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Abstract

Transepithelial secretion in Malpighian tubules of the yellow fever mosquito (Aedes aegypti) is mediated by active transport of
Na+ and K+ through principal cells and passive Cl2 transport through the shunt. Permeation through the shunt was assessed by
measuring transepithelial halide diffusion potentials in isolated perfused Malpighian tubules, after first inhibiting active transport
with dinitrophenol. Diffusion potentials were small under control conditions, revealing Eisenman selectivity sequence I
(I2.Br2.Cl2.F2) which is the halide mobility sequence in free solution. Accordingly, electrical field strengths of the shunt are
small, selecting halides for passage on the basis of hydrated size. Leucokinin-VIII (LK-VIII) significantly increased the shunt
conductance from 57.1µS/cm to 250.0µS/cm. In parallel, the shunt selectivity sequence shifted to Eisenman sequence III
(Br2.Cl2.I2.F2), revealing increased electrical field strengths in the shunt, now capable of selecting small, dehydrated halides
for passage. High concentrations of peritubular F2 (142.5 mM) duplicated the effects of LK-VIII on shunt conductance and selec-
tivity, suggesting a role for G-protein. In the presence of LK-VIII (or F2), coulombic interactions between the shunt and I2 and
F2 may be strong enough to cause binding, thereby blocking the passage of Cl2. Thus, LK-VIII increases both shunt conductance
and selectivity, presumably via G-protein. 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A fine example of the contributions of insect biochem-
istry to insect physiology is the isolation and synthesis
of leucokinin by Holman and his colleagues. Pursuing
the isolation of myotropic agents in the cockroachLeuc-
ophaea, Holman came across a family of small peptides
that stimulated hindgut motility in the same species
(Holman et al., 1987). Since then, leucokinin and related
peptides have been found in many insects: mosquitoes
(Clottens et al., 1993; Hayes et al., 1994; Veenstra,
1994), fruitflies (Terhzaz et al., 1999), houseflies
(Holman et al., 1999), moths (Kim and Lee, 1998),
blowflies (Nässel and Lundquist, 1991), locusts (Schoofs
et al., 1992), hornworms (Cho et al., 1999), spiders
(Schmid and Becherer, 1996) and crickets (Coast et al.,
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1990), and also in other invertebrates such as mollusc
(Cox et al., 1997; Elekes et al., 1995). In view of the
association of leucokinins with peptidergic neurons, they
are considered neuropeptides (Na¨ssel et al., 1992).

Holman had used contractions of the cockroach
hindgut as bioassay for the isolation of the leucokinins
(Holman et al., 1987). The stimulation of hindgut
motility suggested to us that leucokinin might affect
transport in other epithelia such as Malpighian tubules.
Indeed, natural and synthetic leucokinins of the cock-
roach significantly increased rates of fluid secretion in
isolated Malpighian tubules of the yellow fever mosquito
by increasing transepithelial secretion of both NaCl and
KCl (Pannabecker et al., 1993). The increase in the
secretion rate of different salts sharing the same anion
suggested the effect of leucokinin on Cl2, the counter
ion of active transepithelial secretion of Na+ and K+.
Electrophysiological studies in isolated perfused Mal-
pighian tubules confirmed this hypothesis. Leucokinin
lowered the lumen-positive transepithelial voltage from
59.3 mV to 5.7 mV and decreased the transepithelial
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resistance from 57.8Vcm2 to 9.9 Vcm2 (Hayes et al.,
1989; Pannabecker et al., 1993). Thus, leucokinin
changes a moderately tight epithelium to a leaky epi-
thelium, consistent with the increase in the transepi-
thelial secretion of electrolytes and water. What aston-
ishes is the switch-like speed of the on and off effects of
leucokinin (Beyenbach, 1995; Pannabecker et al., 1993).

An additional measure of Holman’s contribution to
insect physiology is the present controversy over the site
of action of leucokinin in Malpighian tubules. The lab-
oratories of O’Donnell and Dow have strong evidence
for stellate cells providing the transepithelial shunt path-
way for Cl2 secretion (Dow et al., 1998; O’Donnell et
al. 1996, 1998; Terhzaz et al., 1999). Likewise, Dijkstra
et al. (1995) consider Cl2 to take a transcellular pathway
for secretion in Malpighian tubules of ants. In contrast,
our laboratory has evidence for Cl2 permeating the para-
cellular pathway through septate junctions (Pannabecker
et al., 1993). First, the leaky epithelium induced by leu-
cokinin displays large transepithelial Cl2 diffusion
potentials that approach 85% of transepithelial Nernst
potentials. The symmetry of these diffusion potentials
for bath-to-lumen and lumen-to-bath directed Cl2 gradi-
ents suggests a single barrier, such as that expected from
a junction. A transcellular pathway consisting of two
membrane barriers in series is unlikely to display sym-
metrical transepithelial Cl2 diffusion potentials as it
would require similar Cl2 conductances in both basolat-
eral and apical membranes. Second, the effects of leuco-
kinin on transepithelial resistance can be fully restored
by removing Cl2 from the solutions on both sides of the
epithelium (Pannabecker et al., 1993). Third, the effects
of leucokinin on apical and basolateral membrane volt-
ages of principal cells leave but one explanation of the
data, that leucokinin increases the Cl2 conductance of
the paracellular, septate junctional pathway.

The effects of leucokinin differ dramatically from
those of db-cAMP which serves as second messenger of
the mosquito natriuretic peptide (MNP). Whereas leuco-
kinin causes a non-selective diuresis by increasing trans-
epithelial secretion of both NaCl and KCl via the
increase in passive transepithelial Cl2 transport (Hayes
et al., 1989; Pannabecker et al., 1993; Yu and Beyen-
bach, 2000), db-cAMP and MNP cause a specific NaCl
diuresis, in part by increasing the Na+ conductance of
the basolateral membrane of principal cells (Beyenbach,
1995; Beyenbach and Petzel, 1987; Clark et al., 1998).
O’Donnell et al. (1996) confirm the separate control of
transepithelial cation and anion secretion in Malpighian
tubules ofDrosophila, illustrating the functional diver-
sity of Malpighian tubules.

In an attempt to resolve the present controversy over
transcellular or paracelluar pathways for Cl2, we began
in the present study a detailed investigation of the nature
of the transepithelial Cl2 conductance induced by leuco-
kinin-VIII. Though we have no final answer, we report

here that leucokinin-VIII increases transepithelial shunt
conductance by opening an anionic pathway with the sel-
ectivity sequence Br2.Cl2.I2.F2. This sequence
indicates a transepithelial pathway of high electrical field
strength that selects small anions with high charge den-
sities, thereby optimizing the function of the shunt as a
Cl2 filter.

2. Materials and methods

2.1. Mosquitoes, Malpighian tubules and the
composition of Ringer solution

The mosquito colony was maintained as described by
Pannabecker et al. (1993). On the day of the experiment
a female mosquito (3 to 7 days post-eclosion) was cold
anesthetized and decapitated. Malpighian tubules were
removed from the abdominal cavity under Ringer sol-
ution. Only segments near the blind end of the tubule,
between 0.2 and 0.3 mm long, were used. Ringer sol-
ution contained the following, in mM: 150 NaCl, 25
HEPES (N-2-hydroxyethylpiperazine-N9-2-ethanesul-
fonic acid), 3.4 KCl, 7.5 NaOH, 1.8 NaHCO3, 1 MgSO4,
1.7 CaCl2, and 5 glucose. The pH was adjusted to 7.1.
We used 2,4-dinitrophenol (DNP) at a concentration of
0.1 mM. Leucokinin-VIII was a gift from G. Mark Hol-
man. It was used at a concentration of 1µM.

2.2. In vitro microperfusion of Malpighian tubules

Fig. 1a illustrates in vitro microperfusion of Malpigh-
ian tubules. The tubule lumen was cannulated with a
double-barreled perfusion pipette with an outer diameter
of approximately 10 µm (Theta-Borosilicate glass,
#1402401; Hilgenberg, D-34323 Malsfeld, Germany).
One barrel of this pipette was used to perfuse the tubule
lumen with Ringer solution and to measure transepi-
thelial voltage (Vt) with respect to ground in the bath
(Fig. 1). The other barrel was used to inject current (I=50
nA) into the tubule lumen for measurements of transepi-
thelial resistance (Rt) by cable analysis (Helman, 1972).
The peritubular bath (500µl) was perfused with Ringer
solution at a rate of 6 ml/min. Transepithelial voltage
was recorded continuously, and transepithelial resistance
was measured periodically when of interest. Transepi-
thelial conductance is the inverse of transepithelial resist-
ance.

All voltage measurements were made using custom-
made high impedance amplifiers (Burr-Brown, 1011V).
A permanent record of voltages was produced with the
aid of a strip chart recorder (Model BD 64, Kipp and
Zonen, Crown Graphic, USA, or Model 220, Gould
Instruments Co, Cleveland, OH, USA). Data were also
collected in digital form using a Macintosh computer
equipped with data acquisition hardware (Multifunction
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Fig. 1. Transepithelial transport evaluated by electrophysiological methods in isolated perfused Malpighian tubules ofAedes aegypti. (a) A 0.25
mm segment of the secretory portion of the Malpighian tubule is suspended between two holding pipettes and cannulated with a double-barrel
perfusion pipette. One barrel serves for the injection of current for measurements of the transepithelial resistanceRt. The other barrel is used to
perfuse the tubule lumen with normal Ringer solution and to measure the transepithelial voltageVt. Rt is determined by cable analysis from
knowledge of the length of the perfused segment and the voltage deflections ofVt andVl consequent to the injection of current (I=50 nA) into the
tubule lumen. (b) Electrical model of transepithelial electrolyte secretion in Malpighian tubules after Ussing and Windhager (1964). The active
transport pathway for Na+ and K+ passes through principal cells; the passive transport pathway for Cl2 passes through the shunt located outside
principal cells.Ecell andRcell define respectively the electromotive force and the transcellular resistance of the active transport pathway, andRshunt

defines the resistance encountered by Cl2 during its secretion through presumably septate junctions into the tubule lumen.

I/O Board PCI-1200 and Signal Conditioning and Ter-
mination Board Model SC-2071) and software
(LabView for Macintosh, version 4.1, National Instru-
ments Manufacturer, Austin, TX, USA).

2.3. Transepithelial diffusion potentials

Transepithelial halide selectivity sequences were
determined by measuring bi-ionic diffusion potentials in
isolated perfused Malpighian tubules. Transepithelial bi-
ionic diffusion potentials were generated by 10-fold step
reductions in peritubular Cl2 concentration, where Cl2

was isosmotically replaced with the halide of interest:
Br2, I2, F2, or with isethionate (Ise2). The pathway
taken by halides is expected to have a low permeability
to the large anion Ise2. The Cl2 concentration in the
tubule lumen was held constant by perfusing the tubule
lumen with normal Ringer solution at rates less than 5
nl/min. In the presence of constant luminal Cl2 concen-
trations, the replacement of Cl2 with another halide in
the peritubular bath always produced two transepithelial
diffusion gradients: (1) for the halide to move from the
bath to the tubule lumen, reducing the lumen-positive
voltage, and/or rendering transepithelial voltage lumen-
negative, and (2) for Cl2 to move from lumen to bath,
increasing the transepithelial voltage to more lumen-
positive values. Both diffusion gradients contribute to a

net transepithelial diffusion potential (DVt) that can be
described by the Goldman equation.

DVt5
RT
−zF

ln
PClD[Cl]bath+PxD[X]bath

PCl[Cl] lumen+Px[X] lumen

(1)

whereR is the gas constant,T is the temperature (K),F
is the Faraday constant, andX is the anion replacing Cl2

in the peritubular bath. Since Cl2 is not replaced in the
tubule lumen,Px[X]lumen can be neglected. Solving Eq.
(1) for permeability ratios yields

Px

PCl

5
e

−zFDVt

RT [Cl] lumen−D[Cl]bath

D[X]bath

(2)

In measures of ionic permeability via diffusion poten-
tials care must be taken that the concentration step
change on one side of the barrier (membrane,
epithelium) does not lead to concentration changes on
both sides of the barrier. For this reason, diffusion poten-
tials are measured immediately after the concentration
step change in the peritubular medium. Furthermore,
replacing anions can have additional effects, as in the
present study in the case of Cl2 substitution by I2 and
F2. Accordingly, diffusion potentials were measured as
soon as the bathing Ringer solution has been replaced
with the new solution (Tabcharani et al., 1997), which
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in the present study usually took less than 20 s and often
coincided with the peak of the voltage response.

2.4. Equivalent electrical circuit of transepithelial ion
transport in Malpighian tubules

Since electrolyte secretion is electrogenic in Malpigh-
ian tubules ofAedes aegypti(Beyenbach, 1995; Beyen-
bach and Petzel, 1987; Williams and Beyenbach, 1984),
transepithelial transport of ions can be modeled with an
electrical equivalent circuit. In its simplest form the cir-
cuit distinguishes between the active transport pathway
through principal cells and the passive transport pathway
through the shunt,Rshunt (Fig. 1b). The active transport
pathway is further defined by the electromotive force for
cation secretion (Ecell) in series with the resistance of the
active transport pathway,Rcell.

In Malpighian tubules ofAedes aegypti, Na+ and K+

are secreted into the tubule lumen by active transport
through principal cells, and Cl2 is secreted into the
tubule lumen by passive transport through a pathway
outside principal cells. The equivalent circuit model of
transepithelial Na+, K + and Cl2 transport in Fig. 1b illus-
trates electrical coupling of transcellular and paracellular
transport pathways such that current through principal
cells equals current through the shunt. Thus, an anion is
secreted into the lumen for every cation moved through
principal cells. Indeed, rates of transepithelial cation
secretion (Na+ and K+) come close to, or equal, rates of
transepithelial Cl2 secretion (Beyenbach, 1995; Beyen-
bach and Petzel, 1987). Furthermore, electrical coupling
of transcellular and paracellular transport preserves elec-
troneutrality of the solutions on both sides of the epi-
thelium.

2.5. Statistical evaluation of data

Each tubule served as its own control. Accordingly,
the data were analyzed for the differences between
paired samples, control versus experimental, using the
paired Studentt-test.

3. Results

3.1. Single and combined effects of dinitrophenol and
leucokinin-VIII on transepithelial voltage and
transepithelial resistance

Table 1 summarizes the single and combined effects
of dinitrophenol (DNP) and leucokinin-VIII (LK-VIII)
on transepithelial voltage (Vt) and resistance (Rt) in iso-
lated perfused Malpighian tubules. Data from three sets
of experiments are presented. In the first set of nine
tubules,Vt was 34.0 mV, andRt was 12.0 KVcm on
average. Since the tubule lumen was perfused with the

Table 1
The effects of dinitrophenol (DNP, 0.1 mM) and leucokinin-VIII (LK-
VIII, 1 µm), singly and combined, on transpithelial voltage (Vt) and
resistance (Rt) in isolated Malpighian tubules ofAedes aegyptia

Vt (mV) Rt (KVcm)

control 34.0±7.8 (9) 12.0±3.7 (9)
DNP 7.2±2.1 (9) 13.6±3.7 (9)

,0.005 ,0.05
control 40.8±8.1 (6) 12.8±1.4 (6)
LK-VIII 2.7 ±0.4 (6) 2.1±0.3 (6)

,0.005 ,0.001
control 43.7±8.7 (6) 15.7±5.1 (6)
DNP 6.6±2.5 (6) 17.5±4.8 (6)

,0.005 NS
DNP+LK-VIII 21.3±0.9 (6) 4.0±1.6 (6)

,0.05 ,0.01

a Values are mean±S.E. (number of tubules).

same Ringer solution that is present in the peritubular
bath, there were no transepithelial ion gradients serving
as volt sources. Voltages measured under these con-
ditions are due to transepithelial active transport and are
called active transport voltages (Fro¨mter, 1974). As
DNP, an uncoupler of oxidative phosphorylation, was
added to the peritubular Ringer solution,Vt dropped
immediately to 7.2 mV andRt rose to 13.6 KVcm, con-
sistent with the inhibition of active transepithelial trans-
port. The effects of DNP onVt andRt were immediately
reversible upon washout (data not shown here but in
Pannabecker et al., 1992).

In the second set of six tubules, the addition of 1µM
LK-VIII to the peritubular Ringer solution significantly
decreasedVt from 40.8 mV to 2.7 mV. At the same time,
Rt fell from 12.8 to 2.1 KVcm. The effects of LK-VIII
were immediately reversible upon washout of this
diuretic neuropeptide (data not shown here but in Panna-
becker et al., 1993).

In the third set of six tubules, the addition of DNP
decreasedVt from 43.7 mV to 6.6 mV, and it increased
Rt from 15.7 KVcm to 17.5 KVcm. The subsequent
addition of LK-VIII in the presence of DNP significantly
reducedVt from 6.6 mV to21.3 mV and significantly
decreasedRt more than four-fold, from 17.5 KVcm to
4.0 KVcm. Thus, the effects of LK-VIII on transepi-
thelial resistance were observed even after inhibition of
the active transport pathway, consistent with the effects
of LK-VIII on the shunt pathway that are independent
of the effects of DNP on the active transport pathway
(Fig. 1, Table 1).

3.2. Transepithelial bi-ionic diffusion potentials in the
absence and presence of transepithelial active
transport

The concept of evaluating transepithelial ion per-
meability from measurements of transepithelial diffusion
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potentials is perhaps best illustrated in a “passive” tubule
in which active transepithelial transport has been
inhibited with dinitrophenol (Table 1). The particular
tubule shown in Fig. 2b had an active transepithelial
voltage of 22.2 mV and a transepithelial resistance of
5.7 KVcm under control conditions (data not shown).
The addition of 0.1 mM DNP to the peritubular Ringer
bath caused the transepithelial voltage to drop to zero
mV and the transepithelial resistance to increase to 6.3
KVcm, but only voltage data are shown in Fig. 2b. The
subsequent 10-fold replacement of peritubular Cl2 with
iodide (I2) imposed two ion diffusion gradients across
the epithelium: for Cl2 to diffuse from lumen to bath,
and for I2 to diffuse from bath to lumen. Since the
replacement of bath Cl2 with I2 rendered the transepi-
thelial voltage lumen2negative (Fig. 2b), it follows that
the tubule wall is more permeable to I2 than to Cl2. The
102fold replacement of peritubular Cl2 with Br2 also
yielded a lumen-negative transepithelial voltage, but not
as large as that generated by I2 (Fig. 2b). Thus, the
tubule wall is less permeable to Br2 than it is to I2. The
10-fold replacement of peritubular Cl2 with F2 yielded
a lumen-positive transepithelial voltage indicating a per-

Fig. 2. Transepithelial halide diffusion potentials inAedesMalpighian tubules under control conditions and in the presence of dinitrophenol. Top
panels show representative tubule traces of transepithelial voltage under control conditions (a) and in the presence of dinitrophenol (b). Shading
indicates the time of Cl2 replacement in the peritubular Ringer solution with the halide of interest. Bottom panel shows summaries of transepithelial
diffusion potentials under control conditions (c) and in the presence of dinitrophenol (d). Data are mean±S.E. (number of tubule experiments).
Fluoride had additional effects on Malpighian tubules as indicated by the depolarization of the transepithelial voltage to zero (a). These effects
precluded the measurement of transepithelial diffusion potentials for Cl2 replacements by F2. However, transepithelial Cl2/F2 diffusion potentials
could be evaluated after first inhibiting active transport with dinitrophenol (b).

meability for F2 less than that for Cl2 (Fig. 2b). The
10-fold replacement of peritubular Cl2 with isethionate,
a large organic anion, yielded the highest transepithelial
Cl2 diffusion potential, indicating a transepithelial per-
meability for Cl2 greater than that for isethionate (Fig.
2b). A quantitative comparison of halide permeability
was obtained using Eq. (2).

The determination of transepithelial halide selectivity
sequence was not always as straight forward as during
inhibition of active transport with DNP (Fig. 2b,d).
When transepithelial active transport was intact, as for
example in the tubule shown in Fig. 2a, transepithelial
diffusion potentials were much smaller and barely
noticeable. Another complication in actively transporting
tubules was that the 10-fold replacement of peritubular
Cl2 with F2 inhibited the transepithelial voltage (Fig.
2a) and increased transepithelial resistance (vide infra),
indicating the inhibition of the active transport pathway
(Beyenbach and Masia, 2000). Accordingly, F2 dif-
fusion potentials were not measured under control con-
ditions (Fig. 2a,c).

Transepithelial diffusion potentials measured in nine
Malpighian tubules under control conditions and after
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inhibition of active transport with DNP are summarized
respectively in Fig. 2c and d, and used to determine the
relative transepithelial halide permeability sequences
Px/PCl according to Eq. (2). What emerges from this
analysis is a permeability rank order, in the order of
decreasing permeability: I2.Br2.Cl2.F2.Ise2. This
is Eisenman sequence I (Eisenman, 1962). Sequence I
is the mobility of halides in free solution (Diamond and
Wright, 1969). Sequence I was observed whether active
transepithelial transport was intact or inhibited with dini-
trophenol (Fig. 2, Table 2). Thus under control con-
ditions, the epithelium offers its highest permeability to
I2, approximately similar permeability to Br2 and Cl2,
and a low permeability to F2 and Ise2 (Fig. 2, Table 2).
The permeability sequence changes in the presence of
leucokinin-VIII.

3.3. Transepithelial bi-ionic diffusion potentials in the
presence of leucokinin

In a previous study we observed that LK-VIII
increases the Cl2 permeability of the transepithelial
shunt (Pannabecker et al., 1993). The symmetry of trans-
epithelial Cl2 diffusion potentials (for lumen2to-bath
and bath-to-lumen directed Cl2 diffusion gradients) sug-
gested an increase in the Cl2 conductance of the paracel-
lular pathway, i.e. the pathway through septate junctions.
For this reason, the transepithelial halide selectivity in
the presence of leucokinin was of interest in the
present study.

As in the previous study, LK-VIII significantly
decreased transepithelial voltage and resistance (Table
1). Transepithelial bi-ionic diffusion potentials were now
much larger than those measured in the absence of LK-
VIII (Fig. 2, Fig. 3). Furthermore, the rank order of
transepithelial diffusion potentials now revealed
Br2.Cl2.I2.F2.Ise2. This is Eisenman sequence

Table 2
Transepithelial permeability halide/chloride ratios in isolated perfused Malpighian tubules ofAedes aegyptiafter inhibition of transepithelial active
transport with dinitrophenol (DNP, 0.1 mM), in the absence and presence of leucokinin-VIII (LK-VIII, 1µm)a

Eisenman Sequence I
(DNP, 9 tubules) I2 Br2 Cl2 F2 Ise2

Px/PCl 1.30±0.07 1.09±0.02 1 0.66±0.02 0.63±0.03
(9) (9) (9) (5) (9)

Radius Å 2.21 1.961 1.811 1.331 3.01
DGhyd (KJ/mol) 2278 2328 2363 2404 2365

Eisenman Sequence III
(DNP plus LK-VIII, 6 tubules) Br2 Cl2 I2 F2 Ise2

Px/PCl 1.10±0.03 1 0.47±0.09 0.26±0.06 0.10±0.02
(6) (6) (6) (5) (6)

Radius Å 1.961 1.811 2.21 1.331 3.01
DGhyd (KJ/mol) 2328 2363 2278 2404 2365

a Permeability ratios are mean±S.E. 1crystal radius;DGhyd, free energy of hydration (radii andDGhyd from Smith et al., 1999.

III. Thus, LK-VIII induced a shift of the transepithelial
halide selectivity sequence in parallel with the decrease
in transepithelial resistance (Fig. 3, Table 1). Remark-
ably, LK-VIII triggered these changes even after the
active transport pathway had been inhibited with DNP
(Fig. 3b,d; Table 2).

Data from six tubules are summarized in Fig. 3c and
d. Since a 10-fold concentration difference for Cl2 is
equivalent to a diffusion potential of approximately 60
mV for a barrier permeable to Cl2 alone (Nernst
equation), a transepithelial Cl2 diffusion potential close
to 50 mV, as for example after the 10-fold replacement
of bath Cl2 with Ise2, illustrates a high Cl2 selectivity
of the epithelium in the presence of LK-VIII (Fig. 3).
Furthermore, Eisenman sequence III reveals that the epi-
thelium now offers its highest permeability to Br2, fol-
lowed by Cl2 (Table 2). But it strongly discriminates
against I2, F2, Ise2, respectively offering these halides
only 47%, 26% and 10% of the permeability given to
Cl2 (Fig. 3, Table 2).

3.4. Fluoride and iodide block the shunt conductance
induced by leucokinin

Nernst potentials generated across “ideal barriers”,
permeable to one ionic species only (perfect electrodes),
are time invariant. Diffusion potentials that drift or dis-
appear with time, such as those observed in the presence
of iodide and fluoride (Fig. 2, Fig. 3) challenge their use
as indicators of permeability. For example, in the pres-
ence of LK-VIII, the 10-fold replacement of peritubular
Cl2 with F2 (Fig. 3a) elicited a peak transepithelial dif-
fusion potential of 46 mV that subsequently decayed to
about 15 mV. Likewise, the response to iodide was
anomalous in that diffusion potentials decayed and even
reversed (Fig. 3b). For this reason, further investigations
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Fig. 3. Transepithelial halide diffusion potentials of leucokinin-treated Malpighian tubules ofAedes aegyptiin the absence and presence of
dinitrophenol. Top panels show representative tubule traces of transepithelial voltage in the presence of leucokinin (a), and in the presence of
leucokinin and dinitrophenol (b). Shading indicates the time of Cl2 replacement in the peritubular Ringer solution with the halide of interest.
Bottom panel shows summaries of transepithelial diffusion potentials in the presence of leucokinin (c), and in the presence of leucokinin and
dinitrophenol (d). Data are mean±S.E. (number of tubule experiments).

of transepithelial iodide and fluoride diffusion potentials
were necessary.

In the experiments illustrated in Fig. 4, the tubules
were first treated with DNP and then LK-VIII to induce
the transepithelial conductance with Eisenman halide
selectivity sequence III. Again, DNP was used to exam-
ine transepithelial diffusion potentials without inter-
ference from the active transport pathway. In the pres-
ence of DNP and LK-VIII transepithelial voltage was
23.1 mV and transepithelial resistance was 1.6 KVcm
(Fig. 4a). The 10-fold replacement of bath Cl2 with F2

elicited a sharp rise of the transepithelial voltage to 31.5
mV, consistent with a transepithelial Cl2 permeability
far greater than that for F2. Thereafter, transepithelial
voltage returned towards zero mV even though F2

remained in the peritubular bath at high concentration
(Fig. 4a). As voltage decayed towards zero, transepi-
thelial resistance rose in parallel from 1.6 KVcm to a
peak value of 12.5 KVcm. The disappearance of the Cl2

diffusion potential together with the increase in transepi-
thelial resistance indicates that F2 blocks the transepi-
thelial halide conductance induced by LK-VIII. Reversal
of resistance to pre2fluoride values was not immediate
after washout of F2, but took between 2 and 5 min
(Fig. 4a).

Similar observations were made in the presence of
high iodide concentrations in the peritubular bath (Fig.
4b). Again, the tubule was first treated with DNP so that
transepithelial diffusion potentials can be studied with
minimal interference from the active transport pathway
through principal cells (Fig. 1). Then LK-VIII was added
to induce the transepithelial halide conductance with Eis-
enman selectivity sequence III. In the presence of DNP
and LK-VIII transepithelial voltage was20.2 mV and
transepithelial resistance was 1.9 KVcm (Fig. 4b). The
10-fold replacement of bath Cl2 with I2 elicited a sharp
rise of the transepithelial voltage to 16 mV and then 19
mV, consistent with a transepithelial diffusion potential
for Cl2 that is greater than that for I2. Thereafter, trans-
epithelial voltage returned towards zero mV. As trans-
epithelial voltage decayed, transepithelial resistance rose
from 1.9 KVcm to values ranging from 10.3 to 11.6
KVcm. The decay of the Cl2 diffusion potential together
with the increase in transepithelial resistance indicates
that I2, like F2, blocks the transepithelial halide conduc-
tance induced by LK-VIII (Fig. 4). The block by I2 was
more readily reversible than that by F2, becauseRt

returned to pre-iodide values immediately after normal
Cl2 concentration in the peritubular bath was restored
(Fig. 4). Thus, fluoride and iodide block the transepi-
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Fig. 4. Block by fluoride (a) and iodide (b) of the shunt halide con-
ductance induced by leucokinin-VIII in Malpighian tubules ofAedes
aegypti. Each tubule was pre-treated with leucokinin-VIII and dinitro-
phenol to induce and uncover the shunt conductance. Peritubular Cl2

was then replaced 10-fold with fluoride (a) and iodide (b). Transepi-
thelial voltage was measured continuously (traces) and transepithelial
resistance was measured periodically (vertical bars).

thelial halide conductance induced by LK-VIII, where
the block by F2 appears stronger than that by I2.

3.5. Fluoride mimics the effects of leucokinin

Next to blocking the conductance induced by leucoki-
nin (Fig. 3, Fig. 4), F2 had additional effects on the
tubule (Fig. 2a). For example, the 10-fold replacement of
bath Cl2 with F2, which increased peritubular F2 from 0
mM to 142.5 mM, caused the transepithelial voltage to
drop to values close to zero mV (Fig. 2a). Moreover,
after restoring normal Cl2 concentrations in the peritub-
ular bath, the transepithelial voltage did not recover to
control values but remained near zero mV. We investi-
gated this phenomenon in seven additional Malpighian
tubules; a representative experiment is shown in Fig. 5.

In the presence of normal Ringer solution, the tubule
had a transepithelial voltage of 25.3 mV and a transepi-
thelial resistance of 15.4 KVcm. The 10-fold replace-
ment of bath Cl2 with F2 caused the transepithelial volt-
age to decay to zero mV in parallel with the transient
rise of the transepithelial resistance to 22.0 KVcm that
leveled out at 17 KVcm, consistent with conductance
block by F2 (Fig. 4a, Fig. 5). However, upon restoring
normal Cl2 concentration in the peritubular bath, the
transepithelial voltage remained near zero (Fig. 2a, Fig.

5), and surprisingly, after a lag time of about 4.5 min,
the transepithelial resistance fell to 3.2 KVcm. Such low
transepithelial resistances are usually observed in the
presence of LK-VIII (Fig. 5, Table 1). Indeed, transepi-
thelial diffusion potentials measured at this time revealed
Eisenman sequence III, namely that sequence that is
induced by LK-VIII in parallel with the drop in transepi-
thelial resistance (Fig. 3, Table 1, Table 2).

What is shown for a single tubule in Fig. 5 was con-
sistently observed in six additional tubules. The data
from all tubules are summarized in Fig. 6. Under control
conditions,Vt was 38.9±12.1 mV andRt was 13.5±1.7
KVcm on average (Fig. 6a). The 10-fold replacement of
bath Cl2 with F2 caused the significant (P,0.05) drop
of Vt to 9.0±3.8 mV and the significant (P,0.05)
increase ofRt to 18.7±2.6 KVcm. Restoring normal Cl2

in the peritubular bath caused significant (P,0.05)
reductions ofVt to 0.9±0.9 mV andRt to 2.9±0.6 KVcm
(P,0.001). Moreover, after exposure to F2, the epi-
thelium displays Eisenman halide selectivity sequence
III (Fig. 6b). Thus, high F2 concentrations in the peritub-
ular bath mimic the effects of LK-VIII by (1) decreasing
the transepithelial resistance, and (2) inducing transepi-
thelial halide selectivity sequence III. Moreover, the con-
ductance induced by F2 is subsequently blocked by flu-
oride itself (Fig. 6a). This is illustrated by the
transepithelial resistance in the presence of F2, which
drops from 18.3±2.6 KVcm to 2.9±0.6 KVcm after
washout of F2. Likewise, I2 blocks the conductance
induced by F2 (Fig. 5).

4. Discussion

4.1. Dinitrophenol uncovers the shunt pathway

The present study confirms our previous observations
of the effects of dinitrophenol on transepithelial transport
in AedesMalpighian tubules (Pannabecker et al., 1992).
DNP reduces the transepithelial voltage to values close
to zero mV, and it increases the transepithelial resistance
to the highest values that can be measured across the
epithelium (Table 1). In principal cells of the epithelium,
DNP reduces the apical membrane voltage from 111 mV
to 9 mV, and it reduces the voltage across the basolateral
membrane from258 mV to23 mV (Pannabecker et al.,
1992). The collapse of apical and basolateral membrane
voltages to values less than 10% of control reflects the
inhibition of the active transport pathway of Na+ and
K + through principal cells. Stopping active transport is
expected to increase the transcellular electrical resistance
Rcell (Fig. 1b). Indeed, recent two electrode voltage
clamp studies in principal cells have shown that DNP
increasesRcell nearly 12-fold, from 992 KV to 11,756
KV (Masia et al., 2000). Since under control conditions
Rcell is approximately 3.5 times greater than the resist-
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Fig. 5. Multiple effects of fluoride (F2) in Malpighian tubules ofAedes aegypti. The lumen of the isolated tubule was perfused with the same Ringer
solution present in the peritubular bath. Transepithelial voltage was measured continuously. Periodic measurements of transepithelial resistance are
depicted as vertical bars. The 10-fold replacement of the peritubular Cl2 in the peritubular bath with fluoride (142.5 mM) inhibited the transepithelial
voltage while increasing transepithelial resistance, mimicking the effects of dinitrophenol. After the return to normal bath Cl2 concentration,
transepithelial voltage remained near zero mV, transepithelial resistance fell, and the tubule exhibited transepithelial halide selectivity sequence III,
mimicking the effects of leucokinin-VIII. Again, iodide and fluoride blocked the shunt conductance induced by high concentrations of peritubular F2.

Fig. 6. Fluoride (F2) mimics the effects of leucokinin-VIII in isolated
perfused Malpighian tubules ofAedes aegypti. In the presence of per-
itubular F2 transepithelial voltage decreases, but transepithelial resist-
ance remains high because of shunt conductance block by F2. Washout
of F2 lowers transepithelial resistance to values normally seen in the
presence of leucokinin-VIII, and decreases transepithelial voltage
further, mimicking the effects of leucokinin-VIII (a). F2 treatment
induces the halide selectivity sequence III normally seen in the pres-
ence of leucokinin-VIII (b).

ance of the shunt (Masia et al., 2000), it follows that a
12-fold increase ofRcell brings measures of the transepi-
thelial resistanceRt within 97% of the resistance of the
shunt Rsh. Thus, measures of the transepithelial resist-
ance in the presence of DNP approach the resistance of

the shunt (Pannabecker et al., 1992). It follows that
transepithelial bi-ionic diffusion potentials measured in
the presence of DNP reflect the properties of the shunt.

The term ‘shunt’ defines the return pathway for cur-
rent, when transepithelial secretion of NaCl and KCl is
viewed as an electrical circuit consisting of an active
transport pathway for the secretion of Na+ and K+ into
the tubule lumen and by a passive transport pathway for
the secretion of Cl2 (Fig. 1). While it is clear that princi-
pal cells provide the active transport pathway for trans-
epithelial secretion of Na+ and K+, stellate cells and/or
septate junctions defining the paracellular transport
route, may serve as shunt.

Under control conditions, the shunt pathway exhibits
halide permeability sequence I: I2.Br2.Cl2.F2 (Fig.
2, Table 2). This permeability sequence is also the rank
order of mobility these halides have in aqueous solutions
(Diamond and Wright, 1969). It is the sequence where
the ion with the smallest hydrated size, I2, is the most
mobile in free solution, and the ion with the largest
hydrated size, F2, is the least mobile.

Hydration size depends on the charge density that in
turn depends on the crystal radius of the ion. Since I2

has the largest crystal radius, it has the lowest charge
density that offers weak coulombic forces for attracting
water. Thus, the hydrated size of I2 is small which is
reflected in a low energy of hydration (Table 2). For this
reason, hydrated I2 is the smallest of the four hydrated
halides and therefore the most mobile halide in water.
In contrast, F2 has the smallest crystal radius, the highest
charge density, and therefore the largest coulombic force
for interacting with water. Accordingly, hydrated F2 is
the largest hydrated halide, with a high energy of
hydration (Table 2). Because of its large hydrated size,
F2 is the least mobile in free solution.

Eisenman considered selectivity to derive from cou-
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lombic interactions between the ion and two players:
mobile and fixed charges, where water can be considered
mobile charges, and positive or negative sites in mem-
branes, resins, or filters can be considered fixed charges.
For a transport pathway, such as the shunt, to be anion-
selective, it must possess positive fixed sites: primary,
secondary, or tertiary amino groups, or quaternary
ammonium. Since, under control conditions, the halide
permeability sequence of the shunt (Eisenman sequence
I) follows the order of free-solution mobility, the shunt
must be a pathway of low positive electric field strength,
too weak to remove water from hydrated halides entering
the pathway. Hence, the shunt selects halides largely on
the basis of hydrated size. However, electric field
strength is sufficient to prevent cations from passing
through. If it did allow the passage of cations, the Mal-
pighian tubule could not maintain the transepithelial con-
centration differences for Na+ and K+ that are generated
by active transport through principal cells (Williams and
Beyenbach, 1984).

4.2. Leucokinin-VIII increases shunt conductance and
selectivity

In previous studies, LK-VIII increased rates of trans-
epithelial fluid secretion from 0.49 nl/min to 0.91 nl/min
by stimulating transepithelial NaCl and KCl secretion
(Pannabecker et al., 1993). Increasing equally the rates
of transepithelial secretion for NaCl and KCl suggested
an effect on the transport pathway taken by Cl2. Indeed,
electrophysiological studies provide three lines of evi-
dence for an effect on shunt Cl2 conductance. First, LK-
VIII reduces transepithelial resistance by more than 80%
together with the drop of the transepithelial voltage to
values close to zero, nearly short-circuiting the transepi-
thelial voltage (Pannabecker et al., 1993). A transepi-
thelial short-circuit is expected from a large increase in
the shunt conductance. Second, the dramatic reduction
of the transepithelial resistance can be reversed in the
presence of LK-VIII by replacing Cl2 with isethionate
on both sides of the epithelium. Replacing Cl2 on only
one side is not sufficient for restoring resistance in the
presence of LK-VIII (Pannabecker et al., 1993). Depen-
dence of the transepithelial resistance on the Cl2 concen-
tration in the extracellular solutions suggests an extra-
cellular pathway such as that expected from a Cl2-
selective paracellular pathway through tight or septate
junctions. Third, in the presence of LK-VIII the epi-
thelium yields large transepithelial Cl2 diffusion poten-
tials that approach 85% of Nernst potentials, and which
are symmetrical for bath-to-lumen and lumen-to-bath
Cl2 gradients (Pannabecker et al., 1993). Symmetry of
transepithelial diffusion potentials suggests a single dif-
fusion barrier such as that expected from tight or septate
junctions. Symmetry of diffusion potentials is unlikely
to develop across two diffusion barriers in series, i.e. the

basolateral and apical membrane membranes of stellate
cells. Thus, the epithelium short-circuiting itself in the
presence of LK-VIII, the dependence of the transepi-
thelial resistance on the Cl2 concentration in the extra-
cellular fluids, and symmetrical transepithelial Cl2 dif-
fusion potentials, all point to leucokinin increasing the
Cl2 conductance of the paracellular shunt pathway
(Fig. 1b).

In the present study, LK-VIII caused the transepi-
thelial resistance to drop from 13 KVcm to 2 KVcm. In
parallel, it caused the transepithelial voltage to fall from
41 mV to 3 mV, reflecting again the transepithelial short-
circuit due to the increase in shunt Cl2 conductance
(Table 1). Transepithelial halide diffusion potentials are
now much larger than under control condition, and dis-
play the transepithelial halide selectivity sequence of the
Eisenman series III. Thus, LK-VIII increases the shunt
conductance together with an increase in halide selec-
tivity. Remarkably, LK-VIII affects conductance and sel-
ectivity after the active transport pathway has been
inhibited with DNP (Table 1, Fig. 3). Hence, mediation
of the effects of LK-VIII is not immediately dependent
on metabolism. Since DNP brings to the fore the proper-
ties of the shunt, LK-VIII is seen to reduce the shunt
resistance form 17.5 KVcm to 4.0 KVcm in the presence
of DNP (Table 1). From the perspective of conductance
(1/R), LK-VIII increases more than four-fold the shunt
conductance, from 57µS/cm to 250µS/cm. In parallel,
the shift from selectivity sequence I to III indicates that
the pathway has acquired an electrical field strength suf-
ficient to dehydrate halide ions. As a result, the shunt
pathway is now more permeable to Br2 and Cl2 than it
is to I2 (Table 2). Thus, LK-VIII increases shunt con-
ductance four-fold while optimizing the Cl2-filter in the
shunt pathway.

It is not uncommon for the “same” Cl2 channel to
display different selectivity sequences. For example, the
selectivity sequence of a channel can be dependent on
the voltage, the degree of channel block, and even on
the experimental protocol (Begenish and Melvin, 1998;
Dawson et al., 1999; Tabcharani et al., 1997). Less sur-
prising are mutations in the transmembrane domains
(pore) of the channel that shift the selectivity sequence
from III to I in the case of the cystic fibrosis transmem-
brane regulator Cl2 channel (Anderson et al., 1991;
Devidas and Guggino, 1997). To these mechanisms of
modulating channel selectivity sequence, the present
study allows us to add modulation by an extracellular
peptide, leucokinin, presumably via receptor-mediated
activation of G-protein (Cox et al., 1997).

The changes in the shunt pathway induced by LK-
VIII may not require a major reorganization of the shunt
pathway as suggested by Dow et al. (1998) and O’Don-
nell et al. (1996, 1998) Instead, a change in the molecu-
lar environment of the shunt may increase the electric
field strength of filtering sites in the shunt. Higher field
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strengths may provide the energy for dehydrating small
halides (Br2 and Cl2) with strong hydration energies,
giving them passage over large halides with weak
hydration energies (I2). Electric field strengths in the
shunt are largely determined by electron densities that
can change via inductive effects exerted by the immedi-
ate environment, as for example during a phosphoryl-
ation of a shunt protein. Modulating electrical field
strengths and/or conformational changes of shunt pro-
teins are consistent with the reversible on-off effects of
LK-VIII with switch-like speed (Pannabecker et al.,
1993).

4.3. Site of the transepithelial Cl2 shunt pathway

There is good agreement that principal cells are not
the site of the conductive transepithelial Cl2 shunt that
mediates Cl2 secretion in Malpighian tubules (Dow et
al., 1998; O’Donnell et al., 1996; Pannabecker et al.,
1993). But the question of exactly where this Cl2 con-
ductance is located remains unanswered in spite of
powerful experimental methods that have been brought
to bear on this question. On the basis of vibrating probe
analysis and Ca2+-imaging, the majority view considers
stellate cells as providing the pathway for transepithelial
Cl2 secretion (Dow et al., 1998; O’Donnell et al. 1996,
1998), where the leucokinins are thought to act on stel-
late cells to open Ca2+-activated Cl2 channels via elev-
ation of intracellular Ca2+ (O’Donnell et al., 1998).
Recent patch clamp studies in our laboratory of the api-
cal membrane of stellate cells ofAedes Malpighian
tubules (O’Connor and Beyenbach, 2000) have revealed
two types of Cl2 channels. The most frequently observed
Cl2 channel has a conductance of 27 pS, a mean open
dwell time of 304 ms, and a open probability of 0.53 at
O mV in excised patches. Up to five channels of this
channel were often observed in the same patch pipette
with 10–20 MV resistances, suggesting a high channel
density in apical membrane patches. The second type
had a 5 pS conductance, a mean open dwell time of 7.5
ms, and an open probability of 0.07 at O mV in excised
patches. Whether these apical membrane Cl2 channels
participate in transepithelial Cl2 secretion under control
conditions and/or leucokinin-stimulated diuresis remains
to be determined.

Our laboratory holds the minority view of a paracellu-
lar pathway of Cl2 through a single barrier, septate junc-
tions, for the reasons discussed above. Opposition to our
view stems largely from the requirement of giving sep-
tate junctions channel-like properties that are regulated
via intracellular signal pathways. However, paracellular
pathways in vertebrate epithelia are widely appreciated
to possess channel-like properties controlled and regu-
lated by intracellular signaling pathways involving Ca2+,
protein kinase C, G-protein, phospholipase A2 and phos-
pholipase C (Anderson and Van Itallie, 1995; Denker

and Nigam, 1998; Gasbarrini and Montalto, 1999;
Kovbasnjuk et al., 1998; Madara, 1998; Perez et al.,
1997; Stein and Kottra, 1997). The first tight-junctional
protein to provide a paracellular pathway for a cation,
paracellin-1, has recently been discovered in the human
kidney (Simon et al., 1999). Paracellin-1 offers a Mg2+-
selective pathway through tight junctions of the thick
ascending limb of the Loop of Henle. Significantly, the
thick ascending limb of the Loop of Henle is the major
site of renal Mg2+ homeostasis in the kidney (Quamme,
1997). Furthermore, nearly 100% of transepithelial Mg2+

reabsorption is passive, driven through the paracellular
pathway (paracellin-1) by the transepithelial voltage
(DeRouffignac et al., 1993; Quamme, 1993; Wittner et
al., 1993). The situation may be similar in Malpighian
tubules of Aedes aegypti, where transepithelial Cl2

secretion is also passive, driven by the transepithelial
voltage through a Cl2-selective septate junctional pro-
tein. Analogues of vertebrate tight junction proteins have
already been found in insect septate junctions (Willott
et al., 1993).

4.4. Block of shunt conductance by I2 and F2

Transepithelial diffusion potentials generated by the
replacement of Cl2 with isethionate climbed to maximal
values and remained at plateau values until the bath was
returned to control Cl2 concentration again (Fig. 2, Fig.
3, Fig. 5). In contrast, diffusion potentials generated by
the replacement of Cl2 with I2 or F2 climbed briefly to
peak voltages from where they decayed towards zero
(Fig. 2b, Fig. 3, Fig. 4, Fig. 5). Measurements of trans-
epithelial resistance give insight into the decay of dif-
fusion potentials (Fig. 4). As the transepithelial diffusion
potential declines towards zero in the presence of F2

(Fig. 4a), the transepithelial shunt resistance increases
eight-fold, from 1.6 to 12.5 KVcm. Likewise, as the
transepithelial diffusion potential declines towards zero
in the presence of I2 (Fig. 4b), the transepithelial shunt
resistance increases six-fold, from 1.9 to 11.6 KVcm.
Such large increases in shunt resistance indicate the
block of the shunt conductance by F2 and I2. Coulombic
interactions between the halide and the shunt pathway
may explain conductance block, where strong interac-
tions may lead to binding of F2 and I2, thereby blocking
the diffusion pathway for Cl2 and decreasing its dif-
fusion potential (Fig. 2b, Fig. 3, Fig. 4, Fig. 5). This
conclusion is supported by finding that blockade of the
shunt pathway by F2 and I2 is especially effective under
conditions of high shunt conductance and selectivity
(presence of LK-VIII) when the shunt pathway offers
high electrical field strength (Eisenman sequence III;
Fig. 3, Fig. 4, Fig. 5).

After channel block by F2 or I2 the shunt selectivity
sequence reverts to sequence I again, which is expected
from channel block by these anions. However, upon



274 M.-J. Yu, K.W. Beyenbach / Journal of Insect Physiology 47 (2001) 263–276

wash-out of F2 or I2 the shunt pathway returns to selec-
tivity sequence III that was induced by leucokinin-VIII.

4.5. Fluoride, a highly reactive halide

Next to blocking the shunt conductance induced by
LK-VIII, high concentrations of F2 in the peritubular
bath has two additional effects in Malpighian tubules of
Aedes aegypti. It inhibits the active transepithelial trans-
port through principal cells, mimicking the effects of
dinitrophenol, and it stimulates the shunt pathway, mim-
icking the effects of LK-VIII.

Fluoride duplicates the effects of DNP by triggering
the fall of the transepithelial voltage to values close to
zero in parallel with the increase in transepithelial resist-
ance (Fig. 2a, Fig. 6). Fluoride is known to inhibit gly-
colysis (Marquis, 1995) and consequently ATP syn-
thesis, suggesting that withholding ATP from active
transport (by either DNP or F2) inhibits the active trans-
port pathway through principal cells. Indeed, recent two-
electrode voltage clamp studies in principal cells have
shown, that 142.5 mM F2 in the peritubular bath reversi-
bly increases the transcellular resistance more than 10-
fold, like DNP (Beyenbach and Masia, 2000; Masia et
al., 2000).

High concentrations of peritubular F2 (142.5 mM)
mimic the effects of LK-VIII by (1) causing transepi-
thelial voltage and resistance to fall to values similar to
those observed in the presence of LK-VIII, and (2)
inducing transepithelial halide selectivity sequence III,
like LK-VIII (Fig. 5, Fig. 6). Mimicry by F2 of the
effects of LK-VIII is only observed after returning the
tubule to its normal Ringer bath (Fig. 5, Fig. 6). It can
not be observed in the presence of F2 because of the
additional effects of F2 on cell metabolism and shunt
conductance block (Fig. 4, Fig. 6).

Duplication by F2 of the effects of leucokinin-VIII
on the shunt pathway suggests mediation via G-protein.
Fluoride is known to form a complex with trace quan-
tities of aluminum present in commercial preparations of
nucleotides and disposable glass test tubes to yield
AlF4

2 which stimulates cellular heterotrimeric G-protein
(Sternweis and Gilman, 1982). AlF4

2 is thought to
stimulate G-protein by mimicking theγ-phosphate of
GTP (Bigay et al., 1987). Although mediation of the
effects of leucokinin via G-protein has not been demon-
strated directly in Malpighian tubules, the circumstantial
evidence is quite strong. The three leucokinins ofAedes
aegypti, ALP I, II, and III, that were isolated by Veenstra
(1994), all significantly increased intracellular IP3 con-
centrations inAedesMalpighian tubules. Synthesis of IP3

is dependent on phospholipase C activity that increases
upon stimulation by G-protein. IP3 is known to cause
the release of Ca2+ from IP3-sensitive intracellular Ca2+

stores in a variety of cells, including epithelial cells of
Malpighian tubules. O’Donnell et al. (1996) observe an

increase in cytosolic Ca2+ in stellate cells ofDrosophila
Malpighian tubules after stimulation with leucokinin.
Furthermore, the effects of leucokinin-VIII on transepi-
thelial voltage and resistance ofAedes Malpighian
tubules can be duplicated by A23187, a Ca2+-ionohore
that is expected to increase cytosolic free Ca2+ concen-
trations (Clark et al., 1998). Preliminary studies inAedes
Malpighian tubules show that Ca2+ from an intracellular
store is needed to trigger the effect of LK-VIII on shunt
conductance, and that extracellular Ca2+ is needed to
maintain the high conductance of the shunt pathway (Yu
and Beyenbach, 2000). Finally, the first receptor of a
leucokinin-like peptide that has been isolated from the
central nervous system of the pond snail appears to be
coupled to G-protein (Cox et al., 1997). Accordingly,
neuropeptides of the large family of leucokinins may
employ G-proteins not only in postsynaptic signal trans-
duction (in the pond snail), but also in electrolyte and
fluid transport across Malpighian tubules.
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