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Abstract 

 The effects of synthetic aedeskinin III on transepithelial electrolyte and fluid secretion 
were studied in isolated Malpighian tubules of the yellow fever mosquito, Aedes aegypti.  
Isolated Malpighian tubules were prepared for measurements of fluid secretion rates by the 
method of Ramsay. After measuring a control rate of fluid secretion, aedeskinin III was added to 
the peritubular Ringer solution.  Rates of transepithelial fluid secretion significantly increased in 
a dose-dependent manner at aedeskinin concentrations ranging from 10-5 to 10-9M.  Maximal 
stimulatory effects were observed at 1 µM aedeskinin III, which increased the fluid secretion rate 
from 0.667 to 1.451 nl/min.  EC50 for aedeskinin III was calculated as 1.028x10-7M.  In the 
presence of 1 µM aedeskinin III, the Na+ concentration in secreted fluid significantly decreased 
from 130.5 to 88.2 mM and the Cl- concentration in secreted fluid significantly decreased from 
208.6 to 173.5 mM.  The increase in the K+ concentration from 82.1 mM to 90.3 mM was not 
significant.  The product of the fluid secretion rate and electrolyte secretion yields the electrolyte 
secretion rate.  Accordingly, the transepithelial secretion rate for Na+ increased from 96.3 
pmols/min to 127.6 pmols/min, the K+ secretion rate increased from 61.6 pmols/min to 141.2 
pmols/min, and the Cl- secretion rate increased from 153.9 to 257.5 pmols/min.  However, only 
the effects on K+ and Cl- secretion were statistically significant.  Synthetic aedeskinin-receptor 
agonists 1577 and 1460II also stimulated fluid secretion at 1 µM concentrations, increasing fluid 
secretion rate from 0.716 to 1.224 nl/min and from 0.889 to 1.615 nl/min, respectively.  The in 
vitro longevity of isolated Malpighian tubules was also assessed.  Isolated tubules cultured in 
Ringer solution and Grace’s insect medium (pH 6.1) did not survive the process and did not 
secrete fluid one day after isolation.  However, when kept in Grace’s insect medium at pH 7.1, 
the tubules still secreted one day later.  These studies confirm that aedeskinin III has diuretic 
effects in Aedes Malpighian tubules.  Rates of transepithelial secretion of NaCl and KCl 
increased, suggesting that the mechanism of action of aedeskinin III is similar to that of 
leucokinin.  My study documents further and for the first time that synthetic analogs of 
aedeskinin containing β-amino acids retain diuretic potency.  
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1. Introduction 

 Fluid secretions by Malpighian tubules, in consort with water reabsorption in the hindgut, 
are the chief mechanisms of diuresis in the insect (1).  Due to the prevalence of diuretic and anti-
diuretic peptides isolated from numerous insect species, it is likely both secretion and 
reabsorption are under hormonal control in the insect (2-9).  Putative diuretic hormones come in 
two general varieties: the corticotrophin-releasing factor (CRF) and the kinins.  CRF-like 
hormones have been isolated and purified from the tobacco horn worm moth Manducta sexta 
(2,3), and related peptides have been isolated from crickets, locusts, cockroaches, flies, and a 
species of beetle (4-8).  Thus it is likely that CRF-like diuretic hormones are present in most if 
not all insect species.      

The kinin family of diuretic peptides was first isolated from head extracts of the 
cockroach Leucophea maderae and therefore called leucokinin (10).  Leucokinin stimulates fluid 
secretion in Malpighian tubules of the yellow fever mosquito Aedes aegypti and it increases 
peristaltic contractions of the hindgut (11).  The effects of leucokinin are mediated by increases 
in intracellular Ca2+ concentrations, stemming from calcium release from intracellular stores as 
well as extracellular calcium influx through nifedipine-sensitive Ca2+ channels in the basolateral 
membrane of principal cells of the tubule (11). 

As shown in Fig. 1, transepithelial fluid secretion in the yellow fever mosquito Aedes 
aegypti is energized by the V-type ATPase present in the luminal membrane of the principal 
cells (12,13).  The extrusion of H+ ions into the lumen of the tubule can then power a H+/cation 
(likely Na+/H+ or K+/H+) exchanger also present in the apical membrane of the tubule, thus 
driving secretion of cations into the lumen (12,13).   

Fig. 1.  Model of transepithelial NaCl and KCl 
secretion in Malpighian tubules of the yellow fever 
mosquito Aedes aegypti.  Significantly, transepithelial 
active transport of Na+ and K+ is powered by the 
vacuolar type H+ ATPase (red) and not the classical 
Na+/K+ ATPase.  The secretion of Na+ and K+ is active 
and transcellular.  The secretion of Cl- is passive and 
paracellular through septate junctions, the tight 
junctions of invertebrates. 

 

In Drosophila melanogaster, the efflux of cations from cytoplasm to lumen is balanced 
by a transcellular chloride pathway through Cl- channels present in stellate cells (14).  It has also 
been demonstrated that the drosokinin (Drosophila-kinin) receptor is found in the stellate cells of 
D. melanogaster (15).  Stimulation of the receptor is thought to increase Cl- channel activity via 
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a Ca2+ signaling cascade triggered by drosokinin (14,16).  In Aedes tubules, stellate cells play a 
more marginal role, because leucokinin-VIII continues to stimulate fluid secretion in short tubule 
segments from which stellate cells are excluded (17).  Furthermore, pharmacological and 
electrophysiological data have demonstrated that the action of the leucokinin family of peptides 
act through principal cells of the Malpighian tubule, and that the transepithelial chloride 
conductance is mediated through a paracellular shunt pathway via increased intracellular Ca2+ 
(17-20).  Water is pulled from the hemolymph of these animals by osmotic forces following the 
active transport of Na+ and K+ and the passive transport of Cl- into the tubule lumen.  It has been 
proposed that the kinins alter the structure of the proteins forming the tight junctions which form 
the paracellular barriers between cells.  One hypothesis states that Ca2+ mediates intracellular 
signals that result in the opening or “unzipping” of the proteins forming the tight junctions, 
thereby breaking down their barrier function and allowing more Cl- to pass into the tubular 
lumen (13).   

Diuresis, the increase in fluid secretion by Malpighian tubules, has been well studied in 
the mosquito, particularly in the yellow fever mosquito Aedes aegypti.  This species 
demonstrates an extensive diuresis after eclosion (emergence of the adult from the pupae) as well 
as during and after a blood meal.  The regulation of the mechanisms for this diuresis are thought 
to be under fast acting hormonal control, as the epithelium of the Malpighian tubule can be 
stimulated to cause a diuresis shortly after beginning a blood meal, thus ridding the mosquito of 
excess fluid volume that would serve only to hinder the escape flight after the meal is completed 
(13). 

 Recently the Aedes aegypti equivalents of leucokinin, aptly named the aedeskinins, have 
been isolated and synthesized thanks largely to the work of Veenstra et al. (11) who have 
identified three aedeskinin.  Aedeskinin I (Asn-Ser-Lys-Tyr-Val-Ser-Lys-Gln-Lys-Phe-Tyr-Ser-
Trp-Gly-amide), Aedeskinin II (Asp-Pro-Phe-His-Ala-Trp-Gly-amide), and Aedeskinin III (Asn-
Asn-Pro-Asn-Val-Phe-Tyr-Pro-Trp-Gly-amide) were purified and quantified by Veenstra et al. 
as described by Schoofs et al. (21).  The structures of these three peptides match predications 
made by cDNA isolates, strongly suggesting that Aedes aegypti has indeed only three kinin 
peptides, in contrast to eight leucokinins isolated from L. maderae (11).  A single cDNA clone 
was isolated from adult female mosquito basal ganglia, and was demonstrated to encode for all 
three aedeskinin peptides.  Multiple Lys-Arg cleavage sites, as defined by Veenstra et al. result 
in the processing of the pro-peptide into the three aedeskinin peptides at N-terminal Asn and C-
terminal Gly residues (11).  While all three of these peptides have been shown to increase the 
frequency of mosquito hindgut contractions and depolarization of isolated Malpighian tubule 
transepithelial voltages, only Aedeskinin III has demonstrated a significant ability to stimulate 
fluid secretion (11).     

In the present study, I present a dose-response curve to synthetically produced aedeskinin 
III, as well as preliminary fluid secretion data when Aedes Malpighian tubules are exposed to the 
1577 and 1460II  which are so-called’ aedeskinin-receptor super agonists’.  The dose response to 
aedeskinin is important because our continued use of leucokinin has been criticized by referees 
of our manuscripts.  Although Veenstra (11) has published a dose response to aedskinin, it was 
important to us to determine real effects of aedeskinin rather than the relative effects our 
colleagues have published.   
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In separate experiments I examined the longevity of isolated Malpighian tubules in pH-
balanced Grace’s Insect culture medium.  The goal of these experiments is to provide evidence 
for tubule health and stability, or lack thereof, after isolation from the animal; in hopes of 
conducting proteomics and physiological experiments requiring a great amount of culture time. 
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2. Materials and Methods 

Mosquitoes and Malpighian tubules.  The method for rearing mosquitoes for these 
experiments has been previously described by Pannabecker et al. (18).  Female Aedes aegypti 
mosquitoes 4-7 days post-eclosion were cold anesthetized and decapitated.  Malpighian tubules 
were carefully dissected out of the animal by pulling the rectum out from the abdominal cavity.  
Each tubule was then isolated using fine tipped forceps and gently pulling at the junction 
between the gastrointestinal tract and the tubules.  Removing Malpighian tubules from their 
attachment to the gut crushes the open end of the tubule, and prevents fluid flow.  The crushed 
end of the tubule is cut away using fine tipped steel broaches, thus allowing secreted fluid to exit 
the tubule in a unidirectional manner.   

  Ringer media, Graces’ Insect Culture Media, and synthetic hormones.  Ringer solution 
contains the following (in mM): 1.8 NaHCO3, 1.0 MgSO4, 1.7 CaCl2, 150 NaCl, 3.4 KCl, 25 
HEPES, and 5.0 Glucose.  The Ringer solution pH is adjusted to 7.1 using 1M NaOH.  Grace’s 
insect culture medium (Hyclone, Utah, USA) contained the following (in mM): 6.8 CaCl2, 11.22 
MgCl2, 11.3 MgSO4, 30 KCl, 4.2 NaHCO3, 7.3 NaH2PO4, and supplemented with amino acids 
and vitamins as described (22-24).    

The synthetic aedeskinin III was produced and generously donated by Dr. Ronald 
Nachman (Texas A&M University).  The identity of the peptide was confirmed via MALDI-TOF 
mass spectrometry in Dr. Nachmans’ laboratory, and the amount quantified via AA analysis.  
Stock solutions of the aedeskinin III were prepared by dissolving the lyophilized solid in 20 µl 
aliquots of glucose-free Ringer solution (concentrations identical to those outlined above, minus 
the Glucose), to a final concentration of 1x10-4 M.  Serial dilutions down to 1x10-8M were made 
from these aliquots to generate a range of experimental concentrations for testing. 

Samples of a series of synthetic aedeskinin-receptor agonists were also donated by Dr. 
Nachman for analysis.  These peptides were modified to mimic the known kinin structures as 
closely as possible in the region of the critical penta-peptide sequence such that ligand-receptor 
interactions were not compromised.  The critical penta-peptide sequence was first determined 
using leucokinins as the stimulatory peptide, and consists of the five C-terminal residues of the 
peptide.  Disruption of this sequence has demonstrated in leucokinins to greatly impair the action 
of leucokinin in isolated Malpighian tubules (29). 

  By replacing the proline of the presumed critical sequence of aedeskinin III with a β-
proline, the synthetic peptide is similar enough to bind to the aedeskinin-receptor, but different 
enough to avoid degradation by proteolytic enzymes.  The samples were diluted in 80% 
acetonitrile, 1% TFA (Sigma-Aldritch, St. Louis, MO) to 10-4M concentrations and kept 
refrigerated.  This buffer solution was necessary to stabilize the protein, as normal Ringer would 
lead to rapid degradation of the peptide if used as a storage medium.  An hour before beginning 
an experiment, 10 µl were removed from the stock solution and frozen in a small Eppendorf.  
After the solution had completely frozen, the Eppendorf was centrifuged under negative pressure 
to remove the excess buffer.  After centrifugation 100 µl of Ringer was added to the Eppendorf 
to achieve a 10-5M concentration of super agonist.  The structures of all synthetic peptides used 
are summarized in Table 1. 
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Table 1: Summary of names and sequences for synthetic diuretic peptides. 

Peptide Sequence Reference 

Leucokinin VIII GADFYSWG-NH2 (10) 

Aedeskinin III NNPNVFYPWG-NH2 (11) (25) 

Peptide 1577 Ac-R(βF)FF(βP)WG-NH2 * 

Peptide 1460II Ac-RFF(βP)WG-NH2 * 

Critical sequences are highlighted in bold print.  Leucokinin VIII has shown that this critical penta-peptide sequence 
is required to stimulate diuretic activity.  Note the high degree of similarity between leucokinin VIII and aedeskinin 
III in this region.  Ac = acetyl group. * Sequences determined by Dr. Nachman. 

Assessment of isolated Malpighian tubule survivability was conducted by first isolating 
30-45 tubules (6-9 mosquitoes worth) and then incubating them at room temperature in one of 
three possible media: Ringer, Grace’s Insect culture media pH 6.1, or Grace’s Insect Culture 
media pH 7.1.  Grace’s culture media was adjusted from pH 6.1 to pH 7.1 by addition of 1M 
NaOH.  After approximately 24 hours of incubation, the tubules were prepared for a Ramsay 
assay to determine any retention of their ability to secrete urine. 

The Ramsay method of fluid secretion analysis. The fluid secretion rate in a single 
Malpighian tubule was measured as shown in Fig. 2.   

 

Fig. 2.  The Ramsay method 
for measuring the rate of fluid 
secretion in an isolated 
Malpighian tubule (26). The 
tubule is bathed in Ringer 
solution.  The open end of the 
tubule is pulled into the oil so 
that fluid exiting the lumen 
accumulates as a secreted fluid 
droplet. 

 

 

Each trial consisted of a control and an experimental period, using only one tubule for the 
duration of the trial.  The tubule was bathed in 50 µl of Ringer solution (Fig. 2). Fine glass hooks 
had beforehand been constructed for the explicit purpose of manipulating a single tubule while 
suspended in the Ringers droplet.  Using a micro-pipette puller and a micro-forge, borosilicate 
glass tubing (1mm OD, 0.58mm ID, WP Instruments Inc., New Haven, Conn) is shaped into a 
hook with a final width of approximately 80 µm.  An acid wash with K2CrO4 + H2SO4 cleaned 
the hooks before vapor silanization with 1µl dimethyl-dichlorosilan (Flüka, Buchs, Switzerland) 
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to create a water repellant layer on the surface of the hooks.  This repulsion will help isolate the 
secreted fluid droplets and prevent them from adhering to the hook.   

Using one glass hook, an isolated tubule was grabbed at the open end and pulled slightly 
into the oil.  The hook was then anchored in place using a small piece of clay.   

The size of the fluid droplet exiting from the open end of the tubule is measured using a 
microscope eyepiece graticule.  Measurements of both length and width of the droplet are taken 
at 5 minute intervals for 30 min.  The volume of the droplet is calculated using the standard 
formula for the volume of a sphere: 

                       

Each trial consisted of a control period, and an experimental period, using only one 
tubule for the duration of the trial.  The initial 30 min of measurement marks the control fluid 
secretion period for each tubule.  After this time has elapsed, the control droplet which has 
formed from the open end of the tubule is removed using a pipette and glass syringe mounted to 
a micromanipulator to gently suck up the droplet (nanoliter volumes) from the tubules open end.  
A small amount of Ringer solution (5 µl) is then removed from the bathing solution and replaced 
with 5 µl of stock aedeskinin III solution of concentration varying from 1x10-4 M to 1x10-8 M, or 
the synthetic aedeskinin-receptor agonist solution.  Dilution effects would lower the 
concentration of aedeskinin III used 10 fold, making the final range of concentrations 1x10-5M to 
1nM.   

Another measurement period begins as soon as the aedeskinin III or aedeskinin-receptor 
agonist has been added to the bathing solution, and as before, recordings of the length and width 
of the secreted fluid droplet are measured with the microscopes’ graticule.  Again the volume of 
secreted fluid is calculated with the formula for the volume of a sphere.  This was called the 
experimental period of fluid secretion. 

Fluid secretion rates were determined by plotting the slope of cumulative volume (nl) of 
the secreted droplet over time (30min) for both the control and the experimental period using 
Microsoft Excel 2007 (Microsoft, Redmond, WA, USA). 

Electron probe analysis of fluid electrolyte composition.  Based on the initial results, the 
1 µM concentration was used in experiments where both the control fluid secretion droplet and 
the experimental fluid secretion droplet were “harvested” using the micro-manipulator mounted 
pipette and then slowly expelled under oil into a plastic well.  These droplets were then given to 
a laboratory colleague for ion content analysis via electron probe (X-ray).  In brief, each 
harvested droplet was expelled into its own plastic well covered with mineral oil.  The oil adds a 
layer of evaporative protection to keep the sample as fresh as possible.  A picoliter pipette is then 
used to deposit aliquots from the droplets onto a beryllium block, the surface of which is also 
under oil.  The oil is then chemically removed, and the droplets quickly evaporated, leaving salt 
residue on the block.  The block is then stored in a desiccator until ready for analysis with the 
electron probe.  A set of standard droplets with known salt concentrations are also deposited onto 
each block, as well as a sample of the Ringer solution used during the dissection and trial period 
of fluid secretion.  The standard solutions allow a standard curve to be constructed, from which 
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the number of electron counts determined by the probe can be converted into a concentration for 
a given electrolyte.  

Electrolyte concentrations (mM), once determined from the standard curves, are 
multiplied by the fluid secretion rate (nl/min) that generated the droplet, to determine the rate of 
electrolyte excretion (pmols/min). 

Statistical treatment of data.  Statistical relevance of the data were treated using Paired t-
tests for Means, and carried out using computer software.  The paired t-test was used to compare 
data sets obtained from fluid secretion trials using aedeskinin III, and again to contrast 
electrolyte concentrations of secreted fluid, and electrolyte expulsion rates.  Confidence intervals 
were calculated by hand using the formula:  

                                                       

 Where X is the Mean, SD the standard deviation, CV is the value determined from a 
table of Probability of confidence values for a certain alpha and degrees of freedom (N-1), and N 
is the number of trials in the sample.  If X ± the calculated value did not include zero, the data set 
was deemed significant for the alpha value in question.  Calculation of confidence intervals was 
used to assess the significance of the data points used to construct the dose-response curve.  
Curves were fitted to the data using a sigmoidal dose-response non-linear regression via the 
GraphPad Prism version 4.00 software for Windows (GraphPad Software, San Diego CA, USA). 
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3. Results 

Aedeskinin III stimulates isolate Malpighian tubule fluid secretion in a dose-dependent 
manner.  By comparing the aedeskinin III stimulated rates to the control rates for each 
experiment a dose-response curve depicting the effects of aedeskinin III on Malpighian tubule 
fluid secretion rates was constructed.   Maximal stimulatory effects were observed at 1 µM 
concentrations of aedeskinin III, yielding a % increase of 124.35 ± 19.9% (n=11 tubules, 
p<0.001).  Minimum stimulation occurred at 1 nM aedeskinin III, demonstrating only 17.4 ± 
5.6%  increase over control rates (n=6 tubules, p<0.05).  The EC50 value is 1.028x10-7M 
aedeskinin III, with an R2 value of 0.35 (Fig. 3). 

Figure 3:  The 
aedeskinin III dose-
response curve.  Values 
are means ± s.e.m. (n 
tubules).  Paired t-test 
for means, *p<0.05,  
**p<0.01,  ***p<0.001.  
Each tubule was used a
its own control.  

 
 

s 

Aedeskinin III stimulates fluid secretion of isolated Malpighian tubules.  Isolated 
Malpighian tubules demonstrated increased rates of fluid secretion when exposed to aedeskinin 
III.  In the experiment shown in Fig. 4A, fluid secretion rate when exposed to 1 µM aedeskinin 
III significantly increased from 0.0672 ± 0.072 to 1.451 ±0.151 nl/min (p<0.001, n=11 tubules).  
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Figure 4:  The effects of 1µM aedeskinin III on 
isolated Aedes Malpighian tubules.  (A) Fluid 
secretion rate; (B) Concentrations of Na+, K+ and Cl- 
in the secreted fluid; (C) The electrolyte excretion 
rate.  Control values are in white; aedeskinin III 
stimulated values are in black.   Values are means ± 
s.e.m (n tubules). *p<0.05, **p<0.01, ***p<0.001.  
The numeric data are summarized in Table 2.  

  Secreted fluid collected from Aedes Malpighian tubules stimulated with 1 µM 
aedeskinin III demonstrated differences in electrolyte composition when compared to fluid 
collected under control conditions (Fig. 4B).  Aedeskinin III stimulated tubules secreted fluid 
with significantly decreased concentrations of Na+, and Cl-, decreasing from 130.5 ± 24.7 mM to 
88.2 ± 15.5 mM and 208.6 ± 21.2 mM to 173.5 ± 13.2 mM, respectively (p<0.05, n=4 tubules).  
K+ concentrations did not vary significantly between control and aedeskinin III stimulated fluid 
secretions.   

When multiplied by the fluid secretion rate of the tubule, these electrolyte concentrations 
are converted into electrolyte secretion rates in pmols/min.  Aedeskinin III stimulated tubules 
produced significantly larger secretion rates for K+, and Cl-, but did not significantly increase 
Na+ secretion (Fig. 4C).  The K+ secretion rate increased from 61.6 ± 8.6 pmols/min under 
control conditions, to 141.2 ± 30.1 pmols/min when stimulated with 1 µM aedeskinin III (p<0.05, 
n=4 tubules).  The Cl- secretion rates increased from 153.9 ± 12.9 pmols/min under control 
conditions, to 257.5 ± 32.6 pmols/min upon introduction of aedeskinin III.  These data are 
summarized in Table 2. 
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Table  2:  Summary of the effects of 1µM aedeskinin III on the electrolyte secretion rates of isolated Malpighian 
tubules, and the concentrations of electrolytes in Malpighian tubule fluid secretions. 

Experimental 
Condition   
(N tubules) 

Fluid 
secretion 
rate 
(nl/min) 

[Na+] 
(mM) 

[K+]   
(mM) 

[Cl-]           
(mM) 

Na+ 
excretion 
rate 
(pmols/min) 

K+ 
excretion 
rate 
(pmols/min) 

Cl- 
excretion 
rate 
(pmols/min) 

Control (4) 0.672 ± 
0.072 

130.5 ± 
24.7 

82.1 ±10.6 208.6 ± 
21.2 

96.3 ± 16.0 61.6 ± 8.6 153.9 ± 12.9 

   Aedeskinin 
III 1 µM (4) 

1.451 ± 
0.161*** 

88.2 ± 
15.5* 

90.3 ± 
13.5 

173.5 ± 
13.2* 

127.6 ± 18.2 141.2 ± 
30.1* 

257.5 ± 
32.6** 

Values are means ± s.e.m. T-test; paired two sample for means.  *p<0.05.  **p<0.01.  ***p<0.001. 

 

Aedeskinin-receptor agonists 1577 and 1460II stimulate fluid secretion from isolated 
Malpighian tubules.  The synthetic aedeskinin-receptor agonists 1577 and 1460II stimulate fluid 
secretion in the isolated Aedes Malpighian tubules (Table 3).  Agonist 1577 increased fluid 
secretion rate from 0.716 ± 0.179 nl/min under control conditions, to 1.224 ± 0.022 nl/min 
(p<0.01, n=6 tubules) at 1µM concentrations.  Similarly, agonist 1460II stimulated Malpighian 
tubule fluid secretion from a control rate of 0.889 ± 0.098 nl/min to 1.615 ± 0.223 nl/min 
(p<0.05, n=4 tubules) at 1µM concentrations. 

Table 3:  Effect of Synthetic aedeskinin-receptor agonists 1577 and 1460II on Malpighian tubule secretion rate. For 
comparison, data from aedeskinin III 1 µM is included.   

Experimental Condition (N tubules) Fluid Secretion Rate (nl/min) ± s.e.m 

Control (11) 0.672  ±0.072 

    Aedeskinin III 1 µM (11) 1.451  ±0.151*** 

Control (6) 0.716  ±0.179 

    Agonist 1577 1 µM (6) 1.224  ±0.220** 

Control (4) 0.889   ±0.098 

    Agonist 1460II 1 µM (4) 1.615  ±0.223* 

Values are means ± s.e.m. (n tubules).  T-test; paired two sample for means. *p<0.05, **p<0.01, ***p<0.001. 

 

 Longevity of isolated Malpighian tubules incubated for 24 hours.  Malpighian tubules 
have demonstrated resilience to culture in vitro, showing clear signs of cellular life and retention 
of their ability to secrete fluid even after 24 hours post-isolation.  Tubules incubated in Ringer 
solution overnight (approximately 24 hours) were abnormally easy to tear during preparation of 
the Ramsay assay and demonstrated an increased frailty to manipulation.  Thus, extra care and 
dexterity was required to prepare an experiment using these tubules.  The normally easily 
identifiable lumen could not be seen, and the outline of individual cells was difficult to detect.  
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While anchored in the oil layer, the tubules showed a decreased resilience to the hydrostatic 
pressure of the oil, and as a result the tubules were squeezed thin.  No tubules incubated in 
Ringer solution demonstrated any ability to secrete fluid using the Ramsay assay. 

Malpighian tubules were also incubated in Grace’s insect culture medium (pH 6.1).  The 
cells of these tubules were fragile and easily tore apart, making preparation difficult.  As in the 
Ringer incubation above, the individual cells of the tubule could not easily be distinguished, and 
the lumen was also not visible.  The tubules also appeared to compress under the weight of the 
oil during the experiment.  This is abnormal and is likely a sign of cell death.  Of the 3 tubules 
observed, none demonstrated the ability to secrete fluid. 

    Tubules cultured in Grace’s Insect culture medium (pH 7.1), however kept their natural 
hardiness and could be manipulated normally, without damaging or tearing the tissue.  While 
anchored in the oil layer, these tubules also did not compress, as observed in the pH 6.1 Grace’s 
culture medium.  Of the 3 tubules prepared from this culture media, 2 were observed to have 
secretory functions intact, demonstrating control rates of secretion of 0.60 nl/min ± 0.03. 
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4. Discussion 

The effects of aedeskinin I, II, and III on transepithelial fluid secretion of Malpighian 
tubules of Aedes aegypti.  The aedeskinins have varied effects on the rate of transepithelial fluid 
secretion and on the transepithelial voltage (Vt) in Aedes Malpighian tubules.  Aedeskinin I has 
the most potent effect on depolarizing Vt but only minor stimulatory effects on transepithelial 
fluid secretion rate (11).  Aedeskinin II demonstrates mild depolarization of the transepithelial 
voltage, and no stimulation of transepithelial fluid secretion in vitro (11).  In contrast, Cady and 
Hagedorn (27) found that aedeskinin II does stimulate fluid secretion in vivo, suggesting the 
participation of a cofactor that is present in vivo but not in vitro.   

 Aedeskinin III has moderate ability to depolarize the transmembrane voltage, and the 
highest degree of stimulatory activity on fluid secretion (11).  Both Veenstra et. al. and Cady and 
Hagedorn have confirmed that aedeskinin III yields the highest stimulatory activity of 
transepithelial fluid secretion in a 10-6 to 10-8 (11,27) M range, which agrees strongly with our 
EC50 value of 1.028x10-7 M aedeskinin III (Fig. 2).  Our study concludes that aedeskinin III can 
have very potent stimulatory effects on fluid secretion, increasing the rate of fluid secretion from 
0.672 to 1.451 nl/min at 1 µM concentrations – an increase of 0.779 nl/min.  Previous work by 
Veenstra et. al. confirms the presence of stimulatory effects on transepithelial fluid secretion at 
µM concentrations of aedeskinin III, but reports only an increase in secretion rate of 
approximately 0.225 nl/min (11).  The Ramsay assay is a demanding experimental method that is 
also very sensitive to the handling of tubules, the lengths of the tubule segment in the Ringer and 
oil, the shape of the hook, and the weight of the oil column above the tubule.  Thus, differences 
in the rate of fluid secretion can reflect experimental manipulation as much as the physiology – 
which is the primary reasons why we use each tubule as its own control.   

  In vivo studies have determined the EC50 value for aedeskinin III to be approximately 
7.4x10-8M (reported as 3.7x10-5 nmols of peptide in 0.5 µl injections), 10-fold less than 
1.028x10-7 M I have measured in vitro (27).  There may be several reasons for the differences in 
vivo and in vitro.  For one reason, the in vivo preparation may be less traumatic to tubules than 
the in vitro preparation.  For a second reason, hemolymph in the in vivo preparation certainly 
provides a better physiological solution than the basic Ringer solution used in the present study.  
Consistent with this explanation is my finding that tubules still secret fluid after one day 
incubation in Grace’s medium, whereas tubules incubated in Ringer solution fall apart after one 
day.  Finally, as explained above, the in vitro preparation is very “set-up” sensitive.  In my 
experience, 3 out of 4 tubules prepared for the Ramsay fluid secretion assay actually secreted 
fluid.     

Veenstra et. al. (11) has suggested that the structurally diverse aedeskinins may or may 
not have different receptors present in the Malpighian tubule.  Recent work by Pietrontonio et. al. 
have confirmed the identity of a single multi-ligand receptor for all three aedeskinins and the 
structurally similar leucokinins (28).    Furthermore, studies examining the in vivo urine 
production of blood-fed mosquitoes suggests a possible order of binding affinities of the three 
aedeskinins; such that (from lowest to highest) aedeskinin II< aedeskinin I< aedeskinin III, based 
on EC50 values (27). 
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The effects of aedeskinin III on transepithelial  Na+, K+, and Cl- secretion in Aedes 
Malpighian tubules.  The use of the electron probe has allowed us to determine the electrolyte 
composition of fluid secreted by Malpighian tubules collected from Ramsay assays.  Leucokinin 
VIII has previously demonstrated its ability to increase electrolyte secretion of Aedes Malpighian 
tubules.  Malpighian tubules stimulated with µM concentrations of leucokinin VIII demonstrate 
significantly higher secretion rates of NaCl and KCl (18).  In our study aedeskinin III only 
demonstrated significantly increased KCl secretion rates.  The rate of Na+ secretion did increase, 
but not to a degree of statistical certainty.  From one perspective, it may be the case that 
aedeskinin selectively stimulates KCl over NaCl secretion.  K+ in the Ringer medium is at 3.4 
mM and Na+ is at 150 mM, but the fluid secreted by the tubules contains approximately 90mM 
of both Na+ and K+.  This could be due to a higher affinity of K+ to the H+/cation exchanger in 
the apical membrane, thus accounting for the 30-fold increase in K+ concentration in the secreted 
fluid over the bathing solution.  The basolateral membrane is no barrier to K+ in view of the high 
K+ conductance of this membrane.  K+ is distributed across the basolateral membrane near 
electrochemical equilibrium (34). 

 Agonists 1577 and 1460II stimulate Aedes Malpighian tubule fluid secretion.  Aedeskinin 
III is comprised of 10 amino acids (Table 1).  The 5 residues that determine the C-terminal end 
of this peptide make up what is called the critical penta-peptide sequence, which is essential for 
diuretic activity.  Previous work with leucokinins has confirmed the effects of this critical 
sequence and the similarities between leucokinin and aedeskinin in this region are readily 
apparent (Table 1) (10,29).  Both peptides, 1577 and 1460II, have significant diuretic effects at 
concentrations of 1 µM in Aedes Malpighian tubules.  These effects are similar to those observed 
for aedeskinin III at the same concentration of peptide.  From these preliminary data, it is 
apparent that these synthetic peptides have normal levels of diuretic activity.  The presence of β-
proline in 1577 and 1460II may however provide a unique quality to diuresis in Malpighian 
tubules.  By resisting peptidase attack, these proteins may have much longer half lives, and 
therefore, while their stimulatory effects on fluid secretion result in similar fluid secretion rates 
as aedeskinin III, the duration of their effects may be much longer.  The use of a specific, long 
lasting diuretic peptide has uses in the agricultural industry as a potential pesticide.  

 Malpighian tubules cultured in Grace’s medium.  The composition of Ringer solution 
and Grace’s insect culture medium are profoundly different (see Materials and Methods).  
Tubules incubated for 24 hours at room temperature in Ringer solution demonstrated structural 
changes that were readily visible to the eye, such as reduced visibility of individual cells and the 
lumen, as well as increased fragility to movement and manipulation.  These qualities were also 
found in tubules incubated in Grace’s medium at an unmodified pH of 6.1.  Neither tubules 
incubated overnight in Ringer, nor Grace’s medium (pH 6.1) produced fluid secretions when 
studied in the Ramsay assay.   Tubules did however respond well to incubation in Grace’s 
medium titrated to pH 7.1.  These tubules were visually identical to freshly dissected tubules and 
did not have increased cellular fragility. 

 Grace’s insect culture medium has been developed for decades, since its conception in 
1962 (24).  Numerous lines of cells have been successfully cultured using this medium, including 
cells from the silkworm Bombyx mori, and the yellow fever mosquito A. aegypti (22,23).  From 
the initial data presented here, Grace’s insect culture medium has proven to be successful once 
again in culturing insect cells for sustained periods of time.  Providing isolated Malpighian 
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tubules with essential amino acids, vitamins and salts is vital to survival.  However, the nutrients 
alone are not enough.   The physiological pH of the medium is also a major factor in determining 
tissue survival.  Therefore a successful culture medium must not only contain essential 
metabolites but must be balanced to a physiological pH.  

 In further experiments we would like to elucidate more of the intracellular signaling that 
mediates the response to the leucokinins and aedeskinins.  It has been well described that Ca2+ 
levels rise intracellularly upon stimulation by leucokinin (19).  By proxy it can be assumed that 
the aedeskinins, particularly aedeskinin III also stimulates a rise in intracellular Ca2+ 
concentration.  Furthermore, levels of inositol-triphosphate (IP3) have also been shown to rise 
intracellularly upon introduction of aedeskinin III (30).  It is well characterized that IP3 is a 
second messenger that leads to release of Ca2+ from intracellular stores (31).  IP3 forms when 
phosphoinositol 4,5 bisphosphate (PIP2) present in the plasma membrane is cleaved by the 
enzyme phospholipase C (PLC).  The result is IP3, which is freely mobile and acts as a second 
messenger for Ca2+ release and diacyl-glycerol (DAG).  DAG and Ca2+ are both important 
activation factors for protein kinase C (PKC), which together with other proteins (such as 
RACK) form a membrane localized complex (31).   

Water movement into the tubule lumen is chiefly due to osmotic pressure, which builds 
when concentrations of electrolytes build up in the lumen of the Malpighian tubule.  It has also 
been proposed that increased extrusion of Cl- into the tubule lumen through the paracellular 
pathway is due to an opening of the septate junctions that normally serve as a permeability 
barrier between principal cells (13).  Thus it is not difficult to imagine a situation where these 
diuretic peptides exert their influence by activation PLC to cleave PIP2 to IP3 and DAG.  The IP3 
can then stimulate release of intracellular Ca2+ which, along with DAG can activate PKC and 
localize it to the plasma membrane.  PKC can then phosphorylate or otherwise modify cytosolic 
domains of the septate junction proteins, potentially causing them to decouple between 
neighboring principal cells, and thus allow a greater transepithelial secretory Cl- flux into the 
tubule lumen.  This ionic influx can then drive a diuresis via increased osmotic pressure.  One 
would expect that a PKC inhibitor could block the effect of aedeskinin III.     

In conclusion, aedeskinin III is a potent and significant stimulator of transepithelial fluid 
secretion of the Malpighian tubules of Aedes aegypti.  The response of the Malpighian tubules 
occurs in a dose-dependent manner across a wide range of concentrations of aedeskinin III.  KCl 
secretion in the fluid secreted by the tubules is also significantly increased.  Na+ secretion in the 
fluid secreted by the tubules increased, but this was not statistically significant.  The synthetic 
agonists 1577 and 1460II have diuretic effects similar to those of aedeskinin III at the 
concentrations tested. 
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