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There are two major transport pathways across
epithelia: a transcellular pathway through cells and a
paracellular pathway between cells. Previous
electrophysiological studies in mosquito Malpighian
tubules suggested that the neuropeptide leucokinin-VIII
(LK-VIII) increases the chloride permeability of the
paracellular pathway. To test the effect of LK-VIII on the
paracellular pathway further, we measured transepithelial
permeabilities of inulin and sucrose in isolated Malpighian
tubules from the mosquito Aedes aegypti. Cell membranes
are impermeable to inulin and sucrose, leaving the
paracellular pathway as the only route for their
transepithelial permeation. LK-VIII (10−6 mol l−1)
significantly increased transepithelial permeability to both

inulin (by 73.8 %) and sucrose (by 32.4 %) in parallel with
a significant increase in rates of transepithelial fluid
secretion (by 75–90 %). Cyclic adenosine monophosphate
(cyclic AMP, 10−4 mol l−1), which is known to stimulate
transcellular transport, also increased rates of
transepithelial fluid secretion (by 57–59 %), but it did so
without increasing the permeability to sucrose and inulin.
Thus, LK-VIII increases the permeability of the
paracellular pathway whereas cyclic AMP does not.

Key words: insect neuropeptide, epithelial transport, inulin, sucrose,
paracellular pathway, cyclic adenosine monophosphate, mosquito,
Aedes aegypti.

Summary
The Malpighian tubule of the yellow fever mosquito
consists of two types of epithelial cells, principal cells and
stellate cells, which define the transcellular transport pathway
(Beyenbach, 1995). The space between these epithelial cells,
including tight junctions (septate junctions in insects), defines
the paracellular transport pathway (Bradley and Snyder,
1989). Frömter and Diamond (1972) were the first to
recognize the important role of the paracellular pathway in
determining the general function of an epithelium. A high
permeability of this pathway makes the epithelium suitable
for high rates of transepithelial transport, as in ‘leaky
epithelia’, whereas a low permeability of this pathway makes
the epithelium more suitable for storage functions, as in ‘tight
epithelia’. Since epithelia have control over their relative
leakiness or tightness, there is considerable interest in the
physiological regulation of the paracellular pathway
(Anderson and van Itallie, 1995).

The leucokinins are a class of insect neuropeptides that were
first isolated from the cockroach Leucophaea maderae by
Holman et al. (1987). They increase fluid secretion by
Malpighian tubules (Hayes et al. 1989), and they stimulate
contractions of the insect hindgut (Holman et al. 1991). Thus,

Introduction
uthor for correspondence (e-mail: KWB1@Cornell.edu).
leucokinins functionally couple Malpighian tubules and
hindgut for the rapid excretion of unwanted solutes and fluid.

At the level of Malpighian tubules, leucokinin-VIII
increases transepithelial fluid secretion by increasing a Cl−

permeability that cannot be localized in principal cells
(Pannabecker et al. 1993). Moreover, leucokinin-VIII changes
the Malpighian tubule from a moderately tight epithelium to a
leaky epithelium, pointing to an increase in paracellular
permeability (Pannabecker et al. 1993).

The purpose of this study, then, was to determine whether
leucokinin-VIII increases paracellular permeability. Since cell
membranes are impermeable to inulin and sucrose, they
provide convenient markers of transport between epithelial
cells through the paracellular pathway. Thus, if leucokinin-
VIII increases paracellular permeability, it will increase the
transepithelial permeability to inulin or sucrose.

Materials and methods
General experimental design

Malpighian tubules were isolated from females of the
yellow fever mosquito (Aedes aegypti) and prepared for in
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vitro measurements of transepithelial fluid secretion by the
method of Ramsay (1954) modified by us as described
previously (Pannabecker et al. 1993). In each tubule
experiment, rates of transepithelial fluid secretion and isotopic
inulin (or sucrose) flux were first measured for 30 min in the
absence of leucokinin and then for 30 min in the presence of
leucokinin. Thus, each tubule served as its own control,
allowing statistical analysis using the Student’s t-test for
paired samples (control versus experiment). Data are
presented as means ± S.E.M.; statistical significance is
considered for values of P<0.05.

Mosquitoes

Adult female mosquitoes, 3–7 days post-emergence, were
used in this study. Mosquitoes were reared as described by
Pannabecker et al. (1993) and maintained in a controlled
environment at 26 °C and a light:dark cycle of 12 h:12 h. The
mosquitoes were fed 3 % sucrose ad libitum.

Ringer’s solutions

Mosquito Ringer solution was prepared fresh on the day of
the experiment and contained (in mmol l−1): NaCl, 150; KCl,
3.4; NaHCO3, 1.8; CaCl2, 1.7; MgSO4, 1; Hepes, 25; glucose,
5; and NaOH, 7.5. The pH was adjusted to 7.1. The osmolarity
of this Ringer solution was approximately 320 mosmol l−1.
This Ringer solution was used to isolate Malpighian tubules
and to bathe them during the experiments. For measurements
of transepithelial inulin and sucrose permeability, the
peritubular Ringer bath (50 µl volume) was supplemented with
[14C]inulin or [14C]sucrose (Sigma) to yield a specific activity
of 740 kBq ml−1. Synthetic leucokinin-VIII was made in the
laboratory of T. K. Hayes (Texas A&M University) and used
at a concentration of 10−6 mol l−1 (Hayes et al. 1989). Dibutyryl
cyclic AMP (db-cAMP) was purchased from Sigma and used
at a concentration of 10−4 mol l−1.

Measurement of experimental variables

Rates of transepithelial fluid secretion were measured as
described previously (Petzel et al. 1987). After a 30 min
control (or experimental) period, the secreted fluid that had
accumulated at the open end of the tubule (suspended in oil)
was collected with a pipette and expelled into oil. The diameter
of this droplet was measured for the determination of volume.
The droplet was subsequently transferred to a scintillation vial
containing 200 µl of milli-Q water to which 3 ml of scintillation
fluid (ACS, Amersham) was added. A peritubular bath sample
was prepared for 14C counting in the same way. A Beckman
LS6800 liquid scintillation counter was used in the channel
ratio mode to correct for quenching.

The diffusion of non-electrolytes such as sucrose (or inulin)
across isolated Malpighian tubules is described by the Fick
equation (equation 1):

Jsolute = Psolute∆[solute] , (1)

where Jsolute is the rate of transepithelial sucrose or inulin
secretion, i.e. the product of the rate of transepithelial fluid
secretion and the concentration of sucrose or inulin in the
secreted fluid, Psolute is the transepithelial sucrose permeability,
and ∆[solute] is the difference between the solute
concentrations in the peritubular medium and secreted fluid.
Solute concentration was calculated from the known specific
activities of 14C-carboxylated inulin (111 MBq g−1) and sucrose
(12.65 GBq mmol−1). Since the units of flux and concentration
difference are mol min−1 and mol l−1, respectively, it follows
that solute permeability has the dimensions of volume/time in
the present study. The conventional dimensions of permeability
are length/time, which requires an exact knowledge of the
surface area of the Malpighian tubule available for the transport
of inulin or sucrose. Since this surface area is not known, we
measure permeability as volume/time. However, tubule surface
area remains the same throughout each experiment since each
tubule is used as its own control.

Results
Variation of control data

Rates of transepithelial fluid secretion in isolated Malpighian
tubules of Aedes aegypti are known to be quite variable
(Beyenbach and Oviedo, 1993). The present study conducted
over the course of 2 years using different populations of Aedes
aegypti again illustrated the appreciable variability of measured
baseline parameters (Figs 1, 2). To allow for this variability,
each tubule was used as its own control.

The sham experiment

Since isolated Malpighian tubules are disturbed when
secreted fluid is collected and when leucokinin-VIII or db-
cAMP is added to the peritubular bath, it was important to
show that these manipulations did not lead to artifactual
changes in fluid secretion rate and epithelial permeability.
Accordingly, seven Malpighian tubules were studied in a sham
experiment that included all experimental steps except the
inclusion of leucokinin-VIII or cyclic AMP when the
peritubular Ringer was changed for the experimental period.
During the control period, the mean rate of fluid secretion was
0.80±0.10 nl min−1 and the mean sucrose permeability was
249±20 pl min−1 (mean ± S.E.M., N=7 tubules). During the sham
period, the mean rate of fluid secretion was 0.86±0.14 nl min−1

and the mean sucrose permeability was 274±43 pl min−1.
Neither change in fluid secretion rate nor sucrose permeability
reached statistical significance.

Effects of leucokinin-VIII on fluid secretion and sucrose
permeability

Leucokinin-VIII significantly increased transepithelial
fluid secretion from 0.63±0.04 nl min−1 (control) to 1.20±
0.05 nl min−1 (Fig. 1A). In parallel, the permeability of the
tubule to sucrose increased significantly from 101.8±15.0 to
134.8±19.4 pl min−1 (Fig. 1A).

Effects of db-cAMP on fluid secretion and sucrose
permeability

The nucleotide db-cAMP (10−4 mol l−1) increased
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Fig. 1. Effects of leucokinin-VIII (LK-VIII) (A) and dibutyryl cyclic
AMP (cAMP) (B) on rates of transepithelial fluid secretion (left
ordinate) and sucrose permeability (right ordinate) in isolated
Malpighian tubules of Aedes aegypti. Data are means + S.E.M. Con,
control tubules; NS, not significant.
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Fig. 2. Effects of leucokinin-VIII (LK-VIII) (A) and dibutyryl cyclic
AMP (cAMP) (B) on rates of transepithelial fluid secretion (left
ordinate) and inulin permeability (right ordinate) in isolated
Malpighian tubules of Aedes aegypti. Data are means + S.E.M. Con,
control tubules; NS, not significant.
transepithelial fluid secretion significantly from 0.80±
0.09 nl min−1 (control) to 1.26±0.17 nl min−1 (Fig. 1B). In
contrast, the increase in sucrose permeability from 
144.9±23.0 pl min−1 to 157.4±23.5 pl min−1 was not significant
(Fig. 1B).

Effects of leucokinin-VIII on fluid secretion and inulin
permeability

Leucokinin-VIII increased transepithelial fluid secretion
significantly from 0.57±0.05 nl min−1 (control) to
1.00±0.11 nl min−1 (Fig. 2A). In parallel, the permeability of
the tubule to inulin increased significantly from 18.7±3.6 to
32.5±5.7 pl min−1 (Fig. 2A).
Effects of db-cAMP on fluid secretion and inulin
permeability

The nucleotide db-cAMP (10−4 mol l−1) increased
transepithelial fluid secretion significantly from
0.49±0.04 nl min−1 (control) to 0.78±0.08 nl min−1 (Fig. 2B).
In contrast, the decrease in inulin permeability from 28.1±6.8
to 27.0±7.2 pl min−1 was not significant (Fig. 2B).

Discussion
Unusual effects of leucokinin-VIII

In a previous study that probed the mechanism of action of
leucokinin-VIII in Malpighian tubules, we made the unusual
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observation that this insect octapeptide transformed a
moderately tight epithelium to a leaky epithelium in a matter
of seconds (Pannabecker et al. 1993). No sooner had
leucokinin-VIII entered the perfusion bath than multiple
electrophysiological changes followed in parallel: (1) the
transepithelial voltage dropped from 59 to 6 mV, (2) the
transepithelial resistance fell from 58 to 10 Ω cm2, and (3) the
basolateral and apical membrane voltages of principal cells
hyperpolarized and depolarized, respectively, to meet at
voltages between 90 and 100 mV. These electrophysiological
changes are expected from an epithelium that short-circuits
itself, and such self-short-circuiting had not been observed
before, let alone induced by an extracellular neuropeptide such
as leucokinin-VIII. Moreover, these effects of leucokinin-VIII
were dependent on the presence of Cl− in the extracellular
solutions. The symmetrical transepithelial Cl− diffusion
potentials and the increased magnitude of these potentials for
bath-to-lumen- and lumen-to-bath-directed Cl− gradients after
treatment with leucokinin-VIII suggested that the principal
effect of leucokinin-VIII was to increase the Cl− permeability
of the paracellular pathway. This hypothesis seemed to be
supported by the non-selective increase in transepithelial
secretion rates of both NaCl and KCl as the mechanism for
increasing transepithelial fluid secretion (Pannabecker et al.
1993), but definitive proof of the increase in paracellular
permeability was lacking.

The significant barrier to paracellular transport in epithelia
is the tight junction, in insects referred to as septate junctions
(Frömter and Diamond, 1972; Bradley and Snyder, 1989).
Unfortunately, ‘tight’ junction is a misnomer that suggests an
absolute barrier (Cereijido, 1992). Since Frömter’s and
Diamond’s discovery of the important role of the paracellular
pathway in the physiology of epithelia, numerous studies have
shown that junctional barriers are not absolute and that solute
and water permeabilities can vary over several orders of
magnitude in different epithelia (Frömter and Diamond, 1972;
Powell, 1981; Anderson and van Itallie, 1995). That an insect
neuropeptide such as leucokinin-VIII had the power to alter
junctional permeability in a single epithelium had not been
observed before (Pannabecker et al. 1993). Accordingly, the
uniqueness of this observation required that we obtain
independent confirmation of rapid, reversible physiological
changes in junctional permeability.

Junctional permeability

Tight junctions display ionic permselectivities (Tabei and
Imai, 1986; Bakker and Groot, 1989; Weinstein et al. 1989).
In Malpighian tubules of Aedes aegypti, the junctions are
permselective to Cl− (Pannabecker et al. 1993). This junctional
Cl− permeability offers a paracellular pathway for Cl−,
allowing Cl− to serve as a counterion for the cations Na+ and
K+ that are secreted across the epithelium by energy-
dependent, and therefore transcellular, pathways (Beyenbach,
1995). Thus, transcellular secretion of Na+ and K+ is
electrically coupled to paracellular secretion of Cl−, and rates
of NaCl and KCl secretion increase when paracellular Cl−
permeability increases in the presence of leucokinin-VIII
(Pannabecker et al. 1993; Beyenbach, 1995). In addition to
offering an electrodiffusive pathway for ions, junctions also
offer a transepithelial pathway for molecules as large as
sucrose and inulin (O’Donnell and Maddrell, 1983; Skaer et
al. 1987; Whittembury et al. 1986; Hernandez et al. 1995).
Hence, if transepithelial permeability to sucrose or inulin
increases in the presence of leucokinin-VIII, a mechanism
involving junctions would be indicated.

As shown in the present study, Malpighian tubules are
permeable to sucrose and inulin (Figs 1, 2). However,
permeabilities are low. First, concentrations of sucrose in fluid
secreted into the tubule lumen were one-sixth of the
concentrations in the peritubular Ringer medium where
sucrose was added. Concentrations of inulin in secreted fluid
were even lower, only 1/22 the concentration in the peritubular
Ringer. Second, under control conditions, the permeability of
Malpighian tubules to sucrose was approximately eight times
greater than the permeability to inulin. These differences
probably reflect the different cross-sectional diameters of these
molecules: 1.5 nm for inulin and 0.9 nm for sucrose (Ma et al.
1995; Bhakdi et al. 1986). Although leucokinin-VIII
significantly increased permeability to inulin and sucrose, these
permeabilities are still orders of magnitude lower than Cl−

permeabilities.

Mechanisms of paracellular transport

In a recent study of paracellular permeation in Malpighian
tubules of Rhodnius prolixus, Hernandez et al. (1995) have
examined the transepithelial flux of a number of extracellular
fluid markers in relation to transepithelial water flow. Good
correlation between transepithelial solute and water flow was
observed in the case of small solutes such as sucrose, indicating
entrainment of solute by water, i.e. solvent drag. No
correlations were observed between the transepithelial flux of
inulin and water flow, indicating the movement of inulin across
the epithelium by diffusion (Whittembury et al. 1986).
Analyses of other solute and water fluxes suggested that
solvent drag of small molecules takes place through a slit
1.1 nm wide, presumably located in the paracellular pathway
of Rhodnius Malpighian tubules. Our studies in Aedes
Malpighian tubules confirm these observations in Rhodnius.
We consistently observed good correlations (0.58<r<0.87)
between the net secretory flux of sucrose and rates of
transepithelial fluid secretion, but we did not observe any
correlations between inulin and fluid secretion. Thus, the
paracellular pathways in Malpighian tubules of Aedes and
Rhodnius appear to be functionally similar in providing
transepithelial extracellular routes for diffusion of large
molecules and for solvent drag of small molecules.

Effects on the paracellular pathway in general, and on tight
junctions in particular, have always been difficult to prove
since one cannot always rule out effects on the transcellular
pathway. In this regard the known effects of db-cAMP on
transepithelial electrolyte and fluid secretion in Aedes
Malpighian tubules served as a welcome negative control. The
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nucleotide is known to stimulate transepithelial secretion of
NaCl (and water) because of its selective effect on the
transcellular pathway, where it increases the Na+ conductance
of the basolateral membrane of principal cells (Sawyer and
Beyenbach, 1985). Thus, db-cAMP primarily affects
transcellular transport pathways. In the present study, db-
cAMP significantly increased transepithelial fluid secretion but
it had no effect on the permeabilities of inulin and sucrose. In
contrast, leucokinin-VIII increased transepithelial permeability
to inulin and sucrose while increasing transepithelial fluid
secretion (Figs 1, 2). These results confirm independent
mechanisms for stimulating transepithelial fluid secretion in
Aedes Malpighian tubules: (1) stimulation of Na+-dependent,
transcellular transport by cyclic AMP (Beyenbach and Petzel,
1987), and (2) stimulation of Cl−-dependent, paracellular
transport by leucokinin-VIII (Pannabecker et al. 1993). In the
present study, both cyclic AMP and leucokinin-VIII increased
fluid secretion as well as transepithelial net secretion of inulin
and sucrose. But only leucokinin-VIII increased the
transepithelial permeability to inulin and sucrose. Since inulin
and sucrose are confined to the extracellular space, this
increase must take place in the paracellular pathway. Thus, the
conclusion from this study is that leucokinin-VIII increases
junctional permeability in Aedes Malpighian tubules, and the
marked drop in transepithelial resistance and the self-short-
circuiting of the Malpighian tubule that we previously
observed in the presence of leucokinin-VIII stem largely from
the increase in paracellular permeability (Pannabecker et al.
1993).

As to the mechanisms that couple leucokinin-VIII to the
increase in junctional permeability in Malpighian tubules,
studies of vertebrate tight junctions provide the first ideas of
how septate junctions might be regulated in insects. In brief,
vertebrate tight junctions are associated with integral and
peripheral membrane proteins that interact with the cell
cytoskeleton, in particular a perijunctional ring of actin and
myosin. Contractions of this perijunctional ring are thought to
affect tight junction structure and permeability (Madara, 1989).
The dynamic regulation of this perijunctional ring via
intracellular signalling pathways is presently considered to be
the clearest mechanism for the regulation of tight junctional
permeability (Anderson and van Itallie, 1995).
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as undergraduate theses in fulfillment for graduating from
Cornell with Honors in Biology.

References
ANDERSON, J. M. AND VAN ITALLIE, C. M. (1995). Tight junctions and

the molecular basis for regulation of paracellular permeability. Am.
J. Physiol. 269, G467–G475.

BAKKER, R. AND GROOT, J. A. (1989). Further evidence for the
regulation of the tight junction ion selectivity by cyclic AMP in
goldfish intestinal mucosa. J. Membr. Biol. 111, 25–36.
BEYENBACH, K. W. (1995). Mechanism and regulation of electrolyte
transport in Malpighian tubules. J. Insect Physiol. 41, 
197–207.

BEYENBACH, K. W. AND OVIEDO, A. (1993). Malpighian tubules of
Aedes aegypti: Five tubules, one function. J. Insect Physiol. 39,
639–648.

BEYENBACH, K. W. AND PETZEL, D. H. (1987). Diuresis in mosquitoes:
role of a natriuretic factor. News physiol. Sci. 2, 171–175.

BHAKDI, S., MACKMAN, N., NICAUD, J. M. AND HOLLAND, I. B. (1986).
Escherichia coli hemolysin may damage target cell membranes by
generating transmembrane pores. Infect. Immun. 52, 63–69.

BRADLEY, T. J. AND SNYDER, C. (1989). Fluid secretion and
microvillar ultrastructure in mosquito Malpighian tubules. Am. J.
Physiol. 257, R1096–R1102.

CEREIJIDO, M. (1992). Evolution of ideas on the tight junction. In
Tight Junctions (ed. M. Cereijido), pp. 1–13. Boca Raton, FL: CRC
Press.

FRÖMTER, E. AND DIAMOND, J. M. (1972). Route of passive ion
permeation in epithelia. Nature New Biol. 235, 9–13.

HAYES, T. K., PANNABECKER, T. L., HINCKLEY, D. J., HOLMAN, G.
M., NACHMAN, R. J., PETZEL, D. H. AND BEYENBACH, K. W.
(1989). Leucokinins, a new family of ion transport stimulators
and inhibitors in insect Malpighian tubules. Life Sci. 44,
1259–1266.

HERNANDEZ, C. S., GONZALEZ, E. AND WHITTEMBURY, G. (1995). The
paracellular channel for water secretion in the upper segment of the
Malpighian tubule of Rhodnius prolixus. J. Membr. Biol. 148,
233–242.

HOLMAN, G. M., COOK, B. J. AND NACHMAN, R. J. (1987). Isolation,
primary structure and synthesis of leucokinins VII and VIII: the
final members of the new family of cephalomyotropic peptides
isolated from head extracts of Leucophaea maderae. Comp.
Biochem. Physiol. 88, 31–34.

HOLMAN, G. M., NACHMAN, R. J., SCHOOFS, L., HAYES, T. K., WRIGHT,
M. S. AND DELOOF, A. (1991). The Leucophaea maderae hindgut
preparation: a rapid and sensitive bioassay tool for the isolation of
insect myotropins of other insect species. Insect Biochem. 21,
107–121.

MA, T. Y., HOLLANDER, D., ERICKSON, R. A., TROUNG, H., NGUYEN,
H. AND KRUGLIAK, P. (1995). Mechanism of colonic permeation of
inulin: is rat colon more permeable than small intestine?
Gastroenterology 108, 12–20.

MADARA, J. L. (1989). Loosening tight junctions. Lessons from the
intestine. J. clin. Invest. 83, 1089–1094.

O’DONNELL, M. J. AND MADDRELL, S. H. P. (1983). Paracellular and
transcellular routes for water and solute movements across insect
epithelia. J. exp. Biol. 106, 231–253.

PANNABECKER, T. L., HAYES, T. K. AND BEYENBACH, K. W. (1993).
Regulation of epithelial shunt conductance by the peptide
leucokinin. J. Membr. Biol. 132, 63–76.

PETZEL, D. M., BERG, M. M. AND BEYENBACH, K. W. (1987).
Hormone-controlled, cAMP-mediated fluid secretion in yellow
fever mosquito. Am. J. Physiol. 253, 701–711.

POWELL, D. W. (1981). Barrier function of epithelia. Am. J. Physiol.
241, G275–G288.

RAMSAY, J. A. (1954). Active transport of water by the Malpighian
tubules of the stick insect, Dixippus morosus (Orthoptera,
Phasmidae). J. exp. Biol. 31, 104–113.

SAWYER, D. B. AND BEYENBACH, K. W. (1985). Dibutyryl-cyclic AMP
increases basolateral sodium conductance of mosquito Malpighian
tubules. Am. J. Physiol. 248, R339–R345.



2542 S. WANG AND OTHERS
SKAER, H. L., MADDRELL, S. H. P. AND HARRISON, J. B. (1987). The
permeability properties of septate junctions in Malpighian tubules
of Rhodnius. J. Cell Sci. 88, 251–265.

TABEI, K. AND IMAI, M. (1986). Permselectivity for cations over
anions in the upper portion of descending limbs of Henle’s Loop
of long-loop nephron isolated from hamsters. Pflügers Arch. Eur.
J. Physiol. 406, 279–284.

WEINSTEIN, S. W., JONES, S. M. AND WEINSTEIN, R. J. (1989).
Evidence that alteration of charge modifies proximal tubular
shunt pathway permselectivity. Am. J. Physiol. 257,
F1079–F1086.

WHITTEMBURY, G., BIONDI, A. C., PAZ-ALIAGA, A., LINARES, H.,
PARTHE, V. AND LINARES, N. (1986). Transcellular and paracellular
flow of water during secretion in the upper segment of the
Malpighian tubule of Rhodnius prolixus: solvent drag of molecules
of graded size. J. exp. Biol. 123, 71–92.


