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Three small molecules were identified in high throughput
screens that 1) block renal inward rectifier potassium (Kir)
channels of Aedes aegypti expressed in HEK cells and Xenopus
oocytes, 2) inhibit the secretion of KCl but not NaCl in isolated
Malpighian tubules, and after injection into the hemolymph,
3) inhibit KCl excretion in vivo, and 4) render mosquitoes
flightless or dead within 24h. Some mosquitoes had swollen
abdomens at death consistent with renal failure. VU625, the
most potent and promising small molecule for development
as mosquitocide, inhibits AeKir1-mediated currents with an
IC50 less than 100 nM. It is highly selective for AeKir1 over
mammalian Kir channels, and it affects only 3 of 68
mammalian membrane proteins. These results document 1)
renal failure as a new mode-of-action for mosquitocide
development, 2) renal Kir channels as molecular target for
inducing renal failure, and 3) the promise of the discovery
and development of new species-specific insecticides.

Introduction

Most insecticides currently in use are derived from plants. Car-
bamates insecticides mimic the effects of physostigmine from the
Calabar bean of Africa. They kill by inhibiting cholinesterase, the
enzyme that inactivates acetylcholine at synaptic clefts.1 Pyreth-
roids, the most widely used insecticides in the United States, are
derived from pyrethrin in the flower of chrysanthemums. They
delay the closing of voltage-gated NaC channels in nerve cells,
leading to the loss of motor coordination, paralysis and death.2

Neonicotinoids mimic the effect of nicotine from the nightshade
family of plants that includes the tobacco plant. Nicotine is the
natural ligand of nicotinic acetylcholine receptors at synaptic and
neuromuscular junctions of animals. Accordingly, neonicotinoids
kill insects by overstimulating acetylcholine receptors.3,4

What the aforementioned compounds have in common are 1)
the nervous system as target of insecticides, and 2) toxic effects
on virtually every insect. Other insecticides target mechanisms

fundamental to the life of all insect cells. Ryanodines, derived
from the South American plant Ryanio speciosa, kill insects by
depleting intracellular Ca2C stores, thereby causing paralysis of
muscles including the heart.5 Rotenone, derived from the jicama
vine plant or the roots of the plant family Fabaceae, kills by inter-
fering in the electron transport chain of mitochondria.6

Though the benefit of the above insecticides to agriculture,
public health, animal health and the economy is undisputed,
they also possess undesirable effects such as the killing of benefi-
cial insects (e.g. honey bees) and in some cases vertebrate animals,
and polluting the environment. Though some insecticides have
been banned, the use of other insecticides has increased as a
result. Moreover, new insecticides for public health purposes
have not been developed in the past 40 years,7 and the long term
reliance on a few insecticides has selected for insects that are
insensitive to them.8 In parallel, global warming enhances the
northward migration of tropical diseases. For these reasons, the
need of new insecticides is urgent.

New insecticides should aim at greater selectivity than those
currently in use. It should now be possible to develop a mosqui-
tocide that specifically kills mosquito vectors of malaria and other
diseases while leaving other species unharmed. Toward this end
we are attempting to find new agents that kill the mosquito Aedes
aegypti, the vector of yellow, dengue, and chikungunya fevers.
Instead of interfering in neural functions we have focused on
agents that disrupt renal functions. So far, we have identified sev-
eral small molecules that disrupt renal functions and kills mos-
quitoes by disabling epithelial inward rectifier potassium (Kir)
channels expressed in Malpighian (renal) tubules. As will be dis-
cussed below, one of these small molecules is 80 times more
selective for mosquito than mammalian Kir channels.

We begin this review with the central role of KC in renal
functions of the yellow fever mosquito, we then describe the
KC channels we have identified in renal Malpighian tubules
of Aedes aeypti, and recapitulate how 3 small molecules,
VU573, VU590 and VU625 1) disable KC channels
expressed in heterologous expression systems, 2) inhibit spe-
cifically KC secretion in isolated Malpighian tubules, and 3)
cause renal failure and death when injected into the hemo-
lymph of mosquitoes. Thus we have proven the disruption of
salt and water balance in insects as a promising new strategy
for controlling insect populations. Our next ambition is to
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fine tune existing small molecules (or identify new ones) that
kill disease vectors but spare beneficial insects.

Transepithelial KC secretion
In view of the rich KC content of pants and animals, Mal-

pighian tubules of most insects secrete KCl and water as the
first step in urine formation. The tubules respond to chang-
ing KC concentrations by accelerating the secretion of KC as
the hemolymph KC concentration rises and by slowing down
secretion as the hemolymph KC concentration falls.9-11 A
hormone that regulates specifically the secretion of KC has
not yet been identified in any insect. Indeed, we find no
obvious evidence for the role of a specifically kaliuretic hor-
mone after injecting a KC load into the hemolymph of the
yellow fever mosquito Aedes aegypti. The hemolymph injec-
tion of 68 nanomoles KC, which is expected to increase the
hemolymph KC concentration more than tenfold, is excreted
by the mosquito within 2 hours.9,10 Significantly, the rate of
KC excretion is constant during this time (Fig. 1). A hyper-
bolic time course of KC excretion would be expected in
response to the release of a specific kaliuretic hormone. Such
a hyperbolic time course is observed for NaC excretion after

the hemolymph injection of NaC load (Fig. 1), reflecting the
known release of the natriuretic hormone.9,12-14

Isolated Malpighian tubules spontaneously respond to ele-
vated KC concentrations in the peritubular bath. Bathed in
NaC-Ringer solution containing 3.4 mM KC, the tubules
secrete a fluid containing 30 mM KC (Fig. 2). Raising the
peritubular [KC] to 34 mM promptly and significantly
increases [KC] in the secreted fluid to 127 mM (Fig. 2). In
parallel, the basolateral membrane voltage of principal cells
significantly depolarizes from ¡65.6 mV in the presence of
3.4 mM KC to ¡34.5 mV in the presence of 34 mM KC

together with the respective increase in the cell input conduc-
tance from 2.82 mS to 3.44 mS.15 These electrophysiological
changes reflect increased rates of KC entry from the peritubu-
lar medium into the cytoplasm of epithelial cells. Together
with increased rates of KC extrusion into the tubule lumen,
the balance of basolateral KC entry and apical KC exit brings
about a new functional steady state characterized by 1)
increased rates of transepithelial KC and fluid secretion, and
2) decreased rates of transepithelial NaC secretion (Fig. 2).
Accordingly, increased KC concentrations in the peritubular
medium of isolated Malpighian tubules have kaliuretic and
anti-natriuretic effects in the certain absence of endocrine
agents. However, autocrine or paracrine kaliuretic agents
operating at the level of the tubule cannot be excluded.

Isolated Malpighian tubules tolerate peritubular [KC] of
34 mM without ill effect; they secrete KC at elevated rates
for hours.9,15 Since a single tubule (bathed in 34 mM KC

Ringer solution) secretes KC at a rate of 85.2 pmol/min in
vitro (Fig. 2), 5 Malpighian tubules operating in vivo16 can
account for the excretion of a hemolymph KC load of 67.5
nanomoles within 2 hours as observed in Fig. 1. Thus, the
spontaneous response of tubules to elevated [KC] in the peri-
tubular medium is sufficient to deal with a similar KC

increase in vivo. A specific endocrine, kaliuretic hormone is
apparently not needed.

The hypothesis that Malpighian tubules autoregulate the
secretion of KC has been stated several times.11,17-20 In sup-
port of this hypothesis, as much as 64 % of the basolateral
membrane conductance of the epithelial cells in Malpighian
tubules of Aedes aegypti stem from KC channels.18 In addition
to KC channels, the Na/K ATPase and NKCC mediate the
influx of KC from the peritubular medium or hemolymph
into the cytoplasm of epithelial cells (see also Fig. 5). At the
apical membrane, NHA1, NHA2, and KCC mediate the
efflux of KC into the tubule lumen (see also Fig. 5). Thus,
the tubules appear well equipped to autoregulate the [KC] in
the hemolymph of the mosquito.

Our understanding of the mechanism of transepithelial KC

secretion in Aedes Malpighian tubules has taken several steps for-
ward by 1) the cloning and functional characterization of 2 Kir
channel cDNAs expressed in Aedes Malpighian tubules, 2) the
localization of these Kir channels to specific cells of the tubule,
and 3) the discovery of VU small molecules that modulate the
activity of these Kir channels.

Figure 1. Cumulative urine excretion as a function of time in yellow fever
mosquitoes injected with of NaC and KC loads. Hyperbolic and linear
slopes are urine excretion rates in response to respectively the injection
of NaC and KC loads. The hemolymph of mosquitoes was injected with
900 nl containing 146 mM NaC or 68 mM KC. The mosquito excreted
the NaC load in less than 1 h and the KC load in 2 h. The excretion of
the NaC load is hyperbolic with time, consistent with the role of the
natriuretic hormone. The excretion of the KC load is linear with time
which does not suggest the role of a specifically kaliuretic hormone.
Adapted from Hine et al.9
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Cloning and functional
characterization of KC channels in
AedesMalpighian tubules

The Aedes genome contains 5 genes
that encode putative subunits of Kir
channels.21 Qualitative RT-PCR and
the cloning of full-length cDNAs show
that Malpighian tubules of Aedes aegypti
express 3 genes: AeKir1, AeKir2B and
AeKir3.22 The heterologous expression
of AeKir1 in Xenopus oocytes yields
inward KC currents as does the heterolo-
gous expression of AeKir2B; but the
expression of AeKir3 does not. Expres-
sion of AeKir3 may require the co-
expression of 1) an accessory protein
such as the sulphonylurea receptor, or 2)
subunits of AeKir1 or AeKir2B.

The three Kir channel subunits con-
sist of 2 transmembrane segments
(TM1, TM2) with N- and C-termini
located in the cytoplasm.23 The symmet-
rical association of 4 subunits brings cer-
tain subunit motifs in proximity to form
functional domains such as the channel
gate and the selectivity filter (pore). For
example, the signature motif GYG
flanked by TM1 and TM2 forms the selectivity filter in AeKir1
and AeKir2B as well as all other known KC channels.24

Homomeric channels formed by AeKir1 or AeKir2B subunits
are functionally similar in Xenopus oocytes in that they 1) exhibit
spontaneous channel activity, 2) are inhibited by extracellular
barium, 3) mediate inward-rectifying currents at hyperpolarizing
membrane voltages that are strongly selective for KC over NaC,
4) pass small outward currents at depolarizing membrane vol-
tages, and 5) allow the passage of TlC.22 On the assumption that
the proteins AeKir1 and AeKir2B express equally well in Xenopus
oocytes, AeKir1 passes far higher inward KC currents than
AeKi2B at cell-negative voltages (Figs. 3A, B). At a holding
membrane voltage of ¡120 mV (cell negative) and an extracellu-
lar [KC] of 2 mM, the inward conductance of AeKir1 (95 mS) is
nearly 100 times greater than that (0.92 mS) of AeKir2B
(Fig. 3A, B). The high inward conductance of AeKir1 may reflect
the presence of the fully conserved motif (R265 PKK) on the cyto-
plasmic side of TM2. The motif is known to bind to phosphati-
dylinositol 4.5-biphosphate (PIP2), the well-known intracellular
activator of some mammalian Kir channels.23,25 Significantly,
this motif is not perfectly conserved in AeKir2B where a neutral
Ser replaces the second positively charged Lys (R232PKS). The
loss of a positively-charged residue in this motif is known to
reduce the activity of mammalian Kir channels.26

Expressed in Xenopus oocytes, AeKir1 is sensitive to NaC while
AeKir2B is not (Figs. 3C, D). At a holding membrane voltage of
¡120 mV and extracellular [KC] and [NaC] of respectively
5 mM and 0.5 mM, the membrane conductance of AeKir1-
expressing oocytes is only 15 mS (Fig. 3C). The isosmotic

increase of the extracellular [NaC] to 93 mM leads to the pro-
gressive increase of the inward conductance to 134 mS after
15 min (Fig. 3C). The conductance returns to control values
(also in the time of 15 min) after returning the extracellular
[NaC] to 0.5 mM. The delayed effects of extracellular [NaC] on
AeKir1 conductance is consistent with a membrane or intracellu-
lar binding site for NaC. NaC binding motifs are present in the
cytosolic C-terminus of mammalian Kir3.x channels, where the
binding of NaC mimics the stimulating effects of G proteins.27

Even though the NaC binding motif of mammalian Kir3.x chan-
nels is present in both AeKir1 and AeKir2B,22 NaC activates only
AeKir1 (Figs. 3C, D). Thus, the NaC binding motif may be a
necessary but not sufficient condition for activating channel
activity.

Expressed in Xenopus oocytes, the 2 AeKir channels exhibit
the highest electrical conductance to thallium (TlC) and KC

and the lowest conductance to NaC and LiC (Figs. 3E, F). In
addition, AeKir2B conducts CsC while AeKir1 does not.22 In
mammalian Kir channels where CsC usually blocks chan-
nels,23 the CsC conductance can be induced by mutations of
residues in the selectivity filter.28,29 Since the residues of the
selectivity filter are identical in AeKir1 and AeKir2B,22 the
CsC permeability of AeKir2B may reflect the geometry and
charge distribution in the selectivity filter of AeKir2B that are
suitable for the passage of CsC. The same geometry and
charge distribution may not be present in the selectivity filter
of AeKir1 and restrict the passage of CsC. The cation selectiv-
ity of the basolateral membrane of principal cells in isolated
Malpighian tubules is TlC > KC

> RbC.22 It resembles the

Figure 2. The spontaneous response of isolated Malpighian tubules of the yellow fever mosquito to
the increase in the peritubular KC concentration from 3.4 mM (A) to 34 mM (B). Numbers in red indi-
cate statistical significant difference. Next to increasing the transepithelial secretion of KC, the
increase in peritubular [KC] depolarizes the basolateral membrane voltage and increases the input
conductance of principal cells as shown. For numerical detail see Hine et al9,15 The concentrations of
KC, NaC and Cl¡ in the hemolymph of the mosquito are respectively 6.5 mM, 96 mM and 135 mM.10
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selectivity sequence of both AeKir1 and AeKir2B expressed in
Xenopus oocytes (Fig. 3 E, F).

Localization of AeKir channels in Malpighian tubules of
Aedes aegypti

AeKir1 and AeKir2B are markedly segregated in the epithelial
cells of the tubule (Fig. 4). Antibodies raised against the subunit
of AeKir1 exclusively label stellate cells, and antibodies raised
against the subunit of AeKir2B exclusively label principal cells.15

Moreover, both AeKir1 and AeKir2B
are located exclusively at basolateral
membranes of tubule epithelial cells
consistent with their hypothesized
roles in transepithelial KC secretion
(Figs. 4, 5).

Principal cells have long been con-
sidered to secrete KC and NaC into
the tubule lumen of Malpighian
tubules of insects.17,20,30-36 Chloride,
the usual counter-ion of NaC and KC

(Fig. 2), is thought to pass through
stellate cells in Drosophila Malpighian
tubules,32,36-38 especially under
diuretic conditions.35 Chloride passes
through the paracellular pathway in
Aedes Malpighian tubules, especially
again under diuretic conditions stimu-
lated by leucokinin or aedeskinin.39-43

The localization of AeKir1 in stellate
cells of Aedes Malpighian tubules sug-
gests a role of these cells in transepi-
thelial KC secretion which challenges
the notion of the cellular separation of
cation and anion transport in respec-
tively principal cells and stellate cells
in mosquito Malpighian tubules.

AeKir3 is found in the cytoplasm of
principal cells and in the nucleus of
stellate cells in Aedes Malpighian
tubules (Fig. 4C). The distinct, punc-
tate localization of AeKir3 in the cyto-
plasm suggests its presence in the
vesicular, mineralized concretions that
render principal cells opaque when
viewed through the light microscope –
in contrast to the clear, translucent
stellate cells which do not contain con-
cretions (Fig. 4). The intracellular
concretions are storage sites for diva-
lent and monovalent cations in Mal-
pighian tubules of Drosophila.44 The
localization of AeKir3 near the nucleus
of stellate cells (Fig. 4C) suggests it
may also be associated with the endo-
plasmic reticulum (ER) and/or Golgi
complex.

The intracellular location of AeKir3 in Aedes Malpighian
tubules is consistent with the lack of channel activity when
AeKir3 is heterologously expressed in Xenopus oocytes.22 The
oocytes do express AeKir3 protein, and the localization of
this protein around the nucleus can be prevented with pread-
sorption of the antigenic peptide. 45 Apparently, AeKir3 is
not targeted to plasma membranes but to intracellular sites.
Our observations of AeKir3 in Xenopus oocytes are similar to
expression studies of Drosophila Kir3 in an endogenous insect

Figure 3. Functional differences between AeKir1 and AeKir2B expressed in Xenopus oocytes. A,B, cur-
rent-voltage (I-V) plots of oocytes bathed in Ringer solution containing 2 mM KC and 96 mM NaC; C,D,
I-V plots of oocytes bathed in Ringer solution containing 5 mM KC and 0.5 mM NaC at 0 min and 5 mM
KC and 93 mM NaC at 5, 10 and 30 min; E, cation selectivity of oocytes clamped continuously at
¡92 mV and bathed in Ringer solution containing 0.5 mM KC and 0.5 mM NaC and superfused with
5 mM test cation; F, cation selectivity of oocytes clamped continuously at¡93 mV and bathed in Ringer
solution containing 0.5 mM KC and 0.5 mM NaC and superfused with 10 mM test cation. Note the high
currents in AeKir1 compared to AeKir2B. Adapted from Piermarini et al.22

e1081861-4 Volume 3 Issue 4Tissue Barriers



cell line where Drosophila Kir3 does not yield KC channel
activity.46

Updated model of transepithelial electrolyte transport in
AedesMalpighian tubules

In view of the identification of AeKir1 and AeKir2B in respec-
tively stellate cells and principal cells, the model of transepithelial
KCl and NaCl secretion in the distal upper secretory portion of
Aedes Malpighian tubules can be updated as shown in Figure 5.
In brief, the transepithelial secretion of KC is active, requiring
cellular energy to move KC from the hemolymph to the tubule
lumen against the electrochemical potential.47 AeKir2B and
NKCC allow the entry of KC from the hemolymph into the
cytoplasm of principal cells, while AeKir1 and the Na/K ATPase
serve this role in stellate cells. NHA and KCC serve the exit of
KC from the cytoplasm to the tubule lumen in principal cells,
and NHA may have this role in stellate cells. Gap junctions are

assumed to couple principal and stellate cells such that KC enter-
ing one cell can exit through the other cell.48 In support of this
model, the increase in the peritubular [KC] profoundly increases
the rate of transepithelial KC secretion (Fig. 2), while barium,
ouabain, and bumetanide added to the peritubular side all reduce
the rate of transepithelial KC secretion.9,49,50 Together, barium
and bumetanide bring the transepithelial secretion of KC and
fluid to a complete halt which indicates that the combined inhi-
bition of Kir channels and NKCC also inhibits the role the Na/K
ATPase might have in transepithelial KC secretion.50

Next to serving extracellular KC homeostasis, the transepithe-
lial secretion of KC, Cl¡ and water generates a urinary space (vol-
ume) into which metabolic wastes and xenobiotics can be
dumped. Thus, interference in KC secretion, i.e. interference in
the first step of urine formation, disrupts not only KC homeosta-
sis with negative consequences to the function of nerves and
muscles; it also reduces the excretory capacity of xenobiotics.
Accordingly, KC excretion presents a specific target for inducing
renal failure in the mosquito as a possible mechanism of pest con-
trol. This idea has motivated our search of “small molecules” that
interfere in the transepithelial secretion of KC in Aedes Malpigh-
ian tubules.

Small molecules are synthetic organic compounds with molec-
ular weights less than 600 daltons. The low molecular weight
aims to facilitate their entry into cells without the need of trans-
porters. As will be shown below, it is now possible to find and/or
develop a small molecule that affects Kir channels in the

Figure 4.Malpighian tubules of the yellow fever mosquito Aedes aegypti.
A, light microscopy of the tubule showing principal cells (pc), stellate
cells (sc) and the nuclei (n) of principal cells. B. Immunolocalization of
AeKir1 (magenta) in stellate cells and AeKir2B (green) in principal cells. C.
Intracellular and intranuclear immunolocalization of AeKir 3 (yellow
spots); npc and nsc, nuclei of principal and stellate cells respectively.
Adapted from Piermarini et al.15

Figure 5.Model of transepithelial KC secretion mediated in distal (upper)
segments of Malpighian tubules of the yellow fever mosquito (Aedes
aegypti) challenged to secrete KC at high rates.9,15 Reabsorptive trans-
port is generally attributed to proximal (lower) segments of insect Mal-
pighian tubules that enter the gut.17,70,71 AE, Cl/HCO3 anion
exchanger72; Na/K ATPase, ouabain-sensitive Na/K pump9; Kir1, AeKir1
channel15; gj, gap junction48; Kir2B, AeKir2B channel15; NKCC, Na/K/Cl
cotransporter49,50; PP(sj), septate junctional paracellular pathway perme-
able to Cl39, 41; Cl(am), apical membrane Cl¡ channel of stellate cell73;
NHA1, NHA2, Na/proton antiporters74; KCC, K/Cl cotransporter75; V-
ATPase, electrogenic proton pump.34,76,77
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mosquito, causing renal failure and death. The same small mole-
cule has greatly diminished effect on mammalian Kir channels.

Discovery of small molecules at Vanderbilt University
Vanderbilt University is well known for its Institute of Chem-

ical Biology (VICB) that aims to discover new organic molecules
with increased selectivity and potency over established pharma-
ceuticals. One of us (Denton) has utilized the high-throughput
facility of this Institute to screen about 30,000 small molecules
from the chemical library of VICB for the inhibition of Kir chan-
nels identified in mosquito Malpighian tubules.51 In brief,
AeKir1 was expressed in T-REx-HEK-293 cells and submitted to
high throughput screens using 384-well plates that tested the
effects of small molecules on the influx of thallium (TlC), a tracer
of KC passing through KC channels (Fig. 6).

To detect the influx of TlC into AeKir1-expressing T-Rex-
HEK293 cells, the cells are pre-loaded with the TlC-sensitive dye
Thallos-AM (TEFlabs, Austin, TX). The TlC flux assay was used
to screen approximately 30,000 small molecules and identified
283 that diminished the influx of TlC into T-REx-HEK293
cells.51 To date, we have extensively characterized the pharmacol-
ogy of 3 of these small molecules, VU573, VU590, and VU625
in 1) whole cell patch-clamp experiments in T-REx-HEK293
cells expressing AeKir1, 2) 2-electrode voltage clamp (TEVC)
experiments in Xenopus oocytes expressing AeKir1 or AeKir2B, 3)
fluid secretion and TEVC experiments in isolated Malpighian
tubules of Aedes aegypti, and 4) toxicology experiments in intact
mosquitoes.

VU573
VU573 is known to inhibit mammalian G protein-coupled

inward rectifier K (GIRK) channels expressed in T-REx-
HEK293 cells.52 Two-electrode voltage clamp studies of Xenopus
oocytes expressing mammalian Kir channels confirmed channel
block. VU573 inhibited neuronal and cardiac GIRK (Kir3.1/
3.4) with equal potency (IC50, 1.9 mM) and preferentially inhib-
ited GIRK, Kir2.3 and Kir7.1 over Kir1.1 and Kir2.1.52

We used VU573 on mosquito epithelial Kir channels to prove
the concept that small molecule inhibitors of mosquito Kir chan-
nels can induce renal failure and death as a potential new
approach to controlling mosquitoes. In T-REx-HEK293 cells
expressing mosquito AeKir1, VU573 inhibited 1) the TlC influx
with an IC50 of 15 mM (Fig. 6C), and 2) whole cell currents
with an IC50 of 5.14 mM. The block of an open channel is
expected to yield similar values of IC50 for permeating ions. Dif-
ferent IC50 values probably reflect the measurement of TlC flux
in one study and whole cell current in the other study. Moreover,
TlC flux was measured at unknown resting membrane voltage
whereas whole cell current was measured at known clamp vol-
tages of ¡120 mV, leaving uncertain the magnitude of the elec-
tro-diffusive driving force on TlC flux in the TlC flux studies.
The inactive analog, VU342, inhibited AeKir1 currents with an
IC50 of 112 mM compared to 5.14 mM in the case of VU573.53

While AeKir1 can be functionally expressed in T-REx-
HEK293 cells, AeKir2B cannot. For this reason we switched to
the Xenopus oocyte expression system.22 Here, VU573 (50 mM)
inhibited the inward KC current passing through AeKir1
(Fig. 8A), consistent with the studies on T-REx-HEK293 cells
(Fig. 6). In contrast, VU573 increased the inward KC current
passing through AeKir2B (Fig. 8B). Thus, VU573 is an agonist
of AeKir2B and an antagonist of AeKir1 when these 2 Aedes chan-
nels are expressed in Xenopus oocytes.53,54

Malpighian tubules of Aedes aegypti express both AeKir1 and
AeKir2B (Fig. 4). To evaluate the effects of VU573 on the trans-
epithelial secretion of electrolytes and fluid, we studied tubules
isolated from the same mosquito. The study of paired tubules
from the same mosquito eliminates the inter-mosquito variation
of the data. One tubule serves as the sham control tubule, and
the “sister” tubule as the experimental tubule treated with
VU573 (Fig. 9A).

The VU573 concentration of 10 mM in the peritubular bath
of experimental tubules first stimulated and then inhibited the
transepithelial secretion of fluid (Fig. 10A). After the initial stim-
ulation during the first hour, rates of fluid secretion declined to

Figure 6.Methods of the high throughput screen of small molecules. (A). Inward TlC flux in T-REx-HEK293 cells expressing AeKir1 induced by tetracycline
(C tet); data adapted from.51 (B). Inhibition of the AeKir1-mediated TlC influx by VU573 ranging in concentration from<0.3 mM to 100 mM. T-REx-HEK293
cells were pre-incubated with different concentrations of VU573 before TlC was added (arrow); data adapted from Raphemot et al.53 (C). Concentration
response curves of active (VU573) and inactive (VU342) small molecules obtained in TlC influx assays; the IC50 is 15 mM for VU573. Data adapted from
Raphemot et al.53
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net inhibition.55 The electron probe
analysis of secreted fluid revealed that
stimulation of fluid secretion stems
from the stimulation of transepithelial
KCl secretion (Fig. 10B), and the
inhibition stems from the inhibition
of transepithelial KCl secretion
(Fig. 10C). In stimulating and inhibit-
ing KCl secretion, VU573 had no effect
on the secretion of NaCl. The temporal
sequence, first stimulation then inhibi-
tion, suggests not only different mecha-
nism of action of VU573 in the 2
AeKir channels of the tubule, but also
differences in the ease of access to the
active sites of channels. While VU573
closes gates in AeKir1 and opens gates
in AeKir2B (Fig. 8), it may reach active
sites in AeKir2B earlier than in AeKir1.
Furthermore, VU573 binding to
AeKir2B may enhance the interaction
of this channel with NKCC (Na/K/2Cl
co-transport) to increase the transepi-
thelial secretion of KCl. Consistent
with this hypothesis is the observation
that bumetanide, the well-known
blocker of Na/K/2Cl co-transport56 blocks the stimulation of
transepithelial KCl secretion by VU573.55 The late inhibition of
transepithelial KCl and fluid secretion in the presence of VU573
(Fig. 10C) can be attributed to the inhibition of AeKir1 we have
observed in T-REx-HEK293 cells and Xenopus oocytes expressing
AeKir1 (Fig. 8A).52,54

Electrophysiological studies of Malpighian tubules revealed
only inhibitory effects of VU573. Two-electrode voltage clamp
studies of single principal cells of the tubule (Fig. 9B) showed
that VU573 (10 mM) significantly increased 1) the basolateral
membrane voltage from ¡45.4 mV to ¡52.4 mV, and 2) the
cell input resistance from 249.6 kV to 255.3 kV.53 Both effects
are consistent with the block of KC chan-
nels, similar to the effects of Ba2C, the
universal blocker of KC channels. How-
ever, the effects of VU573 are small com-
pared to those of Ba2C. For example,
peritubular Ba2C increased the cell input
resistance by 62% compared to 2% in
the presence of VU573.53 Moreover, the
inhibitory effects of VU573 develop
gradually in contrast to the sudden on-
effect of Ba2C.

In mosquitoes, the hemolymph injec-
tion of VU573 incapacitated them with
an ED50 of 53.5 pmol within 24 h
(Fig. 11 A, B). Incapacitated mosquitoes
are either flightless or dead.53 Impor-
tantly, the hemolymph injection of
VU342, the inactive analog of VU573,

did not significantly incapacitate mosquitoes (Fig. 11A). In vivo
measurements of diuretic capacity point to renal failure as the
cause of incapacitation. Under the usual laboratory conditions,
mosquitoes voided urine at a rate of 0.41 nl/min (Fig. 11C, con-
trol). When the hemolymph was injected with a KC load in a vol-
ume of 900 nl, the urine excretion rate shot up to 3.54 nl/min,
which represents the normal, diuretic response (Fig. 11C, vehicle
DMSO). When VU573 was co-injected with the KC load,
the diuresis was inhibited (Fig. 11C, VU573). In contrast, the
co-injection of VU342 with the KC load did not inhibit diuresis
(Fig. 11C, VU342).

Figure 8. Effect of VU573 on AeKir and AeKir2B expressed in Xenopus oocytes. Oocytes were bathed
in Ringer solution containing 0.5 mM KC (broken line), and 10 mM KC (solid lines) in the absence
(black) and presence (red) of VU573 (50 mM). Note the different current scales in A and B. VU573
inhibits AeKir1 (A) and stimulates AeKir2b (B). Data adapted from Rouhier et al.54

Figure 7. VU inhibitors of mosquito Kir channels. The analogs active in mosquito Kir channels are
shown in the top row with their respective inactive analogs in the bottom row. Replacement of the
aryl ether of VU573 with a morpholine moiety produces the inactive analog VU342. Positively charged
VU590 and VU608 share the same macrocycle core; they differ in the replacement of the 2 nitrobenzyl
groups in VU590 with (methylsulfonyl)benzyl groups in VU608. VU625 and VU688 are sulfonamides
that differ in the replacement of the methyl group in VU625 with an aryl group in VU688.54
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By blocking the renal excretion of the KC load, VU573
brought about the demise of most mosquitoes (Fig. 11D). Mor-
tality was low (> 15%) in mosquitoes injected with only a KC

load or a NaC load (Fig. 11D). In contrast, most mosquitoes
(~78%) died when the injected KC load included VU573. How-
ever, VU573 did not increase mortality when it was injected with
a NaC load (Fig. 11D). These results demonstrate that VU573
kills mosquitoes by interfering in specifically KC excretion, i.e.,
by inducing the renal failure of KC homeostasis (Fig. 11D).

Some mosquitoes displayed the obvious signs of renal failure
within 24 h after the hemolymph co-injection VU573 and the
KC load: grossly distended, bloated abdomens (Fig. 12B).

Bloating stems from the retention of fluid. The mosquitoes drag
their abdomens loaded down by the increased weight, and they
are unable to fly. Pricking the bloated abdomen with forceps
deflates the abdomen with the sudden exodus of fluid. In some
cases, the swelling of the abdomen exceeded its elastic limit, rup-
turing the abdomen and releasing its aqueous contents (Piermar-
ini, personal observation). However, not more than 10% of the
injected mosquitoes displayed distended abdomens, indicating
again that VU573 induces more of a failure of KC homeostasis
than volume homeostasis.”

VU590
VU590 was discovered by the Vanderbilt team searching for

new modulators of Kir channels. Using the TlC flux-based high
throughput screen of more than 126,000 small molecules, Lewis
et al. found VU590 to inhibit the renal outer medullary KC

channel (ROMK, Kir1.1) with nanomolar affinity.57 ROMK is
one of 6 Kir channels expressed in the mammalian kidney.
Located in apical membranes of epithelial cells of the distal neph-
ron, ROMK plays a major role in fine-tuning extracellular KC

homeostasis by controlling the secretion of KC into the lumen of
the connecting tubule and the cortical collecting duct. Further
upstream in the thick ascending limb of the Loop of Henle,
ROMK mediates the secretory flux of KC into the tubule lumen,
thereby recycling KC that has entered the cell via NKCC2 (Na/
K/2Cl transport). The expression of ROMK in T-REx-HEK293
cells enabled TlC flux studies that revealed the inhibition of
ROMK with an IC50 of 294 nM by VU590.57 Electrophysiolog-
ical and computational modeling studies indicate that VU590
inhibits ROMK by blocking the selectivity filter from the intra-
cellular side.57,58

In mosquitoes, VU590 was found to be a potent and selective
inhibitor of AeKir1; it had no effect on AeKir2B.54 In T-REx-
HEK293 cells expressing AeKir1, VU590 blocked the TlC-flux
in a dose-dependent manner with an IC50 of 5.6 mM,54 and in
Xenopus oocytes, VU590 inhibited the inward KC current of
AeKir1 but not Kir2B (Fig. 13).

In isolated tubules bathed in a Ringer solution containing
34 mM KC (to simulate KC loads in vivo), VU590 (10 mM) in
the peritubular bath inhibited transepithelial fluid secretion
120 min later.15 The delayed inhibition was partial, lowering
rates of transepithelial KCl and fluid secretion to 54% of the con-
trol, similar to the late inhibition of KCl and fluid secretion in
the presence of VU573 (Fig. 10C). Furthermore, like VU573,
VU590 inhibited the secretion of KCl and not NaCl. The simi-
larity of the inhibitory effects of VU590 and VU573 suggests
that VU573 inhibits the transepithelial secretion of KCl by
inhibiting AeKir1 in stellate cells.

VU590 had no effect on the basolateral membrane voltage
(Vbl) of principal cells (Fig. 9B), but it significantly reduced the
cell input conductance (gin) to values 63% of the control within
~90 min. Accordingly, the inhibition of AeKir1 in stellate cells has
little effect on the basolateral membrane voltage in principal cells
where AeKir2B is located (Fig. 4B). The effect of VU590 on gin
supports the presence of gap junctions that electrically couple
principal cells and stellate cells. However, effects that VU590

Figure 9. Methods for studying Malpighian tubules in vitro. A. The modi-
fied Ramsay fluid secretion assay.78 “Sister tubules” isolated from the
same female yellow fever mosquito are studied in parallel. The blind,
secretory end of each tubule is bathed in a Ringer droplet (50 ml) under
light mineral oil. The open end of the tubule is pulled into mineral oil. A
nick in the epithelium allows fluid secreted by the tubule to escape the
lumen as a droplet separate from the Ringer bath. To begin, both tubules
are first studied for a 30 min control period. Thereafter, 5 ml of Ringer
solution is replaced with an equal volume of Ringer solution plus 1)
0.5 % DMSO (vehicle) in the sham tubule, and 2) 0.5% DMSO and 100 ml
VU small molecule. Secreted fluid was collected for the analysis of its
composition by electron probe.79,80 B. TECV studies of a principal cell of
an Aedes Malpighian tubule.61 Both voltage and current microelectrodes
impale a single principal cell of the tubule. Vbl, basolateral membrane
voltage; Vc, voltage command; Ic, clamp current. Stellate cells are too
thin (<10 mM) for stable measurements with intracellular microelectro-
des. Data from Wu et al.81 and Hine et al.9
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may have on Vbl in stellate cells may
not be detected in principal cells in view
of 1) the 5:1 ratio of principal vs stellate
cells in mosquito Malpighian
tubules,59,60 and 2) the small surface of
the basolateral membrane of stellate
cells compared to the large surface in
principal cells (Fig. 4). The electrophys-
iological effects of VU590 developed
slowly and gradually15 in contrast to the
rapid on/off channel block of barium.61

In mosquitoes, the hemolymph
injection of VU590 with a KC load
killed mosquitoes within 24 hours with
an LD50 of 1.56 nmol.54 About 17% of
the mosquitoes killed by VU590 had
swollen abdomens as observed after the
injection of VU573 (Fig. 12). Swollen
abdomens reflect again the inability to
excrete KCl and water. Mosquitoes
injected with a KC load in a volume of
900 nl responded appropriately by
excreting 95% of this volume within
1 hour.54 When the hemolymph injec-
tion included VU590, the output of
urine dropped significantly but only
~32%, consistent with inhibition of only
one of the 2 Kir channels present in
Malpighian tubules.54 VU608, the inac-
tive analog of VU590, had no effect on
volume retention or mortality.54 Alto-
gether, the in vitro and in vivo data confirm that AeKir1 in stel-
late cells plays a key role in the regulation of hemolymph KC

homeostasis, and strengthen the case that the pharmacological
block of renal KC channels offers a promising new mode of
action for killing mosquitoes.

VU625
VU625 is the first submicromolar inhibitor of a mosquito KC

channel. The Denton laboratory discovered it in high throughput
screen of approximately 30,000 small molecules for modulators
of AeKir1 and chose it for optimization because of its high affinity
for AeKir1.51 In particular, VU625 is 80 times more selective for
AeKir1 than for 7 mammalian Kir channels, including Kir1.1,
Kir2.1, Kir2.2, Kir2.3, Kir7.1 and Kir 6.2/Sur1, and is over
20 times more selective for AeKir1 than for mammalian Kir3.1/
3.2.51 Furthermore, at a concentration of 10 mM, VU625 had
significant effects on only 3 of 68 mammalian molecular targets
that included a selection of voltage-gated ion channels, ion trans-
porters, neurotransmitters, peptide receptors and G protein-cou-
pled receptors.51 Thus, VU625 is the most selective small
molecule that we have found so far.

In T-REx-HEK293 cells expressing AeKir1, VU625 inhibited
the TlC influx with an IC50 of 350 nM, and it inhibited AeKir1-
mediated currents with an IC50 of 96.8 nM (Fig. 14A), making it
the most potent small molecule inhibitor of AeKir1. Since AeKir2B

does not express in T-REx-HEK293 cells, both AeKir1 and
AeKir2B were studied upon expression in Xenopus oocytes. As
shown in Fig. 14B, VU625 inhibited the AeKir1-mediated current
with an IC50 of 3.8 mM and the AeKir2B-mediated current with
an IC50 of 45.1 mM.51 Accordingly, VU625 inhibits both AeKir1
and AeKir2B but with a 12-fold greater affinity for AeKir1.

In isolated Malpighian tubules, VU625 (10 mM) together
with probenecid (100 mM) reduced the transepithelial secretion
of fluid by more than 60% (Fig. 15A). The inhibition stems
from the inhibition of specifically transepithelial KC and Cl¡

secretion, both of which dropped below 60% of control rates.
VU625 did not affect transepithelial NaC secretion (Fig. 15A).
Compared to the effect of VU590 which reduced transepithelial
KC secretion to 54% of control, VU625 reduced the secretion to
values less than 40% of control (Fig. 15A). The increased
potency of VU625 reflects its inhibition of both AeKir1 and
AeKir2B (Fig. 14B) compared to the inhibition of only AeKir1
by VU590 (Fig. 13).

Electrophysiological studies confirm the inhibition of KC

channels. After treating the representative tubule shown in Fig-
ure 15B with VU625 for 40 min, the large KC diffusion poten-
tial (D 40 mV) observed upon the 10-fold increase in peritubular
[KC] at the start of the experiment, was no longer observed. Fur-
thermore, the basolateral membrane voltage (Vbl) of principal
cells no longer responded to Ba2C after treatment with VU625.

Figure 10. The effects of VU573 (10 mM) on transepithelial electrolyte and fluid secretion in isolated
Malpighian tubules of the yellow fever mosquito. Isolated Malpighian tubules were bathed in KC-rich
Ringer solution as in Figs. 2B, 5 and 9A. Rates of fluid secretion were assessed in 5 periods (P) lasting
30 min each. A. Initial stimulation in P2 and P3 and late inhibition of fluid secretion in P5. B. Initial stim-
ulation of KCl and water secretion. C) Late inhibition of KCl and water secretion. Data are from paired
sister tubules. Asterisk indicates statistical significance. For more detail see Rouhier et al.55
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The absence of KC diffusion potentials and the lack of Ba2C

effect indicate the absence of open KC channels, i.e. both AeKir1
and AeKir2B are closed.18,61 As observed in studies of VU573
and VU590, the shutdown of KC channels by VU625 developed
slowly with time (Fig. 15B). As Vbl depolarized, the cell input
conductance (gin) decreased in parallel, reflecting in part the clos-
ing of basolateral membrane KC channels (Fig. 15B).

Mosquitoes survive the hemolymph injection of KC loads as
long as they are able to excrete KC (Fig. 16, vehicle). The hemo-
lymph injection of a KC load in a volume of 900 nl was largely
excreted (644 nl) within the first hour of injection, and only 3%
of the injected mosquitoes died within one day (Fig. 16, vehicle).

In contrast, after injecting the KC load
with VU625 and probenecid, the mos-
quito excreted only 237 nl within the
hour, and more than 83 % of the
injected mosquitoes died within the day.
These observations indicate the inability
to excrete KC as the cause of death. It is
important to note that for VU625 to
induce renal failure in vivo, it had to be
co-injected with probenecid (Fig. 16).
Probenecid is known to inhibit the mul-
tidrug resistance protein1 (MRP1) and
other organic anion transporters that are
known to remove foreign organic sub-
stances including sulfonamides and xeno-
biotics from the circulation.62-64 VU625
and probenecid are both sulfonamides
(Fig. 7). Accordingly, the hemolymph
injection of probenecid at a dose 5 times
greater than that of VU62551 appears to
competitively inhibit MRP-like trans-
porters that must be present in Malpigh-
ian tubules of Aedes aegypti. The
competitive inhibition blocks the tubular
secretion of VU625, thereby enhancing
its inhibition of tubular secretion of KC.
The inhibition prevents the renal excre-
tion of the KC load which leads to renal
failure and death (Fig. 16). The presence
of MRP-like transporters in Malpighian

tubules of Aedes aegypti is supported by the observation that, in
the absence of probenecid, VU625 does not inhibit transepithe-
lial KC and fluid secretion in isolated Malpighian tubules (Beyen-
bach, personal observations).

Lessons learned from the use of VU small molecules
Our study of VU small molecules has 1) advanced our under-

standing of KC secretion by Malpighian tubules of the yellow
fever mosquito, 2) documented the renal system as a promising
target for the development of new insecticides, and 3) encouraged
the search of small molecules that exploit species-specific subunit
differences at the molecular level to target one insect species while
sparing other species.

As for the basic science of Malpighian tubules, VU small mol-
ecules have illuminated the role of the 2 epithelial Kir channels
expressed in Malpighian tubules of Aedes aegypti. The selective
inhibition of AeKir1 by VU590 reveals stellate cells as an impor-
tant route of transepithelial KC secretion. Nearly half (46%) of
transepithelial KC secretion depends on AeKir1 in stellate cells
and only 20% depends on AeKir2B in principal cells when the
tubules face a high (34 mM) peritubular KC concentration.15

The strong inward rectification of KC currents displayed by
AeKir1 expressed in Xenopus oocytes (Figs.3 A,C, 5) appears to
serve transepithelial KC secretion particularly well in the presence
of high peritubular [KC], because KC entering stellate cells is not
recycled to the peritubular medium. Instead, it leaves the cell

Figure 11. Effects of injecting VU573 and VU342 into the hemolymph of adult female yellow fever
mosquitoes. A. Effects on “incapacitating” mosquitoes, i.e., rendering them flightless or dead within
24 after the hemolymph injection of VU573. Mosquitoes were injected with phosphate-buffered
saline containing DMSO, the vehicle of VU small molecules, 10 mM VU573, or 10 mM VU342
(10 mM). B. Dose-response curve of the incapacitating effect of VU573 revealing an ED50 of
53.6 pmol. C. Renal failure in mosquitoes induced by VU573. Urine flow per mosquito is shown. Con-
trol mosquitoes did not receive hemolymph injections. All others were injected with a KC load plus
DMSO (vehicle DMSO), or KC load plus VU573 or VU342 in DMSO. D. KC specificity of the fatal effect
of VU573. Most mosquitoes survive the effects of VU573 when injected with a NaC load but not with
a KC load. For more detail see Raphemot et al.53

Figure 12. The effect of VU573 on fluid retention in some mosquitoes. A,
normal mosquito maintained in the laboratory. B, incapacitated mos-
quito after the injection of a small volume (69 nl) of phosphate-buffered
saline containing VU573 in DMSO. For further detail see Raphemot
et al.53
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across the apical membrane into the
tubule lumen (Figs. 2B,5). The increas-
ing role of basolateral membrane KC

channels with increasing peritubular
[KC] has also been noted in Malpighian
tubules of the ant Formica.20 On the
other hand, the weak inward rectifica-
tion displayed by AeKir2B expressed in
Xenopus oocytes (Figs. 3B, D) may serve
transepithelial KC secretion under the
normal, low [KC] in the peritubular
bath or hemolymph (Fig. 2A,5). Allow-
ing inward as well outward KC flux suits
AeKir2B for autoregulating transepithe-
lial KC secretion in principal cells of the
tubule because intracellular and extracel-
lular [KC] can rise and fall together.
Indeed, intracellular KC is near or at electrochemical equilibrium
with extracellular KC in principal cells of every Malpighian
tubule where these measurements have been made.18,19,65-68

As to the mechanism of action of VU small molecules, all 3
small molecules have remarkable affinities for AeKir channels in
spite of marked structural differences. VU573 inhibits AeKir1
but stimulates AeKir2B, VU590 inhibits AeKir1 with no effect
on AeKir2B, and VU625 inhibits both AeKir1 and AeKir2B
albeit with a preference for AeKir1. Studies in the Denton lab
suggest that VU590 inhibits ROMK by blocking the selectivity
filter from an intracellular side of the channel.57,58 It is therefore
reasonable to speculate that VU590 also inhibits AeKir1 at a sim-
ilar binding site. Time required for VU590 to access its site of
action may explain its slow kinetics of channel block after it has
been added to the peritubular bath of isolated Malpighian
tubules.15 VU573 does not block AeKir1 as VU590 does.54

Instead VU573 may interact with regulatory or gating domains
that differ between AeKir1 and AeKir2B. Binding of VU573 to
AeKir1 could disrupt the interaction of the channel with an ago-
nist, thereby inhibiting this channel. In contrast, binding of
VU573 to AeKir2B could enhance the
interaction between the channel and
agonist, thereby stimulating this channel
(Fig. 8). Known agonists of Kir channels
include ATP, HC, NaC, G proteins,
PIP2 and PO4.

23 VU625 is the most
potent inhibitor of AeKir1 found to
date. Moreover, its high affinity for mos-
quito AeKir1 over mammalian Kir chan-
nels and membrane proteins make
VU625 the most promising small mole-
cule for further development into a tar-
get-specific mosquitocide.51

At the level of Malpighian tubules,
VU590 and VU625 selectively inhibit
transepithelial KC secretion, leaving
NaC secretion unchanged. VU573 first
stimulates and then inhibits transepithe-
lial KC secretion, again without

changing NaC secretion. The stimulation and inhibition mimic
respectively the effects of VU573 on AeKir2B and AeKir1. The
slow kinetics of the effect of all 3 small molecules in shutting
down KC channels and transepithelial KC secretion in isolated
Malpighian tubules is consistent with a membrane or intracellu-
lar site of action. Moreover, barium hyperpolarizes Vbl while VU
small molecules depolarize Vbl, but both reduce the cell input
conductance consistent with increased numbers of closed AeKir
channels. Thus, the closing of AeKir channels by VU small mole-
cules likely differs from channel block by Ba2C. Barium added to
the peritubular medium reversibly hyperpolarizes Vbl and
decreases the cell input conductance with fast kinetics, consistent
with reversible, physical block of open AeKir channels.18,61 VU
small molecules added to the peritubular medium irreversibly
depolarize Vbl and decrease the cell input conductance with slow
kinetics (Fig. 15B), consistent with the modulation of gating
mechanisms at membrane or intracellular sites of AeKir channels.
Moreover, depolarization rather than hyperpolarization of Vbl

indicates that VU small molecules have secondary effects in intact
Malpighian tubules, including effects on the interaction between

Figure 14. The effect of VU625 on mosquito Kir channels expressed in T-REx-HEK293 cells (A) and
Xenopus oocytes (B). A. Strong inward rectification of KC current (control) in T-REx-HEK293 cells
expressing AeKir1. The inward current is markedly reduced by VU625 (0.9 mM), similar to the channel
block by barium (Ba2C, 2 mM). B. Dose-response curves of currents mediated by AeKir1 and AeKir2B
expressed in Xenopus oocytes and inhibited by VU625. Adapted from Raphemot et al.51

Figure 13. Effect of VU590 on AeKir and AeKir2B expressed in Xenopus oocytes. Oocytes were bathed
in Ringer solution containing 0.5 mM KC (broken line), and 10 mM KC (solid lines) in the absence
(black) and presence (red) of VU590 (50 mM). Note the different current scales in A and B. VU590
inhibits AeKir1 (A) but has no effect on AeKir2B (B). Data adapted from Rouhier et al.54
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AeKir channels with other membrane transporters in the cell.
Expected networked interactions between AeKir at basolateral
membranes with NHA and the HC V-ATPase at apical mem-
branes (Fig. 5) may serve steady-states by matching KC influx
(channel) with KC efflux (pump). Thus, closing AeKir channels
at basolateral membranes may decrease transport activities at api-
cal membranes, thereby lowering the activity of the HC

V-ATPase and decreasing Vbl via electrical coupling of the 2 cell
membranes.15 This would explain the depolarization of Vbl as
VU small molecules close Kir channels in intact Malpighian
tubules (Fig. 15B).

As to applied science brought to insect Malpighian tubules,
VU small molecules have shown their potential as new pesti-
cides. The injection of all 3 VU small molecules into the
hemolymph of mosquitoes incapacitates and kills them within

one day. Studies in vivo and in vitro indicate renal failure to
excrete KC as the primary cause of death. However, effects on
extra-renal Kir channels cannot be excluded. Kir channels in
the nervous system could also be affected by VU compounds
as suggested by the decreased responsiveness, inability to fly,
and paralysis prior to death. In Rhodnius and Glossina, rising
hemolymph KC concentrations are known to trigger the
release of diuretic hormone.11,69 Inhibiting the release of
diuretic hormone could contribute to the renal failure and
bloating of mosquito abdomens we have observed in mosqui-
toes treated with VU compounds.

Renal functions in insects have long been overlooked as target
of pest control. It would appear that renal functions in pestifer-
ous insects are particularly vulnerable to intervention in view of
the wide range of solute and water challenges these small animals
experience: from long periods of dehydration to short bouts of
gorging on the sap of plants or blood of animals.

VU573, VU590 and VU625 kill mosquitoes by disrupting
renal KC homeostasis. In the short span of 3 years we have dis-
covered the promising small molecule VU625. This small mole-
cule is 20-80 times more selective for AeKir1 than mammalian
Kir channels, and it has limited effects on 3 of more than 60
diverse mammalian membrane proteins, including voltage-gated
ion channels, ion transporters, neurotransmitters, peptide recep-
tors and G protein-coupled receptors.51 Finding a highly selective
antagonist of Aedes Kir channels, such as VU625, from a screen
of over 30,000 small molecules without modifying its chemistry
provide strong encouragement that species-specific insecticides
can be developed. Further refinements of VU625, or entirely dif-
ferent small VU molecules, may discriminate against no only
mammals and lower vertebrates, but also beneficial insects such
as honeybees.

Figure 15. Effect of VU625 (10 mM) on Malpighian tubules isolated from
the yellow fever mosquito. (A). Effects on the transepithelial secretion of
fluid, NaC, KC, and Cl¡ in tubules bathed in 34 mM KC Ringer solution
120 min after the addition of VU625 (period 5, P5, Fig. 10) Experiments
were performed in sister tubules isolated from the same mosquito (see
Fig. 9). (B). Effects on the basolateral membrane voltage (Vbl) and cell
input conductance (gin). The representative tubule was bathed in Ringer
solution containing 3.4 mM or 34 mM KC, plus or minus VU625 or bar-
ium (Ba2C). Probenecid was added to the peritubular bath to block the
tubular secretion of VU625. Downward and upward arrows indicate
respectively the entry and exit of the voltage-sensing microelectrode
into a principal cell of the tubule. * indicates statistical significance.
Adapted from Piermarini et al.15

Figure 16. The effect of the hemolymph injection of VU625 on urine
excretion and mortality in the yellow fever mosquito. White bars show
urine flow rate per female mosquito in the first hour after the hemo-
lymph injection of a KC load in 900 nl of phosphate based saline (PBS,
vehicle), vehicle plus VU625, vehicle plus probenecid, or vehicle plus pro-
benecid and VU625. Data are mean§ SE of 6 to 18 trials of 5 mosquitoes
each. Black bars show percent mortality of an independent set of mos-
quitoes 24 h after the hemolymph injection of a KC load in 69 nl of PBS.
Lower-case letters (a,b,c) indicate statistical categorization of the means
as determined by one-way ANOVA with a Newman-Keuls post test
(p <0.05). For further detail see Raphemot et al.51
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