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Abstract 

Maintenance of ionic and osmotic homeostasis in insects allows them to succeed in many 

ecological and environmental niches, while utilizing a variety of feeding strategies. When faced 

with extreme and variable conditions, most insects regulate the composition of their blood within 

narrow limits. Haematophagus insects, such as the female yellow fever mosquito, Aedes aegypti, 

ingest bloodmeals comparable to twice their body volume, resulting in considerable amounts of 

salts and water in excess, threatening the osmotic and ionic balance of their haemolymph. Like 

other insects, mosquitoes achieve strict regulation of their hydromineral balance through the 

neuroendocrine control of their excretory system, consisting of the Malpighian ‘renal’ tubules 

(MTs), which are responsible for formation of the primary urine, along with the hindgut, which 

functions as a primarily reabsorptive organ. While extensive studies have examined this process 

of hydromineral balance in A. aegypti focusing on diuretic regulation, the roles of anti-diuretic 

hormones remained largely elusive. This research sought to advance our understanding of the 

hormonal regulation of the excretory system in A. aegypti by (1) investigating the role of CAPA 

neuropeptides as anti-diuretic hormones in adult MTs; (2) identifying the signalling components 

leading to CAPA-induced inhibition of fluid secretion; and (3) elucidating the expression and 

putative functional roles of ITP and ITP-L neuropeptides. In adult MTs, AedaeCAPA-1 peptides 

elicit a selective anti-diuretic role, inhibiting DH31- and 5HT-stimulated secretion through the 

NOS/cGMP/PKG pathway. CAPA-mediated inhibition promotes V-type H+-ATPase (VA) 

disassembly, reducing the driving force of DH31-stimulated secretion. Post-blood feeding, DH31 

peptides are immediately released into the female haemolymph to promote natriuresis and 

diuresis while CAPA peptides are released shortly after, hindering the effects of DH31. Lastly, 

examination of ITP and ITP-L neuropeptides in A. aegypti indicated enrichment of ITP in the 
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brain and ITP-L in the abdominal ganglia. Novel observations of AedaeITP and AedaeITP-L in 

feeding/starvation, ionoregulation, and reproductive behaviour and success suggest a vital 

pleiotropic role for these neuropeptides. Together, these studies highlight the complexity of 

neuroendocrine control of excretory organs in adult A. aegypti mosquitoes, furthering our 

understanding of various diuretic and anti-diuretic signalling systems in this important human 

disease vector. 
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2 

1.1 The mosquito, Aedes aegypti  

      1.1.1 A. aegypti as a disease vector 

The mosquito, Aedes aegypti, is a vector of several globally important arboviruses, which 

are viruses transmitted by arthropod vectors and include yellow fever virus (Jentes et al., 2011), 

dengue virus (Simmons et al., 2012), chikungunya virus (Leparc-Goffart et al., 2014) and the 

Zika virus (Oehler et al., 2014). Over the last 50 years, the global health impact of dengue and 

chikungunya virus has increased dramatically, with both diseases spreading across new 

geographic locations and increasing in incidence within their range (Weaver, 2014). Dengue 

virus is the most prevalent human arboviral infection causing approximately 100 million 

apparent annual infections world-wide, with almost half of the global population at risk of 

infection (Hasan et al., 2016; Jing and Wang, 2019; Otu et al., 2019). Dengue fever is principally 

transmitted through A. aegypti, which thrives despite urbanization by humans (Rigau-Pérez et al., 

1998). Chikungunya virus has received significant public health attention due to outbreaks in 

Europe (Borgherini et al., 2007; la Ruche et al., 2010; Rezza et al., 2007), as well as more recent 

invasion into the Americas, with over a million cases recorded to date (Cauchemez et al., 2014; 

Johansson et al., 2014; Morens and Fauci, 2014). Increases in the distribution of transmission is 

due to lack of commercially available vaccines or antivirals for dengue and chikungunya viruses 

(Roy et al., 2014; Simmons et al., 2012). While yellow fever infections have been declining over 

the years due to extensive vector control and a vaccine developed more than 70 years ago (Chen 

and Wilson, 2020; Chippaux and Chippaux, 2018), the virus still infects a considerable amount 

of people in Africa and South America (Garske et al., 2014). Given the rapid global spread and 

public health impact of these viruses, comprehensively understanding the biology of A. aegypti 

will enable more efficient strategies for disease control.  
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      1.1.2 A. aegypti lifecycle and distribution 

 After their domestication, A. aegypti mosquitoes became closely associated with human 

habitation (Powell and Tabachnick, 2013; Powell et al., 2018). Female A. aegypti mosquitoes 

prefer blood feeding on humans, with other vertebrates comprising only a small proportion of 

their bloodmeals (Jansen and Beebe, 2010). Unlike other mosquitoes, A. aegypti is a day-biting 

mosquito, taking a single or multiple bloodmeals (potentially from multiple hosts) during a 

single gonotrophic cycle, which starts at the time of the first bloodmeal and ends with egg-laying 

(Borgherini et al., 2007). In this way, female mosquitoes obtain vitamins, nutrients, proteins, and 

minerals essential for egg development (Beyenbach, 2003a). Female adult A. aegypti 

preferentially lay their eggs in artificial human-made containers such as water tanks, flowerpots, 

or other containers in and around the house. The eggs remain dormant until flooded with water 

and can withstand desiccation for up to one year (Clemons et al., 2010). Upon egg hatching, the 

mosquito goes through four larval stages and the pupal stage, all of which are aquatic (Figure 1-

1). During the larval stages, which lasts at least four days, the instar spends the majority of time 

at the water surface due to the absence of gills. Larvae have a respiratory siphon located at the 

posterior of their body, allowing for tracheal breathing. As a result, they must remain close to the 

water surface to permit gas exchange, swimming under the water surface only to feed on organic 

matter such as algae and other microorganisms. Following the fourth instar, larvae enter the 

mobile, non-feeding aquatic pupal stage, which lasts about two days. Depending on the 

environmental conditions, the lifespan of the adult mosquito can range from two weeks to a 

month (Clemons et al., 2010). Although morphologically similar, female and male A. aegypti 

mosquitoes have notable distinguishing features including males having bushy antennae, which 

act as sensory organs to locate females (Christophers, 1960), compared to the slender antennae in 
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females. Males are also noticeably smaller in size relative to females, but the maxillary palps in 

males are as long as the proboscis whereas the palps in females are significantly shorter in 

length. Adults of both sexes feed on plant nectar, however females possess specialized 

mouthparts adapted to obtain bloodmeals from their vertebrate hosts (Clemons et al., 2010).  
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Figure 1-1. Life cycle of the A. aegypti from egg hatching to emergence of the 
adult flying mosquito. Female Aedes mosquitoes lay their eggs in human-made water 
containers, above the water surface. Upon egg hatching, the mosquito goes through 
four larval stages (lasting ~four days) before entering the non-feeding, mobile pupal 
stage. After ~two days, the pupa undergoes ecdysis into the adult terrestrial mosquito, 
with a lifespan ranging between two weeks to a month although this can vary greatly 
depending upon ambient temperature and humidity levels.  
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      1.1.3 A. aegypti reproductive system 

             Mosquito reproduction is dependent on the coordination of behavioural and 

physiological processes that occur in mated females, which may include increased host-seeking 

and blood-feeding behaviours, rates of egg development, and sperm storage (Avila et al., 2011; 

Meuti and Short, 2019). Within 2-3 days after emergence, both sexes mate, and female 

mosquitoes must ingest a bloodmeal to acquire nutrients for egg development (Lehane, 1991). In 

male mosquitoes, spermatogenesis occurs in the paired testes, where spermatogonia (immature 

sperm cells) proliferate and mature into spermatocytes, spermatids, and finally into mature sperm 

cells, spermatozoa (Rocco et al., 2017; Rocco et al., 2019). Once matured, spermatozoa from 

each testis are transported via the vas deferens to the seminal vesicles, which act as storage units 

(Clements, 2000; Oliva et al., 2014; Rocco and Paluzzi, 2016). During copulation, male A. 

aegypti deposit sperm from the seminal vesicle into the bursa of the female reproductive tract, 

whereafter they rapidly concentrate at the spermathecal vestibule and migrate to the sperm 

storage organs, spermathecae, where they are stored long-term (Camargo et al., 2020; Degner 

and Harrington, 2016). Female A. aegypti usually mate once as a single insemination event 

allows sufficient sperm to be stored within the spermathecae to allow fertilization of all the eggs 

that a female will develop during her lifetime (Degner and Harrington, 2016; Oliva et al., 2013; 

Shaw et al.; Styer et al., 2007). As such, the storage and maintenance of sperm in the female are 

fundamental processes that maximize reproductive output and fitness (Orr and Zuk, 2012). To 

initiate fertilization, sperm is released from the spermathecae and travels down the spermathecal 

duct towards the paired ovaries to allow sperm penetration into the egg (Degner and Harrington, 

2016).  



 
 

7 

 While the bloodmeal serves to provide the female with essential proteins and nutrients 

required for egg production, it also contains large amounts of unwanted salts and water which 

poses a threat to the haemolymph homeostasis (Beyenbach, 2003a). To maintain hydromineral 

balance against the osmoregulatory stress from the bloodmeal, female mosquitoes have a 

specialized excretory system to help cope with this insult to their haemolymph balance.  

 

      1.1.4 A. aegypti excretory system 
 
 Insect haemolymph, analogous to vertebrate blood, is a fluid that circulates within the 

interior of the arthropod, remaining in direct contact with the tissues and organs of the insect. 

Similar to other insects in both aquatic and terrestrial habitats, Aedes mosquitoes face different 

osmoregulatory challenges, as their haemolymph homeostasis is continuously challenged in 

relation to feeding and environmental conditions. Larval A. aegypti normally reside in fresh 

water and face the osmoregulatory challenges of gaining water from drinking and through 

osmotic flux across their body surface, thus potentially causing dilution of the haemolymph 

(Bradley, 1987; O’Donnell, 2010; Patrick et al., 2006). Additionally, larvae are subject to 

constant diffusional loss of haemolymph ions into external media (Patrick et al., 2006). Post-

eclosion, adult A. aegypti are subject to disparate osmoregulatory challenges and must switch 

from excretion of water to its preservation. During non-feeding conditions, terrestrial A. aegypti 

are tasked with conserving body water to preserve the concentration of haemolymph ions and 

avoid reduction in body volume (Beyenbach, 2003a; Coast, 2009; Patrick et al., 2006). However, 

upon taking a bloodmeal, adult females face the challenge of haemolymph ion dilution, as they 

take on a significant water load (Coast, 2009). To maintain hydromineral balance against 

osmoregulatory stress, insects like A. aegypti utilize a specialized excretory system, comprised of 
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the Malpighian ‘renal’ tubules (MTs) and the hindgut (Coast, 2007), which function to counter 

disturbances to their haemolymph balance. The MTs are responsible for primary urine formation, 

usually rich in NaCl and/or KCl, which is further modified through secretory and reabsorptive 

processes as the primary urine travels downstream of the MTs towards the hindgut (Coast, 2007). 

The final excreta can be hypo- or hyperosmotic to the insect haemolymph, depending on the 

environmental conditions or feeding status, and is enriched in nitrogenous and toxic wastes 

(Beyenbach, 2003a).  

The insect alimentary canal organs, including the MTs, are essential organs responsible 

for alleviating osmoregulatory challenges. Various active and passive transepithelial transporters 

line the excretory system, such as ion exchangers, co-transporters, pumps, and ion and water 

channels, and the activity of these excretory organs are under neurochemical and hormonal 

control by various neuropeptides and biogenic amines (Beyenbach, 2003a; Coast, 2007; Coast, 

2009; Phillips, 1981). The release of these hormones or neurochemicals along with the 

subsequent activation of their cognate receptors localized on target cells in tissues and organs of 

the excretory system, induces signal transduction pathways that trigger diuretic or anti-diuretic 

processes, allowing the insect to fine-tune hydromineral balance. 

 

1.2 The role of MTs and hindgut 
 
      1.2.1 The cellular composition of MTs in A. aegypti 
 
 In terrestrial insects, the main osmoregulatory and excretory organ are the MTs while the 

hindgut also plays an important role in reabsorptive processes (Coast et al., 2002). The change 

from an aquatic environment to a primarily terrestrial habitat results in functional reversal of the 

excretory system, from a process geared towards elimination of water to one critical for its 
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conservation (Beyenbach, 2003a). In addition to water, this system must control levels of the 

main electrolytes (Na+, K+ and Cl-), a function shared with the vertebrate kidney (Coast, 2007). 

The yellow fever mosquito has five MTs, connected at the junction between the midgut and 

hindgut. Female mosquitoes have considerably larger MTs than do males and results in the 

higher secretion rate of salt and water. This sexual dimorphism in the MTs reflects the female’s 

capacity to secrete larger loads of salt and water following a bloodmeal, whereby in vitro studies 

have noted that female MTs secrete salt and water six times the rate of male MTs (Beyenbach, 

2003a). In A. aegypti mosquitoes, MTs are made of a single layer of epithelial cells consisting of 

two types; mitochondrial-rich principal cells located in both the distal and proximal segment of 

the MTs, and smaller stellate cells, dispersed only in the distal two thirds of each tubule (Patrick 

et al., 2006). The principal cells facilitate active transport of Na+ and K+ from the haemolymph 

into the tubule lumen, while stellate cells aid in the transepithelial secretion of Cl- (Beyenbach, 

2003a; Patrick et al., 2006). The apical membrane of the principal cells contains a border of 

microvilli, rich in mitochondria and endoplasmic reticulum, which increases the surface area 

available for water and salt transport (Beyenbach, 2003a). Mitochondria residing in the brush 

border membrane fuel the ATP-consuming proton pump, the V-type H+-ATPase (VA), that 

resides in the apical membrane (Patrick et al., 2006). Due to the higher transfer of Na+ and K+ 

between the haemolymph and MTs, the number and sizes of principal cells are much greater than 

stellate cells (ratio of approximately 5:1); the stellate cells constituting only between 16-26% of 

the total cell number of the MTs (Beyenbach, 2003a; Patrick et al., 2006). In contrast, the stellate 

cells have elongated, slender, cellular extensions, sharing contact with up to four adjacent 

principal cells (Patrick et al., 2006), lending support for a greater functional role than previously 

assumed.  
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      1.2.2 Ion transport in stimulated A. aegypti MTs 
 
 Primary urine production is driven by secondary active transport of Na+ and K+ cations 

into the tubule lumen, which establishes a transepithelial voltage, allowing passive entry of the 

counter ion, Cl- (Beyenbach, 2003a; O’Connor and Beyenbach, 2001). Water follows into the 

lumen through selective channels called aquaporins, driven by the osmotic gradient created by 

the net secretion of NaCl/KCl. Transepithelial transport from the haemolymph into the lumen of 

the MTs is achieved by co-transporters and channels lining the principal and stellate cells 

allowing transcellular transport, and through a paracellular pathway found between cells 

(Beyenbach, 2003a; Beyenbach and Piermarini, 2011; Piermarini and Calkins, 2014) (Figure 1-

2).  
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Figure 1-2. Ion and water transport through principal and stellate cells of A. aegypti MTs. 
The principal cells are responsible for transport of Na+ and K+ via secondary active transport. A 
V-type H+-ATPase (VA), localized in the brush border of the apical membrane, produces a H+ 

gradient that drives the transport of Na+ and K+ across the apical membrane through cation/H+ 
antiporter (NHA1) and a KCl cotransporter (AeKCC1). Ions are secreted from the haemolymph 
through a Na+/H+ exchanger (NHE2) channel, a NKCC cotransporter, Na+ driven anion 
exchanger (NDAE), and an inwardly-rectifying K+ channel (AeKir1) localized on the basolateral 
membrane. Connected by septate junctions, stellate cells are responsible for the transcellular 
transport of Cl- through a Cl-/HCO3- exchanger on the basolateral membrane and a Cl- channel 
on the apical membrane. Cations (Na+ and K+) are secreted from the haemolymph through a 
Na+/K+-ATPase (NKA) and AeKir1, into the lumen through NHA2. Ion transport between the 
stellate and principal cells may connect through gap junctions localized between the cells. Water 
eventually follows the ions into the tubule lumen through aquaporins, AQP 1, 4, 5 localized in 
the apical membrane and AQP 5 in basolateral membrane of the principal cell. Adapted from 
(Beyenbach and Piermarini, 2011; Beyenbach et al., 2010; Piermarini et al., 2010; Piermarini et 
al., 2015). Proposed location of AQPs are based on findings from both larval and adult Aedes 
MTs (Drake et al., 2015; Misyura et al., 2020) and adult Anopheles gambiae MTs (Liu et al., 
2011).  
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The active driving force responsible for ion transport is the bafilomycin-sensitive V-type 

H+-ATPase (VA) (Wieczorek et al., 1989; Wieczorek et al., 2009), which is expressed in the 

apical brush border membrane of the principal cells (Weng et al., 2003). The movement of 

protons into the lumen of the MTs creates a proton gradient, which energizes the exchange of 

Na+ and K+ ions (via Na+/H+ and/or K+/H+ antiporters) across the apical membrane. A 

basolaterally-localized bumetanide-sensitive Na+:K+:2Cl- (NKCC) cotransporter has also been 

identified in insect MTs, driven by the electrochemical gradient for Na+ entry (Coast, 2007; 

Ianowski and O’Donnell, 2004). This cotransporter allows for transporting Na+, K+, and Cl- from 

the haemolymph into the principal cells (Hegarty et al., 1991). In addition to the NKCC 

cotransporter, K+ is secreted across the basolateral membrane in principal cells through an 

inwardly rectifying K+ (Kir) channel, such as AeKir1 and across the apical membrane through 

the KCl cotransporter (AeKCC1), both recently cloned in Aedes MTs (Piermarini et al., 2013; 

Piermarini et al., 2015; Piermarini et al., 2011). The Na+ gradient is maintained by a P-type 

Na+/K+ ATPase (NKA), found on the basolateral membrane, with varying sensitivities to 

ouabain (Coast, 2007; Patrick et al., 2006; Weng et al., 2003). 

The electrochemical gradient set up by active transport through the VA allow for the 

passive transport of other small haemolymph solutes into the lumen, such as Cl-. Currently, there 

are two proposed routes of transepithelial Cl- transport in Aedes MTs: a transcellular pathway 

through stellate cells and a paracellular route between the epithelial cells of the MTs 

(Beyenbach, 2003a; Beyenbach and Piermarini, 2011; Coast et al., 2005; Massaro et al., 2004; 

Weng et al., 2003). Transcellular secretion of Cl- into the tubule lumen occurs via a basolaterally 

localized Cl-/HCO3- (anion) exchanger, whereby production of HCO3- occurs in the principal 

cells and enters stellate cells through gap junctions (Calkins and Piermarini, 2017; Calkins et al., 
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2015; Weng et al., 2008). After uptake of Cl- into the cell, Cl- channels on the apical membrane 

mediate the passive diffusion of the ions from the cell into the tubule lumen (Beyenbach and 

Piermarini, 2011). Eventually, during urine production, water follows into the lumen of the MTs 

through selective channels called aquaporins (AQP), driven by the osmotic gradient (Klowden, 

2013).  

 

      1.2.2 The reabsorptive role of the hindgut 

 The iono- and osmoregulatory mechanisms in the MTs have been extensively studied; 

however, not much research has been devoted towards understanding the mechanisms for ion 

and water transepithelial transport in the hindgut. The MTs generate a variable load of primary 

urine that is delivered to the hindgut to be modified prior to being voided as urine (Beyenbach, 

2003a). After the primary urine is emptied into the hindgut, the bulk of water, ion, and 

metabolite reabsorption occurs in the rectum. Ultimately, the hindgut plays a dominant role in 

determining the composition of the final excreted waste (Coast, 2009). 

 The hindgut, composed of the anterior ileum and posterior rectum, is an excretory organ 

that functions in selectively reabsorbing substances back into the haemolymph (Patrick et al., 

2006). In the locust, Schistocerca gregaria, the ileum is the major site for isosmotic fluid 

reabsorption and active Na+ and Cl- reabsorption (Phillips et al., 1988; Phillips et al., 1994). 

Passive reabsorption of K+ occurs by electrical coupling with electrogenic Cl- transport 

(Hanrahan and Phillips, 1983). Additionally, the ileum plays a major role in acid-base balance by 

reabsorbing HCO3- and secreting H+ protons into the lumen (Phillips et al., 1994). The final site 

of excretion is controlled by the rectum, which has a cuticle lining with greater permeability than 

the cuticle lining of the foregut (Phillips et al., 1994). The epithelial cells of the hindgut are 
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specialized for both active secretion and reabsorption, allowing for modification of the fluid by 

reabsorbing the useful solutes and water while eliminating compounds in excess (Hopkins 1967).  

 

1.3 Neuroendocrine regulation of the MTs 
 
      1.3.1 The neuroendocrine system of A. aegypti 
 
 Similar to other animals such as vertebrates and other insects, A. aegypti elicit hormonal 

regulation of peripheral organs such as the alimentary canal through coordination of the nervous 

and endocrine systems. The neuroendocrine system is composed of neurohormones derived from 

the nervous system (as well as some peripheral endocrine glands and neurons) and these 

signalling molecules include neuropeptides and biogenic amines. The neurohormones are 

deposited within neurohaemal structures where the neurosecretory material is stored until release 

into circulation (Hartenstein, 2006). Neurons that produce neurohormones are called 

neurosecretory cells (NSCs) (Hartenstein, 2006; Scharrer, 1987). Thus, the NSCs and 

neurohaemal organs together form the neuroendocrine system (Raabe, 1989). An important class 

of signalling molecules are the neuropeptides, which are oligopeptides containing between 5-50 

amino acid residues, and are the most structurally and functionally diverse class of neuroactive 

substances (Hartenstein, 2006; Mercier et al., 2007; Nässel, 2002; Schoofs et al., 2017). 

Neuropeptides are generated from prepropeptides, which are larger precursor proteins, and cell-

specific gene transcription allows for limiting expression of different neuropeptides in specific 

sets of neurons in the nervous system (Benveniste and Taghert, 1999; Taghert, 1999). After 

translation, the peptide precursor can be further processed through post-translational 

modifications including (but not limited to) enzymatic cleavage and carboxy terminus amidation 

(Kumar and Bachhawat, 2012; Taghert, 1999; Veenstra, 2000; Zupanc, 1996). Once processed, 
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the neuropeptides are released from the nervous system and bind to their cognate receptors in 

order to exert their effects, acting as neuromodulators, neurohormones, and/or neurotransmitters. 

Neuromodulators regulate extrinsic signals, affecting groups of neurons at various synapses or 

effector cells at further distances (Mercier et al., 2007; Nässel, 2002). Neuropeptides can also act 

as neurohormones, which involves secretion into the circulatory system, to exert its effects on 

distal peripheral organs (Nässel, 2002). As such, the neurohormonal signal transmission is 

slower. Lastly, neurotransmitters can transmit electrical signals from one axon to another, by 

binding to receptors on a post-synaptic neuronal, or other effector cell, producing a rapid and 

transient response (Mercier et al., 2007; Nässel, 2002). 

 The insect central nervous system consists of several sets of NSCs located within the 

brain and ventral nerve cord (VNC), with the majority in the brain found in the dorso-medial 

protocerebrum, or the pars intercerebralis (PI) and pars lateralis (PL) (Hartenstein, 2006; Pipa, 

1978; Raabe, 1989; Siegmund and Korge, 2001; Veelaert et al., 1998) (Figure 1-3). NSCs are 

also found in the suboesophageal ganglion (SEG), which is fused together with the brain in adult 

A. aegypti (Brown and Cao, 2001; Hartenstein, 2006). These NSCs project their axons, 

innervating neurohaemal organs, including the corpora cardiaca (CC) and abdominal perivisceral 

organs (PVOs) to release neurosecretory products into the haemolymph (Bräunig, 1987; 

Hartenstein, 2006; Strand et al., 2016). Once released, mature neuropeptides bind to their 

cognate receptors in target organs, tissues, and cells, triggering intracellular signalling cascades 

leading to specific physiological and behavioural responses. Majority of neuropeptides bind to G 

protein-coupled receptors (GPCRs), which contain a characteristic seven transmembrane domain 

architecture with an intracellular C-terminus and extracellular N-terminus (Mercier et al., 2007). 

As their name implies, the heterotrimeric G proteins that associate with GPCRs are composed of 
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three subunits (Gα, Gβ and Gγ) and interact with the cytoplasmic face of the receptor (Mercier et 

al., 2007). Upon activation of the receptor by an appropriate ligand, a conformational change is 

initiated, and the GDP bound to the Gα subunit is replaced with a GTP molecule (Mahoney and 

Sunahara, 2016). The heterotrimeric complex then dissociates as a βγ dimer and α subunit 

(Mercier et al., 2007), both of which can target other signalling proteins to initiate an 

intracellular cascade. 
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Figure 1-3. Aedes aegypti neuroendocrine system. Central NSCs are located in the pars 
intercerebralis (PI) and pars lateralis (PL), and ventral nerve cord (VNC), including the 
suboesophageal ganglia (SEG), thoracic ganglia (TG) and abdominal ganglia (AG). The NSCs 
cells project axons innervating neurohaemal organs, including the corpora cardiaca (CC) and 
abdominal perivisceral organs (PVOs), which release the neurosecretory products into the 
haemolymph.  
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     1.3.2 Hormonal regulation of MTs and hindgut 
 

The high rates of primary urine formation by the MTs immediately upon adult eclosion 

and post-bloodmeal require a precisely regulated hormone-mediated signalling pathway that 

coordinates downstream target proteins for ion and water transport (Jagge and Pietrantonio, 

2008). The process of maintaining ionic homeostasis within the organism is primarily governed 

by the MTs and the hindgut. Notably, the MTs are not innervated, thus regulation of epithelial 

transport and fluid secretion in this organ occurs via circulating messengers in the haemolymph 

(Beyenbach, 2003a). The endocrine messengers are characterized by their effect on the rate of 

secretion and absorption by the MTs and gut, respectively. Diuretic hormones (DH) and anti-

diuretic hormones (ADH) are endocrine factors that affect rates of fluid secretion and excretion 

by the chief iono- and osmoregulatory organs. As mentioned earlier, these hormones consist of a 

variety of neuropeptides and neurochemicals produced by NSCs in the brain and VNC ganglia 

(Beyenbach, 2003a; Coast, 2009). Research has shown that a variety of peptides and biogenic 

amines regulate diuresis and anti-diuresis in insects including: calcitonin (CT)-like DH, 

corticotropin-releasing factor (CRF)-like DH, kinin-like peptides, serotonin and other biogenic 

amines, and anti-diuretic factors (ADFs) such as the CAPA peptide and ion transport peptide 

(ITP) (Clark et al., 1998a; Coast et al., 2002; Coast et al., 2005; Eigenheer et al., 2002; Eigenheer 

et al., 2003; Ionescu and Donini, 2012; Phillips and Audsley, 1995). The ion transport processes 

and signalling mechanisms that are targeted vary with the different diuretic and anti-diuretic 

hormones and depends on the insect species. Stimulation of these hormonal receptors activate 

various signalling pathways acting through multiple second messenger systems including cyclic 

AMP (cAMP), cyclic GMP (cGMP), and Ca2+ (Beyenbach, 2012; Gioino et al., 2014; Ionescu 

and Donini, 2012; Quinlan and O’Donnell, 1998). The subsequent section will briefly highlight 
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some of the most well-studied regulators of the excretory system with particular emphasis on 

factors either well known or expected to control the adult mosquito excretory organs. 

 

Diuretic hormone 31 (DH31) 

Although the midgut and hindgut impact the composition and volume of urine, the MTs 

serve the dominant role in haemolymph homeostasis, under control by neurohormones (Coast, 

2009). In A. aegypti, mosquito natriuretic peptide (MNP) is an important diuretic hormone 

triggering diuresis after a bloodmeal (Beyenbach and Petzel, 1987), which is derived from the 

brain (Petzel et al., 1985). The calcitonin-like diuretic hormone 31 (DH31) was identified as the 

MNP in the mosquitoes A. gambiae and A. aegypti (Coast et al., 2005), selectively activating 

transepithelial secretion of Na+ in the MTs, using cAMP as second messenger (Beyenbach, 

2003a) (Figure 1-4). Released from NSCs, DH31 binds to a GPCR expressed in select principal 

cells in a distal-proximal gradient, found alongside high expression of VA and cation/H+ 

exchangers (Kwon et al., 2012). Upon receptor activation, there in an increase in cAMP 

production, which activates select Na+ channels and the NKCC cotransporter (Beyenbach and 

Petzel, 1987), upregulating activity of the VA to increase fluid secretion (Karas et al., 2005). In 

both A. aegypti and the fruit fly, Drosophila melanogaster, a single gene coding for DH31 has 

been found in the genome; with a single peptide isolated in the Aedes mosquito (Predel et al., 

2010). While haemolymph concentrations of DH31 have yet to be determined, Coast (2005) 

suggests DH31 peptide is immediately released into circulation, stimulating rapid excretion of 

Na+ and excess water. 
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Figure 1-4. Schematic diagram summarizing diuretic and anti-diuretic control of A. aegypti 
adult MTs. Neurohormone receptors, including those for 5HT, and the peptides DH31, DH44, and 
CAPA, are localized to the basolateral membrane of principal cells, while the kinin receptor is 
localized exclusively to stellate cells. Stimulation of MTs with 5HT and DH31 through their 
cognate receptors increases levels of the second messenger cAMP, with pronounced kaliuretic 
and natriuretic activity, respectively. DH44-related peptide receptor activation increases Ca2+ and 
cAMP depending on the dose of peptide applied while kinin receptor signalling involves 
exclusively increases in intracellular levels of Ca2+. Both DH44 and kinin non-selectively 
transports cations across the cell membrane. Abbreviations: protein kinase A (PKA), 
phospholipase C (PLC), 1,4,5, tri-phosphate (IP3), and septate junctions (SJs).  
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Diuretic hormone 44 (DH44) 

In dipteran MTs, both DH31 and the corticotropin-releasing factor (CRF)-like diuretic 

hormone 44 (DH44), stimulate secretion through cAMP, increasing transepithelial cation (Na+ 

and/or K+) transport, and subsequently, movement of osmotically obliged water into the lumen 

(Cabrero et al., 2002; Coast, 2001; Coast et al., 2005). While DH31 selectively stimulates 

transepithelial Na+ transport in mosquitoes (Coast et al., 2005; Petzel et al., 1985), DH44 

stimulates non-specific transport of both Na+ and K+ cations across the tubule membrane 

(Beyenbach, 2003a; Cabrero et al., 2002; Coast et al., 2005) (Figure 1-4). In Aedes MTs, DH44, 

which is related to the vertebrate CRF/urotensin/sauvagine family of peptides (Cabrero et al., 

2002; Lovejoy and Jahan, 2006), has been shown to initiate diuresis via both paracellular and 

transcellular pathways, suggesting multiple receptors and second messenger systems might be 

involved. Specifically, low nanomolar concentrations of DH44 stimulates weak secretion, acting 

through the paracellular pathway only (Clark et al., 1998b), and mediating this action by utilizing 

intracellular Ca2+ as a second messenger (Clark et al., 1998a). At higher nanomolar 

concentrations, DH44 elicits a stronger secretion response, influencing both paracellular and 

transcellular transport, increasing levels of cAMP and intracellular Ca2+ (Clark et al., 1998b). 

While the DH44 receptor has yet to be immunolocalized in the mosquito MTs, an indirect 

determination of cell-specific expression was achieved through an ex vivo receptor binding assay 

using fluorescently-conjugated DH44. Specifically, the DH44 receptor was localized to principal 

cells of the MTs in both larval and adult A. gambiae MTs, with significantly higher fluorescent 

intensities in the former, which correlates with the greater transcript abundance of the DH44 

receptor reported in larval MTs relative to adults (Overend et al., 2015). 
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Kinin 

In Aedes female MTs, there are two routes for ion transport towards the tubule lumen; the 

paracellular path through septate junctions between cells, and the transcellular route through 

either principal or stellate cells (Beyenbach, 2003a; Beyenbach, 2003b). While Na+ and K+ 

cations are transported transcellularly through principal cells (Beyenbach and Masia, 2002; 

O’Connor and Beyenbach, 2001; Petzel et al., 1999), secretion of Cl- occurs through both the 

paracellular and transcellular routes. Chloride transport in dipterans, such as A. aegypti, is 

stimulated by the endogenous insect kinins (Veenstra et al., 1997). The insect kinin family are a 

group of multifunctional neuropeptide hormones with diuretic and myotropic activity in insects 

(Nachman et al., 2009). First isolated from the cockroach Leucophaea maderae head extracts, 

kinins were originally believed to act as gut smooth muscle agonists (Holman et al., 1987). 

Leucokinin diuretic activity was first investigated in A. aegypti MTs, increasing transepithelial 

Cl- conductance, thus depolarizing the transepithelial voltage (Schepel et al., 2010). There are 

three endogenous A. aegypti kinin peptides encoded by a single cDNA, functioning to increase 

fluid secretion by the MTs and induce hindgut contractions (Cady and Hagedorn, 1999a; 

Veenstra et al., 1997). Upon receptor activation, Aedes kinins increase intracellular 1,4,5, tri-

phosphate (IP3) in isolated Aedes MTs, suggesting kinins act by increasing levels of intracellular 

Ca2+ from IP3-sensitive calcium stores (Cady and Hagedorn, 1999b). Consistent with the 

established expression in stellate cells of the MTs in the fruit fly D. melanogaster (Radford et al., 

2002) and another mosquito, Anopheles stephensi (Radford et al., 2004), the kinin receptor in A. 

aegypti was similarly localized within stellate cells verifying they are the main target of Aedes 

kinin peptides (Lu et al., 2011) (Figure 1-4).  
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5-hydroxytryptamine, 5HT 

The last family member of diuretic hormones thus far known to act on Aedes MTs is 

serotonin (5-hydroxytryptamine, 5HT), an endogenous neurohormone found in A. aegypti. 

Specifically, 5HT has been found to hold a variety of functions within the mosquito, particularly 

in the excretory and gas exchange systems (Ionescu and Donini, 2012; Pietrantonio et al., 2001). 

Notably, 5HT is known to control diuresis in diverse insect species, demonstrating a dose-

dependent diuretic effect on MTs, acting to increase fluid secretion rate in both larval and adult 

A. aegypti MTs (Clark and Bradley, 1996; Clark and Bradley, 1997; Donini et al., 2006; Ionescu 

and Donini, 2012) as well as increasing the amount of fluid delivered to the hindgut (Messer and 

Brown, 1995; Veenstra, 1988). In the kissing bug, Rhodnius prolixus, among its many roles 

including cuticle plasticization necessary for blood meal engorgement (Orchard, 2006), 5HT is 

released into the haemolymph post-bloodmeal to induce diuresis (Lange et al., 1989), binding to 

a 5HT type-2b receptor, which was characterized in R. prolixus (Paluzzi et al., 2015). However, 

no receptor of this type has yet been shown to be enriched in MTs in A. aegypti. A 5HT7 type 

receptor in A. aegypti has been localized to the tracheolar cells associated with the MTs, but not 

to the tubule epithelium (Pietrantonio et al., 2001) suggesting another isoform may be present 

and mediates the activity of 5HT directly on the MTs. More recently, another 5HT receptor, a 

putative type 1 receptor family member that the authors referred to as AaSeR-1, has been 

immunolocalized in larval stage of A. aegypti to different regions of the alimentary canal, 

including the gastric caeca, midgut, and hindgut, as well as the MTs (Petrova and Moffett, 2016) 

(Figure 1-4).  
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CAPA 

While considerable studies have examined diuretic factors and their effects on secretion 

rate, limited studies have investigated the role of anti-diuretic hormones. One of first identified 

factors shown to act on the MTs to inhibit fluid secretion (Quinlan et al., 1997) was a 

cardioacceleratory peptide (CAP2b) originally sequenced in the hawkmoth Manduca sexta 

(Huesmann et al., 1995), part of the CAPA family of peptides (Paluzzi, 2012). This discovery 

revealed that like the hindgut, the MTs could also be hormonally regulated to inhibit diuresis or 

counter the actions of diuretic hormones. It was previously assumed that diuresis was terminated 

by simply reducing the concentration of diuretic hormones circulating in the haemolymph 

(Maddrell, 1964). Later, research studies established that this termination of diuresis (at least in a 

subset of insects) is also a result of the release of another peptide, CAPA, acting as an anti-

diuretic hormone to decrease urine production (Paluzzi and Orchard, 2006; Quinlan and 

O’Donnell, 1998; Quinlan et al., 1997; Paluzzi et al., 2008). Genes encoding for the CAPA 

peptides are named capability, and the first such gene was identified in D. melanogaster (Kean et 

al., 2002). The 151 amino acid D. melanogaster CAPA precursor is cleaved by prohormone 

convertases at arginine-monobasic (R) and/or arginine/lysine-dibasic (RR, KR) sites giving rise 

to the bioactive CAPA peptides (Predel and Wegener, 2006). The cleavage sequence pattern has 

been seen to be evolutionarily conserved within most insect species, including A. aegypti (Predel 

and Wegener, 2006). The first two peptides, CAPA-1 (or CAPA-PVK-1) and CAPA-2 (or 

CAPA-PVK-2), characteristically contain the consensus carboxyl terminal sequence, FPRV-

NH2. CAPA peptides have been shown to exhibit species-specific and dose-dependent effects, 

displaying both diuretic and anti-diuretic activity (Ionescu and Donini, 2012; MacMillan et al., 

2018; Pollock et al., 2004; Terhzaz et al., 2012) (Figure 1-4). 
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Ion transport peptide (ITP) and ITP-like (ITP-L) 

Once the secreted fluid passes from the MTs into the hindgut, anti-diuretic hormones can 

act upon the hindgut to promote water reabsorption, amongst other processes (Phillips, 1981). In 

the desert locust S. gregaria, anti-diuretic hormones play an important role in maintaining 

reabsorptive processes of the hindgut. This regulation is achieved through alteration of the 

primary fluid entering the hindgut, changing the rate of water and ion transport across the 

epithelium (Phillips, 1981). The first identified anti-diuretic hormone shown to act on the locust 

hindgut was the ion transport peptide (ITP) (Phillips and Audsley, 1995), which belongs to the 

family of crustacean hyperglycemic hormones (CHH) (Nagai et al., 2014). Meredith et al. 

identified the complete amino acid sequence of SchgrITP, with a 72-residue sequence 

comprising the mature peptide and six cysteine residues, proposed to participate in disulphide 

bridge formation (Meredith et al., 1996). An ITP-long or ITP-like (ITP-L) isoform was also 

discovered, which contained a 121 base pair insert at amino acid position 40 of ITP, with the 

resultant mature ITP-L peptide only 4 amino acids longer than ITP (Meredith et al., 1996). The 

locust homolog of ITP promotes water reabsorption by acting on the electrogenic Cl- pump, 

exerting its effect through a cAMP pathway to increase Na+, K+, and Cl- reabsorption (Audsley et 

al., 2013; Phillips et al., 1996). In a recent study in D. melanogaster, transcript levels of ITP 

were shown to increase under desiccation stress believed to protect the fly from water loss by 

reducing excretion rate (through the hindgut), increasing thirst, and promoting ingestion of water 

in lieu of food, consequently establishing a role as an anti-diuretic hormone (Gáliková et al., 

2018). However, to date, the functions of A. aegypti ITP and/or ITP-L have not been investigated 

so far.  
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1.4 Research aims and objectives 
 

Insects are faced with various osmoregulatory challenges during feeding and when 

transitioning between habitats or facing challenges related to their environmental conditions, 

which causes disruption of haemolymph homeostasis. Terrestrial insects have evolved a 

specialized excretory system to help them mitigate these challenges related to feeding and 

desiccating environmental conditions (Beyenbach, 2003a). Haematophagus insects such as the A. 

aegypti mosquito ingest large bloodmeals, whereby diuretic hormones are released to act on the 

MTs to drive secretion of copious amounts of urine to maintain osmotic balance. Multiple 

studies have examined the effects of diuretic factors on Aedes mosquitoes (Clark and Bradley, 

1998; Coast et al., 2005; Ionescu and Donini, 2012; Lu et al., 2011; Veenstra, 1988), with only 

limited attention on anti-diuretic factors, such as CAPA peptides (Ionescu and Donini, 2012; 

Paluzzi and Orchard, 2006; Paluzzi et al., 2012). Investigating hormonal regulation of anti-

diuresis is important in terrestrial insects, since this is the predominant physiological state, 

interrupted only briefly during post-prandial diuresis in insects engorging on a liquid meal, 

whether plant nectar or vertebrate blood. Although extensive studies have examined the process 

of hydromineral balance in terrestrial insects, many factors are needed for the precise control of 

haemolymph homeostasis in the face of varied ionic and osmotic challenges. Many terrestrial 

insects are recognized as disease vectors or agricultural pests, and therefore, further 

understanding this meticulous regulation can aid in lessening the burden of these insects through 

development of novel pest management strategies that are based on or that can interfere with 

endogenous hormones regulating hydromineral balance.  
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     1.4.1 Aim 1: Elucidate the role and signalling cascade of the CAPA neuropeptide in the 
MTs of the female A. aegypti mosquito 

 
While extensive studies have investigated the effects of CAPA neuropeptides on diuresis, 

the role of AedaeCAPA-1 in adult A. aegypti remains unclear. A previous study demonstrated an 

anti-diuretic role for CAPA neuropeptides in larval A. aegypti, with low concentrations inhibiting 

the diuretic response of 5HT-stimulated secretion (Ionescu and Donini, 2012). Low levels of 

CAPA were proposed to activate the NOS/PKG pathway to inhibit stimulated secretion (Ionescu 

and Donini, 2012), which is further corroborated with established immunoreactivity and 

expression of NOS in female MTs (Pollock et al., 2004). These findings provide a framework for 

the first anti-diuretic signalling system established in the Aedes mosquito, which provides further 

insight into the complex neuropeptidergic regulation of the MTs. Based on these findings, and 

previous established anti-diuretic roles of CAPA neuropeptides in other insects (Paluzzi and 

Orchard, 2006), it was hypothesized that in A. aegypti MTs, CAPA acts as an anti-diuretic 

hormone, activating the NOS/cGMP/PKG pathway to inhibit diuretic-stimulated secretion, and 

ultimately reduce excessive water loss in the mosquito. The objectives of this research aim were 

four-fold: 

(1) Explore the role of CAPA neuropeptides against extensively studied diuretics including 

DH31, 5HT, DH44, and kinin in the female MTs;  

(2) Characterize the cellular localization of the CAPA receptor (CAPA-R), and identify 

cellular targets involved in the signalling cascade of CAPA-mediated inhibition; 

(3) Identify the role and regulation of the V-type H+-ATPase in CAPA-mediated inhibition 

of fluid secretion; 
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(4) Determine hormonal titres of diuretic (specifically DH31) and anti-diuretic (specifically 

CAPA) neuropeptides in the haemolymph of females prior to and post-blood feeding to 

elucidate the timing of release of diuretic and anti-diuretic peptides. 

 
     1.4.2 Aim 2: Characterize the expression and immunolocalization, and examine a 

potential role of ITP and ITP-L neuropeptides in the A. aegypti mosquito 
 

Several critical processes in an insect’s life require the actions of a coordinated endocrine 

control system through the release of various neuropeptides (Raabe, 1989). In insects, 

neuropeptides play a fundamental role in orchestrating various physiological processes including 

development, osmoregulation, reproduction, and behaviour and feeding (Nässel and Zandawala, 

2019). The insect ion transport peptide (ITP) and its alternatively spliced variant, ITP-like or 

ITP-long (ITP-L) belong to the crustacean hyperglycemic hormone (CHH) family of peptides 

and are widely conserved among insect species (Dai et al., 2007). While limited information 

about ITP and ITP-L is available, studies have localized ITP to the central nervous system in 

insects including larval and adult stages of M. sexta, B. mori, D. melanogaster, and S. gregaria 

(Begum et al., 2009; Dai et al., 2007; Dircksen, 2009; Dircksen et al., 2008) whereas ITP-L has 

been localized to the central nervous system, specifically the abdominal ganglia and peripheral 

tissues such as the midgut in T. castaneum (Begum et al., 2009) and MTs and hindgut in S. 

gregaria (Meredith et al., 1996). Suggested functions of both peptides has been linked to: anti-

diuretic and drinking-promoting hormones in D. melanogaster and S. gregaria (Gáliková et al., 

2018; Phillips and Audsley, 1995), regulating ovarian maturation in T. castaneum (Begum et al., 

2009), ecdysis in M. sexta (Drexler et al., 2007), and clock neuron modulation in D. 

melanogaster (Johard et al., 2009). However, nothing is known on the expression pattern, tissue 

distribution and localization, or putative physiological roles of ITP and/or ITP-L in A. aegypti. 
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Therefore, considering these advancements made with respect to ITP/ITP-L in other insect 

species, it was hypothesized that AedaeITP and AedaeITP-L transcript and peptide i) is localized 

to the central nervous system (brain and ventral nerve cord) of the mosquito and ii) function as 

pleiotropic factors similar to the CHH family of hormones, specifically as an anti-diuretic 

hormone. The objective of this research included: 

(1) Investigate the expression, spatial distribution and localization of AedaeITP and 

AedaeITP-L at both the transcript and protein level, and elucidate potential physiological 

functions for these neuropeptides including roles in starvation, iono-regulation, and 

reproductive behaviour. 
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Chapter Two 

 

Anti-diuretic action of a CAPA neuropeptide against a subset of diuretic hormones in the 
disease vector, Aedes aegypti 

 

 

A modified version of this chapter has been published and reproduced with permission: 

Sajadi, F., Curcuruto, C., Al Dhaheri, A., Paluzzi, J.P.V (2018). Anti-diuretic action of a CAPA 
neuropeptide against a subset of diuretic hormones in the disease vector, Aedes aegypti. Journal 
of Experimental Biology 221(7). https://doi.org/10.1242/jeb.177089 
 
Curcuruto, C and Al Dhaheri, A. collected larval A. aegypti fluid secretion rates, shown as Figure 
1-1 (not included in this chapter) in manuscript Sajadi et al., 2018.  
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2.1 Summary 
 

The mosquito Aedes aegypti is a vector responsible for transmitting various pathogens to 

humans, and their prominence as chief vectors of human disease is largely due to their 

anthropophilic blood feeding behaviour. Larval stage mosquitoes must deal with the potential 

dilution of their haemolymph in freshwater, whereas the haematophagus A. aegypti female faces 

the challenge of excess ion and water intake after a blood meal. The excretory system, composed 

of the Malpighian tubules (MTs) and hindgut, is strictly controlled by neuroendocrine factors, 

responsible for the regulation of diuresis across all developmental stages. The highly studied 

insect MTs are influenced by a variety of diuretic hormones and, in some insects, anti-diuretic 

factors. In the present study, we investigated the effects of the AedaeCAPA-1 neuropeptide on 

adult female A. aegypti MTs stimulated with various diuretic factors including serotonin (5HT), 

a corticotropin-related factor (CRF) diuretic peptide (DH44), a calcitonin-related diuretic 

hormone (DH31) and a kinin-related diuretic peptide. Overall, our findings establish that 

AedaeCAPA-1 specifically inhibits secretion of adult MTs stimulated by 5HT and DH31, whilst 

having no activity on MTs stimulated by other diuretic factors. Furthermore, although 

AedaeCAPA-1 acts as an anti-diuretic, it does not influence the relative proportions of cations 

transported by adult MTs, thus maintaining the kaliuretic activity of 5HT and natriuretic activity 

of DH31. In addition, we tested the effects of the second messenger cGMP in adult MTs. We 

established that cGMP has similar effects to AedaeCAPA-1, strongly inhibiting 5HT- and DH31-

stimulated fluid secretion, but with only minor effects on CRF-stimulated diuresis. Interestingly, 

although AedaeCAPA-1 has no inhibitory activity on kinin-stimulated fluid secretion, cGMP 

strongly inhibited fluid secretion by this diuretic hormone, which targets stellate cells 

specifically. Collectively, these results support that AedaeCAPA-1 inhibits select diuretic factors 
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acting on the principal cells and this probably involves cGMP as a second messenger. Kinin-

stimulated diuresis, which targets stellate cells, is also inhibited by cGMP, suggesting that 

another anti-diuretic factor in addition to AedaeCAPA-1 may exist and utilize cGMP as a second 

messenger.  
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2.2 Introduction 
 

The mosquito Aedes aegypti functions as the primary vector for several viruses; most 

notably dengue, chikungunya, yellow-fever, and Zika (Laurence et al., 2005; Murray et al., 2013; 

Ng and Ojcius, 2009). Like other blood feeding arthropods, female A. aegypti transmit these 

pathogenic species during the secretion of saliva into the host during a bloodmeal (Ribeiro et al., 

1984).  

Adult A. aegypti exclusively oviposit in freshwater, which is hypotonic to larval 

haemolymph. Thus, larvae are susceptible to the continual gain of freshwater from drinking and 

by osmotic flux of fluid from the external environment across the body surface (Bradley, 1987; 

Patrick et al., 2006). Concurrently, larvae are subject to the constant diffusional loss of 

predominant haemolymph ions to the external media (Patrick et al., 2006). As such, larvae 

possess distinct osmoregulatory mechanisms, allowing them to achieve and maintain ionic 

homeostasis by excreting a dilute urine and maximizing the active uptake of ions into the 

haemolymph from the external media (Bradley, 1987).  

Post-eclosion, adult A. aegypti are subject to disparate osmoregulatory challenges. Under 

non-feeding circumstances, A. aegypti must conserve haemolymph volume to prevent 

desiccation and the concentration of their haemolymph ions (Patrick et al., 2006). Initially upon 

blood feeding by adult females, there is a significant water and NaCl load from the blood plasma, 

and a subsequent K+ load during erythrocyte lysis (Coast, 2009). Therefore, a carefully 

controlled mechanism must exist which can selectively regulate the absorption and secretion of 

ions to maintain homeostasis following a bloodmeal. 

A number of specialized organs are responsible for ionoregulation and osmoregulation in 

A. aegypti, including the midgut, Malpighian tubules (MTs), and the hindgut, as well as the anal 
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papillae in larval stages (Bradley, 1987). The five functionally and structurally homologous MTs 

are responsible for the formation of primary urine (Beyenbach et al., 1993). The MTs are 

comprised of two cell types that form a simple epithelium; large principal cells, and thin stellate 

cells (Beyenbach et al., 2010). The principal cells facilitate active transport of Na+ and K+ into 

the lumen of the MTs from the haemolymph, while stellate cells aid in transepithelial secretion 

of Cl- (O’Connor and Beyenbach, 2001). The active driving force responsible for ion transport is 

the V-type H+-ATPase (proton pump) (Wieczorek et al., 1989; Wieczorek et al., 2009), which is 

localized on the brush-border membrane of principal cells (Weng et al., 2003). The movement of 

protons into the MT lumen creates a proton gradient, which energizes exchange of alkali cations 

(via Na+/H+ and/or K+/H+ antiporters) across the apical membrane (Wieczorek, 1992; Wieczorek 

et al., 1991). A basolaterally localized bumetanide-sensitive Na+:K+:2Cl- cotransporter has been 

identified in the MTs of A. aegypti, transporting Na+, K+, and Cl- from the haemolymph into the 

principal cells (Hegarty et al., 1991). Transport of KCl and NaCl provide the osmotic gradient 

that drives water movement into the tubules via aquaporins (Klowden, 2013). The fluid secreted 

by the MTs is received by the hindgut and is further modified via the selective reabsorption of 

solutes and water (Larsen et al., 2014).  

The MTs do not receive nervous system innervation; thus, regulation of epithelial ion 

transport and fluid secretion occurs via circulating messengers in the haemolymph (Beyenbach, 

2003). Diuretic hormone regulation of the MTs has been extensively studied in A. aegypti. One 

of the factors known to influence fluid secretion by MTs is the biogenic amine serotonin (5-

hydroxytryptamine, 5HT). In larval A. aegypti, 5HT titre in the haemolymph increases in 

response to salinity and this hormone increases fluid and ion secretion by MTs (Clark and 

Bradley, 1996; Clark and Bradley, 1997). In adult A. aegypti, 5HT is also known to increase ion 
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and fluid secretion rates, albeit without eliciting pronounced natriuretic activity (Veenstra, 1988). 

Upon bloodmeal engorgement by adult females, mosquito natriuretic peptide (MNP) is released 

into the haemolymph and stimulates diuresis and natriuresis (Beyenbach and Petzel, 1987; Petzel 

et al., 1986; Wheelock et al., 1988). MNP acts via cAMP to stimulate the secretion of Na+-rich 

primary urine by the MTs (Beyenbach, 2003; Petzel et al., 1987), which has been identified as a 

calcitonin-like diuretic hormone 31 (DH31) in both mosquitoes Anopheles gambiae and A. 

aegypti (Coast et al., 2005). In comparison, the CRF-related diuretic peptide (DH44) stimulates 

nonspecific transport of both cations (Coast et al., 2005), and increases levels of cAMP in MTs 

(Cady and Hagedorn, 1999). Kinin-like diuretic peptides have been shown to influence the 

activity of insect MTs by increasing fluid secretion and Cl- conductance into the lumen of the 

MTs through signalling via inositol 1,4,5-triphosphate and elevating intracellular calcium levels 

through mobilization of IP3-sensitive calcium stores (Cady and Hagedorn, 1999; O’Donnell et 

al., 1996). Members of the CAPA peptide family are also known to elicit control over the MTs, 

whereby either diuretic or anti-diuretic actions have been established in different insects (Ionescu 

and Donini, 2012; Paluzzi et al., 2008; Pollock et al., 2004; Quinlan et al., 1997). CAPA 

peptides, which are also referred to as periviscerokinins, are linked to the neurohaemal system of 

the abdominal ganglia (Predel and Wegener, 2006), and evidence from the Triatomine bug 

Rhodnius prolixus indicates these peptides are released as hormones to coordinate the cessation 

of diuresis in this insect (Paluzzi and Orchard, 2006).  

Although there has been extensive research investigating the neuroendocrine control of A. 

aegypti MTs, most studies have focused on diuretic hormones (Cady and Hagedorn, 1999; Clark 

and Bradley, 1996; Clark et al., 1998b; Clark et al., 1998a; Coast et al., 2005; Donini et al., 2006; 

Veenstra, 1988). Limited studies examining anti-diuretic control of the mosquito MTs include an 
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exogenous anti-diuretic factor from the beetle, Tenebrio molitor, which was shown to decrease 

fluid secretion by adult MTs through the intracellular second messenger cGMP (Massaro et al., 

2004). In addition, low concentrations of an endogenous CAPA peptide were shown to inhibit 

fluid secretion also through a cGMP signalling mechanism, although supraphysiological 

concentrations of either CAPA or cGMP showed diuretic activity (Ionescu and Donini, 2012). 

In the current study, we investigated the anti-diuretic activity of AedaeCAPA-1 on MTs 

from adult female A. aegypti stimulated by different diuretic factors. Specifically, we utilized 

concentrations of AedaeCAPA-1 similar to those that were previously found to have anti-diuretic 

activity on unstimulated MTs in larval A. aegypti (Ionescu and Donini, 2012). We examined the 

activity of AedaeCAPA-1 on transepithelial fluid transport in adult females and determined the 

concentration and transport rate of the primary cations (Na+ and K+) present in the secreted fluid 

of MTs isolated from adult female A. aegypti. Our results reveal that CAPA peptides are 

selectively anti-diuretic against a subset of diuretic factors in adult stage mosquitoes, but do not 

perturb the proportions of ions transported under the stimulation of each specific diuretic 

hormone. The proposed second messenger, cGMP, mimics the selective anti-diuretic actions of 

AedaeCAPA-1 against diuretic hormones known to target the principal cells. Furthermore, 

cGMP is also capable of inhibiting kinin-stimulated diuresis, which is intriguing as this diuretic 

hormone targets the stellate cells. These findings indicate that both principal and stellate cell-

mediated diuresis is reduced through signalling mechanisms involving cGMP, but only the 

CAPA anti-diuretic hormone acting on principal cells is currently known while the stellate-cell 

directed anti-diuretic hormone remains elusive. 
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2.3 Materials and Methods  
 
Insect rearing 

Eggs of Aedes aegypti (Liverpool strain) were collected from an established laboratory 

colony maintained in the Department of Biology at York University, Toronto, Ontario and 

hatched in double-distilled water in an environmental chamber (26°C, 12h:12h light:dark cycle). 

Larvae were fed daily with several drops of a solution comprised of 2% (w/v) Argentine beef 

liver powder (NOW foods, Bloomingdale, IL, USA) and 2% (w/v) brewer’s yeast. Adult female 

A. aegypti were routinely fed on sheep’s blood in Alsevers solution (Cedarlane Laboratories, 

Burlington, ON, Canada) using an artificial feeding system described previously (Rocco et al., 

2017). All adults were fed 10% sucrose solution ad libitum.   

 

Neurochemicals and peptide dosages 

Serotonin hydrochloride (5-hydroxytryptamine, 5HT) was purchased from a local 

supplier (Sigma-Aldrich, Oakville, ON, Canada), dissolved in ultrapure water to make a 1 mmol 

l-1 stock solution. AedaeCAPA-1 (GPTVGLFAFPRV-NH2) was commercially synthesized 

(Genscript, Piscataway, NJ, USA) at a purity of >98% and 1 mmol l-1 stock solutions were 

prepared in cell culture-grade ultrapure water (Wisent Corporation, St. Bruno, QC, Canada). We 

utilized peptide orthologs from other species for the three families of mosquito diuretic peptides 

tested: Drosophila melanogaster calcitonin-related peptide (DromeDH31) was used in lieu of 

mosquito natriuretic peptide (MNP), and was a generous gift from Michael J. O’Donnell 

(McMaster University, Hamilton, ON, Canada); Rhodnius prolixus corticotropin releasing factor-

related (CRF-related, DH44) diuretic peptide (RhoprDH44) was used in lieu of the mosquito CRF-

related diuretic peptide, and was a generous gift from Ian Orchard (University of Toronto, 
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Mississauga, ON, Canada); Culex depolarizing peptide (CDP) was used as a representative 

mosquito kinin-related peptide (Hayes et al., 1994) and was obtained from a commercial supplier 

(Bachem, Bubendorf, Switzerland). 

Dosages of diuretic hormones were adapted from previous studies and selected based on 

their half maximal effective concentration (EC50) on isolated MTs. Specifically, following 

preliminary experimentation, a dose of 10 nmol l-1 RhoprDH44 in adult tubules was found to 

produce an intermediate level of stimulation, which is similar to concentrations of a mosquito 

CRF-related diuretic peptide previously used on A. aegypti MTs (Clark et al., 1998b). A dose of 

25 nmol l-1 DromeDH31 peptide was used based on the dose-response determinations for A. 

gambiae MNP (Coast et al., 2005). A 50 nmol l-1 dosage of CDP was selected as an intermediate 

titre, as previous research determined a kinin-related peptide with an EC50 of 15 nmol l-1 in 

stimulating fluid secretion by isolated A. aegypti MTs (Schepel et al., 2010). Following 

preliminary examination and referring to previous investigations on the dose-dependency of 5HT 

secretory activity on A. aegypti MTs (Clark and Bradley, 1998; Veenstra, 1988), an intermediate 

dose of 100 nmol l-1 5HT was selected to stimulate fluid secretion by the MTs. Finally, a 

concentration of 1 fmol l-1 (10-15 mol l-1) was selected for AedaeCAPA-1 based on a dose-

response curve of AedaeCAPA-1 against DH31-stimulated tubules (Figure 2-S1A) and was 

previously found to have significant anti-diuretic activity in larval A. aegypti (Ionescu and 

Donini, 2012). Similar dose-response studies were conducted to test activity of AedaeCAPA-2 

and Aedes pyrokinin-1 (AedaePK-1) against DH31-stimulated tubules (Figure 2-S1B,C). 
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MT fluid secretion assay 

In order to determine secretion rates, a modified Ramsay secretion assay (Ramsay, 1954) 

was performed on isolated MTs in 3–6-day old non-blood fed female adults. Dissections were 

performed under physiological saline adapted from Petzel et al., (1987) that contained (in mmol 

l-1): 150 NaCl, 25 N-2-hydroxyethylpiperazine-N’-2-ethanesulfuronic acid (HEPES), 3.4 KCl, 

7.5 NaOH, 1.8 NaHCO3, 1 MgSO4, 1.7 CaCl2 and 5 glucose, and titrated to pH 7.1. Immediately 

before use, the physiological saline was diluted 1:1 with Schneider’s Insect Medium (Sigma-

Aldrich). MTs were transferred to a Sylgard-lined petri dish containing 20 µL saline bathing 

droplets submerged beneath hydrated mineral oil to prevent evaporation. The proximal ends of 

the MTs were removed from the bathing saline and suspended in the mineral oil by looping 

around a Minutien pin to allow for secretion measurements. 

 In the interest of determining whether AedaeCAPA-1 antagonizes the effects of the 

known diuretic factors (5HT, RhoprDH44, CDP, and DromeDH31), secretion rates were 

monitored over 60 min treatments. Following the incubation, the size of the secreted droplets 

was measured via the use of a microscope eyepiece micrometer and fluid secretion rates (FSR) 

were calculated as described previously (Donini et al., 2008). For experimental treatments, the 

MTs were either treated with the diuretic factor alone or in combination with AedaeCAPA-1 at a 

final concentration of 1 fmol l-1. Basal (unstimulated) secretion rates were measured for 120 

mins in adult MTs treated with saline to determine control rates of secretion and confirm the 

activity of the diuretic hormones used in this study.  

 Dose-response activity of a membrane-permeable analog of cyclic guanosine 

monophosphate (Sigma-Aldrich Canada Ltd, Oakville, ON, Canada), 8-bromo-cGMP 

(henceforth referred to as cGMP), was determined on basal fluid secretion rates of adult MTs 
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using concentrations ranging from 10 nmol l-1 to 10 µmol l-1. Maximal inhibition of MT fluid 

secretion by cGMP was observed at 100 nmol l-1, and consequently, this concentration of cGMP 

was used against diuretic hormone-stimulated MTs from adult female A. aegypti.  

 

Ion-selective microelectrodes (ISME) 

The concentrations of Na+ and K+ were measured using ion-selective microelectrodes 

(ISME). Microelectrodes were pulled from glass capillaries (TW-150-4, World Precision 

Instruments, Sarasota, FL, USA) using a Sutter P-97 Flaming Brown pipette puller (Sutter 

Instruments, San Raffael, CA, USA). Next, the microelectrodes were silanized with N,N-

dimethyltrimethylsilylamine (Fluka, Buchs, Switzerland). The Na+ microelectrode was 

backfilled with 100 mmol l-1 NaCl and the K+ microelectrode with 100 mmol l-1 KCl. The tip of 

the electrode was filled with Na+ ionophore (Sodium ionophore II cocktail A; Fluka, Buchs, 

Switzerland) for Na+ measurements and K+ ionophore (potassium ionophore I cocktail B; Fluka) 

for K+ measurements. The electrode tips were then coated with ~3.5% (w/v) polyvinyl chloride 

(PVC) dissolved in tetrahydrofuran, to avoid displacement of ionophore cocktail when 

submerged in paraffin oil (Rheault and O’Donnell, 2004). Reference electrodes (1B100F-4, 

World Precision Instruments, Sarasota, FL, USA) were backfilled with 500 mmol l-1 KCl, which 

were used for recording both Na+ and K+ concentrations.  

 

Measurement of [Na+] and [K+] in secreted droplets 

Microelectrodes and reference electrodes were connected to an electrometer through 

silver chloride wires where voltage signals were recorded through a data acquisition system 

(Picolog for Windows, version: 5.25.3). Both the reference electrode and ISME were placed into 
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the secreted droplet under the paraffin oil and Na+ and K+ concentrations were recorded as the 

voltage difference in comparison to the standard calibrations. Na+ microelectrodes were 

calibrated in the standards, 200 mmol l-1 NaCl and 20 mmol l-1 NaCl + 180 mmol l-1 LiCl, and 

K+ microelectrodes were calibrated in the standards, 150 mmol l-1 KCl + 50 mmol l-1 LiCl and 15 

mmol l-1 KCl + 185 mmol l-1 LiCl, as described previously (Donini et al., 2008). The 

concentration of the cations in the secreted fluid ([ion]sf) were calculated using the equation 

described previously (Donini et al., 2008; Paluzzi et al., 2012):  

[ion]sf = [C] x 10ΔV/m 

where [C] is the concentration in mmol l-1 of the calibration solution used to calibrate the ISME, 

ΔV is the difference between the voltage recorded from the secreted droplet and the voltage of 

the same calibration solution, and m is the voltage difference between the two standard 

calibrations, which is also the slope. The transport rate of Na+ or K+ (in pmol min-1) was 

calculated as the product of FSR and [ion]sf determined by ISME as previously described 

(Rheault and O’Donnell, 2004). 

 

Statistical analyses  

Data was compiled using Microsoft Excel and transferred to Graphpad Prism software 

v.7 to create figures and conduct all statistical analyses. Data was analyzed accordingly using 

either unpaired t-tests or one-way ANOVA and Bonferroni post-test, with differences between 

treatments considered significant if p<0.05. 
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2.4 Results 
 
Effect of AedaeCAPA-1 on transepithelial fluid and cation secretion in adult MTs 

 Application of 100 nmol l-1 5HT to adult female MTs resulted in an approximately 6-fold 

significant increase in fluid secretion compared with unstimulated MTs (Figure 2-1). In contrast, 

co-application of 1 fmol l-1 AedaeCAPA-1 with 5HT in adult MTs resulted in a reduced fluid 

secretion rate, not different from that of unstimulated MTs (Figure 2-1A). Moreover, fluid 

secretion rates of MTs treated with AedaeCAPA-1 and 5HT were significantly lower than those 

treated with 5HT alone. To examine the influence of AedaeCAPA-1 on transepithelial cation 

transport, Na+ and K+ concentrations were measured using ISME. MTs treated with 5HT alone 

did not exhibit any difference in the concentration of Na+ (Figure 2-1B) or K+ (Figure 2-1C) in 

the secreted fluid compared to MTs treated with 5HT together with AedaeCAPA-1. However, 

relative to unstimulated MTs, both treatments led to a significant decrease in Na+ concentration 

and, correspondingly, a significant increase in K+ concentration. The transepithelial transport rate 

of both Na+ (Figure 2-1D) and K+ (Figure 2-1E) was approximately tripled in MTs treated with 

5HT alone compared with unstimulated controls. Co-application of AedaeCAPA-1 led to a 

similar K+ flux which was not different from that of MTs treated with 5HT alone; however, Na+ 

transport rate was significantly reduced when AedaeCAPA-1 was co-applied compared with the 

effect of 5HT alone. Overall, AedaeCAPA-1 did not influence the relative proportions of cations 

transported (Figure 2-1F), with 5HT treatment leading to a similar transport ratio to that of 

unstimulated MTs.  
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Figure 2-1. Effect of AedaeCAPA-1 on in vitro fluid secretion rate, cation (Na+ and K+) 
concentration and transport rate by adult female A. aegypti MTs stimulated with a variety 
of diuretic hormones. AedaeCAPA-1 (1 fmol l-1) was applied to MTs stimulated with 100 nmol 
l-1 5HT, 10 nmol l-1 RhoprDH44 (CRF), 50 nmol l-1 CDP or 25 nmol l-1 DromeDH31 (DH31). (A) 
The tubule secretion assay was performed over a 60 min incubation period for the diuretic and 
AedaeCAPA-1, and 120 min for unstimulated controls. (B) Na+ and (C) K+ concentrations in the 
secreted fluid were measured using ion-selective microelectrodes (ISME), and the values were 
used to calculate the cation transport rate and ratio (D–F). Values are presented as means±SEM, 
n=20–63. Bars that are not significantly different from unstimulated controls are denoted with 
the same letter, as determined by a one-way ANOVA and Bonferroni post-test. An asterisk 
denotes statistical significance between two experimental treatments involving a specific diuretic 
factor alone or in combination with AedaeCAPA-1, as determined by an unpaired t-test.  
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Adult female MTs treated with both 1 fmol l-1 AedaeCAPA-1 and 10 nmol l-1 RhoprDH44 

did not exhibit changes to fluid secretion compared with MTs receiving RhoprDH44 alone 

(Figure 2-1A), with both experimental treatments resulting in secretion rates significantly greater 

than those of unstimulated controls. Similarly, MTs treated with RhoprDH44 alone did not have 

any difference in the concentration of Na+ (Figure 2-1B) or K+ (Figure 2-1C) in the secreted fluid 

compared to MTs treated with RhoprDH44 together with AedaeCAPA-1, although both 

treatments caused a decrease in the Na+ concentration relative to unstimulated MTs. As expected, 

because of the lack of inhibition of AedaeCAPA-1 on RhoprDH44-stimulated fluid secretion, 

transepithelial transport of Na+ (Figure 2-1D) was indifferent between treatments involving 

RhoprDH44 alone or together with AedaeCAPA-1 or when compared with unstimulated controls. 

The transport rate of K+ in RhoprDH44-stimulated MTs was similar to that of unstimulated 

controls (Figure 2-1E) whereas a small but significant increase in K+ flux was observed when 

AedaeCAPA-1 was co-applied with RhoprDH44 compared with unstimulated controls. Overall, 

AedaeCAPA-1 did not influence the ratio of cations transported (Figure 2-1F), with RhoprDH44 

leading to a roughly equimolar transport rate of each cation comparable to that of unstimulated 

control MTs.  

The secretion rates of adult MTs treated with a mosquito kinin-related peptide (CDP) 

alone or co-applied with 1 fmol l-1 AedaeCAPA-1 were similar (Figure 2-1A), with both 

experimental treatments having secretion rates significantly greater (∼12-fold) than those of 

unstimulated controls. Addition of 1 fmol l-1 AedaeCAPA-1 to adult MTs treated with CDP had 

no influence on Na+ (Figure 2-1B) and K+ (Figure 2-1C) concentrations, although a decrease in 

the Na+ concentration of the secreted fluid was observed compared with unstimulated controls. 

Similarly, AedaeCAPA-1 did not influence transepithelial cation transport in CDP-stimulated 
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MTs (Figure 2-1D,E) with both cations showing a significant increase in transport rate relative to 

unstimulated controls. As a result, AedaeCAPA-1 had no effect on the ratio of cation transport in 

CDP-stimulated MTs (Figure 2-1F) and neither treatment differed from unstimulated controls.  

Adult MTs treated with 25 nmol l-1 DromeDH31 and 1 fmol l-1 AedaeCAPA-1 had a 

significantly lower secretion rate by over 7-fold compared to MTs stimulated with DromeDH31 

alone (Figure 2-1A). Notably, MTs treated with DromeDH31 alone had secretion rates 

significantly greater than those of unstimulated controls whereas MTs receiving DromeDH31 

combined with AedaeCAPA-1 had rates of secretion that were not different from those of 

unstimulated controls. Fluid secreted by adult MTs receiving DromeDH31 combined with 

AedaeCAPA-1 (but not alone) had a significant increase in Na+ concentration compared with 

unstimulated controls (Figure 2-1B). The two DromeDH31 experimental treatments also had a 

significantly different Na+ concentration in the secreted fluid, with higher Na+ titre in the MTs 

co-treated with AedaeCAPA-1. Comparatively, K+ concentrations in the secreted fluid was 

significantly reduced compared with unstimulated controls when DromeDH31 was tested alone or 

together with AedaeCAPA-1 (Figure 2-1C). As expected, considering the influence of 

AedaeCAPA-1 on the DromeDH31-stimulated fluid secretion rate, the transepithelial transport 

rate of both cations was also affected. Specifically, compared with unstimulated MTs, 

DromeDH31 led to significantly greater transport rate of Na+ whereas AedaeCAPA-1 abolished 

this increase (Figure 2-1D). In particular, the two experimental treatments were also significantly 

different, with AedaeCAPA-1 reducing Na+ transport rate compared to MTs treated with 

DromeDH31 alone. Relative to unstimulated controls, no significant change was observed in the 

K+ transport rate in MTs treated with DromeDH31 alone or together with AedaeCAPA-1 (Figure 

2-1E), although these two experimental treatments were found to be significantly different such 
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that AedaeCAPA-1 significantly reduced K+ transport rate. Thus, although the ratio of cations 

was modified by treatment with DromeDH31, which led to an approximate 2-fold increase in Na+ 

transport compared with unstimulated controls, the elevated Na+:K+ transport ratio was sustained 

in DromeDH31- stimulated MTs challenged with AedaeCAPA-1 (Figure 2-1F).  

 

Effect of cGMP on basal (unstimulated) fluid and cation secretion in adult MTs 

CAPA peptides have been shown to elicit their effects on insect MT fluid secretion 

through second messenger pathways that involve cGMP (Ionescu and Donini, 2012; Kean et al., 

2002; Pollock et al., 2004; Quinlan et al., 1997). Thus, we investigated the activity of this 

prospective second messenger in adult A. aegypti MTs to determine its actions on basal and 

diuretic hormone-stimulated fluid and ion secretion. Application of 100 and 10 nmol l-1 cGMP 

resulted in a significant inhibition of basal secretion rates, with maximal inhibition leading to a 

10-fold decrease, observed with treatment of 100 nmol l-1 cGMP (Figure 2-2A). cGMP did not 

influence the Na+ and K+ concentrations in the secreted fluid at any of the tested concentrations 

(Figure 2-2B,C); however, cation transport rate was reduced (Figure 2-2D,E), with a significant 

decrease in Na+ flux when 10-100 nmol l-1 cGMP was used compared with unstimulated MTs. 

Overall, cGMP did not change the relative ratio of cation transport in the secreted fluid compared 

with unstimulated controls (Figure 2-2F).  
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Figure 2-2. Effect of different concentrations of cGMP on in vitro fluid secretion rate, 
cation (Na+ and K+) concentration and transport rate by unstimulated MTs of adult female 
A. aegypti. Doses of 10 nmol-1 to 10 µmol-1 cGMP were applied to adult MTs, and effects were 
compared against basal unstimulated MTs. (A) MT secretion rate; (B) Na+ and (C) K+ 
concentrations in the secreted fluid; (D) Na+ and (E) K+ transport rate; and (F) cation transport 
ratio. Values are presented as means±SEM, n=6–12. Bars that are not significantly different from 
unstimulated controls are denoted with the same letter, as determined by a one-way ANOVA and 
Bonferroni post-test.  
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Effect of cGMP on transepithelial fluid and cation secretion against diuretic-stimulated 
adult MTs 
 

In order to determine whether cGMP is involved in the anti-diuretic function of CAPA 

peptides in adult MTs, we investigated the effects of 100 nmol l-1 cGMP, which we determined 

was a maximally inhibitory concentration on basal secretion rates. Similar to the effects of 

AedaeCAPA-1, 100 nmol l-1 cGMP significantly decreased the fluid secretion rate of 5HT- and 

DromeDH31-stimulated MTs, whilst having a small inhibitory effect on RhoprDH44-stimulated 

MTs (Figure 2-3). While all diuretic factors elicited significantly greater secretion rates relative 

to unstimulated MTs, a significant decrease in fluid secretion was observed in 5HT-stimulated 

MTs and DromeDH31-stimulated MTs when co-applied with cGMP, but not when MTs were 

stimulated with RhoprDH44. Interestingly, and rather unexpectedly, cGMP also resulted in a 

substantial (~9-fold) decrease in fluid secretion rate in CDP-stimulated MTs. Although the cation 

concentrations in most treatments were not influenced by cGMP (Figure 2-3B,C) being similar to 

unstimulated controls, CDP-stimulated MTs had a significantly higher Na+ concentration in the 

secreted fluid when cGMP was co-applied compared with unstimulated MTs and those treated 

with CDP alone. The transepithelial transport rate of both Na+ and K+ decreased in DromeDH31-

stimulated and CDP-stimulated MTs when they were treated with cGMP (Figure 2-3D,E), while 

no change in cation transport was observed when RhoprDH44-stimulated MTs were treated with 

cGMP. In 5HT-stimulated MTs, only the Na+ transport rate was significantly reduced when 

cGMP was co-applied. Consistent with the effect of application of AedaeCAPA-1 to MTs 

stimulated with the various diuretics, cGMP had no overall effect on the relative proportions of 

the two primary cations in the secreted fluid (Figure 2-3F).  
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Figure 2-3. Effect of cGMP on in vitro fluid secretion rate, cation (Na+ and K+) 
concentration and transport rate by adult female A. aegypti MTs stimulated with a variety 
of diuretic hormones. cGMP (100 nmol l-1) was applied to adult MTs stimulated with 100 nmol 
l-1 5HT, 10 nmol l-1 RhoprDH44 (CRF), 50 nmol l-1 CDP or 25 nmol l-1 DromeDH31 (DH31). (A) 
The tubule secretion assay was performed over a 60 min incubation period for the diuretic and 
cGMP, and 120 min for unstimulated controls. (B) Na+ and (C) K+ concentrations in the secreted 
fluid were measured using ion-selective microelectrodes (ISME), and the values were used to 
calculate the cation transport rate and ratio (D–F). Values are presented as means±SEM, n=7–18. 
Bars that are not significantly different from unstimulated controls are denoted with the same 
letter, as determined by a one-way ANOVA and Bonferroni post-test. Statistical significance 
between the two experimental treatments involving a specific diuretic factor alone or in 
combination with cGMP is denoted by an asterisk, as determined by an unpaired t-test.  
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2.5 Discussion 
 
 Transepithelial transport of ions and osmotically obliged water by insect MTs is regulated 

by at least five types of hormones derived from the nervous system. These include: (i) biogenic 

amines, such as 5HT, (ii) CRF-related peptides (DH44), (iii) CDPs, or kinin-related peptides, (iv) 

cardioacceleratory peptides (CAPA) and (v) calcitonin-like (DH31) peptides (Clark and Bradley, 

1998; Schepel et al., 2010). These hormones, along with 5HT, all have been reported to elicit 

diuretic activity in A. aegypti MTs, whereas only CAPA peptides have been shown to function 

additionally as an anti-diuretic in larval A. aegypti MTs. Specifically, CAPA peptides elicit a 

diuretic function in larval A. aegypti at high concentrations, while functioning as an anti-diuretic 

at low concentrations (Ionescu and Donini, 2012). Similarly, the diuretic activity of CAPA 

peptides has been shown to be conserved for a variety of Dipteran species but is lacking in non-

dipteran insects (Pollock et al., 2004). Interestingly, a few studies have also reported CAPA 

peptides elicit anti-diuretic actions in the fruit fly, D. melanogaster (Macmillan et al., 2018; 

Rodan et al., 2012). 

The present study examined the effect of AedaeCAPA-1 on fluid secretion and ion 

transport by A. aegypti MTs stimulated with various diuretic factors. Considering these diuretics 

target unique receptors, involving distinct signalling cascades and, in some cases, have dissimilar 

cellular targets (i.e. principal versus stellate cells), we predicted AedaeCAPA-1 would not have a 

ubiquitous inhibitory action against all diuretic factors. Given its high structural similarity to the 

endogenous calcitonin-like mosquito natriuretic peptide, DromeDH31 was expected to have both 

diuretic and natriuretic activities, functioning to stimulate fluid secretion whilst favouring 

transepithelial Na+ transport (Coast et al., 2005). Previous studies have shown mosquito DH31 to 

be the main hormone eliciting natriuresis in A. aegypti and A. gambiae (Coast et al., 2005). Here, 
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we found that AedaeCAPA-1 inhibits fluid secretion by MTs stimulated by DromeDH31 and, 

moreover, inhibits transport of both primary cations without influencing the natriuretic activity 

of DromeDH31 on adult MTs. Anti-diuretic activity of AedaeCAPA-1 has been reported 

previously on larval A. aegypti MTs, with low doses of CAPA being effective against 5HT-

stimulated secretion (Ionescu and Donini, 2012; Sajadi et al., 2018) as well as DH31-stimulated 

secretion (Sajadi et al., 2018). Data in the current study demonstrates AedaeCAPA-1 inhibits 

fluid secretion stimulated by 5HT in adult stage mosquitoes. In addition, the kaliuretic action of 

5HT measured in adults was not influenced, as transport of both cations was inhibited, and the 

secreted fluid remained K+ rich compared with that for unstimulated MTs. Studies performed on 

the kissing bug, Rhodnius prolixus, established a dose-dependent inhibitory (i.e. anti-diuretic) 

action of native and structurally related CAPA peptides (Paluzzi and Orchard, 2006; Paluzzi et 

al., 2008). RhoprCAPA-𝛼2 reduces the natriuresis stimulated by both endogenous diuretic 

hormones, namely 5HT and the CRF-related RhoprDH44, which revealed that natriuretic activity 

could be hindered without influencing RhoprDH44-stimulated diuresis (Paluzzi et al., 2012). 

Thus, inhibitory activity of CAPA peptides in these distinct blood feeding insects may be driven 

by two unique mechanisms as natriuretic activity of DromeDH31 was unchanged. The capa gene 

gives rise to two CAPA peptides, CAPA-1 (or CAPA-PVK-1) and CAPA-2 (or CAPA-PVK-2), 

containing the consensus carboxyl terminal sequence, FRPV-NH2. In adult female A. aegypti 

MTs, CAPA peptides (both CAPA-1 and CAPA-2) were found to elicit an anti-diuretic role 

against DH31-stimulated MTs (Figure 2-S1B). Additionally, the capa gene encodes the 

pyrokinin-1 (PK1 or tryptopyrokinin) peptide, suggested to influence hindgut physiology in 

insects (Nassel and Winther, 2010). Despite the anti-diuretic role of both CAPA peptides in 

Aedes MTs, PK1 has no effect on DH31-stimulated secretion, with further studies showing its 
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receptor (PK1-R) to be highly enriched in the rectum of the Aedes mosquitoes, with no 

expression found in the MTs (Lajevardi and Paluzzi, 2020).  
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Figure 2-4. Schematic diagram summarizing diuretic and anti-diuretic control of A. aegypti 
adult MTs. The principal cells are responsible for transport of Na+ and K+ via secondary active 
transport. The V-type H+-ATPase, localized in the brush border of the apical membrane, 
produces a H+ gradient that drives the exchange of Na+ and K+ across the apical membrane 
through cation/H+ antiporters. Ions are secreted from the haemolymph through a Na+:K+:2Cl- 
cotransporter localized on the basolateral membrane. Neurohormone receptors, including those 
for 5HT and the peptides DH31, CRF (DH44) and CAPA, are localized to the basolateral 
membrane of principal cells, while the kinin receptor is localized exclusively to stellate cells. 
Stimulation of MTs with 5HT and DH31 through their cognate receptors increases levels of the 
second messenger cAMP. CRF-related peptide (DH44) receptor activation increases Ca2+ and 
cAMP depending on the dose of peptide applied, while kinin receptor signalling involves 
exclusively increases in intracellular levels of Ca2+. Our data indicate an anti-diuretic effect of 
AedaeCAPA-1 in 5HT- and DH31-stimulated MTs, inhibiting non-selective cation transport and 
fluid secretion through an undetermined pathway but, in contrast, having only minor and no 
inhibitory activity on CRF (DH44)- and kinin-stimulated diuresis, respectively. This anti-diuretic 
activity may involve the second messenger cGMP, which duplicates the strong inhibitory effects 
observed on 5HT- and DH31-stimulated diuresis acting on principal cells. Lastly, cGMP is also 
capable of strongly inhibiting kinin-stimulated diuresis that is facilitated via stellate cells, which 
suggests an additional anti-diuretic factor may exist in mosquitoes.  
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Notably, the present study examined the effect of AedaeCAPA-1 against DH31-stimulated 

secretion for the first time in insects. Based on previous studies, the DH31-like MNP acts via its 

second messenger, cAMP, activating the V-type H+-ATPase and selectively driving an increase 

in Na+ secretion into the lumen (Coast et al., 2005). The additional Na+, as well as Cl- as a 

counter-ion, is secreted with osmotically obliged water, increasing secretion ~7-fold and the 

Na+:K+ concentration ratio ~10-fold (Coast et al., 2005). Our data indicate lumen-directed 

secretion of Na+ ions is maintained in the presence of AedaeCAPA-1, albeit at a significantly 

lower transport rate. Similar to the actions of the DH31-related peptide, 5HT induces diuresis via 

the activation of adenylate cyclase to increase intracellular concentrations of cAMP (Cady and 

Hagedorn, 1999; Clark and Bradley, 1998). It is believed that cAMP promotes the assembly of 

the V-type H+-ATPase in the apical membrane to initiate proton and cation secretion into the MT 

lumen (Baumann and Walz, 2012; Rein et al., 2008).  

Comparable to the effects observed with AedaeCAPA-1, this study revealed that cGMP 

strongly inhibited fluid secretion and cation transport in both 5HT- and DH31-stimulated adult 

MTs. In Tenebrio molitor, two structurally unrelated anti-diuretic peptides were identified 

(Tenmo-ADFa and Tenmo-ADFb) that are potent inhibitors effective in the femtomolar and 

picomolar range (Eigenheer et al., 2002; Eigenheer et al., 2003), which is simlar to the 

femtomolar concentrations used in the present study. Both ADFa and ADFb exert their effects on 

MTs through cGMP, reducing cAMP to inhibit fluid secretion by T. molitor MTs (Eigenheer et 

al., 2002; Eigenheer et al., 2003). Similarly, studies have shown that cGMP inhibits fluid 

secretion in R. prolixus and probably does so by reducing intracellular levels of cAMP (Quinlan 

et al., 1997), which is elevated after stimulation with 5HT and the CRF-related peptidergic 

diuretic hormone (Gioino et al., 2014; Te Brugge et al., 2002). This was further supported when 
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the addition of cAMP, at high concentrations, reversed the inhibitory effects of cGMP (Quinlan 

and O’Donnell, 1998). Similarly, previous research on A. aegypti revealed that cGMP is 

probably the second messenger, leading to the anti-diuretic action of CAPA peptides in larvae 

(Ionescu and Donini, 2012) and adult mosquitoes (see Chapters 3 & 4) as well as an exogenous 

factor, T. molitor ADFa (Massaro et al., 2004), with similar inhibitory actions on adult MTs.  

In contrast to the anti-diuretic activity on fluid secretion stimulated by 5HT and the DH31-

related peptide, diuresis stimulated by a CRF-related peptide (RhoprDH44) was not affected by 

AedaeCAPA-1 treatment in adult MTs. In addition, cation concentrations and transport rates 

remained unchanged by AedaeCAPA-1 in adult MTs stimulated by RhoprDH44. Similarly, 

application of cGMP had only a minor effect on secretion rate and did not influence cation 

transport in RhoprDH44-stimulated MTs, suggesting cGMP may play a role in the anti-diuretic 

function of CAPA peptides. In mosquitoes, the DH31- related peptide is natriuretic whereas the 

CRF-related diuretic peptide (DH44) elicits non-selective transport of cations (Coast et al., 2005), 

and the current observations are consistent with these findings (for example, see Figure 2-1). In 

insects, CRF-like peptides have been shown to initiate diuresis in MTs via the transcellular and 

paracellular pathways, suggesting that multiple receptors and second messenger systems may be 

involved. Specifically, low nanomolar concentrations of a CRF-related peptide were linked to the 

stimulation of the paracellular pathway only (Clark et al., 1998b), mediating this action through 

intracellular Ca2+ as a second messenger (Clark et al., 1998a). In contrast, high nanomolar 

concentrations of a CRF-related peptide were shown to influence both paracellular and 

transcellular transport, increasing intracellular Ca2+ and cAMP second messengers (Clark et al., 

1998b). Thus, this suggests the mild inhibitory action of cGMP against RhoprDH44-stimulated 
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fluid secretion may be linked to signalling via cAMP as a result of the mid-nanomolar 

concentration of RhoprDH44 utilized in this study.  

Insect kinin-related peptides, including the CDP utilized herein, are known to activate a 

Cl- conductance pathway independently of cAMP, utilizing inositol 1,4,5-trisphosphate (IP3) as a 

second messenger to stimulate the release of intracellular Ca2+ (Hayes et al., 1994; Quinlan and 

O’Donnell, 1998; Yu and Beyenbach, 2002) following activation of the kinin receptor (Lu et al., 

2011; Radford et al., 2002). Thus, there is probably no direct interaction between CAPA and 

CDP signalling pathways. Additionally, the CAPA receptors are localized to the principal cells 

in D. melanogaster (Terhzaz et al., 2012) and A. aegypti (see Chapter 3; Sajadi et al., 2020), 

whereas the kinin receptor has been immunolocalized to the stellate cells of the MTs, and 

functions to regulate anion permeability of the epithelium (Lu et al., 2011; Radford et al., 2002). 

Interestingly, our results found that application of cGMP resulted in an inhibition of CDP-

stimulated fluid secretion and cation transport, similar to inhibitory effects on diuresis stimulated 

by 5HT and DromeDH31. In D. melanogaster, cGMP was shown to inhibit depolarization 

induced in kinin-stimulated MTs, suggesting an anti-diuretic effect (Ruka et al., 2013) as fluid 

secretion rates were not directly measured. Thus, in agreement with observations made in 

another dipteran insect, our results support the presence of an additional anti-diuretic hormone 

that signals through cGMP and reduces the activity of diuretic factors targeting stellate cells 

(Ruka et al., 2013).  

Synthesized by neurosecretory cells in the central nervous system, CAPA peptides in D. 

melanogaster act on the principal cells in the MTs by activating L-type voltage-gated Ca2+ 

channels, increasing intracellular Ca2+ levels (Kean et al., 2002). The rise in Ca2+ levels activate 

nitric oxide synthase (NOS) to initiate production of nitric oxide (NO). Finally, NO activates a 
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soluble guanylate cyclase, resulting in the production of cGMP, and consequent effects on 

secretion (Dow and Davies, 2003). In A. aegypti, it has been proposed that low levels of CAPA 

peptides lead to activation of protein kinase G, via elevated levels of cGMP (Ionescu and Donini, 

2012), and resulting in its anti-diuretic activity in larval A. aegypti. When tested on D. 

melanogaster MTs, CAPA peptides stimulated fluid secretion in the 1 mmol l−1 to 10 nmol l−1 

range (Pollock et al., 2004). However, CAPA peptides tested using lower concentrations that are 

anti-diuretic in mosquitoes do not activate calcium signalling in D. melanogaster MTs 

expressing an aequorin transgene (Davies et al., 2012), indicating species-specific activities of 

this neuropeptide family, which is reasonable considering their highly different diets and 

lifestyles.  

Similar to effects seen in larval A. aegypti (Ionescu and Donini, 2012), our results suggest 

AedaeCAPA-1 increases cGMP levels in principal cells, as this second messenger mimicked the 

anti-diuretic actions in 5HT- and DromeDH31-stimulated MTs in adult females. Antagonistic 

effects between cGMP and cAMP, the latter being the second messenger of DH31 and 5HT, were 

illustrated previously in R. prolixus, whereby cGMP was proposed to activate a cAMP-specific 

phosphodiesterase, reducing levels of the second messenger activating diuresis (Quinlan and 

O’Donnell, 1998). Similar antagonistic effects of cAMP and cGMP are emerging in A. aegypti 

MTs, given the present and previous accounts of cGMP being an inhibitory second messenger 

(Ionescu and Donini, 2012; Massaro et al., 2004). Notably, however, both these second 

messengers have been shown to lead to stimulation of diuresis in D. melanogaster principal cells 

(Davies et al., 1995; Kean et al., 2002; Kerr et al., 2004). Interestingly, cGMP signalling was 

shown to stimulate diuresis following activation of the mammalian atrial natriuretic peptide 

receptor ectopically expressed specifically in stellate cells (Kerr et al., 2004), while it was 
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inferred to have an anti-diuretic effect on kinin-stimulated MTs (Ruka et al., 2013). Nonetheless, 

as the natriuretic activity of DromeDH31 is unaffected in response to AedaeCAPA-1, it is 

possible that the inhibitory mechanism differs somewhat to that in R. prolixus, where diuretic 

hormone-induced natriuresis is attenuated by the endogenous CAPA peptide (Paluzzi et al., 

2012). Taken together, the inhibition of fluid secretion by MTs stimulated by a subset of diuretic 

hormones (i.e. DH31-related peptide and 5HT) and, the absence of any modulation of the relative 

proportions of the primary cations transported, highlights the importance of AedaeCAPA-1 

solely as an anti-diuretic hormone in A. aegypti. Thus, natriuretic and kaliuretic activity, elicited 

by the DH31-related peptide and 5HT, respectively, is maintained while the rate of diuresis is 

slowed, which could have implications for downstream processes such as reabsorption in the 

hindgut.  

Receptors for some of these regulators of the MTs have been identified in A. aegypti, 

including a kinin receptor expressed in stellate cells (Lu et al., 2011; Pietrantonio et al., 2005) 

and a DH31-related peptide receptor that shows a peculiar distal to proximal gradient of 

expression in principal cells of the MTs (Kwon and Pietrantonio, 2013), as well as two CRF-

related peptide receptors, one of which is highly enriched in the renal MTs (Jagge and 

Pietrantonio, 2008). Other receptors, such as the endogenous 5HT receptor expressed within the 

A. aegypti MTs, remain elusive, as a 5HT7 receptor isoform transcript was localized to the 

tracheolar cells associated with the MTs but was not localized to tubule epithelium, suggesting 

that another receptor variant must be present (Pietrantonio et al., 2001). Similarly, expression of 

the CAPA receptor in A. aegypti has been recently identified and characterized (see Chapter 3; 

Sajadi et al., 2020), and orthologues have been described in other Dipteran species and found to 

be enriched in the MTs (Iversen et al., 2002; Olsen et al., 2007; Park et al., 2002), with 
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localization to the principal cells (Terhzaz et al., 2012). Thus, it is apparent that more research is 

required to fully understand the complex interaction and cross-talk between all the hormonal 

regulators of A. aegypti MTs as well as those found in other insects. Further understanding the 

role of each specific hormone family, including both diuretic and anti-diuretic factors, will help 

resolve this complex regulatory network. Given the central importance of the MTs in insect 

biology, these insights will be useful considering the need for novel strategies or compounds 

which can more specifically and efficiently reduce the burden of disease vector species as well as 

insect pests of agriculture.  
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2.7 Supplementary Figures 
 

 

Figure 2-S1. Effects of AedaeCAPA-1, AedaeCAPA-2, and AedaePK-1 on DH31-stimulated 
MTs of adult A. aegypti. Doses of (A) AedaeCAPA-1 (B) AedaeCAPA-2 and (C) AedaePK-1 
were applied to adult tubules for 60 min, n=15–16. (A) Doses that are significantly different 
from DH31-stimulated controls are denoted with an asterisk and (B,C) columns that are not 
significantly different from DH31-stimulated controls are denoted with the same letter, as 
determined by a one-way ANOVA and Bonferroni post-test.  
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Chapter Three 

 

CAPA neuropeptides and their receptor form an anti-diuretic hormone signalling system 
in the human disease vector, Aedes aegypti 

 

 

A modified version of this chapter has been published and reproduced with permission: 

Sajadi, F., Uyuklu, A., Paputsis, C., Lajevardi, A., Wahedi, A., Ber, L.T., Matei, A., Paluzzi, J.P. 
(2020). CAPA neuropeptides and their receptor form an anti-diuretic hormone signalling system 
in the human disease vector, Aedes aegypti. Scientific Reports 10. 
https://doi.org/10.1038/s41598-020-58731-y 
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3.1 Summary 

Insect CAPA neuropeptides are homologs of mammalian neuromedin U and are known 

to influence ion and water balance by regulating the activity of the Malpighian ‘renal’ tubules 

(MTs). Several diuretic hormones are known to increase primary fluid and ion secretion by 

insect MTs, and in adult female mosquitoes, a calcitonin-related peptide (DH31) called mosquito 

natriuretic peptide, increases sodium secretion to compensate for the excess salt load acquired 

during blood feeding. An endogenous mosquito anti-diuretic hormone was recently described, 

having potent inhibitory activity against select diuretic hormones, including DH31. Herein, we 

functionally deorphanized, both in vitro and in vivo, a mosquito anti-diuretic hormone receptor 

(AedaeADHr) with expression analysis indicating localization within principal cells in the MTs. 

Characterization using a heterologous in vitro system demonstrated the receptor was highly 

sensitive to mosquito CAPA neuropeptides while in vivo, AedaeADHr knockdown abolished 

CAPA-induced anti-diuretic control of DH31-stimulated MTs. CAPA neuropeptides are produced 

within a pair of neurosecretory cells in each of the abdominal ganglia, whose axonal projections 

innervate the abdominal neurohaemal organs, where these neurohormones are released into 

circulation. Lastly, pharmacological inhibition of nitric oxide synthase (NOS) and protein kinase 

G (PKG) signalling eliminated anti-diuretic activity of CAPA, highlighting the role of the second 

messenger cGMP and NOS/PKG in this anti-diuretic signalling pathway.  
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3.2 Introduction 

Neuropeptides are central regulators of behaviours and control a plethora of physiological 

processes in all eukaryotic organisms. Insects, like many other animals, contain a comprehensive 

repertoire of neuropeptides along with their cognate receptors, which are essential for controlling 

complex biological phenomena including circadian rhythms, diapause, development, 

reproduction, pheromone biosynthesis, metabolism, circulation, stress, as well as hydromineral 

balance (Coast et al., 2002; Gäde, 2004; He et al., 2017; Hillyer, 2018; Nässel and Winther, 

2010; Rafaeli, 2009; Raikhel et al., 2005; Schoofs et al., 2017; Terhzaz et al., 2015; Van 

Wielendaele et al., 2012). Insects have a high surface area to volume ratio, which has 

implications for their ability to maintain levels of water and ions within a normal homeostatic 

range. In order to ensure their survival, most insects have a relatively ‘simple’ excretory system 

comprised of the Malpighian ‘renal’ tubules (MTs) and hindgut (ileum and rectum). The MTs 

produce the primary urine acting to clear the haemolymph of excess ions, metabolites, and toxins 

while the hindgut generally functions in reabsorptive processes eliminating any unintentional 

loss of essential ions and amino acids (Phillips et al., 1987; Phillips et al., 1988). The insect 

excretory system is under complex control, which may include direct innervation and regulation 

by neurotransmitters such as proctolin, as observed in the hindgut of many insects (Cantera and 

Nässel, 1991; Steele et al., 1997). The excretory system in insects is also under the control by 

various circulating hormones (Coast, 2007; O’Donnell and Spring, 2000), which is the sole 

mechanism of extrinsic control in the non-innervated MTs, while endocrine factors may also 

influence the hindgut (Coast et al., 2002).  

The overwhelming majority of studies investigating regulators of the insect excretory 

system have focused on diuretic regulators of the MTs (Baldwin et al., 2001; Cabrero et al., 
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2002; Coast et al., 2005; Davies et al., 2012; Donini et al., 2008; Furuya et al., 2000; Lehmberg 

et al., 1991; Maddrell et al., 1991; Te Brugge et al., 2011), with only a few studies characterizing 

factors responsible for controlling reabsorptive processes across hindgut epithelia (Audsley and 

Phillips, 1990; Audsley et al., 1992; Audsley et al., 2006; Audsley et al., 2013; Paluzzi et al., 

2014; Phillips et al., 1987). In addition, a few anti-diuretic factors that inhibit primary urine 

secretion by the insect MTs have also been reported (Eigenheer et al., 2002; Ionescu and Donini, 

2012; Laenen et al., 2001; Lavigne et al., 2001; Massaro et al., 2004; Paluzzi and Orchard, 

2006), acting to counter the activity of the diuretic hormones that increase ion and water 

secretion rates. An endogenous anti-diuretic hormone was recently identified in the disease-

vector mosquito, Aedes aegypti, that strongly inhibits select diuretic factors including the 

mosquito natriuretic peptide (a calcitonin-related diuretic hormone) (Chapter 2; Sajadi et al., 

2018), which is critical for the post-prandial sodium-rich diuresis that follows blood gorging by 

adult females (Coast et al., 2005). Similarly, anti-diuretic activity of CAPA neuropeptides has 

been reported earlier in larval A. aegypti (Ionescu and Donini, 2012) as well as in other insects 

(Coast et al., 2010; Coast et al., 2011; Paluzzi and Orchard, 2006; Quinlan et al., 1997; Rodan et 

al., 2012; Wiehart et al., 2002), with signalling involving cGMP as a second messenger (Paluzzi 

and Orchard, 2006; Quinlan and O’Donnell, 1998; Rodan et al., 2012; Wiehart et al., 2002; 

Sajadi et al., 2018; see Chapter 2). In addition to their clear anti-diuretic roles, CAPA peptides 

have also been linked to desiccation, where desiccation stress in the fruit fly, Drosophila 

melanogaster, leads to upregulation of capa mRNA, which is suggested to elevate CAPA levels 

in the CNS (Terhzaz et al., 2012). In many insects, CAPA peptides act through a conserved 

nitridergic signalling pathway leading to increased fluid secretion by MTs (Davies et al., 2012; 

Terhzaz et al., 2012). The mosquito anti-diuretic hormone is a member of the CAPA peptide 
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family, which along with other insect PRXamide peptides, share homology to the vertebrate 

neuromedin U peptides (Jurenka, 2015). CAPA neuropeptides are most abundant in specialized 

neurosecretory ventral abdominal (Va) neurons (Gabilondo et al., 2011; Gabilondo et al., 2018; 

Santos et al., 2006; Suska et al., 2011) of the abdominal ganglia (or in the analogous neuromeres 

in insects with fused abdominal ganglia) (Predel and Wegener, 2006; Predel et al., 2010) and 

stored within abdominal perivisceral organs (Eckert et al., 2002; Pollák et al., 2005; Tublitz and 

Truman, 1985; Wegener et al., 2001), which are major neurohaemal organs facilitating 

neurohormone release into circulation for delivery to target organs expressing receptors.  

In the present study, I utilized a combination of molecular tools, heterologous functional 

assays, physiological bioassays, and reverse genetics techniques to identify and unravel the 

functional role of an anti-diuretic hormone receptor in the disease-vector mosquito, A. aegypti. 

This current data provides further evidence that mosquito CAPA neuropeptides, together with 

their cognate receptor (AedaeADHr or CAPAr) identified herein, function in a neuroendocrine 

system halting the stimulatory activity of diuretic hormones that, if left unregulated, may 

compromise ion and water homeostasis in this important anthropophilic mosquito.  

 

3.3 Materials and Methods 

Animals and dissections 

Various stages of A. aegypti (Liverpool strain) were obtained from a laboratory colony 

maintained as described previously (Rocco et al., 2017). All mosquitoes were raised under a 

12h:12h light-dark cycle regime. Whole insects at each post-embryonic stage were used for 

examining developmental expression profiles and dissected tissues and organs were isolated 

from adults of each sex that were four-days post-eclosion. Adults were immobilized with brief 
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exposure to carbon dioxide and then dissected to isolate individual organs using fine forceps 

(Fine Science Tools, North Vancouver, BC, Canada) under nuclease-free Dulbecco’s phosphate-

buffered saline (DPBS) at room temperature (RT).  

 

Heterologous receptor functional activation bioluminescence assay 

 The complete CAPA receptor in A. aegypti was identified and found to be 3461 base 

pairs (bp) with an open reading frame of 2139 bp encoding a receptor protein of 712 residues 

(Sajadi et al., 2020). The open reading frame of the cloned A. aegypti CAPAr was inserted into 

pcDNA3.1+ mammalian expression vector following procedures described previously (Wahedi 

and Paluzzi, 2018; Gondalia et al., 2016; Oryan et al., 2018). Using a recombinant CHO-K1 cell 

line stably expressing aequorin (Paluzzi et al., 2012), A. aegypti CAPAr was transiently 

expressed following growth and transfection conditions as reported recently (Wahedi and 

Paluzzi, 2018). Cells were harvested for the functional assay at 48 h post-transfection by 

detaching cells from the culture flask using 5 mM EDTA in DPBS and later cells were 

resuspended at a concentration of 106–107 cells/mL in assay media and incubated with 

coelenterazine h, as described previously (Oryan et al., 2018). Prior to running the functional 

assay, cells were diluted 10-fold in assay media and left to incubate for one additional hour. 

Several endogenous as well as other insect neuropeptides representing a variety of neuropeptide 

families (see Table 3-S1) were tested by preparing serial dilutions of each peptide in assay 

media. All peptides were commercially synthesized at a purity of >90% (Genscript, Piscataway, 

NJ, USA) and 1 mM stock solutions were prepared by dissolving 1 mg of each peptide in water 

or DMSO as appropriate based on specific peptide characteristics. Recombinant CHO-K1 cells 

expressing the A. aegypti CAPAr were loaded into each well of a multi-well plate using an 
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automated injector module linked to a Synergy 2 Multi Mode Microplate Reader (BioTek, 

Winooski, VT, USA) which measured kinetic luminescent response from each well for 20 sec 

immediately following cell loading onto the different peptides at various doses.  

 

Immunohistochemistry 

 The dissected tissues/organs were fixed overnight at 4°C with 4% paraformaldehyde 

prepared in DPBS and were then washed several times with DPBS to remove fixative. The 

tissues were subsequently permeabilized in 4% Triton X-100, 10% normal sheep serum (NSS) 

and 2% bovine serum albumin (BSA) prepared in DPBS and incubated for 1 h at RT on a 

rocking platform and then washed several times with DPBS to remove any traces of the 

permeabilization solution. The primary antibody was prepared using a custom affinity-purified 

rabbit polyclonal antibody (Genscript, Piscataway, NJ, USA) produced against Rhodnius 

prolixus RhoprCAPA-2 (EGGFISFPRV-NH2; a kind gift from Prof. Ian Orchard, University of 

Toronto), which was diluted 1:1000 in 0.4% Triton X-100 containing 2% NSS and 2% BSA in 

DPBS. Tissues were incubated in the primary antibody solution for 48 h at 4°C on a rocking 

platform, and no primary controls were incubated in the same solution of 0.4% Triton X-100 

containing 2% BSA and 2% NSS in DPBS but lacking primary antibody. After the primary 

antibody incubation, tissues were washed three times for 1 h, each with DPBS at RT. The 

secondary antibody solution was prepared using Alexa Fluor 488-conjugated cross-adsorbed goat 

anti-rabbit immunoglobulin G (Life Technologies, Burlington, ON, Canada) diluted 1:200 in 

DPBS containing 10% NSS. The tissues were incubated in the secondary antibody solution 

overnight at 4°C on a rocking platform and then washed with DPBS several times at RT. Tissues 

were mounted in ProLong Diamond Antifade Mountant containing DAPI (Molecular Probes, 
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Eugene, OR, USA) onto microscope slides and analyzed using a Lumen Dynamics XCiteTM 

120Q Nikon fluorescence microscope (Nikon, Mississauga, ON, Canada) or EVOS FL Auto 

Live-Cell Imaging System (Life Technologies, Burlington, ON, Canada).  

 

RNA probe template preparation 

To obtain a template for synthesizing DIG-labelled probes for use in fluorescence in situ 

hybridization (FISH), a 373 bp fragment of the A. aegypti CAPA partial mRNA (GenBank 

Accession: XM_001650839) previously described (Predel et al., 2010), and a 743 bp product of 

the anti-diuretic hormone receptor identified herein with primers designed (Table 3-S2) using the 

Primer3 plugin in Geneious® 6.1.8 (Biomatters Ltd., Auckland, New Zealand) were amplified 

using standard Taq DNA Polymerase (New England Biolabs, Whitby, ON, Canada) following 

manufacturer-recommended conditions. PCR products were column-purified with PureLink 

Quick PCR Purification Kit (Life Technologies, Burlington, ON, Canada) and amplified in a 

subsequent PCR reaction to generate cDNA products with incorporated T7 promoter sequences 

(Table 3-S2) to facilitate in vitro RNA synthesis of anti-sense or sense probes. The final purified 

PCR products for use as templates for RNA probe synthesis were quantified on a Synergy 2 

Multi Mode Microplate Reader.  

 

Digoxigenin (DIG)-labelled RNA probe synthesis 

PCR templates generated as described above (Table 3-S2) were used for in vitro 

transcription reactions using the HiScribe T7 RNA Synthesis Kit (New England Biolabs, 

Whitby, ON, Canada) following the recommended conditions when using modified nucleotides. 

Digoxigenin-labelled UTP was supplemented in a 35:65 ratio (DIG-UTP to standard UTP) either 
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as a separate analog (digoxigenin-11-UTP) or in a pre-mixed 10X DIG-RNA labelling mix 

(Sigma-Aldrich, Oakville, ON, Canada). Template DNA was removed following treatment with 

RNase-free DNase I (New England Biolabs, Whitby, ON, Canada) and an aliquot of the 

synthesized RNA probes were then visually assessed using standard agarose gel electrophoresis 

and quantified on a Synergy 2 Multi Mode Microplate Reader. 

 

Fluorescence in situ hybridization (FISH) 

An optimized FISH procedure based on a protocol described previously for R. prolixus 

(Paluzzi et al., 2008; Paluzzi and Orchard, 2010) was utilized involving peroxidase-mediated 

tyramide signal amplification to localize cells expressing either the CAPA peptide mRNA or the 

anti-diuretic hormone receptor (CAPAr) mRNA. Tissues/organs were dissected under nuclease-

free DPBS and were immediately placed in microcentrifuge tubes containing freshly-prepared 

fixation solution (4% paraformaldehyde prepared in DPBS) and fixed for 1 h at RT on a rocker. 

Tissues/organs were subsequently washed five times with 0.1% Tween-20 in DPBS (PBT) and 

treated with 1% H2O2 (diluted in DPBS) for 20 min at RT to quench endogenous peroxidase 

activity. Tissues/organs were then incubated in 4% Triton X-100 (Sigma Aldrich, Oakville, ON, 

Canada) in PBT for 1 h at RT to permeabilize the tissues and then washed with copious PBT. A 

secondary fixation of the tissues/organs was performed for 20 min in 4% paraformaldehyde in 

DPBS and then washed using PBT to remove all traces of fixative. The tissues/organs were then 

rinsed in a 1:1 mixture of PBT-RNA hybridization solution (50% formamide, 5X SSC, 0.1 

mg/mL heparin, 0.1 mg/ mL sonicated salmon sperm DNA and 0.1% Tween-20) which was then 

replaced with RT RNA hybridization that had been prepared earlier by denaturing in a boiling 

water bath for 5 min and subsequently cooled on ice for 5 min. The samples were then incubated 
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at 56°C for 1 h, which served as the pre-hybridization treatment. During the pre-hybridization 

incubation, labelled RNA probe (anti-sense for experimental or sense for control) was added to 

pre-boiled RNA hybridization solution (2–4 ng/μL final concentration) and this mixture was 

heated at 80°C for 3 min to denature the single-stranded RNA probes and then cooled on ice for 

5 min. The samples were then incubated overnight in this hybridization solution containing the 

DIG-labelled RNA probe at 56°C. The following day, samples were washed twice with fresh 

hybridization solution (minus probe) and subsequently with 3:1, 1:1 and 1:3 (vol/vol) mixtures of 

hybridization solution-PBT (all pre-warmed to 56°C). The tissues were subsequently washed 

with PBT pre-warmed to 56°C and in the final wash step were left to equilibrate to RT. Next, to 

reduce non-specific staining, samples were blocked with PBTB (DPBS, 0.1% Tween-20, 1% 

Molecular Probes block reagent; Invitrogen, Carlsbad, CA, USA) for 1 h. Tissues/organs were 

then incubated with a mouse anti-DIG biotin-conjugated antibody (Jackson ImmunoResearch 

Laboratories, West Grove, PA, USA) diluted 1:400 and incubated for 1.5 h at RT on a rocker in 

the dark. The antibody solution was subsequently removed, and tissues were subjected to several 

washes in PBTB over the course of 1 h. Tissues/organs were then incubated with horseradish 

peroxidase-streptavidin conjugate (Molecular Probes, Eugene, OR, USA) diluted 1:100 in PBTB 

for 1 h and the tissues were once again washed with PBTB several times over the course of an 

hour. Finally, prior to treatment with tyramide solution for the signal amplification of the target 

mRNA transcripts, samples were washed twice with PBT and once with DPBS. Afterwards, a 

tyramide solution was prepared consisting of Alexa Fluor 568 tyramide dye in amplification 

buffer containing 0.015% H2O2. After experimenting with various dilutions of the labeled 

tyramide, a 1:100 and 1:500 dilution of tyramide dye gave optimal results with minimal 

background staining for the ganglia and MTs, respectively. After the last DPBS wash was 
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removed from the tissues/organs, the tyramide solution was added and the tissues were incubated 

in the dark for 1 h on a rocker at RT. The tyramide solution was then removed and the samples 

were washed with DPBS several times over the course of an hour. The tissues/organs were stored 

in DPBS overnight at 4°C and then mounted on cover slips with mounting media comprised of 

DPBS with 50% glycerol containing 4 μg/mL 4ʹ,6- diamidino-2-phenylindole dihydrochloride 

(DAPI). Tissues/organs were analyzed using a Lumen Dynamics XCiteTM 120Q fluorescence 

microscope or EVOS FL Auto Live-Cell Imaging System.  

 

Synthesis of dsRNA for RNA interference and RT-qPCR 

Double-stranded RNA (dsRNA) was synthesized and column-purified using the 

MEGAscript® RNAi Kit (Invitrogen, Carlsbad, CA, USA) following the recommended protocol 

using primers for dsCAPAr synthesis (Table 3-S2) and primers as reported previously for dsARG 

(Durant et al., 2017), which is an ampicillin resistance gene cloned from standard sequencing 

plasmid (pGEM T-Easy) that served as a negative control. A Nanoject Nanoliter Injector 

(Drummond Scientific, Broomall, PA, USA) was used to inject one-day old female mosquitoes 

with 1 μg (in ~140 nL) of either dsCAPAr or dsARG. After injection, mosquitoes were recovered 

in a photo period-, temperature- and humidity-controlled incubator. Total RNA was then isolated 

from four-day old whole female mosquitoes injected with dsCAPAr or dsARG using the 

Monarch Total RNA Miniprep Kit (New England Biolabs, Whitby, ON, Canada) and used as 

template (500 ng) for cDNA synthesis using the iScriptTM Reverse Transcription Supermix (Bio-

Rad, Mississauga, ON, Canada) following recommended guidelines, diluting cDNA ten-fold 

prior to quantitative RT-PCR. AedaeCAPAr and AedaeCAPA transcript levels were quantified 

using gene-specific primers that were positioned on different exons (Table 3-S2) and 
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PowerUPTM SYBR® Green Master Mix (Applied Biosystems, Carlsbad, CA, USA) and 

measured on a StepOnePlus Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA) 

following conditions described previously (Gondalia et al., 2016). A similar procedure for cDNA 

synthesis and transcript quantification as outline above was followed for total RNA isolated from 

each post-embryonic developmental stage and tissues/organs dissected from adult stage 

mosquitoes. Relative expression levels were determined using the ΔΔCT method and were 

normalized to the geometric mean of rp49 and rps18 reference genes, which were previously 

characterized and determined as optimal endogenous controls (Paluzzi et al., 2014). 

Measurements were taken from three biological replicates, all of which included three technical 

replicates per reaction and a no-template negative control.  

 

Malpighian tubule fluid secretion assay 

In order to determine fluid secretion rates, a modified Ramsay secretion assay (Ramsay, 

1954) was performed on isolated MTs of 3–6-day old adult female A. aegypti, as reported 

recently (Chapter 2; Sajadi et al., 2018). Tissue dissections were performed under physiological 

saline prepared as described previously (Petzel et al., 1987; Chapter 2; Sajadi et al., 2018) diluted 

1:1 with Schneider’s Insect Medium (Sigma-Aldrich, Oakville, ON, Canada). Individual MTs 

were removed and transferred to a Sylgard-lined Petri dish containing 20 μl saline bathing 

droplets immersed in hydrated mineral oil to prevent evaporation. The proximal end of the MT 

was removed from the bathing saline and wrapped around a Minutien pin to allow for secretion 

measurements. Dosages of 25 nmol l−1 DromeDH31 (Coast et al., 2005) or 100 nmol l−1 5HT 

(Clark and Bradley, 1998; Veenstra, 1988) alone or in combination with 1 fmol l−1 AedaeCAPA-

1 (see Chapter 2; Sajadi et al., 2018) were applied to the isolated MTs as previously described 



 
 

101 

(Chapter 2; Sajadi et al., 2018). Dosage of AedaeCAPA-1 was based on a dose-response curve of 

AedaeCAPA-1 against DH31-stimulated tubules (Chapter 2; Sajadi et al., 2018), and the selected 

dose used to assess pharmacological blockade of prospective signalling partners was within the 

range of effective titres of AedaeCAPA-1. To investigate the effects of the pharmacological 

blockers, a nitric oxide synthase (NOS) inhibitor, Nω-Nitro-L-arginine methyl ester 

hydrochloride (L-NAME), and protein kinase G (PKG) inhibitor, KT5823, (Sigma-Aldrich 

Canada Ltd, Oakville, ON, Canada) were used against 5HT- and DH31-stimulated MTs. Dosages 

of 2 μmol l−1 L-NAME (manufacturer’s recommended dose) and 5 μmol l−1 KT5823 (Ionescu 

and Donini, 2012) were applied to the MTs. The inhibitors were treated in conjunction with 1 

fmol l−1 AedaeCAPA-1 and/or 100 nmol l−1 cyclic guanosine monophosphate, 8 bromo-cGMP 

(cGMP) (see Chapter 2; Sajadi et al., 2018) (Sigma-Aldrich, Oakville, ON, Canada). 

Unstimulated controls consisted of tubules bathed in physiological saline with no diuretic 

application. Following a 60-minute incubation period, the size of the secreted droplet was 

measured using a calibrated eyepiece micrometer and fluid secretion rate (FSR) was calculated 

as described previously (Donini et al., 2008).  

 

Statistical analyses  

Data was compiled using Microsoft Excel and transferred to Graphpad Prism software 

v.8 (Graphpad Software, San Diego, CA, USA) to create figures and conduct all statistical 

analyses. Data was analyzed accordingly using either unpaired t-tests or one-way ANOVA and 

appropriate post-hoc test as reported in the figure captions, with differences between treatments 

considered significant if p<0.05. 
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3.4 Results 

Functional ligand-receptor interaction heterologous assay 

 The endogenous peptidergic ligands for the cloned anti-diuretic hormone receptor were 

identified using a heterologous functional assay using CHO-K1 cells stably expressing a 

bioluminescent calcium sensor, aequorin (Paluzzi et al., 2012; Wahedi and Paluzzi, 2018). The 

receptor was activated by all endogenously expressed peptides encoded by the CAPA gene in A. 

aegypti (Figure 3-1A), including two CAPA peptides (periviscerokinins) and pyrokinin 1-related 

peptide. Notably however, the pyrokinin 1-related peptide displayed very poor activity compared 

to the two CAPA peptides, which were the most potent ligands with half maximal effective 

concentrations in the low nanomolar range (EC50 = 5.62–6.76 nM), whereas a significantly 

higher concentration of pyrokinin-1 was needed to achieve even low level CAPAr activation. 

Several other endogenous mosquito peptides as well as additional insect peptides belonging to 

distinct peptide families were tested and displayed no detectable activity over background levels 

of luminescence (Figure 3-1B). Controls where the CHO-K1 aequorin cells were transfected 

with empty pcDNA3.1+ vector showed no detectable luminescence response (data not shown) to 

any of the peptides used in this study, confirming the calcium-based luminescence signal was a 

result of CAPA neuropeptide ligands activating the transiently expressed A. aegypti CAPA 

receptor.  
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Figure 3-1. CAPA neuropeptides (anti-diuretic hormone) receptor (CAPAr) functional 
deorphanization using a heterologous assay. (A) Normalized dose-response curve 
demonstrating specificity of CAPAr functional activation by CAPA gene-derived neuropeptides. 
(B) Raw luminescent response following application of each CAPA gene-derived neuropeptide 
and representative neuropeptides belonging to several insect families, each tested at 10 μM. For 
peptide sequence information and species origin, see (Table 3-S1). Only CAPA gene-derived 
neuropeptides resulted in a significant luminescent response relative to BSA control (vehicle). At 
this saturating dose, no difference in response was observed between the two endogenous CAPA 
neuropeptides, AedaeCAPA-1 and AedaeCAPA-2; AedaePK-1 demonstrated a significantly 
lower luminescent response (only ~20% activity compared to either CAPA peptide), but 
nonetheless this response was significantly higher compared to all other tested peptides that were 
identical to background luminescent responses obtained with vehicle control (BSA). Different 
letters denote bars that are significantly different from one another as determined by a one-way 
ANOVA and Tukey’s multiple comparison post-hoc test (p<0.01). Data represent the 
mean±SEM (n=3).   
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CAPAr transcript profile and cell-specific localization 

We determined the developmental expression profile of the A. aegypti CAPA receptor 

(CAPAr) transcript in each post-embryonic developmental stage of the mosquito. Over the four 

larval stages and pupal stage of development, the CAPAr transcript level remained unchanged 

(Figure 3-2A); however, in adults, CAPAr transcript levels were significantly higher in adult 

male mosquitoes compared to adult female, pupal stage and first instar larval mosquitoes (Figure 

3-2A). To confirm site of biological action of the anti-diuretic hormones in vivo, we determined 

the CAPAr expression profile in adult A. aegypti, examining several tissues/organs in adult male 

and female mosquitoes. In males, CAPAr transcript was detected in reproductive tissues, head, 

carcass (i.e. the headless mosquito excluding the alimentary canal and reproductive tissues), and 

midgut while low background levels were found in the hindgut (Figure 3-2B). Notably, CAPAr 

transcript was observed in the Malpighian ‘renal’ tubules (MTs) where expression was 

significantly enriched by ~150-fold compared to all other tissues/organs examined (Figure 3-2B). 

A similar expression profile was observed in female mosquitoes with CAPAr transcript present 

in head, carcass, and midgut, while low background levels were detected in hindgut and 

reproductive organs. Similar to males, CAPAr was significantly enriched in the MTs of females 

relative to all other examined tissues/organs by nearly 150-fold (Figure 3-2B). Using fluorescent 

in situ hybridization, the CAPAr transcript was localized using an anti-sense probe specifically to 

principal cells of the MTs (distinguished by their larger nuclei) and absent in stellate cells 

(smaller nuclei) (Figure 3-2C). Specificity of CAPAr transcript localization was confirmed using 

a sense control probe, with no signal detected in any cell type of the MTs (Figure 3-2D).  
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Figure 3-2. Expression analysis of CAPAr transcript in the mosquito, A. aegypti. (A) 
Ontogenic expression profile of CAPAr transcript over post-embryonic stages of the A. aegypti 
mosquito shown relative to transcript levels in 1st instar larvae. (B) Spatial expression is analyzed 
in various tissues/organs from four-day old adult females, with transcript abundance shown 
relative to levels in the male midgut. (C) Cell-specific expression of CAPAr mRNA in principal 
cells (arrows) of MTs from adult female A. aegypti detected using an anti-sense probe, with no 
detection in the stellate cells (arrowheads). (B) No signal was detected in preparations hybridized 
with control CAPAr sense probe. All images acquired using identical microscope settings; scale 
bars in (C,D) are 100 μm.  
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CAPA transcript and mature neuropeptide immunolocalization within the abdominal 
ganglia 
 
 CAPA-like immunoreactivity was localized within all six of the abdominal ganglia, 

including the terminal ganglion of the ventral nerve cord in the central nervous system. 

Specifically, each abdominal ganglion contains a pair of ventrally-localized strongly 

immunoreactive neurosecretory cells (Figure 3-3A-C). Axonal projections from these CAPA-like 

immunoreactive neurosecretory cells emanate dorsally and anteriorly within each ganglion, 

exiting via the median nerve (Figure 3-3C). Weakly staining CAPA-like immunoreactive cells 

were also observed in other regions of the central nervous system, including the brain, 

suboesophageal ganglion and thoracic ganglia (Figure 3-S1); however, CAPA transcript was 

significantly enriched (~140-fold) only within the abdominal ganglia but not in other regions of 

the nervous system (Figure 3-S2). Within the abdominal ganglia, CAPA transcript was localized 

within each pair of strongly staining CAPA-like immunoreactive neurosecretory cells (Figure 3-

3D,E). Preparations treated with CAPA transcript sense probes did not detect any cells in the 

abdominal ganglia nor anywhere else in the central nervous system.  
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Figure 3-3. Mapping of anti-diuretic hormone in the abdominal ganglia of the central 
nervous system in adult A. aegypti. (A-C) Immunohistochemical distribution of CAPA 
neuropeptides in the abdominal ganglia (AG); specifically, a pair of highly immunoreactive 
neurosecretory cells within the (A,B) abdominal ganglia. Higher magnification of AG3 (C) 
demonstrating CAPA immunoreactivity within ventrally-positioned neurosecretory cells with 
axonal projections emanating dorsally within the ganglia and projecting anteriorly into the 
median nerve. (D,E) CAPA transcript localization by fluorescent in situ hybridization revealing 
pairs of neurons within each (D) AG1–3 (E) AG3–6. Scale bars: 200 μm (A,B,D,E) and 100 μm 
(C). 
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CAPAr knockdown abolishes anti-diuretic hormone activity 

To confirm that the anti-diuretic hormone action of the CAPA neuropeptides is mediated 

through this specific receptor expressed within the principal cells of the MTs, one day-old female 

A. aegypti were injected with dsCAPAr to knockdown CAPAr transcript levels. Relative to 

control mosquitoes injected with dsARG (encoded ampicillin-resistance gene cloned from 

standard plasmid vector), CAPAr transcript was significantly reduced by ~75% in four-day old 

females (Figure 3-4A). With significant knockdown verified in four-day old adult mosquito 

samples from the same experimental cohort, a modified Ramsay assay was conducted as 

previously described (see Chapter 2; Sajadi et al., 2018) on dsRNA-treated females to examine 

whether the anti-diuretic hormone activity of a CAPA anti-diuretic hormone was compromised. 

The results confirmed that the CAPA neuropeptide, specifically AedaeCAPA-1, had no 

inhibitory activity against DH31-stimulated MTs in CAPAr knockdown females (Figure 3-4B). In 

contrast, AedaeCAPA-1 potently inhibited DH31-stimulated fluid secretion by MTs in dsARG-

treated control female mosquitoes (Figure 3-4B).  
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Figure 3-4. RNA interference (RNAi) of CAPAr abolishes anti-diuretic activity of CAPA 
neuropeptide on adult female A. aegypti MTs. (A) Verification of significant knockdown 
(>75%) of CAPAr transcript in MTs of four-day old adult female A. aegypti by RNAi achieved 
through injection of dsCAPAr on day one post-eclosion. (B) Functional consequences of CAPAr 
knockdown demonstrating loss of anti-diuretic hormone activity by AedaeCAPA-1 against 
DromeDH31-stimulated fluid secretion by MTs. In (A), knockdown of CAPAr transcript was 
analyzed by one-tailed t-test (* denotes significant knockdown, p < 0.01). In (B), fluid secretion 
rates by MTs presented as mean±SEM and analyzed by one-way ANOVA and Tukey’s multiple 
comparison post-test, where different letters denote treatments that are significantly different 
(p<0.05, n=14–33).  
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Effect of pharmacological blockade on the inhibition of fluid secretion 

To further understand the anti-diuretic signalling pathway involving the CAPA 

neuroendocrine system, pharmacological blockers, including inhibitors of NOS (L-NAME) and 

PKG (KT5823), were tested against diuretic hormone-stimulated MTs alone and together with 

either AedaeCAPA-1 or cGMP. In DH31-stimulated MTs, L-NAME had no influence on the 

inhibitory effect of cGMP whereas the inhibitory effect of AedaeCAPA-1 was abolished (Figure 

3-5A). In 5HT-stimulated MTs, the results indicate that neither AedaeCAPA-1 nor cGMP 

inhibition are influenced by L-NAME (Figure 3-5B). Application of KT5823 abolished the 

inhibitory effect of both cGMP and AedaeCAPA-1 in DH31-stimulated MTs (Figure 3-6A). 

Similarly, the inhibitory activity of AedaeCAPA-1 and cGMP on 5HT-stimulated tubules was 

abolished when treated with KT5823 (Figure 3-6B). Collectively, these results indicate that 

AedaeCAPA-1 inhibits select diuretic factors acting on the principal cells and involves NO and 

cGMP as a second messenger in DH31-stimulated tubules, whereas cGMP, but not NO, is critical 

in the anti-diuretic activity of AedaeCAPA-1 on 5HT-stimulated MTs.  
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Figure 3-5. Effect of a nitric oxide synthase (NOS) inhibitor (L-NAME) on 
the anti-diuretic activity of AedaeCAPA-1 and cGMP in DromeDH31- and 
5HT-stimulated A. aegypti MTs. The NOS inhibitor, L-NAME, was applied 
against (A) DromeDH31- and (B) 5HT-stimulated MTs alone or in the presence 
of either AedaeCAPA-1 or cGMP. Secretion rates are presented as mean±SEM, 
n=17–22. Columns that are significantly different from unstimulated controls 
are denoted with a distinct letter, as determined by a one-way ANOVA and 
Bonferroni post-test (p < 0.05).  
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Figure 3-6. Effect of a protein kinase G (PKG) inhibitor (KT5823) on the anti-
diuretic activity of AedaeCAPA-1 and cGMP in DromeDH31- and 5HT-
stimulated A. aegypti MTs. The PKG inhibitor, KT5823, was applied against (A) 
DromeDH31- and (B) 5HT-stimulated MTs alone or in the presence of either 
AedaeCAPA-1 or cGMP. Secretion rates are presented as mean±SEM, n=16–25. 
Columns that are significantly different from unstimulated controls are denoted 
with a distinct letter, as determined by a one-way ANOVA and Bonferroni post-test 
(p<0.05).  
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3.5 Discussion 

Like many animals, insects must regulate the ionic and osmotic levels of their internal 

environment to ensure homeostatic levels of water and electrolytes are maintained. This is 

critical not only for challenges linked to feeding, including the intake of too much or too little 

water and/or ions, but is also important for daily exchange of these elements with the 

environment through other routes such as waste elimination or water loss during respiration. The 

insect excretory system acts to maintain hydromineral balance of the haemolymph by either 

increasing the removal of water and/or ions in excess or the recycling of these same elements 

when in short supply. The insect Malpighian ‘renal’ tubules (MTs) play a key role as the organ 

responsible for primary urine production, which can then be modified by downstream elements 

of the excretory system such as the hindgut (Coast et al., 2002). The MTs are the chief iono- and 

osmoregulatory organ and are under rigorous control by neuroendocrine factors, including both 

diuretic hormones (DHs) and anti-diuretic hormones (ADHs), which regulate transepithelial 

movement of ions and osmotically obliged water. These hormones consist of a variety of 

peptides as well as other neurochemicals produced by neurosecretory cells in the brain and 

ventral nerve cord (Beyenbach, 2003; Coast, 2009). Classically, DHs stimulate primary urine 

secretion by the MTs, whereas ADHs increase fluid reabsorption from the hindgut (Coast, 2007; 

Phillips, 1981). However, countless studies in diverse insect species have established that ADHs 

can also act on the MTs to reduce primary urine secretion (Chapter 2; Sajadi et al., 2018 

Eigenheer et al., 2003; Ionescu and Donini, 2012; Paluzzi and Orchard, 2006; Quinlan and 

O’Donnell, 1998; Rodan et al., 2012). CAPA neuropeptides have been demonstrated to display 

potent anti-diuretic effects in a variety of insects (Coast et al., 2011; Paluzzi et al., 2012; Quinlan 

and O’Donnell, 1998; Wiehart et al., 2002), including A. aegypti mosquitoes (Ionescu and 
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Donini, 2012; Chapter 2; Sajadi et al., 2018), while they have been shown to function as DHs 

and ADHs in D. melanogaster (Davies et al., 1997; Kean et al., 2002; MacMillan et al., 2018; 

Rodan et al., 2012).  

The current study provides definitive evidence supporting the importance of this anti-

diuretic hormone system in the disease vector mosquito, A. aegypti, by characterization and 

functional deorphanization of an anti-diuretic hormone receptor that is highly enriched in the 

MTs and demonstrates high selectivity for the mosquito CAPA neuropeptides. Previous studies 

have functionally deorphanized a number of CAPA receptor orthologs in other insects including 

dipterans (Terhzaz et al., 2012; Olsen et al., 2007; Iverson et al., 2002; Park et al., 2002), 

lepidopterans (Shen et al., 2017), coleopterans (Jiang et al., 2014), hemipterans (Paluzzi et al., 

2010), as well as in the southern cattle tick (Yang et al., 2013). Here, we have functionally 

validated the specific ligands of the elusive A. aegypti CAPA receptor demonstrating that two of 

the peptides encoded by the mosquito CAPA gene (Predel et al., 2010), Aedae-CAPA-1 and -

CAPA-2, potently activate this receptor leading to calcium signalling that elicits a 

bioluminescent response. While none of the other tested ligands representing multiple insect 

peptide families were active on the mosquito CAPA receptor, the third peptide encoded by the 

CAPA gene, AedaePK-1, had lower agonist activity with a potency of over five orders of 

magnitude lower compared to the canonical CAPA ligands. AedaePK-1 is a member of the 

pyrokinin-1 family of peptides that contain the GXWFGPRL-NH2 (where normally X = V, M or 

L) consensus C-terminal sequence and recently a revised tryptopyrokinin nomenclature has been 

adopted to differentiate these neuropeptides from distinct pyrokinin families (Veenstra, 2014). In 

agreement with our findings, a subset of previous studies on insect CAPA receptor orthologs 

have been shown minor responsiveness to tryptopyrokinin ligands, with high doses eliciting low 
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level CAPA receptor activation (Shen et al., 2017; Jiang et al., 2014; Paluzzi et al., 2010). 

Interestingly, this minor promiscuousness has not been observed for other dipteran CAPA 

receptors characterized previously (Olsen et al., 2017; Iverson et al., 2002; Park et al., 2002). 

Members of the insect CAPA neuropeptide family are often also referred to as 

periviscerokinins due to their myotropic activity on visceral muscle and their source of release 

from the segmental abdominal neurohaemal organs known as perivisceral/perisympathetic 

organs (Paluzzi and Orchard, 2006; Predel and Wegener, 2006; Jiang et al., 2014). Herein, we 

have immunolocalized CAPA neuropeptides within a pair of ventral neurosecretory cells within 

each abdominal ganglia, whose axonal projections extend dorsally and anteriorly exiting each 

abdominal ganglion via the median nerve. CAPA immunoreactivity extends towards and is 

localized to the abdominal neurohaemal organs, the perivisceral organs, where these 

neuropeptides can be released into the haemolymph to elicit their neurohaemal actions on target 

sites expressing the CAPA receptor (Sajadi et al., 2020). The CAPA transcript was highly 

enriched within the abdominal ganglia of adult mosquitoes, confirming the transcript encoding 

the anti-diuretic hormone prepropeptide colocalized to these same neurosecretory cells. In 

support of these findings, peptidomic approaches using MALDI-TOF mass spectrometry have 

previously provided evidence for the presence of putative CAPA neuropeptides within isolated 

abdominal ganglia, including the terminal ganglion, from adult A. aegypti (Predel et al., 2010). 

Collectively, these findings establish that the transcript and the mature peptide are present within 

the adult mosquito abdominal ganglia with the neurohormones being released into the insect 

circulatory system to act upon target tissues. Lastly, considering the low level CAPA transcript 

and immunoreactivity detected in other regions of the nervous system indicates that the 

abdominal ganglia, and their associated neurohaemal organs, are the primary source of the anti-
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diuretic hormone in adult A. aegypti. This also corroborates earlier peptidomic studies indicating 

the absence of CAPA peptides, or differential processing of the CAPA precursor, in other 

regions of the nervous system aside from the abdominal ganglia where these neuropeptides are 

highly abundant (Predel et al., 2010; Predel et al., 2004; Wegener et al., 2006).  

Having established the origin of the CAPA neuropeptide anti-diuretic hormones and their 

potent activity on the heterogously expressed CAPA receptor, we next aimed to confirm the 

expression profile of the transcript encoding the CAPA receptor. Expression of CAPAr was 

observed in all post-embryonic ontogenic stages with significant enrichment in adult male 

mosquitoes, compared to females. Although the biological relevance of this differential 

expression remains unclear, this may relate to the sexual size dimorphism between adult male 

and female A. aegypti (Wormington and Juliano, 2014), with the smaller males being inherently 

more susceptible to desiccation stress due to their higher surface area to volume ratio. In other 

insects, CAPAr transcript expression has been observed throughout most post-embryonic 

developmental stages (Iverson et al., 2002; Jiang et al., 2014; Graveley et al., 2011). The MTs 

are composed of two cell types forming a simple epithelium; large principal cells and thin 

stellate cells (Beyenbach, 2003). Principal cells facilitate the active transport of cations (Na+ and 

K+) into the lumen of the MTs from the haemolymph, while the stellate cells facilitate the 

transepithelial secretion of Cl-, the predominant inorganic anion (O’Donnell et al., 1996). In 

adult stages, expression analysis of CAPAr verified significant enrichment of this receptor in the 

MTs in both male and female mosquitoes. Furthermore, cell-specific expression mapping 

confirmed that the CAPAr transcript is restricted to the principal cells of the MTs and absent in 

the smaller stellate cells. In other insects, CAPAr transcript has been detected in various regions 

of the alimentary canal (Chintapalli et al., 2007; Jiang et al., 2014; Paluzzi et al., 2010), 
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including the principal cells of the MTs where this receptor is exclusively expressed in the fruit 

fly (Terhzaz et al., 2012). Interestingly, the D. melanogaster CAPA hormonal circuit has been 

recently reported to play a critical role in regulating metabolic homeostasis through actions on 

additional alimentary canal organs where its receptor is expressed including the brain, midgut 

enteroendocrine cells along with visceral muscle in the anterior and posterior midgut and the 

hindgut (Koyama et al., 2021). All in all, these observations are in line with well-known 

physiological roles established for CAPA neuropeptides, which have been shown to modulate 

rates of fluid secretion by MTs in various insects (Coast et al., 2010; Ionescu and Donini, 2012; 

Petzel et al., 1987; Raabe et al., 1966; Ramsay, 1954). In dipterans, these effects are mediated 

via action on the principal cells acting through a second messenger cascade involving calcium, 

nitric oxide, and cGMP signalling (Davies et al., 2012; Pollock et al., 2004). 

We next examined whether normal anti-diuretic hormone signalling, which requires the 

neuronally-derived CAPA peptide hormones activating their receptor expressed in the principal 

cells of the MTs, could be impeded by using RNA interference against the CAPAr transcript. 

One-day old mosquitoes were injected with CAPAr-targeted dsRNA resulting in knockdown at 

four-day old, where CAPAr transcript was significantly reduced. We examined whether CAPAr 

knockdown females retained sensitivity to CAPA peptides, which have been shown to inhibit 

fluid secretion by MTs by select diuretic hormones (see Chapter 2; Sajadi et al., 2018). Indeed, 

CAPAr knockdown abolished the anti-diuretic activity of a CAPA neuropeptide against MTs 

stimulated with DromeDH31, an analog of mosquito natriuretic peptide. Collectively, through 

RNAi-mediated knockdown, these findings confirm that mosquito anti-diuretic hormones, which 

belong to the CAPA peptide family, are produced in pairs of neurosecretory cells in each of the 

abdominal ganglia whereby they are released through the neurohaemal organs and influence the 
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MTs by acting on their receptor expressed within the principal cells of this organ. Further, the 

results confirm that sustained anti-diuretic hormone signalling, which requires the steady state 

expression of ligand and receptor, is necessary for facilitating the anti-diuretic control of the 

MTs.  

In D. melanogaster and other dipterans, CAPA peptides have been shown to stimulate the 

nitric oxide (NO)/cGMP signalling pathway to induce diuresis (Pollock et al., 2004). When 

released, CAPA peptides bind to GPCRs found in principal (type I) cells of MTs, increasing Ca2+ 

levels in the cell through activation of L-type voltage gated calcium channels (MacPherson et al., 

2001). The influx of Ca2+ through these channels activates NOS, causing the production of NO, 

which subsequently activates guanylate cyclase to increase levels of cGMP in the MTs (Terhzaz 

et al., 2012). Ultimately, the activation of the NO/cGMP pathway stimulates the apical V-type 

H+-ATPase (proton pump), to increase fluid secretion in D. melanogaster. In the mosquito A. 

aegypti, CAPA peptides lead to activation of PKG, via elevated levels of cGMP and exogenous 

cGMP considerably inhibits fluid secretion rate (see Chapter 2; Sajadi et al., 2018). Herein, this 

current study sought to establish the roles of NO, cGMP and PKG on the anti-diuretic effects of 

CAPA peptides on adult mosquito MTs. Inhibitory doses of cGMP and a CAPA neuropeptide, 

namely AedaeCAPA-1, were treated with a NOS inhibitor, L-NAME, and a PKG inhibitor, 

KT5823. These investigations established that L-NAME did not alter the inhibitory effects of 

exogenous cGMP since this drug inhibits NOS, which is upstream of cGMP and, as a result, 

inhibition of DH31-stimulated secretion was unaffected. Contrastingly, AedaeCAPA-1 mediated 

inhibition of DH31-stimulated MTs was mitigated in the presence of L-NAME, reducing the anti-

diuretic effects observed with AedaeCAPA-1. Comparatively, these findings are similar but are 

not identical to the effects of the PKG inhibitor, KT5823, which abolished the anti-diuretic 
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activity of both AedaeCAPA-1 and cGMP, resulting in normal DH31-induced diuresis. Similar 

results were observed in 5HT-stimulated MTs with one exception; AedaeCAPA-1 inhibition 

appeared to be independent of NOS since L-NAME had no influence on the anti-diuretic activity 

of AedaeCAPA-1 in 5HT-stimulated MTs. Interestingly, the inhibition of both DH31- and 5HT-

stimulated diuresis by AedaeCAPA-1 and cGMP were sensitive to the PKG inhibitor, KT5823, 

which indicates that while some differences in signalling associated with inhibition of different 

diuretic hormones may occur, these inhibitory pathways likely converge and involve cGMP 

activating protein kinase G. Taken together, the findings in this study provide definitive evidence 

that CAPA peptides are anti-diuretic hormones in the mosquito A. aegypti, which inhibit fluid 

secretion of adult mosquito MTs through a signalling cascade involving the NOS/cGMP/PKG 

pathway. Further studies are necessary in mosquitoes as well as other insects to elucidate the 

differential regulation by DHs and ADHs given ample data supporting that cGMP and related 

effectors can be both stimulatory (Davies et al., 1995; Davies et al., 1997; Davies et al., 2012; 

Ionescu and Donini, 2012; Terhzaz et al., 2012) and inhibitory (Ionescu and Donini, 2012; 

Massaro et al., 2004; Paluzzi and Orchard, 2006; Quinlan and O’Donnell, 1998; Ruka et al., 

2013; Wormington and Juliano, 2014; MacMillan et al., 2018) in their control on insect MTs. In 

conclusion, this study has characterized an anti-diuretic hormone system in the adult mosquito A. 

aegypti providing evidence of a neural-renal axis whereby the neuropeptidergic anti-diuretic 

hormone is released by the abdominal segmental neurohaemal organs and subsequently targets 

its cognate receptor expressed within the principal cells of the MTs to counteract the activity of a 

subset of mosquito diuretic hormones. Fine-tuning of stimulatory and inhibitory hormones 

controlling the insect excretory system is of utmost importance to ensure overall organismal 
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homeostasis to combat variable environmental conditions or feeding-related states that could 

perturb hydromineral balance if left unregulated.  
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3.7 Supplementary Tables and Figures 
 
Table 3-S1. List and primary structure of several insect neuropeptides tested for functional 
activation of the mosquito anti-diuretic hormone (CAPA) receptor using heterologous 
bioassay.  NA denotes peptides with no detectable activity when tested up to 10 μM. 

Peptide Family (Name) Sequence EC50 on CAPAr Species (reference) 

CAPA (CAPA1) GPTVGLFAFPRV-NH2 6.76 nM Aedes aegypti 
(Predel et al., 2010) 

CAPA (CAPA2) pQGLVPFPRV-NH2 5.62 nM Aedes aegypti 
(Predel et al., 2010) 

Pyrokinin-1 (PK1) AGNSGANSGMWFGPRL-NH2 >10 μM Aedes aegypti 
(Predel et al., 2010) 

Pyrokinin-2 (PK2-1) NTVNFSPRL-NH2 NA Rhodnius prolixus (Paluzzi 
& O’Donnell, 2012) 

Pyrokinin-2 (PK2-2) SPPFAPRL-NH2 NA Rhodnius prolixus (Paluzzi 
& O’Donnell, 2012) 

SIFamide peptide (SIFa) GYRKPPFNGSIF-NH2 NA Aedes aegypti 
(Predel et al., 2010) 

Extended FMRFamides 
(FMRFa-1) SALDKNFMRF-NH2 NA Aedes aegypti 

(Predel et al., 2010) 
Short neuropeptide F 

(sNPF) KAVRSPSLRLRF-NH2 NA Aedes aegypti 
(Predel et al., 2010) 

Myoinhibitory peptide 
(MIP-7) AWNSLHGGW-NH2 NA Rhodnius prolixus 

(Paluzzi et al., 2015) 

Leucokinin (kinin) NSVVLGKKQRFHSWG-NH2 NA Drosophila melanogaster 
(Zandawala et al., 2018) 

Corazonin (CRZ) pQTFQYSRGWTN-NH2 NA Aedes aegypti 
(Oryan et al., 2018) 
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Table 3-S2. Oligonucleotides used for generation of fluorescent in situ hybridization 
probes, templates for in vitro dsRNA synthesis and gene-specific primers for quantitative 
PCR of the Aedes aegypti anti-diuretic hormone (CAPA) receptor.  

Oligo name Oligo sequence (5’3’) Function Accession (nucleotide 
position) 

AedesCAPAF fish GACCTGGACAGCGTCAGC FISH probe 
template 

XM_001650839.1 (28-
45) 

AedesCAPAR fish CAGTTCCTTTGATCTCGGTG FISH probe 
template 

XM_001650839.1  
(400-381) 

AedesCAPA F1-T7 
TAATACGACTCACTATAGG
GCGA… 
GACCTGGACAGCGTCAGC 

FISH sense 
probe template 

XM_001650839.1 (28-
45) 

AedesCAPA R1-T7 
TAATACGACTCACTATAGG
GCGA… 
CAGTTCCTTTGATCTCGGTG 

FISH anti-sense 
probe template 

XM_001650839.1  
(400-381) 

AedesCAPA-qPCRfor GCTGTTTGCCTTTCCAAG qPCR forward 
primer 

XM_001650839.1 (78-
95) 

AedesCAPA-qPCRrev AACCACATGCCGCTGTTG qPCR reverse 
primer 

XM_001650839.1  
(344-327) 

AedesCAPArRNAiF1  CCCACGGAAATCATGGACT FISH probe and 
dsRNA template 

MN433886 
(275-293) 

AedesCAPArRNAiR1  GCGGATTTGCATTCCCATC FISH probe and 
dsRNA template 

MN433886 
(1017-999) 

AedesCAPArRNAiF-T7  
TTTAATACGACTCACTATAG
GGAGACCCACGGAAATCAT
GGACT 

FISH sense 
probe 

and dsRNA 
template 

MN433886 
(275-293) 

AedesCAPArRNAiR-T7  
TTTAATACGACTCACTATAG
GGAGAGCGGATTTGCATTC
CCATC 

FISH anti-sense 
probe 

and dsRNA 
template 

MN433886 
(1017-999) 

AedesCAPAr-qPCRfor GATGCTTAGCAATCCGGAA qPCR forward 
primer 

MN433886 
(909-927) 

AedesCAPAr-qPCRrev GACGGAAAACAGCCACGTA qPCR reverse 
primer 

MN433886 
(1239-1221) 
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Figure 3-S1. CAPA immunoreactivity observed in regions of the nervous system aside from 
the strongly-staining pair of neurosecretory cells in each of the abdominal ganglia. (A) 
CAPA immunoreactive staining in the brain showing a bilateral pair of neurons in each 
hemisphere of the brain and immunoreactive processes in the central margin with unknown 
origin. In the posterior suboesophageal ganglion, a number of small bilaterally-paired neurons 
(20-30 cells total) were detected. (B) In the fused thoracic ganglia, CAPA immunoreactive 
processes were observed on the ventral surface, with no consistently detected immunoreactive 
neurons. Although a qualitative observation, CAPA immunoreactive staining was substantially 
weaker in the brain, SOG and thoracic ganglia since exposure and gain settings on the 
fluorescence microscope were adjusted substantially to enable detection of weak immunoreactive 
staining. Scale bars: 100µm.   

A

B
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Figure 3-S2.  Expression analysis of CAPA neuropeptide (anti-diuretic hormone) transcript 
in different regions of the nervous system relative to whole adult (A) male and (B) female 
A. aegypti mosquitoes. Different letters denote bars that are significantly different from one 
another as determined by a one-way ANOVA and Tukey’s multiple comparison post-hoc test 
(p<0.01). Data represent the mean±SEM (n=3).   
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Chapter Four 

 

The V-type H+-ATPase is targeted in anti-diuretic hormone control of the Malpighian 
‘renal’ tubules 

 

 

This chapter has been submitted for publishing. 
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diuretic hormone control of the Malpighian ‘renal’ tubules in Aedes aegypti. 
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4.1 Summary 

Like other insects, secretion by mosquito Malpighian tubules (MTs) is driven by the V-

type H+-ATPase (VA) localized in the apical membrane of principal cells. The anti-diuretic 

neurohormone CAPA inhibits secretion by MTs stimulated by select diuretic hormones; 

however, the cellular effectors of this inhibitory signalling cascade remain unclear. Herein, we 

demonstrate that the VA inhibitor bafilomycin selectively inhibits serotonin (5HT)- and 

calcitonin-related diuretic hormone (DH31)-stimulated secretion. VA activity increases in DH31-

treated MTs, whereas CAPA abolishes this increase through a NOS/cGMP/PKG signalling 

pathway. A critical feature of VA activation involves the reversible association of the cytosolic 

(V1) and membrane (Vo) complexes. Indeed, higher V1 protein abundance was found in 

membrane fractions of DH31-treated MTs whereas CAPA significantly decreased V1 abundance 

in membrane fractions while increasing it in cytosolic fractions. Immunolocalization of V1 was 

observed strictly in the apical membrane of MTs treated with DH31 alone whereas 

immunoreactivity was dispersed following CAPA treatment. VA complexes colocalized apically 

in female MTs shortly after a bloodmeal consistent with the peak and post-peak phases of 

diuresis. Comparatively, V1 immunoreactivity in MTs was more dispersed and did not colocalize 

with the Vo complex in the apical membrane at 3 hours post-bloodmeal, representing a timepoint 

after the late phase of diuresis has concluded. Therefore, CAPA inhibition of MTs involves 

reducing VA activity and promotes complex dissociation hindering secretion. Collectively, these 

findings reveal a key target in hormone-mediated inhibition of MTs countering diuresis that 

provides a deeper understanding of this critical physiological process necessary for hydromineral 

balance.  
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4.2 Introduction 

Insect post-prandial diuresis is under rigorous control by neuroendocrine factors acting 

on the Malpighian ‘renal’ tubules (MTs) to regulate primary urine production (Beyenbach, 

2003). In the yellow fever mosquito, Aedes aegypti, several diuretics have been identified that 

regulate urine production including serotonin (5HT), calcitonin-related diuretic hormone (DH31), 

corticotropin-releasing factor-related diuretic hormone (DH44) and leucokinin-related (LK) 

diuretic hormone (Clark and Bradley, 1997; Coast and Garside, 2005; Lu et al., 2011; Chapter 2). 

An anti-diuretic peptidergic neurohormone, CAPA, selectively inhibits DH31- (Chapter 2; Sajadi 

et al., 2018) and 5HT-stimulated secretion of MTs (Ionescu and Donini, 2012; Chapter 2; Sajadi 

et al. 2018). Insect CAPA neuropeptides are produced in the central nervous system and are 

evolutionarily related to the vertebrate neuromedin U peptides (Jurenka, 2015). In Drosophila 

melanogaster, CAPA peptides have been shown to act through a conserved nitridergic signalling 

pathway to stimulate diuresis by MTs (Davies et al., 2012; Terhzaz et al., 2012); however, a few 

other studies have alluded to an anti-diuretic role (MacMillan et al., 2018; Rodan et al., 2012). In 

contrast, in both larval and adult A. aegypti, CAPA peptides inhibit fluid secretion through a 

signalling cascade involving the NOS/cGMP/PKG pathway (Ionescu and Donini, 2012; Chapter 

3; Sajadi et al., 2020). Despite this, the anti-diuretic signalling mechanism and downstream 

cellular targets, such as the ion channels and transporters, remain elusive. 

In insect MTs, including A. aegypti, the bafilomycin-sensitive V-type H+-ATPase (VA), 

also known as the proton pump, functions as an electrogenic pump allowing the transport of 

protons from the cytoplasm to the tubule lumen, thus generating a cell-negative membrane 

voltage (Weng et al., 2003; Wieczorek et al., 2009). This membrane voltage can then drive 

secondary transport processes such as the cation/H+ exchanger or anion/H+ cotransporter 
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(Wieczorek, 1992; Wieczoreks et al., 1991). Originally found in vacuolar membranes of animals 

and plants, the VA has since been found to be essential in cell function in both invertebrates and 

vertebrates (Harvey et al., 1998). In insects, the VA is densely located in the apical brush border 

membrane of tubule principal cells (Li et al., 2017; Weng et al., 2003), which is rich in 

mitochondria and endoplasmic reticula, fueling the ATP-consuming proton pump (Beyenbach, 

2003; Patrick et al., 2006). Previous studies have shown VA localization within the apical 

membrane of principal cells along the entire length of the MTs (Patrick et al., 2006), but absent 

in stellate cells that express relatively higher levels of the P-type Na+/K+-ATPase (NKA) (Patrick 

et al., 2006). Due to stronger VA immunoreactivity observed in MTs (Patrick et al., 2006), and 

greater ATPase activity by electrophysiological assays (Weng et al., 2003; Wieczorek et al., 

2009), the VA is categorized as serving mainly, but not exclusively (Beyenbach et al., 2000), 

stimulated transport mechanisms, whereas the NKA serves basic cell housekeeping functions 

when MTs are undergoing low unstimulated rates of secretion (Beyenbach et al., 2000; Hine et 

al., 2014; Weng et al., 2003).  

Stimulation of distinct diuretic hormone receptors can activate various signalling 

pathways, including elevation of cyclic AMP (cAMP) levels which is known to increase VA 

activity and assembly in insects (Dames et al., 2006). In A. aegypti, DH31, identified as the 

mosquito natriuretic peptide (Coast et al., 2005), selectively activates transepithelial secretion of 

Na+ in the MTs, using cAMP as a second messenger (Beyenbach, 2003), and upregulating the 

VA function to stimulate fluid secretion (Karas et al., 2005). Similarly, 5HT-stimulated diuresis 

is also thought to be mediated (at least in part) through the cAMP second messenger pathway 

(Cady and Hagedorn, 1999), activating protein kinase A (PKA) to increase the transepithelial 

voltage of the basolateral membrane in tubule principal cells (Beyenbach, 2003; Petzel et al., 
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1999). In contrast, DH44 has been shown to initiate diuresis via the paracellular and transcellular 

pathways, with higher nanomolar concentrations increasing cAMP and Ca2+, influencing both 

paracellular and transcellular transport, and lower nanomolar concentrations acting through the 

paracellular pathway only, via intracellular Ca2+ (Clark et al., 1998). Thus, due to its 

predominant role in fluid secretion, the VA could be a likely target for both diuretic and anti-

diuretic factors.  

Eukaryotic V-ATPases are a multi-subunit protein composed of up to 14 different 

polypeptides, which form two major structural complexes. The peripheral V1 complex (400-600 

kDa), is invariably present in the cytoplasm and interacts with ATP, ADP, and inorganic 

phosphate (Beyenbach and Wieczorek, 2006). The cytosolic V1 complex consists of eight 

different subunits (A-H): a globular headpiece with three alternating subunits A and B forming a 

hexamer with nucleotide binding sites located at their interface, a central rotor stalk with single 

copies of subunits D and F, and lastly, a peripheral stalk made up of subunits C, E, G, and H 

(Beyenbach and Wieczorek, 2006). The B subunit, shown to have high sequence similarity 

amongst several species from fungi to mammals (Novak et al., 1992; Pan et al., 1993), is a 56 

kDa polypeptide, and is one of the two sites (along with subunit A) (Wieczorek et al., 1999b) in 

the V1 complex that binds ATP. In contrast, the membrane-integrated Vo complex (150-350 kDa) 

mediates the transport of H+ across the membrane (Beyenbach and Wieczorek, 2006) and is 

composed of at least six different subunits, which collectively function in the proton 

translocation pathway (Beyenbach and Wieczorek, 2006; Weng et al., 2003). Although the 

proton channel of the VA can be blocked pharmacologically by the macrolide antibiotic, 

bafilomycin (Zhang et al., 1994), there are two known intrinsic mechanisms for VA regulation: 

firstly, through oxidation of the cystine residue on the A subunit of the V1 complex, thus 
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preventing ATP hydrolysis; secondly, through reversible disassembly of the V1 complex from 

the holoenzyme (Dschida and Bowman, 1995; Weng et al., 2003). While the role and regulation 

of the VA by diuretic hormones in insect MTs has been studied (Rein et al., 2008; Wieczorek et 

al., 1999a; Zimmermann et al., 2003), research examining anti-diuretic signalling mechanisms 

involving the VA remain in their infancy. 

This study aimed to identify the cellular targets necessary for CAPA-mediated inhibition 

of fluid secretion by MTs stimulated by select diuretic factors in adult female A. aegypti. Our 

results provide evidence that CAPA neuropeptides inhibit diuretic-stimulated fluid secretion by 

VA complex dissociation, thus hindering VA function and activity. 

                                                                                                       

4.3 Materials and Methods 

Animal rearing  

Eggs of Aedes aegypti (Liverpool strain) were collected from an established laboratory 

colony described previously (Chapter 2; Sajadi et al., 2018; Rocco et al., 2017). All mosquitoes 

were raised under a 12h:12h light:dark cycle. Non-blood fed female insects (three-six days post-

eclosion) were used for bioassays, dissected under physiological saline (Aedes saline) adapted 

from (Petzel et al., 1987) that contained (in mmol-1): 150 NaCl, 25 HEPES, 3.4 KCl, 7.5 NaOH, 

1.8 NaHCO3, 1 MgSO4, 1.7 CaCl2, and 5 glucose, and titrated to pH 7.1. 

 

MT fluid secretion assay 

In order to determine fluid secretion rates, modified Ramsay assays were performed as 

described previously (Chapter 2; Sajadi et al., 2018; Sajadi et al., 2021). Female adults (3-6 day 

old) were dissected under physiological Aedes saline prepared as described above, and MTs were 
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removed and placed in a Sylgard-lined Petri dish containing 20 µL bathing droplets (1:1 mixture 

of Schneider’s Insect Medium (Sigma-Aldrich, Oakville, ON, Canada): Aedes saline, immersed 

in hydrated mineral oil to prevent evaporation. The proximal end of each tubule was wrapped 

around a Minutien pin to allow for fluid secretion measurements. To investigate the effects of 

second messengers, cAMP and cGMP, on fluid secretion rate, 10-4 M 8 bromo-cAMP (cAMP) 

(Coast et al., 2005; Quinlan and O’Donnell, 1998) and 10-8 M 8 bromo-cGMP (cGMP) (Chapter 

2; Sajadi et al., 2018) (Sigma-Aldrich, Oakville, ON, Canada) were used against unstimulated 

MTs. To test the effects of the pharmacological blocker KT5720 (Ionescu and Donini, 2012) 

(protein kinase A (PKA) inhibitor), a dosage of 5 μmol l-1 (manufacturer’s recommended dose) 

was used against 25 nmol l-1 DH31- and 10 nmol l-1 DH44-stimulated MTs. 

 

Time course inhibition of bafilomycin 

Dosage of bafilomycin A1 was based on a dose-response analysis of bafilomycin against 

DH31-stimulated tubules (Figure 4-S1). In the interest of determining whether bafilomycin 

inhibits the effects of the diuretic factors, dosages of 25 nmol l-1 DromeDH31 (~84% identical to 

AedaeDH31) (Chapter 2; Sajadi et al., 2018; Coast et al., 2005; Vanderveken and O’Donnell, 

2014), 100 nmol l-1 5HT (Chapter 2; Sajadi et al., 2018; Clark and Bradley, 1998; Veenstra, 

1988), and 10 nmol l-1 RhoprDH (CRF-related diuretic peptide, DH44) (~48% overall identity; 

~65% identity and ~92% similarity within the highly-conserved N-terminal region to 

AedaeDH44) (Chapter 2; Sajadi et al., 2018; Clark et al., 1998; Lee et al., 2016; Te Brugge et al., 

2011), were applied to the isolated MTs. Neurohormone receptors, including those for 5HT, and 

the peptides DH31, DH44, and CAPA, are localized to the basolateral membrane of principal cells 

(Chapter 3; Sajadi et al., 2020; Kwon et al., 2012; Kwon and Pietrantonio, 2013; Overend et al., 
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2015; Petrova and Moffett, 2016), while the LK receptor is localized exclusively to stellate cells 

(Lu et al., 2011). As a result, the effects of bafilomycin were tested on diuretics known to act on 

the principal cells of the MTs. After incubating with the individual diuretics for 30 min (using 

the modified Ramsay assay), diuretic peptide was added alone (controls) or in combination with 

bafilomycin (final concentration of 10-5 M). The fluid secretion rate was recorded every 10 min 

for a total of 80 min. To determine whether inhibition of the VA was involved in the anti-diuretic 

activity of CAPA peptides on adult MTs, the effects of 1 fmol l-1 AedaeCAPA-1 (Chapter 2; 

Sajadi et al., 2018; Chapter 3; Sajadi et al., 2020) were investigated in combination with DH31 

and bafilomycin.  

 

Measurement of pH of secreted fluid 

The pH of secreted fluid was measured by using ion-selective microelectrodes (ISME) 

pulled from glass capillaries (TW-150-4, World Precision Instruments, Sarasota, Fl, USA) using 

a Sutter P-97 Flaming Brown pipette puller (Sutter Instruments, San Raffael, CA, USA). 

Microelectrodes were silanized with N,N-dimethyltrimethylsilylamine (Fluka, Buchs, 

Switzerland) pipetted onto the interior of a glass dish inverted over the group of microelectrodes. 

A 1:2 ratio of number of microelectrodes to amount of silanization solution (in µl) was used. The 

microelectrodes were left to silanize for 75 min at 350°C and left to cool before use. The 

microelectrodes were back-filled with a solution containing 100 mmol l-1 NaCl and 100 mmol l-1 

sodium citrate that was titrated to pH 6.0 and front-filled using Hydrogen Ionophore I – cocktail 

B (Fluka, Buchs, Switzerland). The electrode tips were then coated with ~3.5% (w/v) polyvinyl 

chloride (PVC) dissolved in tetrahydrofuran, to avoid displacement of the ionophore cocktail 

when submerged in the paraffin oil (Rheault and O’Donnell, 2004). The H+-selective 
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microelectrodes were calibrated in Aedes saline titrated to either pH 7.0 or pH 8.0. Reference 

electrodes were prepared from glass capillaries (1B100F-4, World Precision Instruments, 

Sarasota, Fl, USA) using a pipette puller described above and were backfilled with 500 mmol l-1 

KCl. Secreted droplet pH measurements were done immediately after collection to prevent 

alkalization of the droplet due to carbon dioxide diffusion into the paraffin oil. Microelectrodes 

and reference electrodes were connected to an electrometer through silver chloride wires where 

voltage signals were recorded through a data acquisition system (Picolog for Windows, version 

5.25.3). In order to measure pH of the secreted fluid, tubules were set up using the Ramsay 

assay, and pH measurements were recorded every 10 min for a total of 60 min. 

 

NKA and VA activities 

The NKA and VA activity in the MTs was determined using a modified 96-well 

microplate method (Jonusaite et al., 2011; McCormick, 1993), which relies on the enzymatic 

coupling of ouabain- or bafilomycin-sensitive hydrolysis of ATP to the oxidation of reduced 

nicotinamide adenine dinucleotide (NADH). The microplate spectrophotometer is therefore able 

to directly measure the disappearance of NADH. Adult female MTs (three to six day old) were 

dissected and incubated for 30 min in Aedes saline, diuretic (DH31, 5HT, or DH44) alone or 

combined with AedaeCAPA-1. Following the 30-min incubation, MTs were collected into 1.5 

mL microcentrifuge tubes (40-50 sets of MTs per tube = 200-250 MTs per treatment), flash 

frozen in liquid nitrogen and stored at -80°C. To investigate the effects of the pharmacological 

blockers, a nitric oxide synthase (NOS) inhibitor, Nω-Nitro-L-arginine methyl ester 

hydrochloride (L-NAME), and protein kinase G (PKG) inhibitor, KT5823, were used against 

DH31-stimulated MTs treated with AedaeCAPA-1 or 10-8 M cGMP. Dosages of 2 μmol l-1 L-
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NAME (manufacturer’s recommended dose) and 5 μmol l-1 KT582336 were applied to the MTs 

(Chapter 3; Sajadi et al., 2020; Ionescu and Donini, 2012; Sajadi et al., 2021). Tissues were 

thawed on ice and 150 μL of homogenizing buffer (four parts of SEI with composition (in mmol 

l-1): 150 sucrose, 10 EDTA, and 50 imidazole; pH 7.3 and one part of SEID with composition: 

0.5% of sodium deoxycholic acid in SEI) and MTs were then sonicated on ice for 10 sec (two 

pulses of 5 sec) and subsequently centrifuged at 10,000 x g for 10 min at 4°C. The supernatant 

was transferred into a fresh microcentrifuge tube and stored on ice.  

Prior to the assay, three solutions were prepared (Solution A, B, and C) and all stored on 

ice. Solution A contained 4 units mL-1 lactate dehydrogenase (LDH), 5 units mL-1 pyruvate 

kinase (PK), 50 mmol l-1 imidazole, 2.8 mmol l-1 phosphoenolpyruvate (PEP), 0.22 mmol l-1 

ATP, and 50 mmol l-1 NADH, pH 7.5. The solution was subsequently mixed with a salt solution 

in a 4:1 ratio (salt solution composition (in mmol l-1): 189 NaCl, 10.5 MgCl2, 42 KCl, and 50 

imidazole, pH 7.5. Working solution B consisted of solution A with 5 mmol l-1 ouabain and 

solution C consisted of solution A with 10 μmol l-1 bafilomycin. The concentrations of ouabain 

and bafilomycin were based on previous studies (Jonusaite et al., 2011). To ensure the batch of 

assay mixture (Solution A) was effective, an adenosine diphosphate (ADP) standard curve was 

run. ADP standards were prepared as follows: 0 nmol 10 μL-1 (200 μL of 50 mmol l-1 imidazole 

buffer (IB), pH 7.5); 5 nmol 10 μL-1 (25 μL of 4 mmol l-1 ADP stock and 175 μL of IB); 10 nmol 

10 μL-1 (50 μL of 4 mmol l-1 ADP stock/ 150 μL of IB); 20 nmol 10 μL-1 (100 μL of 4 mmol l-1 

ADP stock/100 μL of IB); 40 nmol 10 μL-1 (40 mmol l-1 ADP stock). The standards were added 

to a 96-well polystyrene microplate in duplicates of 10 μL per well, followed by the addition of 

200 μL of solution A. The plate was placed in a Thermo Multiscan Spectrum microplate 

spectrophotometer (Thermo Electron Co., San Jose, USA) set at 25°C and a linear rate of NADH 
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disappearance was measured at 340 nm. The absorbance spectra were recorded and analyzed 

using the Multiscan Spectrum data acquisition system with SkanIt version 2.2 software. The 

ADP standards (0 to 40 nmoles well-1) should yield an optical density (OD) between 0.9 and 0.2 

OD units, while the slope of the curve should result in -0.012 to -0.014 OD nmol ADP-1. 

Homogenized MT samples were thawed and added to the microplate (kept on ice) in six 

replicates of 10 μL per well. Next, two wells per sample were filled with 200 μL of working 

solution A, two wells with 200 μL of working solution B and two wells with 200 μL of working 

solution C. The microplate was quickly placed in the microplate spectrophotometer and the 

decrease in NADH absorbance was measured for 30 min at 340 nm. NKA and VA activity was 

calculated using the following equation: 

                NKA or VA activity = (((ΔATPase/S)/[P]) x 60 (min), 

where ΔATPase is the difference in ATP hydrolysis in the absence and presence of ouabain or 

bafilomycin, S is the slope of the ADP standard curve, [P] is the protein concentration of the 

sample. Protein was quantified using a Bradford assay (Sigma-Aldrich, Oakville, ON, Canada) 

according to manufacturer’s guidelines with bovine serum albumin (Bioshop Canada Inc., 

Burlington, ON, Canada) as a standard. Final activity was expressed as micromoles of ADP per 

milligram of protein per hour. 

 

Protein processing and western blot analyses 

MTs were isolated under physiological saline from 40-50 female A. aegypti for each 

biological replicate (defined as n=1) and incubated for 60 min in the following three treatments: 

Aedes saline, 25 nmol l-1 DH31, or 25 nmol l-1 DH31 + 1 fmol l-1 AedaeCAPA-1. Following the 

incubation, tissues were stored at -80°C until processing. To separate the membrane and 
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cytosolic proteins, a membrane protein extraction kit was used (ThermoFisher Scientific, 

Mississauga, ON, Canada) following recommended guidelines for soft tissue with minor 

modifications including 200 μL of permeabilization and solubilization buffer and a 1:200 

protease inhibitor cocktail (Sigma-Aldrich, Oakville, ON, Canada) in both buffers. Final protein 

concentrations were calculated by Bradford assay (Sigma-Aldrich, Oakville, ON, Canada) 

according to manufacturer’s guidelines with bovine serum albumin (BioRad Laboratories, 

Missaussaga, ON, Canada) as a standard and quantified using an Ao Absorbance Microplate 

Reader (Azure Biosystems, CA, USA) at 595 nm.  

Protein samples were denatured by heating for 5 min at 100°C with 6X loading buffer 

(225 mmol l-1 Tris-HCl, pH 6.8, 3.5% (w/v) SDS, 35% glycerol, 12.5% (v/v) ß-mercaptoethanol 

and 0.01% (w/v) Bromophenol blue). Into each lane, 5 μg of protein was loaded onto a 4% 

stacking and 12% resolving sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) gel. Protein samples were migrated initially at 80 V for 30 min and subsequently at 110 

V for 90 min before being transferred onto a polyvinylidene difluoride (PVDF) membrane using 

a wet transfer method at 100 V for 60 min in a cold transfer buffer. Following transfer, PVDF 

membranes were blocked with 5% skim milk powder in Tris-buffered saline (TBS-T; 9.9 mmol 

l-1 Tris, 0.15 mmol l-1 NaCl, 0.1 mmol l-1 Tween-20, 0.1 mmol l-1 NP-40 pH 7.4) for 60 min at 

RT, and incubated on a rocking platform overnight at 4°C with a guinea pig polyclonal anti-VA 

(Ab 353-2 against the V1 complex of the VA (Weng et al., 2003), a kind gift from Profs. 

Wieczorek and Tiburcy, University of Osnabruck, Germany, used at a 1:2000 dilution in 5% 

skim milk in TBS-T. The next day, PVDF membranes were washed for 60 min in TBST-T, 

changing the wash buffer every 15 min. Immunoblots were then incubated with a goat anti-

guinea pig HRP conjugated secondary antibody (1:2500 in 5% skim milk in TBS-T) (Life 
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Technologies, Burlington, ON, Canada) for 60 min at RT and subsequently washed three times 

for 15 min with TBS-T. Lastly, blots were incubated with the Clarity Western ECL substrate and 

images were acquired using a ChemiDoc MP Imaging System (BioRad Laboratories, 

Mississauga, ON, Canada). Molecular weight measurements were performed using Image Lab 

5.0 software (BioRad Laboratories, Mississauga, ON, Canada). PVDF membranes were then 

probed with Coomassie brilliant blue, since total protein normalization is now considered the 

benchmark method for quantitative analysis of western blot data (Butler et al., 2019; Fosang and 

Colbran, 2015) and has been used in studies involving A. aegypti protein normalization (Durant 

and Donini, 2020). ImageJ software (NIH, USA) was used to quantify protein abundance. 

(Figure S4-3 and Figure S4-5) show a saturated blot of the 56kDa band to ensure visualization of 

the 74kDa and 32kDa band, however protein quantification was measured using a pre-saturated 

blot).  

To confirm successful separation of membranes from cytosol using the membrane protein 

extraction kit, saline-incubated MTs were incubated in either anti-beta-tubulin (cytosolic marker, 

1:5000) or -AaAQP1 affinity purified rabbit polyclonal antibody (generous gift from Dr. Andrew 

Donini, York University, Canada) (Misyura et al., 2020) (membrane marker, 1:1000). Blots were 

then incubated with a goat anti-mouse (for beta-tubulin) or goat anti-rabbit (for AQP1) HRP-

conjugated secondary antibody (1:5000 in 5% skim milk in TBS-T) (Life Technologies, 

Burlington, ON, Canada) for 60 min at RT.  

 

Immunolocalization of VA complexes in MTs 

Immunohistochemistry of the MTs localizing the VA complexes was conducted 

following a previously published protocol (Chasiotis and Kelly, 2008). Adult female MTs (three 
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to six day old) were dissected out in Aedes saline and incubated following similar conditions 

described in the western blot section above. After the incubation, the MTs were immersed in 

Bouin’s solution and fixed for 2 h in small glass vials. To test in vivo changes of the VA 

complexes, five to six day old females were allowed to blood feed for 20 min (Rocco et al., 

2017), after which female mosquitoes were isolated at 10 min, 30 min, and 3 hr post bloodmeal. 

Similarly aged, non-blood fed (sucrose-fed) females were isolated as controls. Following the 

bloodmeal, whole body females were immersed in Bouin’s solution and fixed for 3 h in small 

glass vials. Tissues/whole body females were then rinsed three times and stored in 70% ethanol 

at 4°C until further processing. Fixed samples were dehydrated through a series of ethanol 

washes: 70% ethanol for 30 min, 95% ethanol for 30 min, and 100% ethanol three times for 30 

min. The samples were cleared with xylene (ethanol:xylene for 30 min then 100% xylene three 

times for 30 min), and infiltrated in Paraplast Plus Tissue Embedding Medium (Oxford 

Worldwide, LLC, Memphis, USA) at xylene:paraffin wax for 60 min at 60°C, then rinsed in pure 

paraffin wax twice for 1 h for 60°C. Following the last rinse, the samples were embedded in the 

paraffin wax and left to solidify at 4°C until further processing. Sections (5 μm) were cut using a 

Leica RM 2125RT manual rotary microtome (Leica Microsystems Inc., Richmond Hill, Canada) 

and slides were incubated overnight on a slide warmer at 45°C. 

The following day, sections were deparaffinized with xylene (two rinses for 5 min each), 

and rehydrated via a descending series of ethanol washes (100% ethanol twice for 2 min, 95% 

ethanol for 2 min, 70% ethanol for 2 min, 50% ethanol for 2 min) and finally in distilled water 

for 20 min. Next, sections were subjected to a heat-induced epitope retrieval (HIER) by 

immersing slides in a sodium citrate buffer (10 nmol l-1, pH 6.0) and heating both slides and 

solution in a microwave oven for 4 min. The solution and slides were allowed to cool for 20 min, 
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reheated for 2 min, and left to stand at room temperature (RT) for 15 min. Slides were then 

washed three times in phosphate-buffered saline (PBS) pH 7.4, 0.4% Kodak Photo-Flo 200 in 

PBS (PBS/PF, 10 min), 0.05% Triton X-100 in PBS (PBS/TX, 10 min), and 10% antibody 

dilution buffer (ADB; 10% goat serum, 3% BSA and 0.05% Triton X-100 in PBS) in PBS 

(PBS/ADB, 10 min). Slides were incubated overnight at RT with a guinea pig polyclonal anti-V1 

(Ab 353-2 against the V1 complex, identical antibody used in western blot analyses, at 1:5000 

dilution in ADB) in combination with a 1:100 mouse polyclonal anti-ATP6V0A1 antibody for 

Vo (Abnova, Taipei, Taiwan). 

Following overnight primary antibody incubation, slides were washed briefly in distilled 

water, with sequential washes with PBS/PF, PBS/TX, and PBS/ADB for 10 min each as 

described above. A goat anti-guinea pig antibody (for V1 detection) conjugated to AlexaFluor 

488 (1:500 in ADB, Jackson Immunoresearch, Laboratories West Grove, PA, USA) and sheep 

anti-mouse antibody (for Vo detection) conjugated to AlexaFluor 594 (1:500 in ADB, Jackson 

Immunoresearch Laboratories, West Grove, PA, USA) were applied to visualize the VA 

complexes. The slides were left to incubate in the secondary antibody for 60 min at RT. For 

negative controls, slides were processed as described above with primary antibodies omitted. 

Slides were then washed in distilled water/0.4% PF three times for 1 min each and finally in 

distilled water for 1 min. Slides were air dried for 30 min and mounted using ProLongTM Gold 

antifade reagent with DAPI (Life Technologies, Burlington, ON, Canada). Fluorescence images 

were captured using an Olympus IX81 inverted fluorescent microscope (Olympus Canada, 

Richmond Hill, ON, Canada).  
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cGMP and cAMP Measurements 

 A competitive cGMP ELISA kit (Cell Signaling Technology, #4360) and cAMP ELISA 

kit (Cell Signaling Technology, #4339) were used to measure the effect of DH31, DH44 and 

AedaeCAPA-1 on cGMP and cAMP levels in the MTs. Adult MTs were isolated under 

physiological saline from 50 female A. aegypti for each biological replicate (defined as n=1). To 

prevent cGMP degradation, tubules were incubated first with a phosphodiesterase inhibitor, 0.1 

mmol l-1 zaprinast, for 10 min (Kean et al., 2002) or 0.5 mmol l-1 3-isobutyl-1-methylxanthine 

(IBMX) for 10 min (to prevent cAMP degradation) (Coast et al., 2005) before incubated in one 

of the experimental treatments, specifically Aedes saline, 25 nmol-1  DH31, 10 nmol l-1 DH44, 1 

fmol-1  AedaeCAPA-1, 25 nmol-1 DH31 + 1 fmol-1 AedaeCAPA-1, or 10 nmol-1 DH44 + 1 fmol-1 

AedaeCAPA-1 for a further 20 min. After incubation was complete, tissues were stored at -80°C 

until processing. To measure cGMP and cAMP concentrations, frozen tubule samples were 

thawed on ice and 125 μL of 1X cell lysis buffer (CLB, #9803) was added to each tube (1 mmol-

1 phenylmethylsulfonyl fluoride (PMSF) was added to 1X CLB fresh each time). Tissue samples 

were kept on ice for 10 min, sonicated for 10 s (similar conditions as described for NKA/VA 

activity assay), centrifuged for 3 min at 10,000 rpm, and the supernatant was isolated and kept on 

ice. Using a commercial 96-well microtitre plate precoated with either a cGMP or cAMP rabbit 

monoclonal antibody, the cGMP-HRP (or cAMP-HRP) conjugate was added in triplicate wells 

with 50 μL per well. This was followed by the addition of 50 μL of either tubule samples or 

cGMP (or cAMP) standards ranging from 100 nmol-1 to 0.25 nmol-1. The plate was covered and 

incubated at RT for 3 h on a horizontal orbital plate shaker. Following incubation, plate contents 

were discarded, and wells were washed four times with 200 μL/well of 1X wash buffer. Next, 

100 μL of 3,3’,5,5’-tetramethylbenzidine (TMB) substrate was added to each well, and the plate 
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was covered and kept for 10 min at RT. The enzymatic reaction was quenched by adding 100 μL 

of 2 mmol-1 HCl and absorbance read at 450 nm using a Synergy 2 Multi-Mode Microplate 

Reader (BioTek, Winooski, VT, USA).  

 

Statistical analyses 

Data was compiled using Microsoft Excel and transferred to Graphpad Prism software 

v.7 to create figures and conduct all statistical analyses. Data was analyzed accordingly using a 

one-way or two-way ANOVA and a Bonferroni post-test, or Student’s t-test, with differences 

between treatments considered significant if p<0.05.  

 
4.4 Results 

Bafilomycin inhibits DH31- and 5HT-stimulated fluid secretion rate 

To determine the appropriate concentration of bafilomycin to test on adult A. aegypti 

MTs, several doses were applied against DH31-stimulated tubules (Figure S4-1). Higher doses of 

bafilomycin (10-4 M and 10-5 M) resulted in significant inhibition of fluid secretion rate, with 

maximal inhibition leading to a five-fold decrease, observed with treatment of 10-5 M 

bafilomycin. Next, to determine whether inhibiting the VA would decrease fluid secretion rate 

stimulated by other diuretic hormones, including 5HT and DH44, the effect of 10-5 M bafilomycin 

on adult tubules stimulated with these diuretics was tested (Figure 4-1). Fluid secretion rates 

were measured over 30 min under control (stimulated) conditions, and then at 10-min intervals in 

the presence of bafilomycin. Treatment of MTs with 10-5 M bafilomycin against DH31 led to a 

decrease in fluid secretion over the treatment interval. Specifically, 30 min after treatment with 

bafilomycin, fluid secretion rate was significantly reduced by over two-fold to 0.438±0.041 nL 

min-1, compared to DH31 alone, 0.941±0.077 nL min-1 (Figure 4-1A). Similar results were seen 



 
 

154 

with 5HT-stimulated MTs; however, a decrease in fluid secretion was observed 30 min post-

bafilomycin, with a significant inhibition 40 min after treatment (0.522±0.072 nL min-1, 5HT 

alone vs. 0.182±0.045 nL min-1, 5HT + bafilomycin) (Figure 4-1B). Distinct from DH31 and 

5HT-stimulated tubules, DH44-stimulated secretion was insensitive to bafilomycin treatment 

(Figure 4-1C). To confirm whether AedaeCAPA-1 and bafilomycin elicit similar effects against 

DH31-stimulated MTs, adult female MTs were treated with either DH31 alone or in combination 

with AedaeCAPA-1, bafilomycin, or both (Figure 4-1D). MTs treated with either AedaeCAPA-1 

or bafilomycin resulted in a significant inhibition of DH31-stimulated secretion, and similar 

inhibition was observed when both AedaeCAPA-1 and bafilomycin were applied together with 

no evidence of any additive inhibitory effects (Figure 4-1D).  
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Figure 4-1. Effect of bafilomycin on fluid secretion rates and pH along with cyclic 
nucleotide second messengers on adult A. aegypti MTs. Tubules were treated with either (A) 
DH31 (B) 5HT or (C) DH44 and secreted droplets were measured at 10-min intervals for 30 min. 
Immediately following measurement of the 30-min point fluid droplet (solid arrow), MTs were 
treated with (A) DH31 (B) 5HT (C) or DH44 alone or in combination with AedaeCAPA-1 or 
bafilomycin. (D) MTs were treated with DH31 alone or in combination with AedaeCAPA-1, 
bafilomycin, or both AedaeCAPA-1 and bafilomycin for 60 min. Secreted fluid pH was 
measured in tubules treated with either (E) DH31 (F) 5HT or (G) DH44 before and after addition 
of AedaeCAPA-1, bafilomycin, or both AedaeCAPA-1 and bafilomycin along with unstimulated 
MTs (H). Production of (I) cGMP and (J) cAMP in DH31-stimulated MTs treated with 
AedaeCAPA-1. (A-C) Significant differences between bafilomycin-treated and the 
corresponding time point controls and (E-H) significant differences in secreted fluid pH between 
both AedaeCAPA-1- and bafilomycin-treated and the corresponding time point controls are 
denoted by an asterisk, as determined by a two-way ANOVA and Bonferroni multiple 
comparison post-hoc test (p<0.05). Data represent the mean±SEM (n=12–34), ns denotes no 
statistical significance. (D, I, J) Bars labeled with different letters are significantly different from 
each other (mean±SEM; one-way ANOVA with Bonferroni multiple comparison, p<0.05, (D) 
n=7–17) (I, J) n=50 sets of MTs for all treatments (n=3 per treatment)). (K) Fluid secretion rates 
were measured at 10 min intervals initially over a 30 min interval (unstimulated) and then over a 
second 30 min interval after the addition (solid arrow) of 10-4 M cAMP or 10-8 M cGMP. 
Significant differences between cAMP-treated MTs and the corresponding time point controls 
(or cGMP-treated MTs) are denoted by an asterisk (mean±SEM; two-way ANOVA with 
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Bonferroni multiple comparison, p<0.05, n=5–6). (L) Significant differences between cAMP-
treated MTs and corresponding time point after addition at 30 min (downward arrow) of cGMP 
are denoted by an asterisk (similar with cGMP alone and cAMP added at 30 min, mean±SEM; 
one-way ANOVA with Bonferroni multiple comparison, p<0.05, n=5–9).  
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AedaeCAPA-1 and bafilomycin alkalinizes secreted fluid in DH31- and 5HT-stimulated 
MTs 
 

The VA pumps protons from the cell into the tubule lumen thus generating an 

electromotive potential (Beyenbach et al., 2000; Wieczorek et al., 1999b) and providing energy 

to drive the secretion of cations via Na+/H+ and/or K+/H+ antiporters (Weng et al., 2003). An 

indirect way to measure whether AedaeCAPA-1 and bafilomycin inhibits VA activity involves 

measuring the pH of the secreted fluid from diuretic-stimulated MTs treated with AedaeCAPA-1 

or bafilomycin (Figure 4-1E-G). In DH31-stimulated MTs treated with AedaeCAPA-1, there was 

an immediate significantly higher pH in the secreted fluid (7.479±0.030) at 40 min relative to 

control, increasing up to 7.73±0.038 at 60 min (Figure 4-1E). Similarly, pH levels in DH31-

stimulated MTs treated with bafilomycin were significantly higher (7.66±0.064) relative to 

control at 40 min, increasing up to 7.855±0.074 at 60 min. Comparable to DH31, addition of 

AedaeCAPA-1 or bafilomycin significantly increased the pH of secreted fluid from 5HT-

stimulated MTs to 7.75±0.061 and 7.82±0.083 respectively, at the 60 min mark (Figure 4-1F). In 

contrast, unlike the effects observed with DH31- and 5HT-stimulated MTs, AedaeCAPA-1 or 

bafilomycin did not alter the pH of the secreted fluid in DH44-stimulated MTs (Figure 4-1G). The 

pH increased from 7.4 to 7.9 during the 30-min DH44 incubation; however, pH did not change 

following the addition of AedaeCAPA-1 or bafilomycin. Separately, we conducted 

measurements in unstimulated tubules to verify pH in these small droplets did not drift over a 

time frame consistent with our above experiments. Unstimulated MTs were allowed to secrete, 

the droplets isolated, and their pH was subsequently measured over the course of 60 min. Over 

this incubation period, no change was observed in the pH of secreted droplets from unstimulated 

MTs (Figure 4-1H), upholding the notion that the alkalinization of secreted fluid observed 

following AedaeCAPA-1 (or bafilomycin) treatment of DH31- and 5HT-stimulated MTs is a 
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result of VA inhibition. Additionally, unstimulated MTs treated with either AedaeCAPA-1 or 

bafilomycin resulted in no significant changes in either secretion rate (Figure S4-2A) or pH 

(Figure S4-2B).  

 

AedaeCAPA-1 increases cGMP and decreases cAMP levels in DH31-treated MTs 

To further clarify the CAPA signalling pathway involving the second messengers, cGMP 

and cAMP, we sought to determine changes in levels of these cyclic nucleotides in MTs 

incubated in DH31 alone or combined with AedaeCAPA-1. Treatment of MTs with DH31 alone 

had basal levels of cGMP, 10.91±0.109 pmol-1/tubule, comparable to saline treated MTs. 

Treatment of MTs with AedaeCAPA-1 resulted in a significant increase in cGMP levels 

compared to DH31- incubated tubules, increasing to 11.39±0.101 pmol-1/tubule (Figure 4-1I). 

Similar results were observed with MTs treated with both DH31 + AedaeCAPA-1, with 

significantly increased cGMP levels of 11.39±0.123 pmol-1/tubule (Figure 4-1I) compared to 

MTs treated with DH31 alone. In contrast, treatment of MTs with DH31 alone led to significantly 

higher levels of cAMP, 9.153±0.039 pmol-1/tubule, while baseline levels of this second 

messenger were observed in saline, DH31 + AedaeCAPA-1, and AedaeCAPA-1 treated tubules 

(Figure 4-1J). To further confirm the stimulatory role of cAMP and inhibitory role of cGMP, 

tubules were treated with either cyclic nucleotide alone, and secretion rates were measured 

(Figure 4-1K). Unstimulated fluid secretion rates were measured over the first 30 min, and then 

at 10-min intervals with either cAMP or cGMP. Treatment of MTs with 10-4 M cAMP led to a 

significant increase over the treatment interval, with fluid secretion rates increasing to 

0.615±0.096 nL min-1 at 60 min, compared to 10-8 M cGMP (0.052±0.091 nL min-1) and 

unstimulated (0.065±0.091 nL min-1) (Figure 4-1K). Finally, to establish whether these cyclic 
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nucleotide second messengers elicit antagonistic control of the MTs in adult A. aegypti, tubules 

were treated initially with cAMP over the first 30 min and then cGMP was added in the presence 

of cAMP for a subsequent 30 min (Figure 4-1L). Similarly, we also tested the opposite treatment 

regime where MTs were treated initially with cGMP and subsequently with cAMP added along 

with cGMP. Treatment of cAMP-stimulated MTs with 10-8 M cGMP led to a significant decrease 

(~4-fold) over the treatment interval, with secretion rates decreasing to 0.231±0.113 nL min-1 at 

60 min, compared to 10-4 M cAMP alone (0.931±0.134 nL min-1). In contrast, cGMP-incubated 

tubules treated with 10-4 M cAMP led to a significant increase (~10-fold) in secretion rate 

(0.537±0.072 nL min-1) compared to MTs treated with 10-8 M cGMP alone (0.045±0.018 nL min-

1).  

Parallel studies examining cAMP levels were measured in DH44-incubated MTs. 

Treatment of MTs with DH44 alone had high levels of cAMP, 9.115±0.0.061 pmol-1/tubule, 

compared to saline treated MTs, 8.709±0.081 pmol-1/tubule (Figure S4-3A). Levels of cAMP 

remained unchanged in tubules treated with both DH44 + AedaeCAPA-1, 8.954±0.108 pmol-

1/tubule. To further resolve the cAMP signalling pathway downstream of DH31 and DH44 

stimulated diuresis, a PKA inhibitor (KT5720) was tested against diuretic-stimulated MTs. 

KT5720 abolished the stimulatory effect of DH31, whereas secretion by DH44-treated MTs 

remained unchanged (Figure S4-3B).  

 

AedaeCAPA-1 decreases VA activity in DH31-stimulated MTs through the 
NOS/cGMP/PKG pathway 
 

In Aedes MTs, 50-60% of the total ATPase activity can be attributed to a bafilomycin- 

and nitrate-sensitive component that reflects the activity of the VA pump (Weng et al., 2003). 

The remaining ATPase activity may be due to nucleotide cyclases, protein kinases, myosin, 
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DNA helicases, and other ATP-consuming processes such as the NKA (Weng et al., 2003). As 

such, to determine whether CAPA inhibits VA and/or NKA function, female diuretic-stimulated 

MTs were challenged with AedaeCAPA-1 to measure the resultant NKA and VA activity. As 

expected, given its role as the natriuretic diuretic hormone, adult female MTs treated with DH31 

resulted in a significant (> two-fold) increase of VA activity, 0.0329±0.0007 μmoles ADP/μg 

protein/hour, compared to saline controls, 0.0151±0.0021 μmoles ADP/μg protein/hour (Figure 

4-2A). Importantly, MTs incubated with both DH31 and AedaeCAPA-1 had significantly lower 

VA activity, resulting in activity levels indistinguishable from saline controls. In contrast, neither 

5HT nor DH44 influenced VA activity (p>0.05) when compared with saline controls, while co-

treatment with AedaeCAPA-1 also resulted in indistinguishable VA activity. Similar VA activity 

levels were observed between 5HT and DH44 (0.0255±0.0078 and 0.0208±0.0042 μmoles 

ADP/μg protein/hour) and with co-application of AedaeCAPA-1 (0.0150±0.0036 and 

0.0154±0.0070 μmoles ADP/μg protein/hour). Unlike changes observed in VA activity following 

treatment with DH31, diuretic-stimulation or AedaeCAPA-1 treatment did not perturb NKA 

activity, with levels similar to that of unstimulated MTs (Figure 4-2B).  

 To confirm the actions of CAPA are mediated through the NOS/cGMP/PKG pathway, 

pharmacological blockers, including inhibitors of NOS (L-NAME) and PKG (KT5823), were 

tested against DH31-stimulated MTs treated with either AedaeCAPA-1 or cGMP (Figure 4-2C). 

Application of L-NAME or KT5823 abolished the inhibitory effect of AedaeCAPA-1, resulting 

in high levels of VA activity, 0.02671±0.0025 and 0.03653±0.0051 μmoles ADP/μg protein/hour 

respectively, compared to MTs treated with DH31 + AedaeCAPA-1. As expected, treatment of 

DH31-stimulated MTs with cGMP resulted in a significant decrease in VA activity, 0.006±0.0026 
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μmoles ADP/μg protein/hour, similar to AedaeCAPA-1-treated MTs, while co-treatment with 

KT5823 abolished the inhibitory effect of cGMP, resulting in an increase in VA activity.  
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Figure 4-2. Effect of AedaeCAPA-1 and NOS/PKG inhibitors on VA and NKA activity in 
diuretic stimulated A. aegypti MTs. MTs were incubated in Aedes saline, diuretics (DH31, 5HT, 
and DH44) alone or in combination with AedaeCAPA-1 for 30 min before collection to measure 
(A) VA and (B) NKA activity. (C) MTs were treated with pharmacological blockers, NOS 
inhibitor (L-NAME) and PKG inhibitor (KT5823) in combination with either AedaeCAPA-1 or 
cGMP. Bars labeled with different letters are significantly different from each other 
(mean±SEM; one-way ANOVA with Bonferroni multiple comparison, p<0.05). ns denotes no 
statistical significance. For each treatment, 50 sets of MTs were collected with n=3 biological 
replicates per treatment.  
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AedaeCAPA-1 leads to VA holoenzyme dissociation in DH31-treated MTs 

The reversible dissociation of the V1 complex from the Vo membrane-integrated complex 

is a well-known mechanism for regulating VA transport activity (Dames et al., 2006; Quinlan 

and O’Donnell, 1998; Rein et al., 2008; Wieczorek et al., 1999b; Zimmermann et al., 2003). To 

determine whether AedaeCAPA-1 influences VA complex dissociation, membrane and cytosolic 

protein fractions were isolated from DH31 and DH31 + AedaeCAPA-1 incubated MTs, and a 

polyclonal V1 antibody (Weng et al., 2003) was used to measure protein abundance. First, 

membrane and cytosolic protein isolation was verified with specific cytosolic (beta-tubulin) and 

membrane (AQP1) markers (Figure S4-4). Western blot analysis revealed three protein bands, 

with calculated molecular masses of 74 kDa, 56 kDa, and 32 kDa (Tiburcy et al., 2013; Weng et 

al., 2003) (Figure S4-5). The V1 complex is composed of eight subunits (A-H), which includes 

the A (~74kDa) and B subunit (~56Da) that are arranged in a ring forming the globular 

headpiece for ATP binding and hydrolysis (Wieczorek et al., 1999b). Additionally, studies have 

suggested that subunit D (~32kDa) alongside subunit F constitute the central rotational stalk of 

the V1 complex (Harvey et al., 1998). There was no difference in abundance observed for the A 

subunit (74 kDa band) in either membrane or cytosolic fractions between saline and DH31 

incubated treatments whereas DH31 + AedaeCAPA-1 incubated MTs had increased A subunit (74 

kDa band) protein abundance in cytosolic fractions compared to saline treatment (Figure 3-3A) 

and decreased abundance in the membrane fraction compared to MTs treated solely with DH31 

(Figure 4-3B). Similarly, the V1 complex B subunit abundance (56 kDa band) was similar in all 

treatments within the cytosolic protein fraction (Figure 4-3C) whereas DH31 + AedaeCAPA-1 

incubated MTs had significantly lower abundance in membrane fractions compared to MTs 

treated with DH31 alone (Figure 4-3D). Finally, there was no difference in abundance of the V1 
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complex subunit D (32 kDa band) between saline and DH31 treated MTs in neither cytosolic or 

membrane fractions. However, as observed for the A and B subunit bands (74 and 56 kDa band, 

respectively) DH31 + AedaeCAPA-1 incubated MTs showed a significant increase in the D 

subunit in cytosolic fractions compared to saline treated MTs (Figure 4-3E) and a decrease in its 

abundance in membrane fraction compared to MTs treated with DH31 alone (Figure 4-3F). In 

summary, all three of the V1 complex immunoreactive bands corresponding to subunits A, B and 

D (74, 56 and 32 kDa, respectively) showed significantly higher abundance in cytosolic protein 

fractions and lower abundance in membrane fractions in DH31 + AedaeCAPA-1 incubated MTs.  
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Figure 4-3. Membrane and cytosolic protein abundance of the V1 complex in MTs of A. 
aegypti. The MTs (n=40–50) were incubated in Aedes saline, DH31, or DH31 + AedaeCAPA-1 for 
one hour before collection. Protein abundance was measured in the (A) 74 kDa band, A subunit 
(B) 56 kDa band, B subunit and (C) 32 kDa band, suggested D subunit of the V1 complex. 
Individual band densities were normalized to total protein using Coomassie staining, and 
graphed relative to saline-treated controls. Abbreviations: saline (S), DH31 (D), and DH31 + 
CAPA (C). Bars labeled with different letters are significantly different from each other 
(mean±SEM; one-way ANOVA with Bonferroni multiple comparison, p<0.05, n=3–4 
replicates).  
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To visualize this potential endocrine-mediated reorganization of the VA holoenzyme in 

this simple epithelium, we immunolocalized the membrane-integrated Vo and cytosolic V1 

complex in the female A. aegypti MTs. Transverse sections of saline-incubated (control) MTs 

demonstrated moderate enrichment of Vo (Figure 4-4A, red), and V1 (Figure 4-4B, green) 

complexes in the apical membrane of principal cells (Figure 4-4C, S4-6A-D). Comparatively, 

DH31-incubated MTs revealed intense localization of the Vo (Figure 4-4D, red), and V1 (Figure 

4-4E, green) complexes within principal cells, where V1 staining was strictly co-localized with 

Vo staining on the apical membrane (Figure 4-4F, Figure S4-6E-H). Interestingly, although Vo 

immunolocalization was restricted to the apical membrane, V1 immunoreactivity was observed in 

both the apical membrane and cytosolic region in DH31 + AedaeCAPA-1 co-treated MTs (Figure 

4-4G-I, Figure S4-6I-T). Immunostaining was absent in control preparations probed with only 

secondary antibodies (not shown) confirming the specific detection of the VA complexes with 

each primary antibody.  
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Figure 4-4. Immunolocalization of the Vo and V1 complexes in transverse sections of 
stimulated A. aegypti MTs. Representative paraffin-embedded sections of A. aegypti MTs 
incubated in either (A-C) Aedes saline alone, (D-F) DH31 and (G-I) DH31 + AedaeCAPA-1 for 
30 min. Panels (A,D,G) show Vo staining (red), (B,E,H) show V1 staining (green), and panels 
(C,F,I) show merged images with staining highly colocalized in DH31 treatment but less evident 
in saline and AedaeCAPA-1 added treatments. Solid white arrows denote apical VA staining, 
and empty arrows indicate cytosolic VA staining. Where visible in sections, DAPI nuclear 
staining is shown in blue. Scale bar 100 μm, n=4 biological replicates, (SC = stellate cell). 
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 To investigate this endocrine-mediated phenomenon in vivo, we immunolocalized the 

membrane-integrated Vo and cytosolic V1 complex in blood fed females at different time points. 

Whole body sections of non-blood fed similarly aged females (control) demonstrated moderate 

enrichment of both Vo (Figure 4-5A, red), and V1 (Figure 4-4B, green) in the MTs, with minimal 

co-localization (Figure 4-5C), resembling saline-incubated MTs. Interestingly, blood fed female 

MTs revealed strong co-localization of the Vo and V1 complexes at 10 min (Figure 4-5D-F) and 

30 min (Figure 4-5G-I) post-bloodmeal, whereas V1 immunoreactivity was more dispersed in 

both the apical membrane and cytosolic area in MTs 3 hrs post-bloodmeal (Figure 4-5J-L), 

comparable to non-blood fed females.  
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Figure 4-5. Immunolocalization of the Vo and V1 complexes in blood fed A. aegypti females. 
Representative paraffin-embedded sections of whole-body non-blood fed females (A-C), blood 
fed females isolated (D-F) 10 min (G-I) 30 min and (J-L) 3 hr post-bloodmeal. Panels (A,D,G,J) 
show Vo staining (red), (B,E,H,K) V1 staining (green), and panels (C,F,I,L) show merged 
immunoreactive staining. DAPI nuclear staining is shown in blue. Scale bar 100 μm, n=4 
biological replicates. 
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4.5 Discussion  

The MTs of the Aedes mosquito are the main organs responsible for the secretion of 

water and solutes, thereby contributing towards hydromineral homeostasis of the animal 

(Beyenbach and Piermarini, 2011). Active ion transport in A. aegypti MTs is accomplished 

mainly by the V-ATPases (VA) densely localized in the apical brush-border membrane of 

principal cells, that energize the apical and basolateral membrane as well as the paracellular 

pathway, allowing for transepithelial secretion of NaCl, KCl, and other solutes (Beyenbach, 

2001). In animal cells, V-ATPase molecules in the plasma membrane, especially on the apical 

membrane of epithelial cells, contribute to extracellular acidification or alkalization, intracellular 

pH homeostasis, or energize the plasma membrane for secondary active transport (Nelson and 

Harvey, 1999; Nishi and Forgac, 2002). In insect MTs, the VA plays a major role in fluid 

secretion, thus serving as a primary target for both diuretic and, as this study demonstrates, anti-

diuretic hormonal regulation of the insect ‘renal’ tubules. Although the structure and function of 

the VA has been elucidated in some detail (Beyenbach et al., 2000; Beyenbach et al., 2010; 

Dames et al., 2006; Kane, 1995; Voss et al., 2007; Weng et al., 2003; Wieczorek et al., 1999b), 

the regulation of the proton pump remains unclear. Of the various regulatory mechanisms for VA 

activity, the most studied is the reversible dissociation of the cytosolic V1 complex from the 

membrane-integrated Vo complex, first established in the midgut of the tobacco hornworm, 

Manduca sexta and yeast, Saccharomyces cerevisiae (Kane, 1995; Sumner et al., 1995). In the 

present study, the activity and regulation of the VA was investigated under both diuretic and 

anti-diuretic hormone control of the adult female A. aegypti MTs. Notably, the current results 

advance our knowledge of the anti-diuretic control of the A. aegypti MTs, revealing a cellular 

mechanism for CAPA inhibition of the MTs by targeting the VA to block fluid secretion 
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stimulated by select diuretic factors. This includes inhibition of the DH31-related mosquito 

natriuretic peptide, which is critical for the post-haematophagy diuresis that eliminates excess 

water and sodium originating from the bloodmeal-derived plasma.  

In insects, water excretion is tightly regulated to maintain homeostasis of ions and water 

(Beyenbach, 2003; Coast, 2007; O’Donnell and Spring, 2000). Female A. aegypti engorge a salt- 

and water-rich bloodmeal to obtain the necessary nutrients and proteins for their eggs 

(Beyenbach, 2003), with about 40% of the ingested water eliminated in the first hour post-

feeding (Williams et al., 1983). The high rates of water excretion along with the high rates of 

primary urine production post-bloodmeal suggest a highly coordinated and defined hormonal 

regulation of the signalling processes and downstream cellular targets for ion and water transport 

(Jagge and Pietrantonio, 2008). In Aedes MTs, fluid secretion increases at least three-fold after 

stimulation with mosquito natriuretic peptide (identified as DH31), via cAMP as a second 

messenger (Beyenbach, 2003), activating PKA, which subsequently activates V-ATPase-driven 

cation transport processes (Dames et al., 2006; Tiburcy et al., 2013; Zimmermann et al., 2003). 

Herein we show that DH31-stimulated secretion is inhibited by bafilomycin, thought to block the 

proton channel of the VA (Zhang et al., 1994). Moreover, the addition of either bafilomycin or 

AedaeCAPA-1 caused alkalization of the secreted fluid, indicating inhibition of the VA, which 

may lead to constrained entry of cations across the apical membrane through a proposed alkali 

cation/proton antiporter (Wieczorek, 1992; Wieczoreks et al., 1991). Thus, since bafilomycin 

inhibits DH31-stimulated secretion, this supports the VA as a target in the inhibition of fluid 

secretion. Consequently, the driving force for ion movement and osmotically-obliged water is 

reduced, but select Na+ channels and cotransporters remain unaffected in the presence of 

AedaeCAPA-1, as observed by the unchanged natriuretic effect of DH31 despite reduced 
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secretion rates in response to AedaeCAPA-1 (Chapter 2; Sajadi et al., 2018). Similar results were 

seen in 5HT-stimulated secretion, albeit a partial inhibition. An earlier study demonstrated that 

Ca2+-mediated diuresis does not require the assembly and activation of the VA (Quinlan et al., 

1997; Tiburcy et al., 2013). The cAMP effect on the VA is implemented by protein kinase A 

(PKA), with inhibitors of PKA abolishing hormone-induced assembly and activation of the VA 

(Rein et al., 2008). Although the endogenous 5HT receptor expressed within the A. aegypti MTs 

necessary for diuretic activity remains elusive, in the kissing bug, Rhodnius prolixus, both cAMP 

and Ca2+ have been shown to initiate diuresis in response to 5HT (Gioino et al., 2014), which 

could explain the partial inhibitory response of AedaeCAPA-1 inhibition on 5HT-stimulated 

tubules as Ca2+-mediated diuresis is independent of the VA (Tiburcy et al., 2013). Notably, the 

anticipated 5HT type 2 receptor subtype expressed in the principal cells of the MTs is predicted 

to couple through a Gq/11 signalling mechanism (Chapter 1; Sajadi and Paluzzi, 2021) and likely 

excludes the type 7 Gs-coupled receptor localized to tracheolar cells associated with the MTs 

(Lee and Pietrantonio, 2003; Pietrantonio et al., 2001) as well as the type 1 Gi-coupled receptor 

localized to principal cells in larval stage mosquitoes (Petrova and Moffett, 2016).  

Interestingly, DH44-mediated stimulation was observed to be independent of the VA, as 

bafilomycin had no effect on the secretion rate or pH of the secreted fluid following application 

of this CRF-related diuretic peptide. Previous studies have noted that low nanomolar 

concentrations of a DH44-related peptide were linked to the stimulation of the paracellular 

pathway only (Clark et al., 1998), mediating this action through intracellular Ca2+ as a second 

messenger (Clark et al., 1998). In contrast, high nanomolar concentrations of a DH44-related 

peptide were shown to influence both paracellular and transcellular transport, increasing 

intracellular Ca2+ and cAMP (Clark et al., 1998). Although haemolymph concentrations of 
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diuretic peptides have yet to be determined in mosquitoes, DH31 is immediately released into 

circulation post-bloodmeal, stimulating rapid secretion of Na+ and excess water (Coast et al., 

2005; Williams et al., 1983). In contrast, DH44-stimulated diuresis in A. aegypti involves non-

selective transport of Na+ and K+ cations (Chapter 2; Sajadi et al., 2018), which supports a 

delayed release of this diuretic hormone post-feeding to maintain production (albeit reduced) of 

primary urine whilst conserving Na+ ions.  

In unstimulated adult female Aedes MTs isolated in vitro, the VA exhibits variable rates 

of enzyme activity, consistent with highly variable rates of secretion, as found also in various 

other insect species (Dow et al., 1994; Petzel et al., 1985; Petzel et al., 1999). The VA is the 

main energizer in MTs as 60% of total ATPase activity can be linked to the VA (Weng et al., 

2003), whereas the NKA, with around 28% of ATPase activity, also plays a role in membrane 

energization, denoting a more important role in the function of MTs than was previously 

assumed (Beyenbach, 2001; Beyenbach and Piermarini, 2011; Patrick et al., 2006; Tiburcy et al., 

2013). Here we show a significant two-fold increase in VA activity in MTs treated with DH31 

compared to the unstimulated MTs, with no change in VA activity in 5HT and DH44-treated 

MTs. Notably, AedaeCAPA-1 treatment blocked the DH31-driven increase in VA activity, which 

corroborates the reduced fluid secretion rate and alkalization of the secreted fluid. Additionally, 

we sought to establish the importance of the NOS/cGMP/PKG pathway in the inhibitory actions 

of AedaeCAPA-1 on VA association. In stimulated MTs treated with AedaeCAPA-1 along with 

NOS inhibitor, L-NAME, or PKG inhibitor, KT5823, the inhibitory activity of AedaeCAPA-1 

and its second messenger cGMP was abolished, resulting in elevated VA activity as a result of 

DH31 treatment. The present study examined the effects of AedaeCAPA-1 on DH31-stimulated 

VA activation for the first time in insects. Stimulation of DH31 causes an increase in cAMP 
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production, which activates Na+ channels and the Na+/K+/2Cl- cotransporter in the basolateral 

membrane (Petzel et al., 1987) and up-regulates VA activity (as shown herein and previously) 

critical for increased fluid secretion (Karas et al., 2005). The DH31 receptor (AaegGPRCAL1) is 

expressed in a distal-proximal gradient in the MTs, with greater expression in principal cells 

where the VA in the apical membrane is highly expressed (Kwon et al., 2012; Patrick et al., 

2006). The co-localization of the DH31 receptor, VA, and cation exchangers (Kang’ethe et al., 

2007; Piermarini et al., 2009; Pullikuth et al., 2006) in the distal segment of the MTs, along with 

the CAPA receptor (Chapter 3; Sajadi et al., 2020), collectively supports the major roles DH31 

and CAPA play in post-prandial diuresis and anti-diuresis, respectively. In contrast to the marked 

changes in VA activity in response to diuretic and anti-diuretic hormones, NKA activity 

remained unchanged in response to treatments conducted herein. Further studies should examine 

the potential role of the NKA in diuretic and anti-diuretic processes.  

The reversible dissociation of the V1 and Vo complexes is currently thought as a universal 

regulatory mechanism of V-ATPases, appearing to be widely conserved from yeast to animal 

cells (Dames et al., 2006; Merzendorfer et al., 1999; Weng et al., 2003; Zimmermann et al., 

2003). Although previously shown with cAMP (Karas et al., 2005), it remained unclear whether 

other second messengers (eg. Ca2+, cGMP, and nitric oxide) affect the assembly/disassembly of 

the V1Vo complexes in insect MTs. In this study, VA protein abundance in membrane and 

cytosolic fractions of MTs was confirmed by western blot analyses. The 56 kDa band represents 

the B subunit (Novak et al., 1992), while the 74 kDa and 32 kDa bands are suggested to be the A 

and D subunits, respectively, of the V1 complex (Wieczorek et al., 1999a). The higher abundance 

of these V1 complex protein subunits in the cytosolic fraction and lower abundance in membrane 

fraction in AedaeCAPA-1-treated MTs provides novel evidence of hormonally regulated V1 
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dissociation from the holoenzyme in A. aegypti MTs. This was further confirmed with V1 

staining found both in the apical membrane and cytosol of the MTs treated with DH31 and 

AedaeCAPA-1 in contrast to the strict co-localization of the V1 and Vo complex in the apical 

membrane of MTs treated with DH31 alone. In unstimulated A. aegypti MTs, 40-73% of the V1 

subunits were found to be membrane associated, with reassembly of the V1Vo complex observed 

upon stimulation with cAMP analogues (Tiburcy et al., 2013). Although studies have revealed 

that hormonal regulation can activate the assembly of the holoenzyme, the signalling 

mechanisms achieving this control are unclear. In this study, the data provides evidence of VA 

assembly in DH31-treated MTs, with V1 complex protein subunit enrichment found in the 

membrane fractions, confirming the crucial role of the VA in DH31-stimulated secretion. Studies 

in A. aegypti have demonstrated the involvement of PKA in the activation and assembly of the 

VA upon natriuretic hormone (i.e. DH31) stimulation and indicate the phosphorylation of the VA 

subunits by PKA in the MTs (Tiburcy et al., 2013). These studies indicate a regulatory role of 

PKA in VA assembly and its activation that may be independent or in addition to 

phosphorylation (Tiburcy et al., 2013). In line with these earlier observations, the current results 

indicate PKA is critical for DH31-stimulated fluid secretion by MTs whereas DH44-stimulated 

diuresis was found to be PKA-independent. 

Together, these results indicate that AedaeCAPA-1 binding to its cognate receptor in 

principal cells of the MTs (Chapter 3; Sajadi et al., 2020) targets the NOS/cGMP/PKG pathway 

(Chapter 3; Sajadi et al., 2020), to inhibit DH31-mediated elevation of cAMP (Coast et al., 2005; 

Petzel et al., 1987), which blocks PKA-activated VA association and prevents protons from 

being pumped across the apical membrane, resulting in a more alkaline lumen. Our study 

provides novel evidence that the anti-diuretic activity of CAPA is mediated through the 
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dissociation of the VA holoenzyme involving the removal of the V1 complex from the apical 

membrane, hindering luminal flux of protons that in turn starves cation/H+ exchange, which 

ultimately reduces fluid secretion (Figure 4-6). In R. prolixus MTs, the physiological roles of 

cGMP and cAMP were examined (Quinlan and O’Donnell, 1998) suggesting cGMP inhibits 

fluid secretion by activating a phosphodiesterase (PDE) that degrades cAMP elevated following 

5HT and diuretic hormone stimulation of MTs. Indeed, the current results demonstrated the 

addition of cAMP reversed the inhibitory effects of cGMP, while the addition of cGMP reduced 

the stimulatory response of cAMP, supporting that these two cyclic nucleotides facilitate two 

opposing physiological roles in the MTs of adult A. aegypti. The data herein reveals cGMP 

levels increase in MTs treated with CAPA alone or in combination with DH31 while cAMP 

levels decrease in MTs treated with CAPA in combination with DH31 compared to tubules 

stimulated with DH31 alone, which upholds the roles of cAMP and cGMP in diuretic and anti-

diuretic signalling pathways, respectively. Interestingly, mid-nanomolar concentrations of DH44 

also led to increased levels of cAMP, with levels unchanging in response to AedaeCAPA-1, 

raising doubt regarding the involvement of a PDE. Treatment of a PKA inhibitor, KT5720, 

abolished DH31-stimulated secretion but had no effect on DH44-mediated stimulation. It is well 

established that the effects of cAMP are mediated by activation of cAMP-dependent protein 

kinase (PKA), a major cAMP target, followed by phosphorylation of target proteins (Seino and 

Shibasaki, 2005). More recently, in D. melanogaster MTs, two distinct cAMP pathways have 

been elucidated to sustain fluid secretion; a PKA-dependent pathway, shown to regulate basal 

fluid secretion in principal cells; and a PKA-independent pathway, specifically a stimulatory 

principal EPAC (exchange proteins directly activated by cAMP) pathway, stimulating fluid 
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secretion above basal levels (Efetova et al., 2013). Future studies should examine the potential 

DH44-stimulated PKA-independent pathway leading to secretion in A. aegypti MTs.  
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Figure 4-6. Schematic diagram summarizing the signalling pathway of diuretic and anti-
diuretic control of adult A. aegypti MTs. The principal cells in A. aegypti MTs are responsible 
for the transport of Na+ and K+ cations via secondary active transport, energized by the V-type 
H+-ATPase (VA), localized in the brush border of the apical membrane. The movement of 
protons creates a gradient, driving the exchange of Na+ and K+ through cation/H+ antiporters 
(NHA). Neurohormone receptors for DH31, 5HT, DH44, and CAPA are localized to the 
basolateral membrane of the principal cells, while the kinin receptor is localized exclusively in 
the stellate cells. The current results together with previous data indicates that DH31 stimulates 
diuresis through activation and assembly of the VA in the apical membrane, with no effect on the 
Na+/K+-ATPase (NKA). The anti-diuretic effect of AedaeCAPA-1, facilitated by the 
NOS/cGMP/PKG pathway, causes V1 dissociation from the membrane, hindering activity, and 
thus reducing fluid secretion. The biogenic amine, 5HT, has also been shown to stimulate 
activation of the VA, however, to a lesser extent. DH44-related peptide receptor activation 
increases Ca2+ and cAMP, but its action was found to be independent of PKA and VA. Lastly, it 
was shown earlier that cGMP inhibits kinin-stimulated diuresis, suggesting an additional anti-
diuretic factor may exist that acts specifically on stellate cells.   
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In summary, our study highlights a novel target in the anti-diuretic signalling pathway of 

adult female A. aegypti MTs, emphasizing the intricate and precise regulatory mechanism of 

anti-diuresis. Although a plethora of studies have investigated the process of hydromineral 

balance in terrestrial insects from a diuretic perspective (Beyenbach, 2003; Beyenbach et al., 

1993; Coast et al., 2005; Paluzzi et al., 2012; Terhzaz et al., 2012; Veenstra, 1988), these current 

findings advance our understanding of anti-diuretic hormone control while providing further 

evidence of a previously elusive endocrine regulatory mechanism of the VA in mosquitoes 

(Figure 4-6). Given that many terrestrial insects are recognized as agricultural pests or disease 

vectors, further investigating the complex regulation of their ionic and osmotic balance may aid 

in lessening their burden on human health and prosperity through development of improved 

management strategies that, at least in part, impede their neuroendocrine control of hydromineral 

homeostasis.   
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4.7 Supplementary Figures 
 

 

 

 
 

Figure S4-1. Dose response of bafilomycin on fluid secretion rates of DH31-
stimulated MTs in vitro isolated from adult female A. aegypti. Doses of 10-4 

M to 10-10 M bafilomycin were applied to MTs together with DH31 for 60 min. 
Bars labeled with different letters are significantly different from each other 
(mean±SEM; one-way ANOVA with Bonferroni multiple comparison, p<0.05, 
n=7–13). 
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Figure S4-2. Effect of bafilomycin and AedaeCAPA-1 on the secretion rate and pH of the 
secreted fluid by unstimulated MTs in vitro from adult female A. aegypti. (A) Fluid secretion 
rates were measured at 10 min intervals over a 30 min control period and then after the addition 
(solid arrow) of 10-5 M bafilomycin (yellow), 1 fmol l-1 AedaeCAPA-1 (purple), or unstimulated 
alone (blue). (B) The pH of the secreted droplets was measured at 10-min intervals for 60 min 
using an ion-selective microelectrode. No significant differences were observed in the 
measurements (mean±SEM; two-way ANOVA with Bonferroni multiple comparison, p<0.05, 
n=5–8); ns denotes no statistical significance. 
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Figure S4-3. Intracellular levels of cAMP in DH44-treated A. aegypti MTs. (A) To monitor 
activity of AedaeCAPA-1 on cAMP levels in DH44-stimulated A. aegypti MTs, tubules were 
incubated in IBMX for 10 min prior to the following treatments: Aedes saline, DH44 alone, or in 
combination with AedaeCAPA-1 for 20 min before collection. Bars labeled with different letters 
are significantly different from each other (mean±SEM; one-way ANOVA with Bonferroni 
multiple comparison, p<0.05. For each treatment, 50 sets of MTs were isolated and combined 
(n=3 biological replicates per treatment). (B) Female MTs were treated with either DH31 or DH44 
alone or in combination with the PKA inhibitor, KT5720 for 60 min to measure fluid secretion 
rate. Significant differences are denoted by an asterisk (mean±SEM; one-way ANOVA with 
Bonferroni multiple comparison, p<0.05, n=8–10). 
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Figure S4-4. Representative western blot of membrane and cytosolic protein fraction 
isolation validated using established membrane (aquaporin-1 in A. aegypti MTs) and 
cytosolic (beta-tubulin) protein markers. (A) Aquaporin-1 (AQP1) detection shown in 
membrane fractions of Aedes saline-incubated MTs at 26 kDa, and (B) beta-tubulin in cytosolic 
fractions of Aedes saline-incubated MTs at 55 kDa (n=40–50 MTs per replicate, n=3 biological 
replicates). Protein abundance was normalized to total protein (Coomassie) used as a loading 
control. 
 

 
 
 
 
 
 
 
 
 
 
 

membrane cytosolic

cytosolic cytosolic cytosolic

membrane membrane membrane

26kDa

55kDa

A

B

AQP1

Beta-tubulin

Coom
assie

(total protein)
Coom

assie
(total protein)

AQP1

Beta-tubulin



 
 

195 

 
 
 
 

 
Figure S4-5. Representative western blot image of membrane and cytosolic protein 
abundance of the V1 complex in A. aegypti MTs. The MTs (n=40–50) were incubated in Aedes 
saline alone, DH31, or DH31 + AedaeCAPA-1 for one hour before collection. Western blot 
analysis revealed three protein bands, with calculated molecular masses of 74 kDa, 56 kDa, and 
32 kDa (S = Aedes saline, D = DH31, C = DH31 + AedaeCAPA-1). Protein abundance was 
normalized to total protein (Coomassie, shown in the lower panel), used as a loading control. 
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Figure S4-6. Immunolocalization of the Vo and V1 complexes in cross sections of stimulated 
A. aegypti MTs. Representative paraffin-embedded sections of A. aegypti MTs incubated in 
either (A-D) Aedes saline, (E-H) DH31 and (I-T) DH31 + AedaeCAPA-1. Panels (A,E,I-K) show 
membrane-integrated Vo immunoreactive staining (red), (B,F,L-N) demonstrate V1 
immunoreactive staining (green), (C,G,O-Q) show merged images of Vo and V1 staining, while 
(D,H,R-T) show brightfield images. Solid white arrowheads denote apical VA staining, and 
empty arrowheads mark cytosolic VA staining. DAPI nuclear staining is shown in blue. Scale 
bar 100 μm, n=3–4 biological replicates (PC = principal cell). 
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Chapter Five 

 

Dynamics of DH31 and CAPA neuropeptide release and activity post-bloodmeal in the 
female mosquito, A. aegypti 

 

 

This chapter has not yet been submitted for publication. 
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5.1 Summary  

 Female Aedes aegypti secrete urine rapidly and copiously post-bloodmeal ingestion, with 

diuresis beginning immediately even while still feeding on the vertebrate host to enable removal 

of excess salts and water. This post-prandial diuresis occurs in three phases; peak phase, post-

peak phase, and late phase, which are achieved by the combined actions of multiple hormones, 

including diuretic and anti-diuretic factors. Calcitonin-like diuretic hormone 31 (DH31) is 

believed to be released post-bloodmeal to stimulate diuresis and natriuresis through its actions on 

the DH31 receptor, AedaeDH31-R, that has previously been localized to the Malpighian ‘renal’ 

tubules (MTs). In contrast, the anti-diuretic neurohormone, CAPA, inhibits secretion by MTs 

stimulated by select diuretic hormones, including DH31. While both DH31 and CAPA are critical 

in achieving post-prandial diuresis and anti-diuresis, respectively, the exact timing of release and 

haemolymph levels of these peptides remain unknown. Herein, using heterologously expressed 

A. aegypti DH31 and CAPA receptors, we investigated the titres of both peptides in the 

haemolymph of females at different time points after blood feeding. Since the functional 

deorphanization of AedaeDH31-R has not been previously reported, a heterologous receptor assay 

was used to characterize ligand specificity and revealed the receptor was highly selective to 

mosquito DH31. Haemolymph extracts were then tested in the heterologous assay indicating 

levels of DH31 in the haemolymph increase immediately post-bloodmeal, with levels remaining 

elevated for 15 minutes, and peaking at 5 minutes. We also tested the activity of haemolymph 

extracts using an in vitro bioassay, whereby female MTs were treated with haemolymph samples 

to measure secretion rate. Haemolymph samples collected between 0 and 5 minutes post-

bloodmeal resulted in stimulation of fluid secretion, coinciding with DH31 release into the female 

haemolymph validated by the heterologous receptor assay. Comparatively, haemolymph CAPA 
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levels steadily increase 15 minutes post-blood feeding, with levels peaking at 30 minutes. These 

results suggest that DH31 is released immediately post-bloodmeal and, along with CAPA 

peptides, have a coordinative action on the MTs to maintain haemolymph homeostasis through 

regulation of primary urine secretion.  
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5.2 Introduction 
 

Female A. aegypti mosquitoes ingest bloodmeals equivalent to more than twice their 

body mass which presents an enormous payload to the flying animal, making them more 

susceptible to predation (Roitberg et al., 2003). The bloodmeal, imbibed with each reproductive 

cycle, serves as a source of protein, nutrients, and vitamins for egg development (Beyenbach and 

Petzel, 1987), but also contains considerable amounts of unwanted salts and water that threaten 

haemolymph homeostasis (Beyenbach, 2003). To counter this challenge, a rapid natriuresis and 

diuresis commences before the bloodmeal is completed, with almost half the imbibed plasma 

volume and salt excreted within 1-2 hours of feeding (Williams et al., 1983). In female A. 

aegypti, post-prandial diuresis is observed in three phases: peak phase (within 10 min of 

feeding), post-peak phase (10–50 min), and late phase (50–120 min), with significant water 

eliminated during the peak phase (Williams et al., 1983). During these three post-prandial 

phases, ion composition in the urine varies, with greatest natriuresis (Na+ secretion) occurring 

during the peak phase (Beyenbach, 2003), and kaliuresis (K+ secretion) delayed until post-peak 

and late phases. The varied pattern of water and salt loss indicates that multiple regulatory 

mechanisms act simultaneously during post-prandial diuresis (Williams et al., 1983).  

Endocrine control of this post-prandial diuresis is regulated by the actions of both diuretic 

and anti-diuretic hormones, including calcitonin-like diuretic hormone 31 (DH31) (Coast et al., 

2005; Kwon et al., 2012; Chapters 2-4; Sajadi et al., 2018; Sajadi et al., 2020), corticotropin-

releasing factor (CRF)-like diuretic hormone 44 (DH44) (Clark and Bradley, 1996; Clark et al., 

1998a; Clark et al., 1998b; Jagge and Pietrantonio, 2008; Chapters 2 and 4; Sajadi et al., 2018), 

insect kinins (Lu et al., 2011; Schepel et al., 2010; Veenstra, 1994; Chapter 2; Sajadi et al., 

2018), biogenic amines such as 5-hydroxytryptamine (serotonin, 5HT) (Ionescu and Donini, 
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2012; Veenstra, 1988; Chapters 2-4; Sajadi et al., 2018; Sajadi et al., 2020), and CAPA 

neuropeptides (Ionescu and Donini, 2012; Pollock et al., 2004; Chapters 2-4; Sajadi et al., 2018; 

Sajadi et al., 2020). These endocrine messengers act on cognate receptors in the renal organs, the 

Malpighian tubules (MTs), to stimulate ion and water transport for primary urine production 

(Beyenbach, 2003). In the Aedes mosquito, MTs are comprised of two cell types forming a 

simple epithelium; mitochondria-rich principal cells, which facilitate active cation (Na+ and K+) 

transport from the haemolymph into the tubule lumen, and thin stellate cells that aid in the 

transepithelial secretion of Cl- (Beyenbach, 2003; Patrick et al., 2006). Post-bloodmeal, excess 

fluid and ions (Na+, K+, and Cl-) are transported from the haemolymph into the lumen of the 

MTs, secreting high rates of urine (Beyenbach, 2003; Lu et al., 2011). Transport is achieved by 

channels and cotransporters in the principal and stellate cells, driven by the V-type H+-ATPase 

(VA) (Beyenbach, 2003; Patrick et al., 2006; Wieczorek et al., 1991; Chapter 4) expressed in the 

apical brush border membrane of principal cells (Weng et al., 2003). The initial stimulus for this 

diuresis and natriuresis post-blood feeding is mosquito natriuretic peptide (MNP), which is 

released into the haemolymph when the female takes a bloodmeal (Beyenbach and Petzel, 1987). 

The calcitonin-like hormone, DH31, was identified as the MNP in the mosquitoes A. aegypti and 

Anopheles gambiae (Coast et al., 2005), activating transepithelial secretion of Na+ in the MTs via 

the second messenger, cyclic AMP (cAMP) (Beyenbach, 2003). Upon release from the CNS, 

DH31 binds to a G-protein coupled receptor (GPCR) expressed in select principal cells in a distal-

proximal gradient (Kwon et al., 2012), increasing cAMP production (Beyenbach and Petzel, 

1987), upregulating VA function and assembly, to ultimately increase fluid secretion (Karas et 

al., 2005; Chapter 4).  
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In adult female A. aegypti MTs, CAPA neuropeptides elicit an anti-diuretic role, with 

CAPA-1 shown to inhibit secretion by MTs stimulated by select diuretic factors, DH31 and 5HT 

(Chapter 2; Sajadi et al., 2018). Recent studies have reported that CAPA peptides bind to GPCRs 

localized exclusively to the principal cells (Chapter 3; Sajadi et al., 2020), eliciting their actions 

through the nitric oxide synthase (NOS)/ cyclic GMP (cGMP)/ protein kinase G (PKG) pathway 

(Ionescu and Donini, 2012; Pollock et al., 2004; Terhzaz et al., 2012; Chapter 3; Sajadi et al., 

2020), targeting the VA and promoting VA holoenzyme dissociation (see Chapter 4).  

While haemolymph levels of DH31 and CAPA have yet to be determined, studies suggest 

the DH31 peptide is immediately released into circulation post-bloodmeal, allowing for the rapid 

secretion of Na+ and excess water (Coast et al., 2005). The A. aegypti DH31 receptor is a member 

of the class B (secretin) GPCR family and is localized in select principal cells where the V-

ATPases in the apical membrane and proton/cation exchangers in the basolateral membranes are 

highly expressed, which points towards compartmentalization of hormone signalling to achieve 

high levels of fluid secretion (Kwon et al., 2012). In the present study, the A. aegypti DH31 and 

CAPA receptors identified previously (Kwon et al., 2012; Sajadi et al., 2020) were 

heterologously expressed to determine the circulating titres of DH31 and CAPA peptides in the 

haemolymph of blood fed females helping to elucidate the timing of release of diuretic and anti-

diuretic peptides in the adult female mosquito. Using this approach, we found that DH31 is 

released into the female haemolymph almost instantaneously, peaking at about 5 minutes post-

bloodmeal, with levels declining in the haemolymph after 15 and 30 minutes. In contrast, CAPA 

neuropeptides were found to rise steadily in the haemolymph after 15 minutes post-feeding, 

peaking at 30 minutes post-bloodmeal. This rise in both DH31 and CAPA levels correspond with 

the immediate and short-lived peak phase of diuresis after a female ingests a bloodmeal, further 
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uncovering the precise regulatory mechanisms in the female mosquito acting to prevent 

disturbances to their haemolymph hydromineral balance and contributing to the success of the 

infamous blood feeding insect and disease vector.  

 

5.3 Materials and Methods 
 
Animals 

 Aedes aegypti (Liverpool) eggs were collected from an established laboratory colony, and 

hatched in double-distilled water in an incubator at 26°C on a 12:12 hour light:dark cycle. Larvae 

were fed a solution of 2% (w/v) brewer’s yeast, 2% (w/v) Argentine beef liver powder (NOW 

foods, Bloomingdale, IL, USA), and adults were provided with a 10% sucrose solution ad 

libidum. Colony upkeep involved routinely feeding adult females with sheep’s blood in 

Alsever’s solution weekly (Cedarlane Laboratories Ltd., Burlington, ON, Canada) using an 

artificial feeding system described previously (Rocco et al., 2017). All experiments were 

performed on four to seven-day old females that were either sucrose-fed or blood-fed as 

specified. 

 

Haemolymph collection 

 To collect haemolymph samples, adult A. aegypti female mosquitoes were placed in two 

treatment conditions; 1) non-blood-fed females provided 10% sucrose solution ad libidum and 2) 

blood-fed females provided a bloodmeal (also provided 10% sucrose solution ad libidum). 

Females in the blood-fed condition were fed to repletion and subsequently isolated after 0, 2, 5, 

10, 15, 30, 60, 90 and 120 min post-bloodmeal (0 min corresponds to the time immediately post-

bloodmeal). Each female mosquito (either blood fed or sucrose-fed) was carefully opened within 



 
 

204 

a 70 µL droplet of 1X nuclease-free Dulbecco’s phosphate-buffered saline (DPBS; Wisent Corp., 

St. Bruno, QC, Canada) at the segmental line between the last two abdominal segments and 

haemolymph was allowed to diffuse into droplet, all while ensuring no organs or blood-filled 

midguts ruptured. The surgically opened females were incubated in the DPBS droplet for 10 min, 

and haemolymph DPBS mixture was subsequently collected and stored at -20°C. 

 

Preparation of mammalian expression constructs 

 Gene-specific primers were designed to amplify the open reading frame of the 

AedaeDH31 receptor based on a previously published sequence (Genbank Accession Numbers: 

AAGE02017873) (Kwon et al., 2012) including a forward primer possessing the consensus 

Kozak translation initiation sequence (Paluzzi et al., 2010) at the 5’ end of the start codon 

(AedaeDH31-R forward primer: GCCACCATGACATCCTCAAAACGAC; AedaeDH31-R 

reverse primer: TCTAGACGCTGGCGTACTCTTTTAG). The amplified PCR product was 

purified using a Monarch PCR purification kit (New England Biolabs, Whitby, ON, Canada) and 

reamplified using modified primers containing restriction sites SalI and XbaI at 5’ and 3’ ends, 

respectively. Products were A-tailed and cloned into pGEM-T Easy vector (Promega, Madison, 

WI, USA) and then transformed into high efficiency competent E. coli cells (New England 

Biolabs, Whitby, ON, Canada). Purified plasmid DNA miniprep was confirmed by Sanger 

sequencing (The Centre for Applied Genomics, Sick Kids, Toronto, ON, Canada) to verify base 

pair accuracy. The receptor construct (DH31-R) was excised using standard restriction enzyme 

digestion and subcloned into the mammalian expression vector, pBudCE4.1 Gα15 (Life 

Technologies, Burlington, ON, Canada). Plasmid DNA was purified from overnight bacterial 

cultures using the Monarch Plasmid Miniprep Kit (New England Biolabs, Whitby, ON, Canada) 
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following manufacturer guidelines. Previously cloned A. aegypti CAPA receptor inserted into 

pcDNA3.1+ (Chapter 3; Sajadi et al., 2020) was also used for transfection of mammalian cells to 

quantify timing and release of CAPA neuropeptides (both CAPA-1 and CAPA-2) along with 

DH31.  

 

Heterologous receptor functional activation bioluminescence assay 

 Functional activation of the AedaeDH31-R and AedaeCAPA-R was assayed using a 

previously established cell culture system involving a recombinant Chinese hamster ovary 

(CHO)-K1 cell line stably expressing aequorin (Paluzzi et al., 2012; Wahedi and Paluzzi, 2018). 

Cells were grown and maintained in Dulbecco’s modified eagles medium:nutrient F12 

(DMEM:F12; 1:1) media containing 10% heat-inactivated fetal bovine serum (FBS; Wisent, St. 

Bruno, QC, Canada), 1x antimycotic-antibiotic, and 200 µg/mL Geneticin. Mammalian cell lines 

were transiently transfected with pBudCE4.1 Gα15 expression vector possessing AedaeDH31-R 

or with pcDNA3.1+ expression vector possessing AedaeCAPA-R using Lipofectamine LTX and 

Plus Reagent transfection system (Invitrogen, Burlington, ON, Canada) following a 3:1:1 

transfection reagent (µL): Plus reagent (µL): plasmid DNA (µg) as described previously (Wahedi 

and Paluzzi, 2018). To confirm successful transfection, a separate flask of cells was 

simultaneously transfected with enhanced green fluorescent protein (EGFP), which also acts as 

negative control for the bioluminescence assay as it used the same vector backbone but lacking a 

receptor insert. Approximately 48 h post-transfection, cells were dislodged from the culture 

flasks using 5 mmol l-1 ethylenediaminetetraacetic acid (EDTA; Life Technologies, Burlington, 

ON, Canada) in DPBS and cells were resuspended in BSA medium (DMEM-F12 media 

containing 0.1% bovine serum albumin, 1X antimycotic-antibiotic) at a concentration of 106-107 
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cells/mL. Coelenterazine h (Promega, Madison, WI, USA) was added to the cells to a final 

concentration of 5 µM and incubated for 3 hours in the dark at room temperature on a stirrer set 

at 200 rpm. Subsequently, the cell suspension was diluted 10-fold in BSA medium and incubated 

for an additional hour at room temperature. To measure in vivo circulating levels of DH31 in 

female mosquitoes, collected haemolymph samples were loaded into 96-well luminescence 

plates (Greiner Bio-One, Germany), and cells expressing either AedaeDH31-R, AedaeCAPA-R or 

EGFP (control) were loaded into each well with an automatic injector unit and luminescence was 

measured for 20 seconds using a Synergy 2 Multi-Mode Microplate Reader (BioTek, Winooski, 

VT, USA). To confirm receptor specificity, serial dilutions of peptide ligands (purity >90%, 

Genscript, Piscataway, NJ, USA) were prepared in BSA medium and loaded into quadruplicates 

in 96-well luminescence plates. A list of peptides used in this study is found in Table 5-1. 

Negative controls were carried out using BSA medium alone while 5 µM ATP was used as a 

positive control, which activates endogenously expressed purinoceptors (Iredale and Hill, 1993; 

Michel et al., 1998). Experimental sample luminescent responses were normalized to ATP-

induced maximal luminescent responses and neuropeptide concentration levels in the 

haemolymph were determined through non-linear regression analysis in GraphPad Prism 9.1 

(GraphPad Software, San Diego, CA, USA).  

 

Fluid secretion assay on individually isolated MTs 

In order to determine fluid secretion rates, modified Ramsay assays were performed as 

described previously (Sajadi et al., 2021; Chapters 2-4; Sajadi et al., 2018; Sajadi et al., 2020). 

Female adults (four-seven day old) were dissected under physiological Aedes saline adapted 

from (Petzel et al., 1987) that contained (in mmol-1): 150 NaCl, 25 HEPES, 3.4 KCl, 7.5 NaOH, 
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1.8 NaHCO3, 1 MgSO4, 1.7 CaCl2, and 5 glucose, and titrated to pH 7.1. Individual MTs were 

removed and placed in a Sylgard-lined Petri dish containing 20 µL bathing droplets (1:1 mixture 

of Schneider’s Insect Medium (Sigma-Aldrich, Oakville, ON, Canada): Aedes saline), immersed 

in hydrated mineral oil to prevent evaporation. The proximal end of each tubule was wrapped 

around a Minutien pin to allow for fluid secretion measurements. Dose response analysis for 

AedaeDH31 was determined by using dosages ranging from 10-5 to 10-12 mol l-1 AedaeDH31 

against unstimulated MTs. To investigate the effects of haemolymph solutions collected on fluid 

secretion rate, haemolymph collected from both non-blood fed and blood fed females were used 

against unstimulated MTs and allowed to incubate for 60 min before measurement. To test in 

vitro application of AedaeDH31 and AedaeCAPA-1, dosages of 25 nmol l-1 and 1 fmol l-1 were 

used, respectively (Chapters 2-4; Sajadi et al., 2018; Sajadi et al., 2020).  

 

Statistical analyses 

Data was compiled using Microsoft Excel and transferred to Graphpad Prism software 

v.9 to create figures and conduct all statistical analyses. Data was analyzed accordingly using a 

one-way ANOVA and the appropriate post-hoc test as indicated in the figure captions, with 

differences between treatments considered significant if p<0.05.  

 

5.4 Results 
 
Functional characterization of AedaeDH31-R 

 A heterologous receptor functional assay involving CHO-K1 cells stably expressing a 

bioluminescent calcium sensor, aequorin (Paluzzi et al., 2012; Wahedi and Paluzzi, 2018), was 

used to functionally characterize the cloned Aedes DH31 receptor (AedaeDH31-R). Our results 
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confirm the specificity of the AedaeDH31-R for the AedaeDH31 peptide alone (EC50=28.45 nM) 

as demonstrated by the dose-dependent luminescent response (Figure 5-1A). The activity of 

other endogenous neuropeptides tested, including corticotropin-releasing factor (CRF)-like 

peptide (DH44), displayed no detectable activity over background luminescence levels (Figure 5-

1B, Table 5-1). No luminescence signals above background were obtained in CHO-K1-aeq cells 

transfected with EGFP (data not shown) to any peptide used in this study, confirming the 

calcium-based luminescence response observed was a result of the DH31 neuropeptide binding 

and activating the heterologously expressed A. aegypti DH31 receptor.  
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Table 5-1. Name and structure of insect neuropeptides used in the heterologous functional 
assay testing AedaeDH31-R and summary of activities in eliciting a luminescent response.   

Peptide Family (Name) Peptide Sequence EC50 on DH31-R 

Diuretic hormone 31 (DH31) TVDFGLSRGYSGAQEAKHRMAMAVA
NFAGGP-NH2 28.45 nM 

Rhodnius prolixus corticotropin-
releasing factor-like (CRF) peptide 

(DH44) 

MQRPQGPSLSVANPIEVLRSRLLLEIAR
RRMKEQDASRVSKNRQYLQQI-NH2 NA 

CAPA (CAPA1) GPTVGLFAFPRV -NH2 NA 

Pyrokinin-1 (PK1) AGNSGANSGMWFGPRL-NH2 NA 

Corazonin (CRZ) pQTFQYSRGWTN-NH2 NA 
Adipokinetic corazonin-related 

peptide (ACP) pQVTFSRDWNA-NH2 NA 

Adipokinetic hormone 1 (AKH1) pQLTFTPSW-NH2 NA 

Culex depolarizing peptide (CDP) NPFHSWG-NH2 NA 

CNMamide (CNMa) YMSLCHFKLCNM-NH2 NA 

RYamide1 (RYa-1) PVFFVASRY-NH2 NA 

CCHamide1 (CCHa1) KGGCLSYGHSCWGGH-NH2 NA 

CCHamide2 (CCHa2) GCAAFGHACYGGH-NH2 NA 

No activity (NA) denotes peptides with no detectable activity when tested with titres up to a 
maximum of 10 µM.  
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Figure 5-1. Functional heterologous receptor assay of CHO-K1 cells expressing the A. 
aegypti DH31 receptor. (A) Normalized dose-response curve after the addition of 10-13 – 10-4 M 
doses of AedesDH31 peptide. Luminescence was normalized to the BSA control and plotted 
relative to the maximal response (10-4 M). The EC50 for AedaeDH31 is 28.45 nM. (B) Raw 
luminescent response following addition of 10-6 M dose of representative neuropeptides 
belonging to several insect peptide families. For peptide sequence information, see Table 5-1. 
Different letters denote bars that are significantly different from one another as determined by a 
one-way ANOVA and Tukey’s multiple comparison post-hoc test (p<0.01). Data represent the 
mean±SEM (n=3).  
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AedaeDH31 levels rise in female haemolymph post-bloodmeal 
 
 To examine the timing of release of DH31 in the Aedes mosquito, females were allowed to 

blood feed, and their haemolymph was subsequently collected after 0, 2, 5, 10, 15, 30, 60, and 

120 min post-blood feeding. Using a heterologous receptor assay, we expressed the AedaeDH31-

R and its activation was monitored following treatment with collected haemolymph samples, 

which allowed us to determine the circulating DH31 titres in the haemolymph. Relative to non-

blood-fed females, haemolymph samples collected from mosquitoes immediately after ingesting 

a bloodmeal caused a significant increase in the luminescent response (~24-fold increase) 

(Figure 5-2A). Maximal luminescence response was observed in haemolymph samples taken 5 

min post-blood feeding, with levels slowly dropping at 10 and 15 min post-bloodmeal. 

Normalized luminescent responses were interpolated from a dose-response curve established 

using synthesized DH31 so that endogenous DH31 concentrations could be determined (Figure 5-

2B). Immediately post-blood feeding, DH31 levels in the female mosquito rise to (Log-9.450) 

0.354±0.030 nM compared to (Log-9.603) 0.249±0.016 nM in non-blood-fed females. Levels of 

DH31 peak at 5 min at (Log-9.305) 0.495±0.038 nM and slowly start to decrease at 10 and 15 

mins (0.390±0.056 nM, Log-9.409 and 0.360±0.026 nM, Log-9.444) respectively. After 15 mins, 

DH31 levels plateau from 60 – 120 min, with levels slightly above non-blood fed females. No 

luminescence signals were obtained in PBS samples alone. Due to the selective specificity of the 

AedaeDH31-R to DH31, this indicates that the luminescent response observed when AedaeDH31-R 

was exposed to the haemolymph samples was a result of receptor activation by the endogenous 

DH31 peptide.  
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Figure 5-2. AedaeDH31 titres in blood fed haemolymphs of female A. aegypti. (A) Raw 
luminescent response of DH31 levels in collected blood fed female haemolymphs. Females were 
blood fed and their haemolymph was collected after 0, 2, 5, 10, 15, 30, 60, and 120 min post-
feeding and compared to non-blood fed (sugar-fed only) females and PBS. (B) Normalized 
concentrations of DH31 in female A. aegypti haemolymph following a bloodmeal. (nBF = non-
blood fed). Different letters denote bars that are significantly different from one another as 
determined by a one-way ANOVA and Tukey’s multiple comparison post-hoc test (p<0.05). 
Data represent the mean±SEM (n=10–15).  
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AedaeDH31 involved in stimulating rapid diuresis post-bloodmeal 

 To determine the in vitro potency of AedaeDH31 on isolated adult A. aegypti MTs, a wide 

range of dosages were applied against unstimulated tubules (Figure 5-3A). Application of 

synthesized AedaeDH31 at doses ranging from 10-5 M to 10-7 M to unstimulated adult tubules of 

A. aegypti resulted in a significant dose-dependent stimulation of basal rates of fluid secretion 

with a half maximal response in the low- to mid-nanomolar range (EC50 = 13.30 nM). Doses of 

10-9 M to 10-12 M had no effect on unstimulated tubules, with fluid secretion rates similar to 

unstimulated control levels. Maximal secretion rates were seen at 10-6 M (0.549±0.082 nL min-1) 

with rates dropping to 0.040±0.012 nL min-1 at 10-12 M. To test whether the collected 

haemolymph samples would also stimulate fluid secretion, and thereby correlate quantified 

values of AedaeDH31 with total diuretic activity of the haemolymph samples, 2 µL of each 

sample was applied to 18 µL saline:Schneider’s medium droplets in which MTs were allowed to 

incubate for 60 min (Figure 5-3B). Haemolymph sample collected immediately post-blood 

feeding (0 min) caused a significant increase in fluid secretion (0.197±0.024 nL min-1) 

representing a four-fold increase in the secretion rate, in comparison to activity from non-blood 

fed haemolymph samples (0.048±0.016 nL min-1). High secretion rates were also observed for 

MTs treated with haemolymph samples collected after 2 and 5 min post-feeding (0.203±0.024 

nL min-1 and 0.174±0.027 nL min-1), respectively. Interestingly, haemolymph samples collected 

10 – 30 min post-blood feeding caused a moderate stimulation in fluid secretion, whereas 60 to 

120 min post-feeding resulted in secretion rates comparable to non-blood fed females and MTs 

treated with AedaeDH31 in combination with AedaeCAPA-1. Tubules treated with PBS alone did 

not result in stimulation of fluid secretion rates.  
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Figure 5-3. Fluid secretion rates by MTs of adult female A. aegypti treated with different 
doses of AedaeDH31 and haemolymph extracts collected after blood feeding. (A) Dose-
response of AedaeDH31 on unstimulated MTs in vitro. Dosages of 10-5 M to 10-12 M AedaeDH31 
were applied to MTs for 60 min. The EC50 for AedaeDH31 is 13.30 nM. Significant differences 
between unstimulated controls and AedaeDH31-treated MTs are denoted by an asterisk (*) 
(mean±SEM; one-way ANOVA with Bonferroni multiple comparison, p<0.05, n=6–12). Error 
bars for doses 10-11 M and 10-12 M are shorter than the size of the symbol, thus not visible. (B) 
Fluid secretion rates of MTs treated with haemolymph samples from blood fed females after 0, 2, 
5, 10, 15, 30, 60, 90, and 120 min post-feeding. MTs were also treated with PBS, nBF 
haemolymph samples, 25 nM AedaeDH31 and 25 nM AedaeDH31 + 1 fM AedaeCAPA-1 (nBF = 
non-blood fed). Different letters denote bars that are significantly different from one another as 
determined by a one-way ANOVA and Tukey’s multiple comparison post-hoc test (p<0.05). 
Data represent the mean±SEM (n=7–15). 
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CAPA peptides involved in inhibiting DH31-stimulated rapid diuresis post-bloodmeal 

 In order to elucidate the timing and release of CAPA neuropeptides, CHO-K1 cells were 

transfected with the previously characterized anti-diuretic hormone receptor, AedaeCAPA-R (see 

Chapter 3; Sajadi et al., 2020). The receptor was activated by the AedaeCAPA-1 peptide 

(EC50=1.83 nM), as demonstrated by the dose-dependent luminescent response (Figure 5-4A). 

Haemolymph samples collected from females at 0, 5, 10, 15, 30, 60, 90, and 120 min post-

feeding were tested for presence of CAPA peptides (both CAPA-1 and CAPA-2) using the 

heterologous assay (Figure 5-4B). Haemolymph samples collected at 0, 5, and 10 min post-

feeding resulted in a similar luminescent response as observed with haemolymph samples 

collected from non-blood fed females. Maximal luminescence response was observed in 

haemolymph samples collected 30 min post-blood feeding (~3-fold increase), with levels 

steadily dropping from 60 to 120 min post-feeding. Normalized luminescent responses were 

interpolated from the dose-response curve and CAPA concentrations were determined (Figure 5-

4C). During non-blood fed conditions, haemolymph CAPA levels in females are at 10.96±0.007 

pM (Log-10.96). While CAPA titres steadily rise between 10 and 15 minutes post-blood feeding, 

levels peak at 30 min 12.59±0.012 pM (Log-10.90). After 30 minutes, CAPA levels plateau from 

60 to 120 min, with levels returning back to titres observed in non-blood fed females. No 

luminescence signals were obtained in PBS samples, indicating the luminescent response 

observed when AedaeCAPA-R was exposed to the haemolymph samples was a result of the 

activation of the receptor by the endogenous CAPA peptides. 
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Figure 5-4. CAPA peptide titres in haemolymph of blood fed female A. aegypti. (A) 
Normalized dose-response curve after the addition of 10-13 – 10-5 M doses of AedesCAPA-1 
peptide (EC50 = 1.83 nM). Luminescence was normalized to ATP and plotted relative to the 
maximal response (10-5 M). (B) Raw luminescent response depicting CAPA peptide levels in 
haemolymph collected from blood fed females (see methods for details). (C) Measured 
concentrations of CAPA in female A. aegypti haemolymph following a bloodmeal. (nBF = non-
blood fed; PBS = diluent without any haemolymph sample). Different letters denote bars that are 
significantly different from one another as determined by a one-way ANOVA and Tukey’s 
multiple comparison post-hoc test (p<0.05). Data represent the mean±SEM (n=10–15). 
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5.5 Discussion 
 
 In female A. aegypti, the evolution of blood feeding behaviour and adaptation required 

precisely coordinating several physiological processes including digestion, excretion, and 

oogenesis (Klowden, 2013). While blood feeding is necessary for egg development, providing a 

source of nutrients, vitamins, and proteins (Beyenbach, 2003; Beyenbach and Petzel, 1987), 

females ingest more than ten times their haemolymph volume in blood, thus imposing an 

osmoregulatory challenge (Kersch and Pietrantonio, 2011). Consequently, females retain 

essential proteins from the bloodmeal in the midgut while excess water and ions are excreted 

from the body by the actions of the MTs and hindgut, the latter of which is the main reabsorptive 

organ (Beyenbach, 2003; Williams et al., 1983). This rapid diuresis that ensues can result in the 

elimination of 40% of the ingested plasma volume within the first hour after the bloodmeal 

(Williams et al., 1983). As a result, this process requires rigorous control of the excretory system 

to ensure proper removal of excess ions and fluid from the body (Adams, 1999), and 

subsequently, modulation to this regulation to avoid excessive elimination. While numerous 

hormones function in regulating diuresis after a bloodmeal, the mosquito natriuretic peptide, 

DH31, is of particular interest because of its dual diuretic and natriuretic roles (Coast et al., 2005; 

Kwon et al., 2012; see Chapter 2; Sajadi et al., 2018). In mosquitoes, previous studies have 

shown that rapid fluid secretion during the peak phase of diuresis is driven by the action of the 

natriuretic hormone, DH31, acting through cAMP to drive secretion of Na+ across the tubule 

membrane (Beyenbach, 2003; Coast et al., 2005). Recent reports have identified a selective anti-

diuretic hormone, CAPA, shown to inhibit DH31-stimulated secretion through a 

NOS/cGMP/PKG pathway by targeting V-ATPase activity (Chapters 2-4; Sajadi et al., 2018; 

Sajadi et al., 2020). While the actions of both DH31 and CAPA have been elucidated in the 
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female A. aegypti mosquito, the precise timing of release and haemolymph levels of these 

neuropeptides remain unknown. The present paper sought to measure the titres of DH31 and 

CAPA peptides in the haemolymph of blood fed females to determine their timing of release, 

which helps to better understand their roles and actions in relation to blood feeding in female A. 

aegypti.  

Based on review of current evidence in the literature, direct data confirming this receptor 

is specifically activated exclusively by the mosquito natriuretic DH31 is lacking but was 

nonetheless assumed based on homology when the DH31 receptor was molecularly identified 

earlier (Kwon et al., 2012). Therefore, using a heterologous receptor assay, we determined the 

functional activation of AedaeDH31-R, testing various peptidergic ligands. Our findings reveal 

that the receptor is specific and activated only by its ligand DH31, whereas other tested insect 

neuropeptides failed to activate AedaeDH31-R. Insect calcitonin-like (CT) /diuretic hormone 

(DH) receptors belong to the family of secretin-like (family B) GPCRs (Hewes and Taghert, 

2001) and the first insect CT/DH receptor was functionally characterized in the fruit fly, 

Drosophila melanogaster (Johnson et al., 2005). CT-like receptors have also been reported in 

other insects based on genome or protein database searches (see Caers et al., 2012), while 

relatively few have been functionally confirmed using heterologous receptor assays, including 

the kissing bug Rhodnius prolixus (Zandawala et al., 2013) and the silkworm Bombyx mori (Iga 

and Kataoka, 2015). Herein, we have functionally validated that AedaeDH31 activates the 

AedaeDH31-R. Similar binding specificity of DH31 receptor has been observed previously in B. 

mori with EC50 values reported at 24.2 nmol l-1 (Iga and Kataoka, 2015) and 116 nmol l-1 in D. 

melanogaster (Johnson et al., 2005), consistent with the nanomolar ranges observed in the 

current study on AedaeDH31-R in A. aegypti. Additionally, previous research in the 
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aforementioned insects have observed that DH31 receptors are not activated by other insect 

neuropeptides (Johnson et al., 2005), indicating strict specificity for their natural peptidergic 

ligands as also observed herein.  

Studies have established that post-blood feeding, diuretic hormones induce fluid secretion 

within 2 minutes (Petzel et al., 1987), with secretion rates varying depending on bloodmeal size 

and hormone concentration (Nijhout and Carrow, 1978). Maximum rates of diuresis occur within 

10-12 minutes of a bloodmeal, with excretion rates of 40 nL/min (Williams et al., 1983; 

Wheelock et al., 1988) allowing for 40% of the water content of the bloodmeal to be excreted 

within 2 hours of feeding. Kwon et al., (2012) showed that the AedaeDH31-R regulates 

immediate fluid secretion from MTs treated with AedaeDH31, which correlated with high 

excretion rates in vivo from whole females post-bloodmeal. Both in vitro application of 

AedaeDH31 and providing a female with a full blood meal resulted in an increase in fluid 

secretion within 5 minutes (Kwon et al., 2012). Thus, consistent with these previous 

observations, we determined that AedaeDH31 is released immediately post-blood feeding into the 

female haemolymph, with levels peaking at 5 minutes at ~0.495 nM and slowly returning to 

basal levels by 15-30 minutes equivalent to titres in non-blood fed female mosquitoes. In the 

principal cells of the MTs, the haemolymph to lumen osmotic gradient is energized by the VA, 

driving the transepithelial secretion of Na+ and K+ through coupling with a proton/cation 

antiporter (Beyenbach, 2003). Further ion transport is driven from the haemolymph through 

various ion channels and cotransporters (Beyenbach, 2012; Coast, 2007; O’Connor and 

Beyenbach, 2001; Patrick et al., 2006; Wieczorek, 1992). The resulting electrochemical gradient, 

which is lumen positive, drives Cl- and osmotically-obliged water from the haemolymph to the 
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lumen of the MTs, thus generating primary urine (Beyenbach, 2003; Beyenbach and Wieczorek, 

2006).  

In A. aegypti MTs, fluid secretion increases approximately three-fold after stimulation 

with AedaeDH31 (Coast et al., 2005; Chapter 2; Sajadi et al., 2018), via cAMP as a second 

messenger (Beyenbach, 2003), activating Na+ channels and the Na+:K+:2Cl- co-transporter in the 

basolateral membrane of principal cells, subsequently activating protein kinase A (PKA), and 

upregulating VA activity and VA-driven cation transport processes (Dames et al., 2006; Tiburcy 

et al., 2013; Zimmermann et al., 2003; Chapter 4). Among the diuretic hormones studied in A. 

aegypti, AedaeDH31 is the only reported natriuretic hormone (Coast, 2009; Coast et al., 2005; see 

Chapter 2; Sajadi et al., 2018). Additionally, AedaeDH31-R expression is found in a distal-

proximal gradient, with greatest colocalization with the VA and exchangers in principal cells of 

the secretory distal regions of the MTs (Kwon et al., 2012; Patrick et al., 2006). The co-

localization of the AedaeDH31-R, VA, and cation/proton exchangers (Kang’ethe et al., 2007; 

Piermarini et al., 2009; Pullikuth et al., 2006) in the secreting distal regions can explain the rapid 

transport of ions (mainly Na+), and water in response to AedaeDH31 (Kwon et al., 2012) 

immediately post-bloodmeal. This natriuretic process is critical given that mammalian blood is 

55% plasma and 45% cells by volume, with a plasma-rich NaCl and a K+-rich cytoplasm 

(Blaustein et al., 2012; Dow 1986). The current findings provide greater insight into the time 

course of release of the natriuretic DH31 peptide into the female haemolymph following blood 

feeding. Increased hormone titres of DH31 are critical to ensure secretion of the Na+-rich plasma 

portion of the bloodmeal that lasts for at least the first 45 min after blood feeding (Williams et 

al., 1983). This timing of decreased natriuresis coincides with the observations that DH31 

hormone levels, while increase rapidly and peaking at 5 min after blood-feeding, begin 
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decreasing thereafter with levels at 30 min after blood-feeding being no different from non-blood 

fed mosquitoes. Thus, after the presumed cessation of DH31 release and once the bulk of the Na+-

rich plasma portion of the blood meal has been secreted, other diuretics such as kinin-like 

peptides and DH44, which are not natriuretic (see Chapter 2, Coast et al., 2005; Sajadi et al., 

2018; Pannabecker et al., 1993), can be released to continue diuresis as the nutritive component 

of the bloodmeal (i.e. cells) is processed. Of relevance to this dynamic regulation, the female 

mosquito begins to digest the bloodmeal in two phases; early phase commences one to three 

hours post-bloodmeal, while late phase digestion begins 8-36 hours post-bloodmeal (Felix et al., 

1991), which can prompt the release of the kaliuretic hormones, such as 5HT (see Chapter 2; 

Sajadi et al., 2018), to secrete a K+-rich urine to eliminate the excess levels of this cation 

following lysis of the imbibed blood cells.  

The current study also found that MTs stimulated with haemolymph samples showed the 

greatest secretory activity when treated with samples collected 5 minutes post-bloodmeal, with 

lower activity observed when tubules were treated with samples collected 10-30 minutes post-

blood feeding. While the increase in fluid secretion mimics the immediate release of DH31 into 

the haemolymph, it may also suggest the actions of additional diuretic factors such as 5HT, DH44 

or kinin-like peptides released prior to or at the same time as DH31. This possibility is supported 

by the observation that peak secretory activity were already observed in haemolymph samples 

collected 2 minutes post-bloodmeal, whereas levels of DH31 in the haemolymph peaked at 5 

minutes post-blood feeding as determined using the heterologous assay involving the 

AedaeDH31-R. The decrease in fluid secretion observed shortly after 5 minutes may be due to the 

release of another factor into the haemolymph, initiating a feedback mechanism to inhibit cAMP 

signalling (Cabrero et al., 2002). Additionally, a few studies have noted that the involvement of 
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G protein-coupled receptor kinases (GRKs) and beta-arrestins can result in the desensitization 

and internalization of the AedaeDH31-R (Padilla et al., 2007; Reiter and Lefkowitz, 2006). While 

it was previously assumed that diuresis in blood feeding insects was terminated by reducing the 

concentration of diuretic hormones circulating in the haemolymph, (Maddrell, 1964), later 

research raised the notion that the termination of diuresis may involve the release and actions of 

an anti-diuretic hormone, CAPA (Paluzzi and Orchard, 2006; Quinlan and O’Donnell, 1998; 

Quinlan et al., 1997).  

Here, this study sought to determine whether CAPA neuropeptides are released post-

blood feeding and may (in part) be responsible for the decreased fluid secretion subsequent to the 

now established peak titres of AedaeDH31 observed at 5 minutes post-blood feeding. CAPA 

peptides were shown to steadily increase post-bloodmeal, with highest levels quantified at 30 

minutes after feeding. Levels of CAPA decreased thereafter, with levels steadily returning to 

baseline titres by 60 minutes after the blood meal. Taken together, this may suggest a combined 

action of increased release of CAPA peptides together with reduction in DH31 release into the 

female haemolymph which may be the cause of the decreased secretion rate observed 5 minutes 

after blood feeding. Thus, this may coordinate the transition between the different phases of post-

blood feeding diuresis reported in the A. aegypti mosquito (Williams et al., 1983). The early peak 

phase is dominated by diuretic hormones including AedaeDH31, which we have quantified and 

found increases significantly after blood-feeding peaking at 5 min. Comparatively, the post-peak 

phase of diuresis still involves pronounced rates of fluid secretion but is marked as a transitional 

stage where the excretory system switches from handling the bulk of the NaCl-rich plasma to the 

KCl-rich waste derived from nutritive cellular portion of the blood meal occurring during the 

post-peak phase of the diuresis (Williams et al., 1983). Moreover, our results support that other 
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diuretics are likely active in the early stages of the peak phase of diuresis since significantly 

elevated fluid secretion rate (~ four-fold over unstimulated rates) was evident in MTs treated 

with haemolymph extracts collected immediately following blood feeding. This is to be 

expected, given the well-documented evidence of synergistic actions (and, at minimum, additive 

effects) of diuretic hormones. In R. prolixus, application of diuretic hormones, 5HT and 

RhoprDH, produces a synergistic effect, with a fluid secretion rate nearly four-fold greater than 

that expected if effects were additive (Paluzzi et al., 2012). Interestingly, while RhoprCAPA-α2 

did not influence RhoprDH-stimulated secretion, addition of RhoprCAPA-α2 together with both 

diuretic hormones abolished the synergism observed (Paluzzi et al., 2012). Similarly, in the 

cockroach, Diploptera punctata, MTs treated simultaneously with the peptides DH31 and CRF-

like DH (DH46) show an increase in fluid secretion rates greater than the sum of the individual 

responses to these agonists (Furuya et al., 2000). While no studies have examined potential 

additive or synergistic effects in the Aedes MTs, our results support the release of other diuretics 

in addition to DH31, which results in a greater combined fluid secretion rate. Together, DH31 

plays an important role in fluid transport of mosquito excretory organs including both the MTs 

and hindgut, where it has been shown to increase hindgut contract frequency (Kwon and 

Pietrantonio, 2013). These results suggest that DH31 released post-bloodmeal has a direct and 

coordinative action on the excretory system, by which DH31-R signalling stimulates MT primary 

urine secretion and hindgut contraction resulting in rapid post-feeding fluid excretion. Thus, the 

release of CAPA 30 minutes post-blood meal ensures the activity of DH31 on the MTs is 

abolished, while allowing the effects on the hindgut to continue excreting a reduced Na+-rich 

urine.  
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In the Aedes mosquito, CAPA peptides have been shown to demonstrate anti-diuretic 

effects, in both larval and adult stages (Ionescu and Donini, 2012; Pollock et al., 2004; see 

Chapters 2-4; Sajadi et al., 2018; Sajadi et al., 2020). Recent reports in the adult female A. 

aegypti have indicated that AedaeCAPA-1 binds to its cognate receptor, which is highly 

expressed in principal cells of the MTs, targeting the NOS/cGMP/PKG pathway (see Chapter 3, 

Sajadi et al., 2020), to inhibit DH31-mediated elevation of cAMP (Coast et al., 2005; Petzel et al., 

1987; Chapter 4). Further studies suggested this inhibition is mediated through the inactivation of 

the VA holoenzyme, involving the dissociation of the V1 complex from the membrane-integrated 

apical Vo complex, hindering luminal flux of protons required for cation/proton exchange, which 

ultimately reduces tubule fluid secretion (see Chapter 4). In D. melanogaster, CAPA peptides 

have been broadly reported to act as diuretic hormones on MTs isolated in vitro at higher doses 

(Terhzaz et al., 2012; Davies et al., 2013; Kean et al., 2002) and particularly anti-diuretic at 

lower (femtomolar to picomolar) concentrations (MacMillan et al., 2018), which was consistent 

in both larval (Ionescu and Donini, 2012) and adult (see Chapters 2-4, Sajadi et al., 2018; Sajadi 

et al., 2020) Aedes mosquitoes. Further testing in D. melanogaster to quantify CAPA levels in 

the haemolymph using a CAPA peptide-specific ELISA indicated that resting titres in 

Drosophila are below 25 fmol l-1 (MacMillan et al., 2018). Consistent with earlier observations, 

these results suggest that circulating levels of CAPA peptides can be found at picomolar 

concentrations, which has been previously shown to inhibit DH31-mediated secretion (see 

Chapter 2, Sajadi et al., 2018). CAPA neuropeptides are secreted and released within a pair of 

ventral neurosecretory cells located in each abdominal ganglia of the ventral nerve cord, with 

axonal projections exiting each ganglia releasing the peptide into the haemolymph (Chapter 3; 

Sajadi et al., 2020). Consequently, due to the close proximity of the abdominal ganglia (CAPA 
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release sites) and MTs (CAPA target sites), large fluctuations in haemolymph levels may not be 

necessary to elicit its actions. Fluctuations in hormonal titres following a stimulus have been 

investigated in various insect haemolymphs, including R. prolixus where haemolymph levels of 

diuretic Rhopr-CRF/DH was shown to increase significantly to 5 nM one-hour post-feeding, 

confirming its role as a true diuretic hormone (Lee et al., 2016). In Schistocerca gregaria 

(Audsley et al., 2006), levels of the ion transport peptide-like (ITP-L) peptide was shown to 

increase more than four-fold in fed male locusts to 41.5 nM, in comparison to starved locusts. 

The functionally analogous hormone vasopressin (AVP) or antidiuretic hormone (ADH) in 

humans also play a major role in controlling body water homeostasis, where plasma ADH rises 

from 2 to 4 pg/mL with a 2% decrease of in total body water, demonstrating the change in 

hormonal release upon an increase in plasma osmolarity (Schrier et al., 1979). Thus, consistent 

with previous studies, our results support the release of DH31 into the haemolymph post-

bloodmeal (stimulus), acting as a true diuretic and natriuretic hormone in female A. aegypti. 

 The female A. aegypti mosquito ingests a bloodmeal for the purpose of gaining proteins 

and other nutrients essential for egg production (Beyenbach, 2003; Beyenbach and Petzel, 1987; 

Christophers, 1960). However, the bloodmeal also contains large amounts of unwanted salts and 

water which poses a threat to the haemolymph homeostasis (Beyenbach, 2003) and reduces the 

manoeuverability and flight speed of the mosquito (Roitberg et al., 2003). While considerable 

studies have examined the roles of diuretic and anti-diuretic hormones post-blood feeding, here 

we functionally characterized the AedaeDH31-R in the A. aegypti mosquito and provided novel 

evidence demonstrating both DH31 and CAPA peptides are dynamically released in the 

haemolymph post-bloodmeal. Based on the heterologous functional receptor assay and in vitro 

fluid secretion assays on isolated MTs, DH31 in the haemolymph was found in the nanomolar 
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range and is released immediately post-bloodmeal by two-fold to stimulate fluid secretion and 

reduce the Na+ load from the blood plasma. Accompanying DH31, we also provide evidence of 

the anti-diuretic hormone, CAPA, released 15-30 minutes post-bloodmeal at picomolar ranges, 

increasing 25% over basal levels, which together with a cessation in DH31 release in the 

haemolymph, causes a steady decline in DH31-mediated natriuresis that defines the peak phase of 

diuresis post-blood feeding, thus preventing the excessive loss of Na+. Taken together, these 

novel findings highlight the physiologically relevant titres of diuretic and anti-diuretic hormones 

released post-bloodmeal in the mosquito, emphasizing the fine-tuning of the excretory system to 

maintain haemolymph homeostasis through multiple regulatory factors (i.e. hormones), which 

possibly contributes in the evolutionary success of blood feeding.  
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6.1 Summary  
 

The insect ion transport peptide (ITP) and its alternatively spliced variant, ITP-like 

peptide (ITP-L), belong to the crustacean hyperglycemic hormone family of peptides and are 

widely conserved among insect species. While limited, studies have characterized the ITP/ITP-L 

signalling system within many insects, and putative functions including regulation of ion and 

fluid transport, ovarian maturation, and thirst/excretion have been proposed. Herein, I aim to 

molecularly investigate Itp and Itp-l expression profiles in the mosquito Aedes aegypti, examine 

peptide immunolocalization and transcript distribution within adult tissues, and elucidate 

putative physiological roles for these neuropeptides. Transcript expression profiles of both 

AedaeItp and AedaeItp-l reveal enrichment in adults, with AedaeItp expressed in the brain and 

AedaeItp-l expression predominantly within the abdominal ganglia. Immunohistochemical 

analysis and fluorescence in situ hybridization within the central nervous system reveals 

expression of AedaeITP peptide and its transcript in a number of cells in the brain and in the 

terminal ganglion. Comparatively, AedaeITP-L peptide and transcript was localized solely within 

the abdominal ganglia of the central nervous system. Interestingly, starvation and blood feeding 

caused upregulation of AedaeItp and AedaeItp-l levels in adult mosquitoes, suggesting possible 

functional roles in ionoregulation and/or feeding. RNAi-mediated knockdown of AedaeItp 

caused an increase in urine excretion, while knockdown of both AedaeItp and AedaeItp-l reduced 

blood feeding and egg-laying in females while reducing egg viability, suggesting roles in 

reproductive physiology and behaviour. Altogether, this study identifies AedaeITP and 

AedaeITP-L as key pleiotropic hormones, regulating various critical physiological processes in 

the disease vector, A. aegypti.  
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6.2 Introduction 
 

Neuropeptides comprise a large and diverse class of signalling molecules that, together 

with their receptors, play a significant role in controlling a myriad of behavioural and 

physiological processes, including reproduction, feeding, development, energy homeostasis, 

water and ion balance, and more (Coast, 2007; Schoofs et al., 2017; Strand et al., 2016) (Nässel 

et al., 2019). The crustacean hyperglycemic hormone (CHH) family of peptides are a large 

neuropeptide superfamily, that includes structurally-related peptides composed of 72 to more 

than 80 amino acids (Chen et al., 2020), with the addition of three highly conserved 

intramolecular disulfide bonds (Nagai et al., 2014). Functional roles for the CHH family of 

peptides are linked to molting, stress responses, reproduction, and homeostatic regulation of 

energy metabolism (Webster et al., 2012). The insect ion transport peptide (ITP) and its 

alternatively spliced variant, ITP-like or ITP-long (ITP-L) belong to the CHH family of peptides 

(Dai et al., 2007; Keller, 1992) and are widely conserved among insect species, including 

lepidopterans, such as the silkworm Bombyx mori (Dai et al., 2007; Endo et al., 2000), and the 

tobacco hornworm Manduca sexta (Drexler et al., 2007). While investigations examining the 

roles of ITP and ITP-L are limited, studies have suggested functions of both peptides as 

regulators of ion and fluid transport across the ileum of the desert locust Schistocerca gregaria 

(Audsley et al., 1992) in ecdysis in M. sexta (Drexler et al., 2007), in ovarian maturation in the 

red flower beetle Tribolium castaneum (Begum et al., 2009), and thirst/excretion regulation and 

clock neuron modulation in the fruit fly Drosophila melanogaster (Gáliková et al., 2018; Johard 

et al., 2009).  

The insect ITP was originally identified in S. gregaria (Audsley et al., 1992; Dai et al., 

2007), where it drives chloride-dependent movement of fluid across the ileum, hence suggesting 
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a role as an anti-diuretic hormone (Audsley et al., 1992; Phillips and Audsley, 1995). 

Subsequently, Meredith et al. identified the complete amino acid sequence of SchgrITP, with a 

72-residue mature peptide sequence and six cysteine residues proposed to participate in 

disulphide bridge formation (Meredith et al., 1996). The mature SchgrITPL peptide is only four 

amino acids longer than ITP, containing a unique carboxy-terminus (Dircksen, 2009; Phillips et 

al., 1998). Studies have revealed that both peptides share a common N-terminal sequence, 

whereas the C-terminal sequences diverge significantly, thus were predicted to arise from 

alternative splicing (Meredith et al., 1996). Due to the shared N-terminus between the two 

peptide precursors, earlier studies proposed that the N-terminus permits the peptides to bind to its 

receptor (Phillips et al., 1998). ITP is a potent stimulator of ileal short circuit current, whereas 

ITP-L is devoid of such activity, suggesting an antagonistic role of ITP-L on the putative ITP 

receptors in locust hindgut (Oehler et al., 2014).   

Differential tissue immunolocalization of ITP and ITP-L in M. sexta and B. mori revealed 

ITP expression in bilaterally-paired neurosecretory cells in the brain with projections to the 

retrocerebral complex, whereas ITP-L expression was seen in peripheral neurosecretory cells and 

neurons of the ventral ganglia (Dai et al., 2007). Further investigations confirmed ITP 

localization exclusively to the central nervous system, and ITP-L to the central nervous system 

and peripheral tissues (Dircksen et al., 2008; Meredith et al., 1996; Yu et al., 2016), suggesting 

differential functional roles for the alternatively spliced peptides. In 2007, Dai et al. were the 

first to identify a conserved ITP gene (Itp) in the mosquito, Aedes aegypti, which by alternative 

splicing, encodes for AedaeITP-L; a longer peptide isoform with an unblocked C-terminus, and 

AedaeITP; a shorter peptide with an amidated C-terminus. To date, the expression pattern, tissue 

distribution, and putative physiological function of either ITP or ITP-L has not been determined 
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in A. aegypti. Herein, this study set out to characterize the tissue-specific expression and 

localization, and elucidate a physiological role of AedaeITP and AedaeITP-L in the A. aegypti 

mosquito. Using a combination of molecular and physiological techniques, AedaeITP and 

AedaeITP-L was characterized in the adult stage mosquito, with expression and localization of 

AedaeITP in the brain and the terminal ganglion while AedaeITP-L was detected in the 

abdominal ganglia of the ventral nerve cord. Furthermore, using RNA interference (RNAi), the 

current results provide novel evidence that AedaeITP and AedaeITP-L play essential roles in 

ionoregulation, reproductive physiology and mating behaviour in the Aedes mosquito. Overall, 

these findings greatly advance our understanding of the ITP and ITP-L neuropeptides in 

mosquitoes and provide novel directions for future research to unravel neuropeptidergic 

signalling in the disease-vector, A. aegypti. 

 

6.3 Materials and Methods 
 
Animals 

Aedes aegypti eggs (Liverpool strain) were collected from an established laboratory 

colony as described previously (Rocco et al., 2017; Chapters 2-5; Sajadi et al., 2018; Sajadi et 

al., 2020) and hatched in double-distilled water in an incubator at 26°C on a 12:12 hour 

light:dark cycle. Larvae were fed a solution of 2% (w/v) brewer’s yeast and 2% (w/v) Argentine 

beef liver powder (NOW foods, Bloomingdale, IL, USA). For colony upkeep, female mosquitoes 

were fed sheep’s blood in Alsever’s solution (Cedarlane Laboratories Ltd., Burlington, ON, 

Canada) using an artificial feeding system (Rocco et al., 2017). Adults were provided with 10% 

sucrose solution ad libidum. 
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Tissue/organ dissections, RNA extraction, and cDNA synthesis 

 One- and four-day old adult female (n=30) and male (n=40) A. aegypti were briefly 

anaesthetized with CO2 and submerged in Dulbecco’s phosphate buffered saline (DPBS; Wisent 

Corporation, St. Bruno, QC, Canada), and the following body segments and/or tissues/organs 

were dissected and isolated: head, thorax, midgut, Malpighian tubules (MTs), hindgut, 

reproductive tissues (ovaries, testes, and accessory reproductive tissues) and carcass (remaining 

cuticle, musculature, fat body, and abdominal ganglia). Whole adult RNA was obtained by 

collecting one- and four-day old adult female (n=10) and male (n=11) mosquitoes. For the 

starvation assay, whole adult male (n=6-7) and females (n=5-6) were isolated 24 h or 48 h post 

treatment. To confirm knockdown efficiency following dsRNA treatment, whole adult male 

(n=5-6) and females (n=5) were isolated four-, six-, and eight-days post injection. Whole adult 

and organ samples were stored in a 1:1 mixture of RNA protection buffer:nuclease-free H2O at -

20°C until further processing. Samples were then thawed at room temperature and total RNA 

was isolated using the Monarch Total RNA Miniprep Kit following manufacturers protocol with 

an on-column DNase treatment to remove genomic DNA (New England Biolabs, Whitby, ON, 

Canada). Purified total RNA samples were subsequently aliquoted onto a Take3 micro-volume 

plate and quantified on a Synergy Multi-Mode Microplate Reader (BioTek, Winooski, VT, 

USA). To determine AedaeItp and AedaeItp-l transcript levels, cDNA was synthesized from 500 

ng (developmental expression profile), 80 ng (spatial expression profile), and 250 ng (starvation 

assay and dsRNA injections) total RNA using the iScript™ Reverse Transcription Supermix for 

RT-qPCR (Bio-Rad, Mississauga, ON, Canada) following manufacturers protocol, including a 

ten-fold dilution of cDNA following synthesis.  
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RT- quantitative PCR 

 To measure expression profiles for AedaeItp and AedaeItp-l, transcript abundance was 

quantified on a StepOnePlus™ Real Time PCR system (Applied Biosystems, Carlsbad, CA, 

USA) using PowerUP™ SYBR® Green Master Mix (Applied Biosystems, Carlsbad, CA, USA). 

Cycling conditions were as follows: 1) UDG activation 50°C for 2 min, 2) 95°C for 2 min, and 

3) 40 cycles of i) 95°C for 15 seconds and ii) 60°C for 1 minute. Gene-specific primers for 

AedaeItp and AedaeItp-l were designed over multiple exons (see Table 6-S1 for list of primers) 

based on a previously reported mRNA sequence (Genbank Accession Numbers: (Itp) AY950503 

and (Itp-l) AY950506) (Dai et al., 2007). To ensure specificity for each individual peptide-

specific transcript, reverse primers for AedaeItp (nucleotides 418-438) and AedaeItp-l 

(nucleotides 418-428) were designed over transcript-specific exon-exon boundaries that, in the 

case of AedaeItp-l, includes exon 3 since this exon is absent in AedaeItp (Figure 6-S1). Relative 

expression levels were determined using the ∆∆CT method (Livak and Schmittgen, 2001) and 

normalized to the geometric mean of rp49 and rps18 reference genes, which were previously 

determined as optimal endogenous controls (Paluzzi et al., 2014). Developmental expression 

profiles consisted of an average of 5-6 biological replicates that each included triplicate technical 

replicates for each target gene. Spatial expression profiles consisted of an average of 3-4 

biological replicates. The starvation assay and dsRNA knockdown consisted of an average of 4 

and 3 biological replicates, respectively. Primer specificity for target mRNA was assessed by 

conducting no reverse-transcriptase and no-template controls along with performing standard 

curves to calculate primer efficiencies.   
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Immunohistochemistry  

 To examine AedaeITP and AedaeITP-L immunoreactivity in the central nervous system, 

whole one- and four- day old adult male and female A. aegypti were collected and incubated in 

4% paraformaldehyde (PFA) fixative overnight at 4°C. The following day, tissue dissections of 

the central nervous system consisting of the brain, thoracic ganglia, and the abdominal ganglia, 

were performed in DPBS. Tissues were then incubated on a rocker for 1 h at RT in 4% Triton X-

100 (Sigma Aldrich, Oakville, ON, Canada), 10% normal sheep serum (NSS) (v/v) and 2% BSA 

(w/v) prepared in DPBS, followed by three 15 min washes in DPBS. After the last wash, the 

DPBS was removed and substituted with a preincubated 1:1000 dilution of primary antiserum 

solution (0.4% Triton-X- 100, 2% NSS (v/v), and 2% BSA (w/v)) in DPBS (prepared the day 

before use and incubated at 4°C to reduce non-specific binding) on a rocker for 96 h at 4°C. A 

custom-synthesized primary antiserum solution was raised in rabbit against a synthetic peptide 

(SSFFDIECKGQFNKA) antigen corresponding to a 15-amino acid region of AedaeITP and 

AedaeITP-L (nucleotides 154-198 on common exon 2, amino acids 1-15 of the shared N-

terminal sequence), thus targeting both AedaeITP and AedaeITP-L (Biomatik, Kitchener, ON, 

Canada). Following incubation, tissues were washed with DPBS four times on a rocker over the 

course of an hour and subsequently incubated overnight at 4°C with a goat anti-rabbit Alexa 

Fluor® 568 IgG (H+L) secondary antibody (Molecular Probes, Life Technologies, Eugene, OR, 

USA) diluted 1:200 in 10% NSS made up in DPBS and protected from light. The following day, 

tissues were washed three times with DPBS for 15 min each. As a negative control, the anti-

AedaeITP/ITP-L primary antiserum was preincubated with 10 μM antigen 

(SSFFDIECKGQFNKA) overnight prior to use. Additionally, tissues were also incubated with a 

no-primary control (0.4% Triton-X-100, 2% NSS (v/v), and 2% BSA (w/v) prepared in DPBS). 
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Tissues were mounted on cover slips with mounting media comprised of DPBS with 50% 

glycerol containing 4 μg/mL 4’6-diamidino-2-phenylindole dihydrochloride (DAPI) and were 

visualized on a Zeiss LSM 800 confocal laser microscope (Carl Zeiss, Jena, Germany) and 

processed with the Zeiss LSM Image Browser software or visualized on a Lumen Dynamics 

XCiteTM 120Q Nikon fluorescence microscope (Nikon, Mississauga, ON, Canada). 

 

Preparation of digoxigenin-labeled RNA probes and fluorescent in situ hybridization 

Localization and distribution of cells expressing the AedaeItp and AedaeItp-l mRNA 

within the CNS was determined using fluorescent in situ hybridization (FISH) following a 

similar protocol as previously described (Paluzzi et al., 2008; Sajadi et al., 2020; Chapter 3). To 

synthesize the sense and antisense probes, AedaeItp and AedaeItp-l were amplified via PCR 

using one-day old female head and one-day whole body male cDNA, respectively, as template. 

Gene-specific primers with the addition of the T7 promoter sequence (5’-

TAATACGACTCACTATAGGG-3’) were utilized to add the T7 sequence to the 5’ end of the 

target for sense probe (control) and 3’ end of the target for anti-sense probe templates (Table 6-

S1). AedaeItp primers were designed over common exons 2 and 4, targeting both AedaeItp and 

AedaeItp-l transcripts, whereas AedaeItp-l primers were designed over the unique exon 3 

targeting only AedaeItp-l transcript. The amplified target sequences with the T7 promoter 

additions were then ligated to a pGEM-T-Easy vector (Promega, Madison, WI, USA) and 

directionally screened and amplified using a combination of a T7 promoter sequence and gene-

specific reverse primers. Digoxigenin (DIG)-labeled antisense and sense AedaeItp and AedaeItp-

l probes were generated by in vitro transcription, using a T7 RNA Polymerase Mix, 10X 

Reaction Buffer, and the DIG RNA Labeling Mix, 10X conc. (Roche Applied Science, 
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Mannheim, Germany), following the manufacturer’s protocol. Once DIG-labeled RNA synthesis 

was complete, template DNA was removed with DNase I (New England Biolabs, Whitby, ON, 

Canada) and run on a non-denaturing 1% agarose gel to confirm RNA probe integrity. RNA 

probes were quantified by UV spectroscopy using a Take3 micro-volume plate and measured on 

a Synergy Multi-Mode Microplate Reader. 

The in-situ hybridization procedure was modified based on a previously described 

protocol for the kissing bug, Rhodnius prolixus, and A. aegypti (Paluzzi et al., 2008; Chapter 3; 

Sajadi et al., 2020). Tissues/organs were dissected under nuclease-free DPBS and immediately 

placed into microcentrifuge tubes containing freshly-prepared 4% PFA in DPBS and fixed for 1 

h at RT on a rocker. Tissues/organs were subsequently washed five times with 0.1% Tween-20 

in DPBS (PBT) and treated with 1% H2O2 (diluted in DPBS) for 20 min at RT to quench 

endogenous peroxidase activity. Next, tissues/organs were incubated in 4% Triton X-100 in PBT 

for 1 h at RT to permeabilize the tissues/organs and subsequently washed three times with PBT. 

A secondary fixation was performed for 20 min in fresh 4% PFA and tissues/organs were then 

washed with PBT to remove traces of fixative. The tissues/organs were then rinsed with a 1:1 

mixture of PBT:RNA hybridization solution (50% formamide, 5 x SSC, 0.1 mg/mL heparin, 0.1 

mg/mL sonicated salmon sperm DNA and 0.1% Tween-20), which was then replaced with RT 

pre-RNA hybridization solution (prepared by denaturing at 80°C for five min and subsequently 

cooled on ice for five min). Tissues/organs were then incubated at 56°C for 1 h. Labelled RNA 

probes (sense for control and anti-sense for experimental) were prepared by adding to pre-boiled 

RNA hybridization (2 ng/µL final concentration) and this mixture was heated at 80°C for 3 min 

to denature the single-stranded RNA probes and cooled on ice for 5 min. Tissues/organs were 

incubated overnight in the hybridization solution containing the DIG-labelled probe at 50°C. The 
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following day, tissues/organs were washed twice with hybridization solution, and subsequently 

with 3:1, 1:1 and 1:3 (vol/vol) mixtures of hybridization solution:PBT (all pre-warmed to 50°C 

overnight). Next, tissues/organs were washed with pre-warmed (50°C) PBT and subsequently 

blocked with PBTB (DPBS, 0.1% Tween-20, 1% Molecular Probes block reagent; Invitrogen, 

Carlsbad, CA, USA) for 1 h to reduce non-specific staining. Tissues/organs were then incubated 

with a 1:400 mouse anti-DIG biotin-conjugated antibody (Jackson ImmunoResearch 

Laboratories, West Grove, PA, USA) in PBTB for 1.5 h on a rocker protected from light, 

followed by several washes in PBTB over 1 h. Afterward, tissues/organs were incubated with 

horseradish peroxidase-streptavidin conjugate (Molecular Probes, Eugene, OR, USA) diluted 

1:100 in PBTB for 1 h and tissues were washed again in PBTB several times over 1 h. 

Tissues/organs were then washed twice with PBT and once with DPBS. A tyramide solution was 

prepared consisting of Alexa Fluor 594 tyramide dye in 1X reaction buffer containing 1X H2O2 

following the manufacturer’s protocol. After troubleshooting experiments using various 

incubations times with the tyramide solution, a 6.5 min incubation period provided optimal 

results with minimal background staining for the brain and ganglia. After the last DPBS was 

removed, tissues/organs were incubated in the tyramide solution for 6.5 min on a rocker 

protected from light, after which 100 µL of stop solution was added. The tyramide/stop solution 

mixture was then removed, and the tissues/organs were washed with DPBS several times over 1 

h and stored overnight in DPBS at 4°C and then mounted on cover slips with mounting media. 

The tissues/organs were visualized on a Zeiss LSM 800 confocal laser microscope and processed 

with the Zeiss LSM Image Browser software or visualized on a Lumen Dynamics XciteTM 120Q 

Nikon fluorescence microscope.  
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Starvation and blood feeding assay 

 To examine the potential roles of AedaeITP and AedaeITP-L in mosquito 

feeding/starvation, adult males and females were isolated post-emergence and sorted into three 

treatment conditions: non-fed (no food or water provided), fed (10% sucrose ad-libitum), and 

hydrated (only water provided). The adults were collected after 24 h or 48 h, and mRNA 

transcript levels of AedaeItp and AedaeItp-l were examined by RT-qPCR (as described above). 

To investigate whether a protein-rich meal influences the transcript abundance of AedaeItp and 

AedaeItp-l, adult female mosquitoes (five-six day old) were given 20 min to blood feed on 

sheep’s blood in Alsever’s solution (Cedarlane Laboratories, Burlington, ON, Canada), and all 

blood fed females were subsequently isolated after 1, 6, 12 and 24 h post blood meal. Blood fed 

females were compared to control, similarly aged (five-six day old) females that were provided 

sucrose ad libitum. Post isolation, mRNA transcript levels of AedaeItp and AedaeItp-l were 

examined by RT-qPCR (as described above).  

 

Preparation and microinjection of AedaeItp and AedaeItp-l dsRNA  

 Gene-specific primers were designed to amplify a region of the AedaeItp and AedaeItp-l 

transcripts as a template for double stranded RNA (dsRNA) synthesis (ensuring no overlap with 

RT-qPCR primers, Table 6-S1). Similar to the gene-specific probes, dsAedaeItp primers were 

designed over common exons 1 and 2, targeting and knocking down both AedaeItp and 

AedaeItp-l mRNA, whereas AedaeItp-l primers were designed over the unique exon 3 targeting 

only AedaeItp-l transcript. The AedaeItp and AedaeItp-l target regions were amplified and cloned 

into pGEM-T-Easy and subsequently subcloned into the L4440 vector, which possesses two T7 

promoters, each flanking either side of the multiple cloning site. L4440 was a gift from Andrew 
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Fire (Addgene plasmid#1654; http://n2t.net/addgene:1654; RRID:Addgene_1654). The AedaeItp 

and AedaeItp-l targets were screened with a M13 forward (5’-TGTAAAACGACGCCAGT-3’) 

and L4440 reverse primer (5’-AGCGAGTCAGTCAGTGAGCGAG-3’) and reamplified with a 

T7 primer serving as a forward and reverse primer. Double stranded RNA was synthesized by in 

vitro transcription using the HiScribe T7 High Yield RNA Synthesis Kit (New England Biolabs, 

Whitby, ON, Canada) following manufacturers recommendations. The dsRNA was incubated at 

75°C for 5 min for denaturation and left at RT for 15 min to allow rehybridization, followed by 

RNA purification using a Monarch RNA Cleanup Kit following the manufacturer’s protocol 

(New England Biolabs, Whitby, ON, Canada). One-day old male and female adult mosquitoes 

were briefly anesthetized using CO2 and injected in the thorax with 1 μg of AedaeItp, AedaeItp-l 

or control Egfp (enhanced green fluorescent protein) dsRNA using a Nanoject III Programmable 

Nanoliter Injector (Drummond Scientific, Broomall, PA, USA).  

 

In vivo urine production assay  

 To determine if AedaeITP and/or AedaeITP-L influences urine output, adult female 

mosquitoes were injected with 500 nL of a HEPES buffered saline (HBS), consisting of 11.9 

mM HEPES, 137 mM NaCl, and 2.7 mM KCl, titrated to a pH of 7.45 and filter sterilized before 

use. Based on an established protocol (Calkins and Piermarini, 2015), four-day old females were 

injected and placed into a graduated, packed-cell volume tube (MidSci, St. Louis, MO, USA) for 

two hours at 28°C with three mosquitoes per tube and excretion volumes were measured. 

Specifically, following the incubation period, mosquitoes were removed from the tube, which 

was then centrifuged at 16 000 g for 30 s to allow for the excreted volume to be measured 

visually under a dissection microscope, via the graduated column at the bottom of the tube. 
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Treatment females were either four-day old dsEgfp, dsAedaeItp, dsAedaeItp-l females (injected 

at one-day old), or non-dsRNA injected four-day old female mosquitoes that served as controls. 

 

Mating and egg-laying assay 

A. aegypti mosquitoes were separated at the pupal stage and individually placed into a 

24-well plate to allow adults to emerge. One-day old non-mated male and female adults were 

then isolated and injected as follows: 1) dsAedaeItp or dsAedaeItp-l knockdown females mated 

with virgin males, 2) dsAedaeItp or dsAedaeItp-l knockdown males mated with virgin females, 

and 3) dsAedaeItp or dsAedaeItp-l knockdown females mated with dsAedaeItp or dsAedaeItp-l 

males. For 1), dsAedaeItp or dsAedaeItp-l females were grouped with one-day old virgin males 

at a 1:2 ratio of female:male per insect box (BugDorm-5 insect box, MegaView Science Co. 

Taiwan) between 18 and 24 h after dsRNA injection. After four-five days post-mating, 

knockdown females were provided a bloodmeal. For 2), dsAedaeItp or dsAedaeItp-l males were 

mated with two-three-day old virgin females, and females were provided a bloodmeal 48 h post-

mating. Lastly, for 3), dsAedaeItp or dsAedaeItp-l males and females were mated, and females 

were provided a bloodmeal four-five days post injection. For all blood feeding assays, females 

were given 20 min to blood feed, and blood fed females were subsequently isolated and weighed 

individually before being placed in an inverted 25 cm2 cell culture flask (Corning) containing 3 

mL of distilled water (dH2O) from larvae rearing containers to attract egg laying, lined with filter 

paper. Laid eggs were collected after 4 days and were semi-desiccated for 72 h and counted. 

Females were then removed and weighed before spermathecae were dissected and viewed under 

a microscope to confirm insemination. Eggs were placed in 40 mL of dH2O with 1 mL larval 
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food (1:1 ratio of 2% brewer’s yeast and 2% liver powder), and hatched larvae (if any) were 

counted after 48 h. 

 

Sperm Quantification  

 Sperm quantification in the paired seminal vesicles (male sperm storage organs) and 

testes of male A. aegypti, along with the spermathecae (female sperm storage organs) of female 

A. aegypti 4 days post dsRNA injection was performed following previously published protocols 

(Durant and Donini, 2020; Rocco et al., 2019). The seminal vesicles, testes, and spermathecae 

were isolated from individual male and female mosquitoes (9-11 mosquitoes per dsRNA mating 

treatment from 3-4 mating replicates), placed in a 96-well plate with 100 μL PBS, and gently 

torn open using forceps to release spermatozoa. An additional 10 μL PBS was used to rinse the 

forceps and the PBS with spermatozoa was mixed thoroughly using a P100 pipette. Five 1 μL 

droplets of the PBS/spermatozoa mixture were spotted onto a microscope slide (previously 

treated with poly-L-lysine to promote sperm attachment), allowed to air dry completely, and 

subsequently fixed with 70% ethanol. Slides were mounted using mounting media comprised of 

DPBS with 50% glycerol containing 4 μg/mL DAPI, and the nuclei of spermatozoa within each 

1 μL droplet was imaged under 4X magnification using an Olympus IX81 inverted microscope 

(Olympus Canada, Richmond Hill, ON, Canada). The nuclei of spermatozoa were counted in 

each 1 μL droplet, averaged across all five droplets for each animal, and multiplied by the 

dilution factor to determine total spermatozoa numbers within the seminal vesicle, testes, and 

spermatheca.  
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Statistical analyses 

All graphs were created and statistical analyses performed using GraphPad Prism 

software. Data was analyzed accordingly using a one-way or two-way ANOVA and the 

appropriate post-hoc test as indicated in the figure captions, with differences between treatments 

considered significant if p<0.05.  

 

6.4 Results 

Tissue/organ-specific expression profile of AedaeItp and AedaeItp-l transcript 

Post-embryonic stages and selected tissues/organs of mosquitoes were examined for 

AedaeItp and AedaeItp-l transcript expression and compared between males and females. 

Developmental expression profiling revealed significant enrichment of AedaeItp transcript 

abundance in adult stage mosquitoes (Figure 6-1A,B), with greatest enrichment in one- and four-

day old males. In contrast, AedaeItp-l transcript was observed in late pupal and adult stage 

mosquitoes, including one-day old males and females (Figure 6-1A,C). Transcript abundance of 

AedaeItp was significantly higher compared to AedaeItp-l abundance in the adult-stage 

mosquitoes, with over a three-fold higher abundance of AedaeItp transcript compared to 

AedaeItp-l. Additionally, AedaeItp transcript abundance was exclusively enriched in the head 

(Figure 6-1D,H) and brain (Figure 6-1F,J) in both adult male and female mosquitoes. Expression 

of AedaeItp-l transcript expression was observed in the carcass (Figure 6-1E,I) and abdominal 

ganglia (Figure 6-1G, K) in adult mosquitoes. 
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Figure 6-1. Developmental and spatial transcript expression profile of AedaeItp and 
AedaeItp-l in A. aegypti. Expression of AedaeItp and AedaeItp-l transcript was analyzed in post-
embryonic stages (A-C) of the mosquito shown relative to transcript levels in fourth instar 
larvae. Expression of AedaeItp (D,F,H,J) and AedaeItp-l (E,G,I,K) transcript levels were 
analyzed in various tissues/organs from one-day old adult males (D-G) and females (H-K) shown 
relative to transcript levels in the mosquito head/brain. Abbreviations: 4th instar (4th ins), early 
pupa (EP), late pupa (LP), Malpighian tubules (MTs), midgut (MG), hindgut (HG), reproductive 
tissues/organs (Rep), thoracic ganglia (TG), and abdominal ganglia (AG). Data labeled with 
different letters are significantly different from fourth instar larvae (mean±SEM; one-way or 
two-way ANOVA with Bonferroni multiple comparison, p<0.05, n=3–6 biological replicates). 
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AedaeITP- and AedaeITP-L-like immunoreactivity and transcript localization 

Using whole mount immunohistochemistry, the central nervous system from one-day old 

male and female mosquitoes revealed AedaeITP- and AedaeITP-L-like immunostaining in three 

pairs of lateral neurosecretory cells in the medial anterior region of each brain hemisphere with 

axonal processes projecting anteriorly near an additional single pair of lateral neurosecretory 

cells (Figure 6-2A-E). A number of varicosities and blebs can be seen peripherally near the 

axonal projections, suggestive of release sites of these neuropeptides (Figure 6-2A-E). No 

AedaeITP- or AedaeITP-L-like immunostaining was observed in the thoracic ganglia (not 

shown). In the abdominal ganglia, AedaeITP- and AedaeITP-L-like staining was observed in a 

single pair of neurosecretory cells, positioned laterally on either side of each ganglia (abdominal 

ganglia 2-6) (Figure 6-2F-G). The terminal ganglion (which is a fusion of abdominal ganglia 7 

and 8, revealed AedaeITP- and AedaeITP-L-like immunostaining in a single pair of 

neurosecretory cells located in the anterior region of the ganglion (abdominal ganglia 7) (Figure 

6-2H). Similar staining was observed in four-day male and female mosquitoes (not shown). 

Staining in these cells and projections were absent in control treatments where the antiserum was 

preabsorbed with ITP antigen and omission of the primary anti-serum (Figure 6-S2).  

Assessment of cell specific expression of A. aegypti Itp and Itp-l was accomplished using 

fluorescence in situ hybridization. Gene-specific probes were generated for both AedaeItp and 

AedaeItp-l to differentiate ITP and ITP-L immunoreactivity in the CNS. AedaeItp antisense 

primers were designed over common exons 2 and 4 resulting in transcript localization of 

potentially both AedaeItp and/or AedaeItp-l, whereas AedaeItp-l antisense primers were designed 

over the unique exon 3 targeting only the AedaeItp-l transcript (Figure 6-S1). The CNS, 

including the brain, thoracic ganglia, and abdominal ganglia were examined for AedaeItp and 
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AedaeItp-l transcripts (Figure 6-3). In contrast to the AedaeITP- and ITP-L like 

immunolocalization patterns, nervous tissues from one-day old adult male and female 

mosquitoes revealed fluorescence signals corresponding to AedaeItp and/or AedaeItp-l mRNA 

transcript in six to seven pairs of neurosecretory cells in the anterior protocerebrum (Figure 6-

3A,B). AedaeItp and/or AedaeItp-l mRNA transcript was also observed in two pairs of 

neurosecretory cells in each abdominal ganglia, positioned laterally on either side of the ganglia, 

similar to AedaeITP- and AedaeITP-L-like immunolocalization, and an additional neurosecretory 

cell located medio-posteriorly and ventrally within each ganglia (Figure 6-3D). The AedaeItp 

antisense probe also revealed staining in one lateral pair of neurosecretory cells in the terminal 

abdominal ganglion (Figure 6-3E). Fluorescence of these cells and the neurosecretory cells in the 

brain were not observed in control preparations treated with the sense probe (not shown).  

AedaeItp-l transcript was specifically localized to the abdominal ganglia of one-day old 

mosquitoes (Figure 6-3F). Similar staining was observed in both male and females, and in four-

day old adults (not shown). Findings indicate AedaeItp-l transcript in two pairs of neurosecretory 

cells positioned laterally on either side of each abdominal ganglia and a single pair located 

medio-posteriorly and ventrally, similar to the cell-specific fluorescence signals observed with 

the AedaeItp antisense probe. Interestingly, no AedaeItp-l transcript fluorescence was observed 

in the brain of the mosquitoes, as observed with the AedaeItp antisense probe (Figure 6-3C,D), or 

in the thoracic ganglia (not shown). In contrast to the AedaeItp cell-specific fluorescence signals, 

AedaeItp-l transcript was not observed in the terminal ganglion (Figure 6-3E). No fluorescence 

signals were observed in the CNS preparations treated with sense probes (not shown).  

 

 



 
 

255 

 

 

 

Figure 6-2. Immunolocalization of AedaeITP and AedaeITP-L in the central nervous 
system of the A. aegypti mosquito. AedaeITP- and AedaeITP-L-like immunoreactivity was 
examined in (A) male and (B) female brains, in four pairs of neurosecretory cells (indicated by 
white arrowheads), with axonal processes projecting anteriorly (C-E), towards varicosities and 
blebs on the periphery of the brain (indicated by empty arrowheads). (F,G) Ventral view of 
abdominal ganglia showing a single pair of lateral neurosecretory cells and (H) an anterior pair 
observed in the terminal ganglion. Scale bars: (A-B) 200 µM; (C-H) 100 µM.  
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Figure 6-3. Distribution of AedaeItp and AedaeItp-l transcript in the central nervous system 
of the A. aegypti mosquito. AedaeItp and AedaeItp-l transcript was examined in (A,C) male and 
(B,D) female brains. (A,B) AedaeItp antisense probe revealed six to seven pairs of 
neurosecretory cells in the brain, while (C,D) AedaeItp-l antisense probe showed no staining in 
the brain. (E) AedaeItp antisense probe revealed two pairs of lateral cells and one single medial 
neurosecretory cell in the abdominal ganglia, and (F) one pair of cells in the terminal ganglion. 
(G) AedaeItp-l antisense probe detected two lateral cells and a single medial cell in the 
abdominal ganglia, but no cell-specific staining in the terminal ganglion (H). Scale bars: (A-D) 
200 µM; (E-H) 100 µM.   
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Role of AedaeITP and AedaeITP-L in feeding and starvation 

 Post emergence, one-day old adult male and female mosquitoes were placed in either a 

fed (provided a 10% sucrose meal), non-fed (no food provided), or hydrated (provided a water 

meal, no sucrose) condition and isolated after 24 or 48 h to examine a potential role of AedaeITP 

and AedaeITP-L in feeding and starvation (Figure 6-4A). When adult male and female 

mosquitoes were placed in the non-fed or hydrated treatment for 24 h, there was no difference in 

mRNA abundance of either AedaeItp or AedaeItp-l compared to control fed conditions (Figure 6-

4B,D,F,H). However, when the mosquitoes were subjected to these treatments for 48 h, there 

was a significant enrichment, approximately two-fold, of both AedaeItp and AedaeItp-l transcript 

levels in the non-fed condition compared to control fed animals (Figure 6-4C,G,E,I). Next, to 

determine if AedaeITP and/or AedaeITP-L may play a role in relation to blood feeding, four to 

six-day old adult female mosquitoes were provided a bloodmeal to examine whether a protein-

rich meal influences the transcript abundance of AedaeItp and AedaeItp-l (Figure 6-4J). AedaeItp 

mRNA abundance did not change post-blood feeding compared to control, sucrose-fed females 

(Figure 6-4K). In contrast, AedaeItp-l mRNA abundance was significantly increased 6 h post 

blood-feeding, with modest enrichment 12 and 24 h post-bloodmeal (Figure 6-4L).  
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Figure 6-4. Effect of feeding and starvation on transcript expression levels of AedaeItp and 
AedaeItp-l in adult A. aegypti. (A) Post-emergence, adult males were placed in a fed (sucrose 
meal provided), non-fed (no food provided), and hydrated (water meal provided) condition for 
24 h and 48 h, and abundance of (B-E) AedaeItp and (F-I) AedaeItp-l transcript were analyzed, 
shown relative to transcript levels in 24 h fed adults. Data labeled with different letters are 
significantly different from 24 h fed adults. (J) Four to six day old adult females were blood-fed 
and isolated at 1, 6, 12, and 24 post blood-feeding and (K) AedaeItp and (L) AedaeItp-l transcript 
levels were analyzed, shown relative to control, sucrose-fed females. Abbreviations: fed (F), 
non-fed (NF), water (W) and pBF (post-blood feeding). Data labeled with different letters are 
significantly different from control, sucrose-fed females (mean±SEM; one-way ANOVA with 
Bonferroni multiple comparison, p<0.05, n=4–5 biological replicates). 
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dsRNA knockdown of AedaeItp and AedaeItp-l in adult Aedes mosquitoes  

 RNA interference of the AedaeItp and AedaeItp-l gene was accomplished through 

dsRNA-injections of one-day old adult male and female mosquitoes (Figure 6-5). Given the 

conserved exons 1, 2, and 4 between AedaeItp and AedaeItp-l, the dsAedaeItp primers were 

designed over a common exon 2 resulting in the knockdown of both AedaeItp and AedaeItp-l 

transcripts (Figure 6-5A). However, dsAedaeItp-l primers were designed over the unique exon 3 

allowing knockdown of only the AedaeItp-l transcript. Relative to control dsEgfp-injected 

mosquitoes, AedaeItp and AedaeItp-l transcripts were significantly reduced by ~75% in four-day 

old male (Figure 6-5B) and female (Figure 6-5C) mosquitoes injected with dsAedaeItp. 

Comparatively, dsAedaeItp-l treatment resulted in a significant decrease in AedaeItp-l transcript 

abundance by ~80% in males (Figure 6-5B) and ~60% in females (Figure 6-5C) in four-day old 

adults, whereas AedaeItp transcript abundance remained unaffected. A similar trend was 

observed in six-day old females following dsAedaeItp and dsAedaeItp-l injection (Figure 6-5F), 

while AedaeItp and AedaeItp-l transcript restored to normal levels within six and eight days post-

injection in males (Figure 6-5E,G), and eight days post-injection in females (Figure 6-5H). To 

confirm injection alone does not influence AedaeItp and AedaeItp-l transcript levels, four days 

post-dsEgfp injected animals were compared to four-day old non-injected mosquitoes (Figure 6-

5D), with no significant changes in AedaeItp and AedaeItp-l transcript abundance in dsEgfp-

injected males and females compared to non-injected mosquitoes.  
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Figure 6-5. AedaeItp and AedaeItp-l knockdown efficiency in adult A. aegypti. (A) 
dsAedaeItp primers were designed over a common exon 2 resulting in the knockdown of both 
AedaeItp and AedaeItp-l transcripts, whereas dsAedaeItp-l primers were designed over a unique 
exon 3 targeting only the AedaeItp-l transcript. One day old adult male (B,E,I) and female 
(C,F,H) mosquitoes were injected with dsAedaeItp, dsAedaeItp-l or control dsEgfp (D) and 
collected four (B,C) six (E,F) and eight (G,H) days post-injection to determine knockdown 
efficiency. Transcript levels are shown relative to control dsEgfp mosquitoes. (D) dsEgfp-
injected animals compared to non-injected animals. Data shown as mean±SEM; one-way 
ANOVA with Bonferroni multiple comparison, * denotes significant knockdown, p<0.05, n=3 
biological replicates (ns denotes no statistical significance).  
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dsRNA knockdown confirms AedaeITP and AedaeITP-L immunolocalization 

 To further confirm dsAedaeItp- and AedaeItp-l knockdown and differentiate between 

AedaeITP and AedaeITP-L immunolocalization, both peptide and transcript expression in the 

CNS were examined in mosquitoes four-days post-dsRNA injection. Wholemounts of 

dsAedaeItp-injected male and female mosquitoes showed no AedaeITP- and AedaeITP-L-like 

immunostaining in the brain (Figures 6-6A,B), abdominal ganglia (Figure 6-6C), and in the 

terminal ganglion (Figure 6-6D). In contrast, dsAedaeItp-l-injected mosquitoes did not exhibit 

changes to immunostaining in the brain (Figure 6-6E,F), with similar staining as described above 

(Figure 6-2A,B), and in control dsEgfp-injected mosquitoes (Figure 6-S3A,B). However, as 

expected, knockdown of AedaeItp-l resulted in abolished staining of neurosecretory cells in the 

abdominal ganglia (Figure 6-6G), and interestingly, no effect on immunostaining in the terminal 

ganglion (Figure 6-6H), with a single pair of cells as observed in control dsEgfp-injected 

mosquitoes (Figure 6-S3C,D).  

 Similar to the AedaeITP- and AedaeITP-L-like immunolocalization pattern in knockdown 

animals, wholemounts of nervous tissue revealed no fluorescence signals corresponding to 

AedaeItp and AedaeItp-l transcript in dsAedaeItp-injected males and females (Figure 6-7). No 

cell-specific staining was observed in the brain (Figure 6-7A,B), abdominal ganglia (Figure 6-

7E), nor the terminal ganglion (Figure 6-7F) with preparations treated with the AedaeItp 

antisense probe. As expected, dsAedaeItp-l-injected male and female showed no fluorescence 

signals in the brain (Figure 6-6C,D) and in the terminal ganglion (Figure 6-6H) with the 

AedaeITP-L antisense probe. However, as expected, staining in the abdominal ganglia was also 

abolished in the dsAedaeItp-l-injected mosquitoes (Figure 6-6G).  
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Figure 6-6. Immunolocalization of AedaeITP and AedaeITP-L in the central nervous 
system of adult A. aegypti mosquitoes following dsAedaeItp and dsAedaeItp-l injection. 
AedaeITP- and AedaeITP-L-like immunoreactivity is abolished in (A) dsAedaeItp-injected male 
and (B) female brain, (C) abdominal ganglia and (D) terminal ganglion. (E) dsAedaeItp-l treated 
male and (F) female brain reveal immunoreactivity in four pairs of neurosecretory cells 
(indicated by white arrowheads), with axonal processes emanating anteriorly towards release 
sites (indicated by empty arrowheads). (G) No immunostaining was observed in the abdominal 
ganglia following dsAedaeItp-l treatment whereas (H) one pair of lateral anterior cells were 
observed in the terminal ganglion. Scale bars: (A,B,E,F) 200 µM; (C,D,G,H) 100 µM.   
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Figure 6-7. Distribution of AedaeItp and AedaeItp-l transcript in the central nervous system 
of adult A. aegypti mosquitoes after dsAedaeItp and dsAedaeItp-l injection. dsAedaeItp-
injected and dsAedaeItp-l-injected (A,C) male and (B,D) female mosquitoes reveal no cell-
specific fluorescence staining in the brain, (E,G) abdominal ganglia and (F,H) in the terminal 
ganglion. Scale bars: (A-D) 200 µM; (E-H) 100 µM.   
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AedaeItp knockdown influences urine output in adult females 

To determine if AedaeITP and/or AedaeITP-L influences ionoregulation and urine 

excretion, we volume loaded dsAedaeItp and dsAedaeItp-l injected females with saline and 

measured their urine output over two hours post volume loading. Four-day old HBS-injected 

females excreted a volume of 429.5±53.49 nL of urine, which was significantly higher compared 

to control four-day old non-HBS injected females (106.8±15.39 nL) (Figure 6-8). Notably, 

dsEgfp treated females excreted a similar volume of urine (391.6±61.03 nL) compared to HBS-

injected females. In contrast, dsAedaeItp mosquitoes injected with HBS secreted a significantly 

higher amount of urine, 972.7±70.18 nL, approximately 2.5-fold higher compared to dsEgfp-

injected females. Interestingly, no significant change in urine output was observed in 

dsAedaeItp-l females injected with HBS (604.2±78.87 nL), compared to HBS loaded control 

(non-dsRNA injected) and dsEgfp-injected females.   
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Figure 6-8. Effect of AedaeItp and AedaeItp-l knockdown on urine 
excretion in adult female A. aegypti. Four-day old females were 
injected with 500 nL of a HEPES buffered saline (HBS) and allowed to 
excrete for 2 h. Data labeled with different letters are significantly 
different from control, dsEgfp adults (mean±SEM; one-way ANOVA 
with Bonferroni multiple comparison, p<0.05, n=11–12). 
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AedaeItp and AedaeItp-l knockdown influences male and female reproductive success  

 To assess the roles of AedaeITP and AedaeITP-L in reproductive behaviour and 

physiology, dsRNA-injected virgin mosquitoes were placed into one of the following mating 

combinations: 1a) dsAedaeItp or 1b) dsAedaeItp-l females mated with control, non-dsRNA 

males, 2a) dsAedaeItp or 2b) dsAedaeItp-l males mated with control, non-dsRNA females, and 

3a) dsAedaeItp or 3b) dsAedaeItp-l females mated with dsAedaeItp and dsAedaeItp-l males. 

When dsAedaeItp females were mated with normal males, there was a significant reduction in 

the incidence of blood feeding (Figure 6-9A), reduced bloodmeal engorged by the blood fed 

female (Figure 6-9B), reduction in the number of eggs laid (Figure 6-9C), and overall reduction 

in the percentage of larvae hatching per female (Figure 6-9D) was observed. More specifically, 

there was a ~90% reduction in preference for blood feeding by dsAedaeItp females and ~75% 

reduction in dsAedaeItp-l females (Figure 6-9A). dsAedaeItp-l females oviposited a similar 

number of eggs and had a comparable percentage of hatched larvae as control dsEgfp-females 

(Figure 6-9C,D). Similar trends were observed in dsAedaeItp and dsAedaeItp-l males mated with 

normal females, with significantly reduced number of eggs oviposited (Figure 6-9G), as well as a 

reduced percentage of viable eggs and larvae hatching per female in dsAedaeItp-l animals 

(Figure 6-9H) was observed. dsAedaeItp and dsAedaeItp-l males mated with normal females did 

not influence female preference for blood feeding (Figure 6-9E). Interestingly, dsAedaeItp and 

dsAedaeItp-l females mated with dsAedaeItp and dsAedaeItp-l males almost completely 

abolished the preference for blood feeding (Figure 6-9I), with almost no eggs laid by the female 

(Figure 6-9K), and complete absence of larval hatching (Figure 6-9K). No significant changes 

were observed in the weight of blood fed females immediately post-feeding and subsequently 

post-egg laying (4 days post-feeding) (Figure 6-9F,J). It should be noted that reduced preference 
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for blood feeding limited the number of blood fed females used for subsequent studies. Mated 

males and females injected with control dsEgfp had similar preference for blood-feeding, weight 

of blood-fed females, produced similar number of eggs and comparable larval hatching as non-

injected females (Figure 6-S4). 
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Figure 6-9. Effect of AedaeItp and AedaeItp-l knockdown on blood-feeding, egg laying, and 
larval hatching (egg viability) in adult A. aegypti. (A-D) dsAedaeItp or dsAedaeItp-l females 
mated with normal males, (E-H) dsAedaeItp or dsAedaeItp-l males mated with normal females, 
and (I-L) dsAedaeItp or dsAedaeItp-l females mated with dsAedaeItp or dsAedaeItp-l males. The 
effect of dsAedaeItp or dsAedaeItp-l knockdown was tested on (A,E,I) preference for blood 
feeding, (B,F,J) weight of blood fed female before and after egg collection, (C,G,K) number of 
eggs oviposited, and (D,H,L) percentage of larval hatching. Data labeled with different letters are 
significantly different from control, dsEgfp adults (mean±SEM; one-way ANOVA with 
Bonferroni multiple comparison, p<0.05, (A,E,I, n=6–11 mating replicates, each point represents 
individual replicate values) (B-D,F-H,J,K, n=1–15, each point represents data from individual 
females), (ns denotes no statistical significance). 
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AedaeItp and AedaeItp-l knockdown reduces spermatozoa count 

  In light of the results above, it supports the notion that knockdown of AedaeItp and 

AedaeItp-l may have a distinct role in male reproductive biology separate from their effects on 

females since pairings between normal females and knockdown males revealed females had 

normal preference for blood-feeding and as well as bloodmeal weight; however, oviposition rates 

by females and larval hatching rates were significantly reduced. Considering the overall reduced 

preference for blood feeding in dsAedaeItp and dsAedaeItp-l females, we speculated that 

AedaeITP and AedaeITP-L proteins play an essential role in spermatozoa production and release. 

Sperm was collected separately from the testes and seminal vesicles of four-day old dsAedaeItp- 

and dsAedaeItp-l-injected males (from all three mating conditions described above) and 

spermathecae of four-day old dsAedaeItp- and AedaeItp-l-injected females (again, from all three 

mating conditions noted above), and the quantity of mature spermatozoa was compared to 

dsEgfp-injected animals (Figure 6-10A,B). For spermatozoa collected from the seminal vesicles, 

dsAedaeItp- and dsAedaeItp-l-injected females mated with normal males produced similar 

mature spermatozoa counts compared to control dsEgfp animals (Figure 6-10C, Figure 6-S5B,E). 

Interestingly, knockdown resulted in significant reductions in the number of spermatozoa in the 

seminal vesicle, from both dsAedaeItp- and dsAedaeItp-l-injected males mated with control 

females and when mated with dsAedaeItp- and dsAedaeItp-l females (Figure 6-10C, Figure 6-

S5C,D,F,G). Similar trends were observed for the number of spermatozoa collected directly from 

the male testes (Figure 6-S6). Comparatively, AedaeItp- and AedaeItp-l knockdown resulted in 

an ~85% reduction in mature spermatozoa counts in the spermatheca in all three mating 

conditions (Figure 6-10C, Figure 6-S5H-N). Animals injected with dsEgfp resulted in similar 
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number of spermatozoa in the testes, seminal vesicles, and spermathecae compared to non-

injected animals (Figure 6-S7).  
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Figure 6-10. Total number of spermatozoa in the male seminal vesicle and female 
spermathecae of adult A. aegypti following RNAi (dsRNA)-mediated knockdown of 
AedaeItp or AedaeItp-l. Schematic diagram showing the (A) male and (B) female reproductive 
system of the adult mosquito. (C) Total spermatozoa number within the male seminal vesicle and 
female spermathecae of adults four-days after dsAedaeItp or dsAedaeItp-l injection. 
Abbreviations: male (M) and female (F). Data labeled with different letters are significantly 
different from the control, dsEgfp injected adults (mean±SEM; one-way ANOVA with 
Bonferroni multiple comparison, p<0.05, n=9–11, each point represents individual replicate 
values).  
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6.5 Discussion 

 ITP and ITP-L belong to the CHH family of neuropeptides and have been functionally 

characterized in many insect species (Begum et al., 2009; Dircksen et al., 2008; Drexler et al., 

2007; Gáliková et al., 2018; Nagai et al., 2014; Sun et al., 2020; Webster et al., 2012; Yu et al., 

2016). However, while limited studies have examined ITP signalling pathways in insects, 

ITP/ITP-L receptors have generally not been identified and characterized thus far, except for in 

the domestic silk moth B. mori (Nagai et al., 2014). In the present study, the A. aegypti ITP and 

ITP-L peptides along with their corresponding transcripts have been localized, confirming the 

distribution of these peptides in neurosecretory cells and processes within the mosquito central 

nervous system. Additionally, prospective physiological functions have been investigated for 

AedaeITP and AedaeITP-L including roles in feeding, urine output, and reproductive success of 

adult male and female mosquitoes. This is the first report that examines the distribution, 

localization, and physiological function of the ITP/ITP-L signalling system in A. aegypti 

mosquitoes. 

 

Distribution pattern of AedaeITP and AedaeITP-L in the CNS 
  

Expression profiles of transcripts encoding A. aegypti ITP and ITP-L were measured to 

reveal potential functional or sex-specific roles for these peptides. Examination of the 

developmental and tissue-specific expression profile revealed enrichment of AedaeItp and 

AedaeItp-l in both one- and four-day old male and females, with significant enrichment of 

AedaeItp in the brain and AedaeItp-l in the abdominal ganglia. The expression of ITP and ITP-L 

in the central and peripheral nervous system has been examined in numerous insects (Dircksen et 

al., 2008; Meredith et al., 1996; Yu et al., 2016). While Itp mRNA expression has been detected 
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only in the nervous system, evidence has suggested Itp-l expression in peripheral tissues as well. 

In T. castaneum, Itp-l transcript expression was found to be highly expressed in the midgut 

(Begum et al., 2009), and in the Malpighian tubules and hindgut in S. gregaria (Meredith et al., 

1996). 

Previous studies in M. sexta revealed that MasITP and MasITPL are differentially 

expressed in mainly nonoverlapping populations of central and peripheral neurons (which 

includes neuronal projections from the CNS) in the nervous system (Dai et al., 2007). RT-PCR, 

immunohistochemistry, and in situ hybridization studies indicated expression of MasITP 

exclusively in the brain to two neuron types; in type Ia2 neurosecretory cells, with axonal 

projections to the retrocerebral complex (Copenhaver and Truman, 1986; Homberg et al., 1991; 

Zitnan et al., 1995; Zitnan and Adams, 2005) and in small neurons adjacent to type Ia2 cells, 

established as interneurons, as their projections remain within the protocerebrum (Dai et al., 

2007). Thus, in the M. sexta, it is suggested that ITP is released as a neurohormone from type Ia2 

cells into the haemolymph, whereas ITP produced in the small interneurons may serve 

transmitter or modulatory functions in the brain (Dai et al., 2007). Similarly in S. gregaria, ITP 

is believed to be synthesized in the neurosecretory cells of the pars intercerebralis of the brain 

where it is then transported for storage and eventual release in the corpora cardiaca (Meredith et 

al., 1996). The existence of ITP-L transcripts was first reported in S. gregaria (Macins et al., 

1999), while the mature peptide was identified by Dai et al., (2007) demonstrating ITP-L 

transcript and peptide distribution in the central and peripheral nervous system of insects, 

including B. mori, M. sexta, and the grasshopper, Schistocerca americana. Relatively weak ITP-

L immunoreactivity was observed in the brain type Ia2 cells but was found to be completely 

absent in axons and terminals within the retrocerebral complex (Dai et al., 2007). ITP-L peptides 
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are abundant in the ventral ganglia, flight muscle, MTs, and ileal tissues, indicating a possible 

distinctive function from ITP (Meredith et al., 1996; Phillips and Audsley, 1995).  

Through RNAi-mediated knockdown, we confirmed AedaeITP immunoreactivity in four 

pairs of neurosecretory cells in the anterior region of the protocerebrum and in a single pair of 

lateral neurosecretory cells in the terminal ganglion. In contrast, AedaeITP-L immunoreactivity 

was observed in one pair of lateral neurosecretory cells in each abdominal ganglia of the ventral 

nerve cord. Cell-specific AedaeITP transcript localization revealed six to seven clusters of cells 

in the anterior protocerebrum and in a pair of lateral neurosecretory cells in the terminal 

ganglion, while AedaeITP-L transcript was localized only to the abdominal ganglia, with no 

staining in the brain, thus corroborating the RT-qPCR results of enriched AedaeItp expression in 

the brain, and AedaeItp-l in the abdominal ganglia. In general, expression patterns of AedaeItp 

and AedaeItp-l were similar to those described in M. sexta, T. castaneum, B. mori, and D. 

melanogaster (Begum et al., 2009; Dai et al., 2007; Dircksen, 2009; Dircksen et al., 2008). In T. 

castaneum, Itp expression was in five pairs of brain cells on the dorsal side of the protocerebral 

hemispheres and in a pair of cells in the abdominal terminal ganglion (Begum et al., 2009). 

Similarly, ITP expression was observed in four pairs of brain cells in D. melanogaster. While 

still inconclusive, previous immunohistochemical studies in other insects allude to protocerebral 

cells with projections to the corpora cardiaca and allata, and the cells in the terminal abdominal 

ganglion may have projections to the hindgut (Dircksen et al., 2008) and possibly to reproductive 

organs (Begum et al., 2009), which can hint to novel functions for the ITP/ITP-L signalling 

system. Given the immunoreactivity and transcript expression of AedaeITP in the terminal 

ganglion, this can suggest iono-regulatory roles in the hindgut, acting possibly as an anti-diuretic 



 
 

275 

hormone to increase water or ion reabsorption, similar to effects seen in the desert locust 

(Audsley et al., 1992).  

 

Role of ITP and ITP-L in feeding and urine excretion 

The challenges of osmotic and ionic regulation vary between distinct environmental 

conditions that might be faced by the adult mosquito. In desiccating environments, insects must 

safeguard water balance and reduce the rate of water loss (Terhzaz et al., 2012). The current 

findings reveal an increase in both AedaeItp and AedaeItp-l transcript levels after 48 hours with 

no food and water in both adult male and female mosquitoes. These findings are similar to 

studies in Drosophila, where ITP was linked as a natural component of desiccation and osmotic 

stress responses, since both stressors triggered an increase in Itp expression, while ITP 

knockdown reduced survival under desiccation and osmotic stress (Gáliková et al., 2018). 

DrosoITP plays roles in hunger, thirst, and excretion in Drosophila suggesting that ITP-regulated 

changes to physiology and behaviour represent critical insect responses to cope with reduction in 

body water (Gáliková et al., 2018).  

The discovery of the first anti-diuretic hormone mediating its effects on the insect 

hindgut was described by Audsley et al., (1992) when ITP was purified from the corpora 

cardiaca of the locust, S. gregaria. A conserved Itp gene was later uncovered in the genome of 

the mosquito, A. aegypti, raising the prospect for a similar role in maintaining iono- and osmo-

regulation (Dai et al., 2007). A. aegypti mosquitoes utilize a specialized excretory system 

comprised of the Malpighian ‘renal’ tubules (MTs) and the hindgut (Coast, 2007), functioning to 

counter disturbances to their haemolymph. The MTs, which are functional analogs of vertebrate 

kidneys, are responsible for the formation of primary urine (Coast, 2007), driven by the V-type 
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H+-ATPase (Wieczorek, 1992) that permits transport of Na+ and K+ cations across the membrane 

(Beyenbach, 2003) via a putative H+/cation exchanger (Wieczorek et al., 2009). The MTs are 

hormonally regulated by various diuretic factors, which in A. aegypti includes the biogenic 

amine 5-hydroxytryptamine (5HT) (Clark and Bradley, 1998; Veenstra, 1988), DH31 (Coast et 

al., 2005), DH44 (Clark et al., 1998; Clark et al., 1998), and kinin-like peptides (Lu et al., 2011; 

Pietrantonio et al., 2005). The primary urine then enters the hindgut, where it is further modified 

through secretory and reabsorptive processes. Here, we show that Itp knockdown increases 

excretion of urine, with Itp-l knockdown showing no influence, suggesting an anti-diuretic role 

for AedaeITP. Thus, it likely that AedaeITP promotes water reabsorption in the hindgut similar 

to previous studies in S. gregaria. SchgrITP was found to stimulate chloride-dependent water 

reabsorption specifically in the ileum of the locust, promoting an increase in Na+, K+ and Cl- 

transport (Audsley et al., 1992; Audsley et al., 2013). Interestingly, while SchgrITP promotes a 

reabsorptive role on ileal tissue, ITP-L did not display any stimulatory effect, instead inhibiting 

the stimulatory effect of synthetic ITP (Ring et al., 1998). A key step to understanding the ITP 

and ITP-L actions in the Aedes mosquito is to identify the unknown A. aegypti ITP receptor. The 

first presumed receptors for ITP and ITPL were characterized in the silkworm Bombyx mori 

(Nagai et al., 2014). Specifically, Nagai et al., (2014) identified three B. mori orphan GPCRs as 

receptors for ITP and ITP-L, that all responded to recombinant ITP, with elevating levels of 

intracellular cGMP upon receptor binding (Nagai et al., 2014), which support the suggested 

ITP’s mode of action on ileal ion transport involving this second messenger in S. gregaria 

(Audsley et al., 2013). In the locust, SchgrITP is proposed to bind to two different receptors, a G-

protein coupled receptor and a membrane bound guanylate cyclase, on the ileal basolateral 

membrane, increasing both cyclic GMP (cGMP) and cyclic AMP (cAMP) levels, to regulate ion 
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and fluid transport (Audsley et al., 1992). cGMP stimulates Cl- reabsorption and H+ secretion 

across the ileum, whereas cAMP stimulates Na+, K+, and Cl- reabsorption (Audsley et al., 1992). 

To further understand how these second messengers interact to regulate the physiological actions 

of SchgrITP on the ileum will require the ITP receptor(s) to be characterized. 

 

Role of ITP and ITP-L in reproductive behaviour and success 

 Female A. aegypti are day-biting mosquitoes, taking a single or multiple bloodmeals to 

obtain vitamins, nutrients, proteins, and minerals for egg development (Beyenbach, 2003). 

AedaeItp-l transcript levels were shown to increase 6 hours post-blood feeding, while AedaeItp 

levels remained unchanged. To elucidate whether the ITP and ITP-L signalling might be 

involved in reproduction, RNA interference was utilized to knockdown expression of Itp and Itp-

l in adult A. aegypti. Overall, AedaeItp and AedaeItp-l knockdown female mosquitoes had a 

lower preference for blood feeding, laid fewer eggs, and had a reduced percentage of successful 

larvae hatching. In T. castaneum, ITP and ITP-L is required throughout all life stages and are 

essential for reproduction and offspring survival (Begum et al., 2009). Knockdown of both ITP 

and ITP-L resulted in dramatic decreases in egg numbers and in survival of eggs, with reduced 

ovaries that lack mature ovarioles in the ITPL knockdown females (Begum et al., 2009). In 

contrast, ITP knockdown females had fully developed ovaries, however showed reduced 

oviposition rates and offspring survival. It was suggested that these developmental defects in T. 

castaneum could be caused by a hormonal imbalance in ovarian development, or indirectly 

caused by mating deficiencies, preventing exposure to male ejaculatory products essential for 

completion of ovarian development (Begum et al., 2009).  
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 In light of finding that AedaeItp and Itp-l knockdown resulted in fewer eggs laid by 

females mated with knockdown males, we predicted that transfer of sperm or sperm storage may 

be targeted. The regulation and entry of sperm into, protection within, and release from the 

storage organs (seminal vesicle in males, and spermathecae in females) requires both male and 

female-derived molecules (Avila et al., 2010; Avila et al., 2015; Schnakenberg et al., 2011). In 

male mosquitoes, spermatogenesis occurs in the paired testes, allowing for mature sperm cells, 

spermatozoa, to be synthesized (Rocco et al., 2017; Rocco et al., 2019) and transported to the 

seminal vesicles via the vas deferens (Clements, 2000; Oliva et al., 2014; Rocco and Paluzzi, 

2016). During mating, male A. aegypti deposit sperm from the seminal vesicles into the female 

reproductive tract starting from the bursa and later stored in the spermathecae for long-term 

storage (Camargo et al., 2020; Degner and Harrington, 2016). Herein, the results revealed lower 

spermatozoa counts in testes and seminal vesicles of males with Itp and Itp-l knockdown. Thus, 

this data not only shows that AedaeITP/ITP-L knockdown reduces the incidence of blood 

feeding by females, but also that knockdown reduces the number of spermatozoa in male seminal 

vesicles and in the spermathecae of females, which ultimately results in fewer eggs laid and 

reduced larval hatching. It remains to be investigated exactly what role AedaeITP and ITP-L play 

in male and female reproduction or in blood feeding behaviour. However, given the already 

established roles of these neuropeptides in T. castaneum reproduction (Begum et al., 2009), it is 

possible that AedaeITP and ITP-L are similarly involved in regulation of male or female 

reproductive biology or mating behaviour, influencing successful mating and transfer of 

spermatozoa into the female A. aegypti. Recent evidence suggests ITP and ITP-L as 

multifunctional neuropeptides involved in metabolism, regulation of water and ion homeostasis, 

cuticle expansion and melanisation, and reproduction (Dircksen 2009; Yu et al., 2016; Gáliková 
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et al., 2018; Begum et al., 2009). The role in reproduction has been supported by ITPL 

expression in the B. mori male reproductive system with innervations of the accessory glands, 

the seminal vesicles, and the ejaculatory ducts (Klöcklerova, et al., 2023), all organs critical for 

successful mating and reproduction. ITPL expression has also been found in the seminal fluid of 

the brown plant hopper, Nilaparvata lugens (Yu et al., 2016), which is transferred to females 

during mating. Future research examining the signalling mechanism of AedaeITP and ITP-L can 

allow for more detailed studies to unravel the actions of these neuropeptides in mosquito 

reproductive biology. 

ITP and ITP-L peptides are highly homologous to the crustacean CHH peptides, which 

has been linked to molting, energy metabolism, immune defence, reproduction, and homeostatic 

regulation of osmotic and other stress responses (Sonobe et al., 2001; Webster et al., 2012). In 

insects, ITP stimulates fluid reabsorption and Cl-, Na+, and K+ transport, while inhibiting 

secretion of H+ in the ileum (Audsley et al., 1992; Meredith et al., 1996). In Drosophila, ITP 

plays an essential role in development and locomotion (Gáliková et al., 2018; Johard et al., 

2009), and water homeostasis by protecting the fly from water loss by increasing thirst, reducing 

excretion rate, and promoting ingestion of water (Gáliková et al., 2018). Studies have also shown 

functions of ITP during ecdysis in M. sexta (Drexler et al., 2007), while ITP-L has been linked to 

ovarian maturation in T. castaneum (Begum et al., 2009) and wing expansion and cuticle 

melanism in N. lugens (Yu et al., 2016). Differences in the structure and cellular distribution 

patterns of ITP and ITP-L peptides suggest they may serve different biological functions. The 

results of this study expand upon our knowledge of ITP and ITP-L in insects, providing 

transcript expression profiles, insight into their cell-specific distribution, and reveal novel 

physiological roles for these neuropeptides in the A. aegypti mosquito. These findings also 
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contribute towards our understanding of A. aegypti reproductive biology, which is of great 

medical importance given the propensity of feeding on human hosts and their role as a disease 

vector. As such, these neuropeptides appear to function as signals for pleiotropic actions related 

to successful mosquito mating and reproduction, which could contribute towards development of 

novel strategies for decreasing vector fitness providing a better means for vector control.  
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6.7 Supplementary Tables and Figures 
 
Table 6-S1: Gene-specific primer information used for amplification of A. aegypti Itp and 
Itp-l for RT-qPCR analysis, FISH probe synthesis and dsRNA synthesis.  

Oligo Name Sequence (5’ – 3’) Function Product 
size 

Itp & Itp-l 
 qPCR F2 AATCGCACTGGTACCTCTGG qPCR amplification of Itp 

& Itp-l 195bp 
(Itp & 
Itp-l) 

 
Itp qPCR R2 CCAAAACAGCCCTCTTTGCAG qPCR amplification of Itp 

Itp-l qPCR R2 GTGAAGCACGACTTTTTGCAG qPCR amplification of Itp-l 

Itp fish F ATGTGTTCCCCGCAACTTAGCG Initial amplification of Itp 
target for FISH 

327bp 

Itp fish R TTACTTCTTCCCCAACATTT Initial amplification of Itp 
target for FISH 

Itp fish F + T7 TAATACGACTCACTATAGGG/ 
ATGTGTTCCCCGCAACTTAGCG 

Addition of T7 promoter 
sequence to Itp FISH target 

 

Itp fish R + T7 TAATACGACTCACTATAGGG/ 
TTACTTCTTCCCCAACATTT 

Addition of T7 promoter 
sequence to Itp FISH target 

 

Itp-l fish F CTTCACGACAGACTACTTCC Initial amplification of Itp-l 
target for FISH 

668bp 

Itp-l fish R CGTTCAAAGAATAAGCAATGG Initial amplification of Itp-l 
target for FISH 

Itp-l fish F + T7 TAATACGACTCACTATAGGG/ 
CTTCACGACAGACTACTTCC 

Addition of T7 promoter 
sequence to Itp-l FISH 

target 

 

Itp-l fish R + T7 TAATACGACTCACTATAGGG/ 
CGTTCAAAGAATAAGCAATGG 

Addition of T7 promoter 
sequence to Itp-l FISH 

target 

 

Itp dsRNA F GACTGAATCAAATATGTGTTCCCG Amplification of dsItp 
target 201bp 

Itp dsRNA R AACAACGAGTAGCAGTCTTCG Amplification of dsItp 
target 

Itp-l dsRNA F CCAAACACGTTATAAGCAGCC Amplification of dsItp-l 
target 486bp 

Itp-l dsRNA R ACGTCAAGATTTCCGGATGG Amplification of dsItp-l 
target 

Egfp dsRNA F ACTCGTGACCACCCTGACCTACG Amplification of dsEgfp 
target 324bp 

Egfp dsRNA R AGATCTTGAAGTTCACCTTGATGCC Amplification of dsEgfp 
target 
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Figure 6-S1. Primer sets mapped to A. aegypti Itp and Itp-l transcripts, and sequence 
alignment of AedaeITP and AedaeITP-L deduced peptides. (A) The Itp transcript coding 
sequence spans three exons, and (B) Itp-l spans four exons, denoted in purple. Targets for 
dsRNA synthesis included regions bracketed by primers shown in yellow, primers utilized for 
generation of the FISH probe template shown in blue, and qPCR analysis shown in pink. Amino 
acid region encoding the antigen target sequence of custom AedaeITP/ITP-L primary antisera is 
shown in red. The 3’ end of common exon for Itp and Itp-l is shown in green. Top letters indicate 
nucleotides (positions of which are denoted by numbers above). Second panel of letter indicates 
the translated sequence. (C) Aligned amino acid sequences of ITP and ITP-L from A. aegypti, 
ITP (Genbank: AY950503), and ITP-L (Genbank: AY950506). Highlighting of residues 
indicates % identity with grey denoting 100% sequence identity.  
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Figure 6-S2. AedaeITP and AedaeITP-L preabsorbed controls and no primary 
controls. Central nervous system tissues were incubated in either (A,B) anti-
AedaeITP/ITP-L primary antiserum preincubated with 10 μM antigen or (C,D) no 
primary control. No staining was observed in the nervous tissues including the brain 
(A,C) or abdominal ganglia (B,D). Scale bars: (A,C) 200 µM; (B,D) 100 µM. 
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Figure 6-S3. Immunolocalization and distribution of both AedaeITP and AedaeITP-L 
peptide and transcript in the central nervous system of adult dsEgfp A. aegypti mosquitoes. 
dsEgfp-injected (A) male and (B) females reveals immunostaining in four pairs of neurosecretory 
cells (indicated by white arrowheads), with processes projecting anteriorly towards varicosities 
and blebs on the periphery of the brain (indicated by empty arrowheads). (C) Ventral view of 
abdominal ganglia and (D) terminal ganglion showing a single pair of lateral neurosecretory 
cells. Cell-specific distribution of AedaeItp and AedaeItp-l transcript in dsEgfp-injected (E) male 
and (F) female brain reveal six to seven pairs of cells in the anterior protocerebrum (G) two 
lateral pairs of cells, and a single medio-posterior cell in the abdominal ganglia, and (H) two 
lateral pairs of cells in the terminal ganglion with AedaeItp antisense probe. AedaeItp-l antisense 
probe showed no staining in dsEgfp-injected (I) male and (J) female brain (L) terminal ganglion 
and (K) two lateral pairs of cells, and a single medio-posterior cell in the abdominal ganglia. 
Scale bars: (A,B,E,F,I,J) 200 µM; (C,D,G,H,K,L) 100 µM.   
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Figure 6-S4. Effect of control dsEgfp on blood-feeding, egg laying, and larval hatching (egg 
viability) in comparison to non-injected adult A. aegypti. The effect of control dsEgfp 
knockdown was tested on (A) preference for blood-feeding, (B) weight of blood-fed female 
before and after egg-laying, (C) number of eggs laid, and (D) percentage of larval hatching. 
Abbreviations: male (M) and female (F). Data labeled with different letters are significantly 
different from non-injected adults (mean±SEM; one-way ANOVA with Bonferroni multiple 
comparison, p<0.05, n=6–12 mating replicates, each point represents individual replicate values), 
(ns denotes no statistical significance).  
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Figure 6-S5. Representative images of immunofluorescent nuclei of total spermatozoa in 
the male seminal vesicle and female spermathecae of adult A. aegypti following RNAi 
(dsRNA)-mediated knockdown of AedaeItp or AedaeItp-l. Images of immunofluorescent 
nuclei (DAPI) from fixed spermatozoa in 1 μl droplet of DPBS with sperm from the seminal 
vesicle (A-G) and spermatheca (H-N) of dsAedaeItp or dsAedaeItp-l injected animals from 
different mating treatments. Abbreviations: male (M) and female (F). Scale bar: 200 μm.  
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Figure 6-S6. Total spermatozoa in the testes of adult male A. aegypti following RNAi 
(dsRNA)-mediated knockdown of AedaeItp or AedaeItp-l. Number of spermatozoa within the 
testes of adults four-days post dsAedaeItp or dsAedaeItp-l injection. Abbreviations: male (M) 
and female (F). Data labeled with different letters are significantly different from control, dsEgfp 
adults (mean±SEM; one-way ANOVA with Bonferroni multiple comparison, p<0.05, n=9–11 
mating replicates, each point represents individual replicate values).  
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Figure 6-S7. Total spermatozoa in the male testes and seminal vesicle and female 
spermathecae of adult A. aegypti following dsEgfp injection. Number of spermatozoa per 
adult four-days post dsEgfp injection and non-injected four-day old adults (mean± SEM; one-
way ANOVA with Bonferroni multiple comparison, p<0.05, n=8–11 mating replicates, each 
point represents individual replicate values), (ns denotes no statistical significance). 
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Conclusions and future directions 
 

 

 
 
 

 

 

 

 

 

 

 

 

 

 



 
 

298 

7.1 Summary 
 
 At the beginning of this research, relatively little was known about the anti-diuretic 

signalling mechanism and downstream cellular targets in the adult Aedes aegypti mosquito. 

While a plethora of studies have investigated the process of hydromineral balance in terrestrial 

insects focusing on diuretic regulation (Beyenbach, 2003; Beyenbach et al., 1993; Coast et al., 

2005; Paluzzi et al., 2012; Terhzaz et al., 2012; Veenstra, 1988), several gaps existed in our 

understanding of anti-diuretic hormone control. Studies in blood feeding insects, including Aedes 

mosquitoes (Ionescu and Donini, 2012) and Rhodnius prolixus (Paluzzi and Orchard, 2006; 

Paluzzi et al., 2012) introduced CAPA peptides as anti-diuretic hormones involved in inhibiting 

diuretic-stimulated diuresis, but little was known of the exact mechanism and cellular effectors 

targeted in CAPA-mediated inhibition in adult female mosquitoes. Further investigating the 

precise regulatory mechanisms of diuresis and anti-diuresis offered an avenue of research to 

better understand the neuroendocrine control of hydromineral balance of the female A. aegypti, a 

potent disease vector. The collection of studies presented in this dissertation expands on the 

knowledge of neuropeptide regulation of mosquito physiology, providing a more profound 

understanding of the diuretic/anti-diuretic signalling system in the adult disease vector, A. 

aegypti mosquito. A summary of the major findings related to the aims and objectives outlined in 

the introductory chapter of this dissertation are described below. 
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7.1.1 An anti-diuretic role for CAPA neuropeptides against select diuretic factors 
 
 In larval Aedes Malpighian ‘renal’ tubules (MTs), CAPA peptides were previously shown 

to elicit an anti-diuretic role against 5HT-stimulated MTs by activating the nitric oxide synthase 

(NOS)/ cyclic GMP (cGMP)/ protein kinase G (PKG) pathway (Ionescu and Donini, 2012). In 

adult MTs, a similar approach involving bioassays, electrophysiology and 

immunohistochemistry was utilized to establish the role of CAPA peptides (Chapter 1; Sajadi 

and Paluzzi, 2021; Chapter 2; Sajadi et al., 2018), elucidate the signalling mechanism (Chapter 3; 

Sajadi et al., 2020), and identify the downstream cellular targets (Chapter 4). The neuropeptide 

AedaeCAPA-1 was found to elicit a selective anti-diuretic role, inhibiting calcitonin-like diuretic 

hormone 31 (DH31)- and 5-hydroxytryptamine (5HT)-stimulated secretion, whilst having no 

effect on other diuretic factors, including kinin-related peptides and corticotropin-releasing 

factor-like (CRF) diuretic-related hormones (DH44) (Chapter 2; Sajadi et al., 2018). Interestingly, 

despite the strong anti-diuretic role of AedaeCAPA-1, the relative proportions of cations 

transported remained unaffected, thus maintaining the natriuretic activity of DH31 and kaliuretic 

activity of 5HT (Chapter 2; Sajadi et al., 2018). Even more surprising was the observation that 

although AedaeCAPA-1 exhibited no influence on kinin-stimulated secretion, application of 

cGMP resulted in an inhibition of kinin-mediated secretion (Chapter 2; Sajadi et al., 2018), 

corroborating with previous reports of cGMP inhibiting depolarization induced in kinin-

stimulated MTs (Ruka et al., 2013). This supports the potential of an additional anti-diuretic 

hormone targeting stellate cells in the MTs or the existence of gap junctions linking the 

signalling between principal and stellate cells (Beyenbach and Piermarini, 2011). Looking 

further into the signalling mechanism involved, pharmacological inhibition of NOS and PKG 

abolished the anti-diuretic activity of AedaeCAPA-1-mediated inhibition of DH31-stimulated 
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MTs, while only PKG inhibition mitigated the effects of AedaeCAPA-1 in 5HT-stimulated 

secretion (Chapter 3; Sajadi et al., 2020), indicating that some differences in signalling 

associated with different diuretic hormones may occur.  

 A closer investigation into the AedaeCAPA-1 signalling cascade and critical role of the 

V-type H+-ATPase (VA) in fluid secretion led to the hypothesis that the VA serves as a primary 

target for both diuretic and anti-diuretic hormonal regulation of the insect MTs (Chapter 4). VA 

inhibition reduced 5HT- and DH31-stimulated secretion, causing alkalinization of the secreted 

fluid (Chapter 4), with no effect observed in DH44-stimulated MTs (Chapter 4). Importantly, 

activity of the VA was increased in DH31-treated tubules in line with role of this hormone as a 

potent natriuretic diuretic hormone (Coast et al., 2005; Chapter 2; Sajadi et al., 2018). In 

contrast, augmented VA activity was abolished in AedaeCAPA-1-treated tubules as further 

evidenced by inhibition of the NOS/cGMP/PKG pathway (Chapter 4). Based on earlier findings 

in the tobacco hornworm, Manduca sexta (Sumner et al., 1995) and yeast, Saccharomyces 

cerevisiae (Kane, 1995), the mechanism of VA regulation was examined, specifically involving 

the reversible disassembly of the V1 complex from the holoenzyme (Weng et al., 2003). Higher 

V1 protein abundance and apical localization was observed in membrane fractions of DH31-

treated MTs, whereas in AedaeCAPA-1-treated MTs, increased V1 protein abundance was 

observed in cytosolic fractions where dispersed immunoreactivity was observed suggesting VA 

holoenzyme disassociation (Chapter 4). Taken together, these findings reveal a major target in 

hormone-mediated regulation of MTs, presenting the first reported evidence of anti-diuretic 

hormone control of the VA in insect tubules. CAPA peptides have been shown to inhibit MTs in 

Maduca sexta (Quinlan et al., 1997), Tenebrio molitar (Eigenheer et al., 2002; Eigenheer et al., 

2003), R. prolixus (Paluzzi and Orchard, 2006; Paluzzi et al., 2012), D. melanogaster (Rodan et 
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al., 2012; MacMillan et al., 2018), and A. aegypti (Ionescu and Donini, 2012), and stimulate MTs 

in D. melanogaster (Terhzaz et al., 2012), Bombyx mori (Halberg et al., 2015), Vespula vulgaris 

(Halberg et al., 2015), Gryllus assimilis (Halberg et al., 2015), and A. aegypti (Pollock et al., 

2004). Evidently, species-specific and dose-dependent effects of CAPA neuropeptides have been 

reported in various insect species, suggesting the physiological effects of receptor activation are 

subject to diversification (Halberg et al., 2015). Indeed, these findings contradict the fellow 

dipteran, D. melanogaster, and establish a true anti-diuretic signalling system in adult female A. 

aegypti mosquito.  

 
7.1.2 Diuretic and anti-diuretic signalling systems: importance of neuropeptides and their 
cognate receptors 
 
 Findings in this research demonstrate the importance of distinct receptor signalling 

systems in eliciting diuretic and anti-diuretic control in the female mosquito. Characterization of 

the Aedes CAPA receptor confirmed high specificity to mosquito CAPA neuropeptides (Chapter 

3; Sajadi et al., 2020), while receptor knockdown abolished CAPA-induced anti-diuretic control 

of DH31-stimulated MTs (Chapter 3; Sajadi et al., 2020). Remarkably, CAPA neuropeptides, 

which are produced within a pair of neurosecretory cells in each abdominal ganglia (Chapter 3; 

Sajadi et al., 2020), are released into the female haemolymph 15-30 minutes post-blood feeding 

(Chapter 5), bind to its cognate receptor localized exclusively to the principal cells in the MTs 

(Chapter 3; Sajadi et al., 2020), to hinder DH31-mediated secretion (Chapters 2-5; Sajadi et al., 

2018; Sajadi et al., 2020). On the other hand, AedaeDH31-R, which was earlier molecularly 

characterized and localized to the principal cells of the MTs (Kwon et al., 2012), was confirmed 

to be selective to mosquito DH31 (Chapter 5). This study utilized the heterologously expressed 

AedaeDH31-R demonstrating DH31 release into the female haemolymph immediately post-
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bloodmeal, with highest levels observed at 5 minutes, and a decline in titres at 15-30 minutes 

post-feeding (Chapter 5). This immediate high release of DH31 into the haemolymph is an 

impressive feat as it correlates with the large water and salt volume ingested during a bloodmeal 

(Beyenbach, 2003), thus, necessary for eliminating these elements via rapid natriuresis which is 

observed during peak phases of diuresis (10-15 minutes post-feeding) (Williams et al., 1983). 

Further evidence of in vivo release of DH31 and CAPA neuropeptides comes from the findings 

that VA holoenzyme assembly and V1 protein membrane localization is observed between 10 to 

30 min post-blood feeding, with VA disassembly occurring by 60 mins, coinciding with the 

timing release of both DH31 and CAPA neuropeptides as determined through this research 

(Chapter 4). Collectively, these findings further uncover the complex regulatory mechanisms 

occurring after a female ingests a bloodmeal, allowing them to confront the threat to their 

haemolymph homoeostasis, which contributes towards their successful adaptation of blood 

feeding. 

 

7.1.3 Characterization and novel roles for ITP and ITP-L neuropeptides in A. aegypti 
 
 In insects, the ion transport peptide (ITP) and ITP-like or ITP-long (ITP-L) are implicated 

in fundamental processes such as anti-diuretic control of the locust hindgut, ovarian maturation 

in Tribolium castaneum, and in thirst/excretion and clock neuron modulation in D. melanogaster 

(Begum et al., 2009; Drexler et al., 2007; Gáliková et al., 2018; Johard et al., 2009). In A. 

aegypti, AedaeITP is expressed in the brain of both adult male and female mosquitoes, with 

AedaeItp transcript synthesized in a cluster of six to seven pairs of cells in the anterior region of 

the brain and stored and released within four pairs of neurosecretory cells in the anterior and 

medial regions of the brain of the brain (Chapter 6). In contrast, AedaeITP-L is expressed in the 
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abdominal ganglia, specifically to a pair of medial neurosecretory cells (protein) and two pairs 

and a single neurosecretory cell (transcript) in each ganglia, apart from the terminal ganglion 

where AedaeITP is expressed (Chapter 6). Similar expression patterns were observed in other 

species, including T. castaneum with Itp expression in five pairs of brain cells and a pair of cells 

in the abdominal terminal ganglion (Begum et al., 2009). In D. melanogaster, ITP expression 

was observed in four pairs of brain cells (Dircksen et al., 2008), whereas relatively weak to 

absent ITP-L staining is observed in the brain, with higher expression and abundance in the 

ventral ganglia and peripheral tissues of the locust (Meredith et al., 1996; Phillips and Audsley, 

1995). Remarkably, this research identified several novel roles for AedaeITP and AedaeITP-L in 

A. aegypti. Firstly, this research showed ITP and/or ITP-L may function in feeding/starvation 

since transcript levels of both AedaeItp and AedaeItp-l increase after 48 hours of starvation and 

water deprivation in adult mosquitoes, while only AedaeItp-l transcript abundance increases in 

blood fed females, specifically 6 hours post-feeding. Secondly, ITP and ITP-L may also 

participate in anti-diuretic control of ionoregulation since RNAi-mediated knockdown of 

AedaeItp results in greater urine excretion rates. Thirdly, this research also revealed that ITP 

and/or ITP-L may modulate reproductive behaviour and success, as AedaeItp and AedaeItp-l 

knockdown animals resulted in reduced preference for blood feeding (females only), reduced 

egg-laying and larval hatching (Chapter 6). Additionally, this is the first instance that ITP and 

ITP-L has been implicated in regulation or storage of sperm within the spermathecae and/or 

seminal vesicle in insects. In addition to A. aegypti, studies in other insect taxa have established 

roles of ITP and ITP-L in reproduction, including suggested roles in ovarian development in T. 

castaneum (Begum et al., 2009), successful mating and reproduction in Bombyx mori 

(Klöcklerova, et al., 2023), and in sperm transfer in Nilaparvata lugens (Yu et al., 2016). These 



 
 

304 

findings suggest a more complex function of these neuropeptides in regulating mosquito 

reproduction, evidenced by lower spermatozoa count in AedaeItp and AedaeItp-l knockdown 

male testes and seminal vesicles and in female spermathecae (Chapter 6). Oogenesis (process of 

egg development) in female mosquitoes is coordinated by several well-characterized endocrine 

signalling pathways including ecdysteroids, juvenile hormone, ovary ecdysteroidogenic 

hormone, and insulin-like peptides (Raikhel and Lea 1990; Brown and Cao, 2001; Raikhel et al., 

2005; Gulia-Nuss et al., 2012, 2015; Dhara et al., 2013; Hansen et al., 2014). In contrast, 

endocrine control of spermatogenesis (process of sperm development) is not well understood. 

While a recent study has implicated a glycoprotein hormone, GPA2/GPB5 (Rocco et al., 2019), 

in male reproductive-related processes, hormonal regulation of successful mating and transfer of 

sperm remain unexplored. These findings implicate ITP and ITP-L as additional regulators in 

successful reproductive mating and behaviour in both male and female mosquitoes. Regulation 

of A. aegypti reproductive biology remains an understudied avenue, and while the functional 

roles of AedaeITP and AedaeITP-L remain in their infancy, these findings provide novel insights 

into the neuropeptidergic regulation of male and female reproduction.   

 

7.2 Future Directions 
 
 In the past few decades, there has been major advances in our understanding of 

neuroendocrine control of insect diuresis and transepithelial transport, transforming previous 

notions of anti-diuretic control in Malpighian tubules. The present studies provided important 

insight into the signalling mechanisms and transporters involved post-blood feeding, a critical 

process leading to transmission of several viruses (Jentes et al., 2011; Leparc-Goffart et al., 

2014; Oehler et al., 2014; Simmons et al., 2012) (Figure 7-1). This work has also characterized 
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the first anti-diuretic receptor signalling system in the Aedes mosquito, revealing the importance 

of both diuretic and anti-diuretic hormone release in the female mosquito. Additionally, this 

dissertation provides insight into the Aedes ITP and ITP-L peptides providing a molecular 

characterization, immunolocalization and distribution within the nervous system, as well as 

evidence for putative physiological functions including novels roles in mosquito reproductive 

biology.  

 To completely understand the regulation of the VA in CAPA-mediated inhibition, 

identification of the specific regulation initiating disassembly of the holoenzyme is necessary. 

The VA plays an essential role in cell function in both vertebrates and invertebrates (Harvey et 

al., 1998), and while the reversible assembly/disassembly of the VA holoenzyme has been 

studied, it remains unclear what mechanism initiates the disassembly of the V1 complex from the 

holoenzyme (Dschida and Bowman, 1995; Weng et al., 2003), and what VA subunit is targeted 

in this disassembly. Upon dissociation of the V1 complex, subunit C is released from the 

complex (Gräf et al., 1996; Kane, 1995; Merzendorfer et al., 1999; Vitavska et al., 2003), 

suggesting a central role in holoenzyme assembly/disassembly. Subunit C binds to subunits E 

and G of the V1 complex, and to subunit a of the Vo complex, bridging the two complexes 

together (Inoue and Forgac, 2005) and serving as a good candidate for modulating VA stability. 

In yeast, the cAMP/PKA pathway is proposed to be involved in the reversible dissociation of the 

VA; however, it is still unknown on whether an active PKA enhances the reassembly or prevents 

dissociation of the VA (Wieczorek et al., 2009). Additionally, future research should examine 

the involvement of a PKA-dependent or -independent pathway leading to the activation and 

inactivation of the VA in the insect MTs. Considerable studies have established PKA as a major 

cAMP target (Seino and Shibasaki, 2005), however, our results revealed a PKA-dependent 



 
 

306 

secretory pathway for DH31 and PKA-independent for DH44. While both peptides elicit 

stimulatory actions through cAMP, future studies should focus on investigating distinct cAMP 

pathways involving PKA to provide more insight on the precise regulatory action of the VA.  

While this research has laid the groundwork for putative functions in the Aedes mosquito, 

it is of great interest to identify and characterize the A. aegypti ITP and ITP-L receptor. 

Continued work in this area would provide a more comprehensive understanding of the roles of 

AedaeITP and AedaeITP-L through detecting receptor expression to uncover additional targets of 

ITP and ITP-L action. The first presumed ITP and ITPL receptors were characterized in B. mori, 

with elevating levels of intracellular cGMP upon binding of recombinant ITP (Nagai et al., 

2014). More broadly, future studies should investigate the existence of multiple receptors for ITP 

and ITP-L activation, given the clear evidence of differential expression and functional roles of 

both peptides. Several functions have been suggested for ITP and ITP-L peptides in insects, 

including roles in ionoregulation (Audsley et al., 1992; Dircksen et al., 2008; Drexler et al., 

2007; Nagai et al., 2014; Webster et al., 2012; Yu et al., 2016), development and locomotion 

(Gáliková et al., 2018; Johard et al., 2009), and ovarian maturation (Begum et al., 2009). Finally, 

while novel putative roles for ITP and ITP-L have been linked to mosquito reproduction, further 

research needs to examine the exact mechanisms of AedaeITP and AedaeITP-L action in blood 

feeding behaviour, in the regulation of mating along with the storage and transfer of spermatozoa 

in both male and female A. aegypti mosquitoes. Future studies examining ITP and ITP-L 

signalling may provide important insights into these neuropeptides in relation to mosquito 

reproductive biology. 

 In summary, the results presented in this dissertation unravel the importance of diuretic 

(DH31, 5HT, DH44, and kinin-like peptides) and anti-diuretic hormones (CAPA) on A. aegypti 
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MTs regulating iono- and osmoregulation. Challenges to haemolymph homeostasis as a 

consequence of ingesting bloodmeals initiates the release of the natriuretic hormone (DH31) from 

the nervous system to eliminate the excess salts and water. Once a large portion of the water and 

NaCl load has been dealt with by the excretory organs, the current study revealed that anti-

diuretic CAPA neuropeptides are released acting to hinder the actions of DH31 through the 

NOS/cGMP/PKG pathway and targeting the V-type H+-ATPase. Moreover, the alternatively 

spliced peptides, ITP and ITP-L that in other species have been identified as critical regulators of 

the insect excretory system, have been linked to a variety of physiological processes including 

feeding/starvation, urine excretion, and possibly the maintenance, transfer, and storage of 

spermatozoa during mating and ultimately successful egg fertilization. Collectively, these 

observations raise the notion that the A. aegypti mosquito ITP and ITP-L have pleiotropic roles 

as observed for these neuropeptides in other insects.  
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Figure 7-1. Summary of research findings and overall impact to global society. Findings of 
this research highlight the (1) importance of neuropeptides and their receptors in regulating 
critical physiological processes, including blood-feeding, osmoregulation, and reproduction. 
Post-blood feeding, diuretic and anti-diuretic factors are released into the female haemolymph, 
coupling through various signaling mechanisms to challenge the osmotic stress from the hypo-
osmotic bloodmeal. Female mosquitoes obtain essential proteins and nutrients required for egg 
production, allowing them to oviposit 3-4 days post-bloodmeal. (2) These critical physiological 
events ultimately allow for the successful breeding and disease transmission of the A. aegypti 
vector.  
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