-Akt) (Ser505; Cell Signaling Tech-
nology (CST) 4054, 1:1000) and phosphorylated p70 S6 kinase (p-
S6K) (Thr389; CST 9209, 1:1000) mediated through TORC1 in
mammals and Drosophila melanogaster (Magnuson et al., 2012;
Pallares-Cartes et al., 2012). An antibody to actin (CST 8456)



Fig. 1. (A) Sequence alignment of neuroparsins from select mosquitoes, drosophilids
and orthopterans with the N-terminal domain of IGFBP7 from humans. Predicted
signal peptides are highlighted in red while conserved cysteine residues are shown in
blue. The arginineeleucine residues (ReL) where lOEH is processed to form sOEH in Ae.
aegypti is indicated in yellow. Similarly positioned mono- or dibasic residues in the
neuroparsins of other species are also highlighted in yellow. The sequences shown
have the following GenBank accession numbers: Ae. aegypti (AAC38958), An. gambiae
(XP_311039), C. quinquefasciatus (XP_001870999), D. mojavensis (XP_002000502),
D. pseudooobscura (AADE01000437), D. persimilis (XP_002000502), L. migratoria neu-
roparsin A (P10776), S. gregaria neuroparsin 1 (CAC38869). (B) Head extracts from
adult female Ae. aegypti (non-blood fed) predominantly contains lOEH while hemo-
lymph (24 h PBM) predominantly contains sOEH. Representative immunoblot shows
head extract (Hd) and hemolymph (He). Molecular mass markers are indicated to the
left. Note that the bands corresponding to lOEH and sOEH run slightly higher when
separated on a Tris-tricine gel than their predicted masses of 13.7 (lOEH) and 8.8 kDa
(sOEH). The weak band in head extract that runs above the 17.0 kDa marker recognized
by anti-OEH is the putative pre-proOEH. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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served as a loading control. All blots were visualized as described
above. To observe the status of different signaling proteins, the
same blot was stripped (0.2 M glycine, pH 2.5, 0.05% Tween 20, and
0.5% bmercaptoethanol; 60 �C, 1 h), washed extensively, dried, and
treated with a different primary antibody, up to six times as above.
Each immunoblotting experiment and treatment was also repeated
a minimum of three times using independently prepared samples
of ovary extracts.

2.9. Data analysis

All analyses were conducted using the JMP 10.0 statistical
platform (SAS, Cary, NC, USA). Yolk deposition into oocytes and ECD
production by ovaries were analyzed by ANOVA followed by the
Dunnett’s or TukeyeKramer multiple comparison procedures with
each treatment serving as independent variables.

3. Results

3.1. Ae. aegypti and other mosquitoes encode only one neuroparsin
gene

The Pfam database describes neuroparsins (PF07327) as a pro-
tein family from arthropods that consists of neuropeptides (103-
201 amino acids) with pleiotrophic activities. A BLAST search of the
Ae. aegypti genome using OEH indicated that the only neuroparsin
gene present was OEH itself. Likewise, only one neuroparsin
gene was identified in the genomes of C. quinquefasciatus and An.
gambiae. These findings were similar to those reported by Veenstra
(2010), who noted that several Drosophila species also encode only
one neuroparsin gene, although members of the D. melanogaster
subgroup encode no recognizable neuroparsin. Given these find-
ings and recent comparative studies showing that OEH function in
mosquitoes is likely conserved (Gulia-Nuss et al., 2012), we here-
after referred to the dipteran neuroparsins as OEHs. Outside of Ae.
aegypti, data on neuroparsin function and expression are restricted
to the orthopterans, L. migratoria and S. gregaria (Schoofs et al.,
1997; Badisco et al., 2007, 2011). Aligning the dipteran OEHs with
L. migratoria neuroparsin A (NPA) and S. gregaria NP1 indicated
their most conserved feature was the spacing pattern of eleven
cysteine residues (Fig.1A). Overall sequence similarity to Ae. aegypti
OEH, however, was relatively low, ranging from 74.5% for
C. quinquefasciatus OEH to 27% for S. gregaria NP1 and 23% for
Drosophila pseudoobscura OEH (Fig. 1A). Inclusion of the N-terminal
domain of human IGFBP7 in this alignment revealed some parallels
in cysteine spacing pattern as noted previously (Badisco et al.,
2007), but overall similarity to Ae. aegypti pre-proOEH was again
low (24%) (Fig. 1A).

3.2. Ae. aegypti hemolymph predominantly contains sOEH

Sequence analysis also indicated that Ae. aegypti lOEH contained
a basic amino acid (arginine) at residue 108 corresponding to the C-
terminus of sOEH, and that similarly positioned mono- or dibasic
sites were present in other predicted dipteran OEHs (Fig. 1A).
Correspondingly, immunoblot analysis of protein extracts prepared
from Ae. aegypti adult female heads showed that anti-OEH pre-
dominantly detected a band with a mass similar to the predicted
size of lOEH in protein extracts prepared from Ae. aegypti adult
female heads. In contrast, anti-OEH predominantly detected a band
with a mass similar to the predicted size of sOEH in hemolymph
(Fig. 1B).

3.3. rlOEH, sOEH and ILP3 exhibit similar biological activity

Prior studies showed that sOEH and ILP3 dose-dependently
stimulate yolk deposition into oocytes and ECD production by
ovaries at similar concentrations (0.1e10 pmol) (Brown et al., 1998,
2008). In contrast, no functional studies had been conducted with
lOEH. We therefore compared the biological activity of rlOEH to
sOEH and ILP3. In vivo yolk deposition assays measured at 24 and
48 h PBM showed that rlOEH and ILP3 stimulated a stronger yolk
deposition response than sOEH at the lowest dose tested
(0.2 pmol), but at higher doses each peptide stimulated a similar or
only slightly lower response than found for intact (i.e. non-
decapitated), blood-fed females which served as our positive con-
trol (Fig. 2). In our in vitro ECD assays, we compared the activity of
each peptide in saline or Sf-900 medium, because prior studies had
shown that ovaries responded more strongly to ILP3 when amino
acids were present (Gulia-Nuss et al., 2011). In saline, sOEH, rlOEH
and ILP3 did not increase ECD production at the lowest dose tested
(0.1 pmol) relative to our negative control (saline only), but each
peptide significantly increased ECD production at a dose of 5 pmol
or more (Fig. 3A). In Sf-900 medium, ILP3 significantly increased
ECD production relative to the negative control (medium only) at
all doses tested, whereas sOEH and rlOEH significantly increased
ECD production at a dose of 5 pmol or more (Fig. 3B).

As previously reported (Gulia-Nuss et al., 2011), ovaries stimu-
lated with a given dose of ILP3 produced more ECD in Sf-900 me-
dium than saline (Fig. 3). sOEH and rlOEH exhibited the same trend,
which suggested that the activity of both ILP3 and OEH is coupled



Fig. 2. rlOEH and sOEH dose-dependently stimulate yolk deposition into oocytes. Adult female Ae. aegypti were decapitated 1 h PBM and injected with 0.2e20 pmol of rlOEH, sOEH,
or ILP3 followed by dissection and measurement of yolk deposition as determined by oocyte length (mean � SE) at 24 (A) or 48 h (B) PBM. Decapitated females injected with saline
only served as a negative control while intact (non-decapitated) females served as a positive control. Yolk deposition increases with dose of each peptide at 24 h (F13, 199 ¼ 30.2,
P < 0.0001) and 48 h (F13, 167 ¼ 32.6, P < 0.0001) PBM. Asterisks above bars in each graph indicate means that significantly differ from the positive control (Dunnett’s comparison of
means with control, a ¼ 0.05).
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with amino acid sensing through the TOR pathway. Repeating the
rlOEH assays in the presence or absence of the TOR complex 1
(TORC1) inhibitor rapamycin supported this suggestion by showing
that ECD production in Sf-900 medium was reduced to similar
levels observed when ovaries were incubated in saline (Fig. 4). In
sum, these data indicated that rlOEH and sOEH exhibit similar
gonadotropic activity in vivo and in vitro, which is enhanced by the
presence of amino acids.

3.4. rlOEH activity does not depend on binding to ILP3 or the MIR

We previously reported that anti-ILP binds ILP3 (Brown et al.,
2008), while results presented above show that anti-OEH recog-
nizes lOEH and sOEH. We therefore used an immunoprecipitation
approach to assess whether purified rlOEH or sOEH bound to ILP3
in solution. We observed that anti-OEH and anti-ILP3 captured
rlOEH, sOEH and ILP3 when these peptides were alone or together
in solution, but we never detected co-immunoprecipitation of ILP3
by anti-OEH or either OEH by anti-ILP3 (data not presented). We
also used radiolabeled ILP3 and ILP4 and a cross-linking approach
to detect a binding interaction. In these experiments, we consis-
tently detected a 6 kDa band on autoradiographs that corresponded
Fig. 3. rlOEH and sOEH dose-dependently stimulate ECD production by ovaries. Ovaries fro
10 pmol of rlOEH, sOEH, or ILP3 for 6 h followed by measurement of secreted ECD by radioi
control. ECD production increases with dose of each peptide in saline (F15, 95 ¼ 6.5, P < 0.000
that significantly differ from the control (Dunnett’s comparison of means with control, a ¼
to the mass of ILP3 but we never observed a higher molecular mass
conjugate indicative of OEH-ILP3 binding (Supplementary Fig. 1).
Finally, we assessedwhether OEHmight bind to theMIR itself using
ovary membranes and conditions optimized previously for high
affinity binding of ILP3 to the MIR (Wen et al., 2010). However, no
binding of radiolabeled rlOEH or sOEH to the MIR was detected
(data not presented). We thus concluded that OEH does not directly
bind to ILP3 or the MIR.

ILP3 activity fully depends on binding to the MIR and knock-
down of the MIR by RNA interference (RNAi) greatly reduces ILP3-
mediated yolk uptake and ECD production (Brown et al., 2008;Wen
et al., 2010; Gulia-Nuss et al., 2011). To assess whether OEH activity
indirectly required the MIR, we measured ECD production by
ovaries in Sf-900 medium containing PQIP, which is a potent and
specific inhibitor that blocks ligand induced activation of the
mammalian IR and insulin-like growth factor 1 receptor (IGF-1R) (Ji
et al., 2007; Flanigan et al., 2010). No studies to our knowledge had
previously assessed whether PQIP similarly inhibits activation of an
insect IR. We therefore first conducted dose response studies that
assessed whether PQIP disabled ILP3 activity using our in vitro ECD
assay. Using 10 pmol of ILP3, we determined that 50 pmol of PQIP
had no inhibitory effect on ECD production by ovaries but 5 nmol or
m non-blood fed females were incubated in saline (A) or Sf-900 medium (B) plus 0.1e
mmunoassay. Ovaries incubated in saline or medium without peptide (0) served as the
1) and Sf-900 medium (F15, 119 ¼ 29.8, P < 0.0001). Asterisks above bars indicate means
0.05).



Fig. 4. Rapamycin reduces rlOEH-stimulated production of ECD by ovaries in Sf-900
medium to similar levels produced in saline. Ovaries from non-blood fed females
were incubated in saline or Sf-900 medium for 6 h in the presence or absence of rlOEH
(0e20 pmol) and rapamycin (100 pmol). Secreted ECD (mean � SE) was measured by
radioimmunoassay. Different letters above bars in the graph indicate means that
significantly differ (F12, 166 ¼ 98.3, P < 0.0001) with comparisons of all pairs performed
using the TukeyeKramer multiple comparison procedure (a ¼ 0.05).

Fig. 5. PQIP inhibits ILP3-stimulated production of ECD but has no effect on rlOEH.
Ovaries from non-blood fed females were incubated in Sf-900 medium for 6 h in the
presence or absence of ILP3 or rlOEH (0e20 pmol) and PQIP (5 nmol). Secreted ECD
(mean � SE) was measured by radioimmunoassay. Different letters above bars in the
graph indicate means that significantly differ (F13, 125 ¼ 25.1, P < 0.0001) with com-
parisons of all pairs of means performed using the TukeyeKramer multiple compari-
son procedure (a ¼ 0.05).

Fig. 6. Immunoblot of total protein ovary extracts prepared after a 30 min incubation
with ILP3 (40 pmol). Extracts were then separated on a 100 kDa spin column and
probed with antibodies that detect the MIR (a-MIR) or phosphorylated Akt (a-pAkt).
Single bands corresponding to the MIR and pAkt are detected in the retentate but no
proteins are detected in the filtrate. Molecular mass markers are indicated to the left of
the blot.
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more of PQIP reduced ECD production to background levels (data
not presented). We thus used 5 nmol of PQIP to compare its effects
on the activity of ILP3 and rlOEH. These results showed that PQIP
reduced ECD production to background levels when ovaries were
stimulated with 0.2e20.0 pmol of ILP3 (Fig. 5). Consistent with the
outcome of our binding studies, however, PQIP had no effect on ECD
production by ovaries stimulated by rlOEH (Fig. 5).

3.5. lOEH and ILP3 signaling converge downstream of the MIR

Since ILP3 and OEH activity both show evidence of linkage to
TOR signaling in ovaries but only ILP3 requires theMIR for function,
we examined how the insulin and TOR pathways in ovaries
responded to each peptide. Both pathways are conserved across
eukaryotes with phosphorylation of Akt (p-Akt) serving as amarker
for activation of insulin signaling and phosphorylation of S6K (p-
S6K) for activation of TOR signaling (Baker and Thummel, 2007;
Grewal, 2009; Fontana et al., 2010; Gaubitz and Loewith, 2012).
We thus incubated ovaries from non-blood fed females with rlOEH
or ILP3 and then used antibodies that recognize the MIR, p-MIR, p-
Akt and p-S6K on immunoblots from ovary extracts to assess acti-
vation of each pathway. Given the lack of literature on detecting
phosphorylation of these pathway components in mosquito
ovaries, we first optimized approaches for sample preparation. Our
results showed that each marker protein was best detected when
ovaries (20 pairs/treatment) were incubated in vitro with 40 pmol
of rlOEH or ILP3 for 30 min followed by adding ovary extracts to a
100 kDa spin column filter and immunoblotting the retentate. The
value of this simple approach is well illustrated using ILP3 in Sf-900
medium, and antibodies that detect the MIR and p-Akt. As ex-
pected, the large, membrane bound MIR (w500 K MW) was strictly
present in the retentate from the spin column (Fig. 6). p-Akt with a
predictedmass of ca. 55 kDa, however, was also only detected in the
retentate presumably due to complex formation by insulin
signaling pathway components (Fig. 6).

Using these methods, we first compared the effects of rlOEH and
ILP3 when ovaries were incubated in saline. These assays indicated
that ILP3 stimulated phosphorylation of the MIR while rlOEH did
not (Fig. 7A). In contrast, both neuropeptides stimulated phos-
phorylation of Akt to comparable levels but did not stimulate



Fig. 7. rlOEH activates Akt but not the MIR. (A) Signaling protein activation in ovaries
incubated in saline. Total protein extracts from saline only control ovaries (CON), and
ovaries stimulated with rlOEH or ILP3 for 30 min were processed and probed with
antibodies that detect the MIR, phosphorylated MIR (p-MIR), phosphorylated Akt (p-
Akt), phosphorylated S6K (p-S6K) or actin which served as a loading control. (B)
Signaling protein activation in ovaries incubated in Sf-900 medium. Ovaries were
incubated for 30 min in medium only (CON) or medium plus rlOEH or ILP3 with (þ)
and without (�) PQIP or rapamycin. Samples were then processed and probed as in (A).
Only ILP3 elevates p-MIR levels, whereas rlOEH and ILP3 comparably elevate p-S6K.
Elevation of p-Akt levels in contrast are higher in response to ILP3 than rlOEH.
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phosphorylation of S6K (Fig. 7A). We also noted that no phos-
phorylation of Akt or S6K was detectable in control samples lacking
ILP3 or rlOEH (Fig. 7A). We then conducted the same experiments
in Sf-900 medium in the presence and absence of PQIP or rapa-
mycin. ILP3 stimulated phosphorylation of the MIR, Akt and S6K
with PQIP blocking phosphorylation of eachmarker, and rapamycin
only blocking phosphorylation of S6K (Fig. 7B). rlOEH in contrast
did not stimulate phosphorylation of the MIR, but it did stimulate
phosphorylation of Akt and S6K. Rapamycin, as expected, blocked
phosphorylation of S6K stimulated by rlOEH, but PQIP had no effect
on rlOEH-mediated phosphorylation of Akt or S6K (Fig. 7B). These
data also showed that none of the marker proteins including S6K
were phosphorylated in the control sample despite the presence of
amino acids in the culture medium (Fig. 7B). Taken together, these
experiments showed that PQIP inhibits phosphorylation of the MIR
and activation of the insulin signaling pathway by ILP3, whereas
rlOEH activates Akt independently of MIR activation. These data
also strongly suggested that TOR activity in the mosquito ovary
requires activation of the insulin signaling pathway by either ILP3
or rlOEH.

4. Discussion

It has long been known that blood feeding stimulates the release
of ILPs and OEH frommedial neurosecretory cells in the brain of Ae.
aegypti females, and that both directly stimulate ovaries to produce
ECD, which activates yolk production and uptake by oocytes
(Brown et al., 1998, 2008; Gulia-Nuss et al., 2011; Riddiford, 2013).
Prior studies also show that ILP3 activates insulin signaling through
binding to the MIR in ovaries (Brown et al., 2008; Wen et al., 2010).
In contrast, the role of OEH in mosquito reproduction has remained
unclear because almost nothing is known about its mode of action.

Vertebrate IGFBPs negatively or positively modulate the activity
of IGFs by altering binding to IGFRs (Mohan and Baylink, 2002;
Rosenzweig and Atreya, 2010). Claeys et al. (2003) were the first
to suggest that neuroparsins share features with the N-terminal
domain of vertebrate IGFBPs, which led to the hypothesis that
neuroparsin functions by binding to ILPs (Badisco et al., 2007). A
subsequent study presented dot blots showing that recombinant
neuroparsin bound ILP isolated from S. gregaria (Badisco et al.,
2008). On the other hand, vertebrate IGFBPs are larger proteins
(22e31 kDa) than neuroparsins, and their ability to bind IGFs in-
volves residues in both their N- and C-terminal domains
(Rosenzweig and Atreya, 2010). Veenstra (2010) further noted that
overall similarities between neuroparsins and IGFBPs are weak, and
that arthropods encode other proteins that structurally and func-
tionally appear to be IGFBP homologs. These findings together with
the observation that neuroparsins are produced in neuroendocrine
cells but IGFBPs are not, also led Veenstra (2010) to conclude that
neuroparsins likely do not function as ILP binding proteins.

In the first part of this study, we compared neuroparsin family
members from mosquitoes, Drosophila and orthopterans to assess
gene diversity and look for features associated with potential pro-
cessing of lOEH to sOEH. Similar to Drosophila sp. outside the
D. melanogaster subgroup (Veenstra, 2010), these data show that
mosquitoes encode only one neuroparsin gene, which in Ae. aegypti
produces only one transcript (Brown et al., 1998). These diverse
insect neuroparsins share similar patterns in cysteine spacing but
overall sequence similarity is variable. Despite differences in pri-
mary sequence, however, comparative studies show that rlOEH
from Ae. aegypti has very similar biological activity in two other
mosquitoes, Georgecraigius atropalpus (Gulia-Nuss et al., 2012) and
An. gambiae (Brown, M. R. and Strand, M. R., unpublished), which
suggests OEH function in mosquito reproduction is likely
conserved. Neuroparsins from hemimetabolous insects in contrast
exhibit a diversity of functional activities, which could be due to
production of different products through alternative splicing (lo-
custs) or the presence of multiple neuroparsin genes (Rhodnius)
(Claeys et al., 2006; Badisco et al., 2007; Veenstra, 2010).

The detection of sOEH as the predominant form in hemolymph
suggests an unknown enzyme processes lOEH to sOEH at a C-ter-
minal monobasic cut site. This finding is consistent with the orig-
inal purification of sOEH from Ae. aegypti, and studies of
G. atropalpus, which show that its endogenous lOEH is also pro-
cessed to sOEH (Brown et al., 1998; Gulia-Nuss et al., 2012). The
functional significance of processing, however, remains unclear
given our results showing Ae. aegypti rlOEH and sOEH exhibit very
similar biological activity. In contrast, our results provide three
lines of evidence that OEH function does not involve binding to ILP3
or activation of the MIR. First, we detect no binding interactions
between OEH and ILP3/ILP4 or between OEH and the MIR in our
immunoprecipitation, cross-linking, and receptor binding assays.
Second, our results indicate that PQIP dose-dependently inhibits
ILP3 activity but has no effect on rlOEH. Third, our results clearly
show that ILP3 stimulates MIR phosphorylation, which PQIP in-
hibits, but rlOEH does not. In contrast, our signaling experiments
indicate that ILP3 and rlOEH both activate Akt in ovaries. We
recognize that mosquitoes and other insects encode multiple ILPs,
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which leaves open the possibility that OEH could interact with
other ILP family members. However, in light of the binding studies
we did conduct together with the overlapping functional activities
ILP3 and OEH exhibit, our data much more strongly suggest that
OEH activates the insulin signaling pathway in ovaries indepen-
dently of the MIR by binding to a different receptor.

Insulin and TORC1 signaling both sense nutrient status but
whether the two pathways are functionally linked is unsettled,
given that some studies from vertebrates or D. melanogaster show
activation of TORC1 in response to insulin signaling (Cai et al., 2006;
Inoki et al., 2002; Manning et al., 2002; Potter et al., 2002) and
others not (Dong and Pan, 2004; Hall et al., 2007; Radimerski et al.,
2002). More recently, linkage between the insulin and TOR
signaling pathways was shown to occur in the ovaries but not other
tissues in D. melanogaster (Pallares-Cartes et al., 2012). Linkage also
depended on the protein PRAS40, which may be differentially
phosphorylated by Akt, TORC1, or other kinases in the ovaries
relative to other tissues (Pallares-Cartes et al., 2012). Prior results
with Ae. aegypti similarly show that amino acids alone activate TOR
signaling in the fat body as measured by phosphorylation of S6K
(Roy and Raikhel, 2011), whereas this study shows that S6K phos-
phorylation in the ovaries requires co-stimulation by amino acids
and either ILP3 or OEH. Searching the Ae. aegypti and Culex qun-
quefaciatus genomes indicates each encodes one PRAS40 homolog
(AAEL006792, CPIJ010527), whereas An. gambiae may encode two
(APAP012282, AGAP006696). We currently have no evidence these
PRAS40 homologs are required for coupling of insulin and TOR
signaling. However, our results showing that rlOEH and ILP3 both
stimulate S6K phosphorylation in the presence of amino acids
supports a role for each in activating the insulin signaling pathway,
which in turn is involved in activation of TOR and its target S6K.
Identification of the OEH receptor will be key to further under-
standing the function and signaling of this important neuropeptide.
Thereafter, studies will also be needed to dissect the pathways that
underlie how ILPs and OEH activate ECD production, and whether
oocytes uptake yolk in direct or indirect response to these
hormones.
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