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Summary. Isolated Malpighian tubules of the yellow fever mos- 
quito Aedes aegypti spontaneously secrete NaCI, KCI and water 
across an epithelium of modest transepithelial resistance (40-80 
~cm 2) and high transepithelial voltage (30-70 mV, lumen posi- 
tive). Transepithelial electrochemical potentials indicate that Na 
and K are secreted by active and CI by passive transport mecha- 
nisms. The addition of synthetic leucokinin-VIII (LK-VIII, in- 
sect myotropic peptide) to the peritubular bath significantly in- 
creases the rates of transepithelial NaC1, KC1 and water 
secretion. In parallel, LK-VIII depolarizes the transepithelial 
voltage from 59.3 to 5.7 mV, decreases the transepithelial resis- 
tance from 57.7 to 9.9 ~cm 2, and renders the basolateral and 
apical membrane voltages nearly equipotential ( -  -90  mV). 
Unilateral step changes of the [CI] in the peritubular bath or 
tubule lumen elicit small transepithelial C1 diffusion potentials in 
the absence of LK-VIII but large transepithelial C1 diffusion po- 
tentials, up to 85% of Nernst equilibrium potentials, in the pres- 
ence of LK-VIII. In Malpighian tubules treated with dinitrophe- 
nol for estimates of the shunt resistance R~h, LK-VIII reduces 
Rsh from 52.5 to 5.8 ~cm 2. Bilateral reductions of the CI concen- 
tration in tubule lumen and peritubular bath fully restore Rsh to 
55.8 l~cm 2 in the presence of LK-VIII. LK-VIII has no effects 
when presented from the luminal side. These results suggest that 
LK-VIII increases the CI conductance of the epithelial shunt via 
a receptor located at the basolateral side of the epithelium. 
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Introduction 

Malpighian tubules, the organs of salt and water 
excretion in insects, initiate renal regulation of 
extracellular fluid homeostasis by transepithelial 
secretion rather than glomerular filtration. The tu- 
bules are suspended in the hemolymph (extracellu- 
lar fluid) of the insect abdomen and are anchored to 
the hindgut into which they empty their secretions 
(Fig. 1). Malpighian tubules of the yellow fever 
mosquito Aedes aegypti secrete a nearly isosmotic 
fluid containing NaC1 and KC1 as the principal elec- 
trolytes and osmolytes (Williams & Beyenbach, 

1983; Beyenbach & Petzel, 1987). Secretion of KC1 
and NaC1 takes place across a single layer of epithe- 
lial cells of modest transepithelial electrical resis- 
tance (40-80 ~ c m  2) and large transepithelial lumen- 
positive voltage (Williams & Beyenbach, 1984). 
Evaluation of electrochemical potentials in the peri- 
tubular fluid and the tubule lumen show that Na and 
K are secreted by active transport mechanisms 
(against the electrochemical potential) and that se- 
cretion of C1 is passive and driven by electrochemi- 
cal potentials (Williams & Beyenbach, 1984). Cur- 
rent models of transepithelial transport across 
Malpighian tubules view Na and K taking active 
transport pathway(s) through the principal cells 
(Maddrell, 1978; Phillips, 1981, 1983; Beyenbach & 
Petzel, 1987; Wieczorek et al., 1989; Bertram et al., 
1991). The transepithelial pathway(s) taken by the 
counterion C1 during secretion into the tubule lu- 
men are unknown, even though the removal of C1 
from the peritubular bathing Ringer solution brings 
the secretion of NaCl, KCI and water to a halt (un- 
published observations). 

The leucokinins are a family of invertebrate 
neuropeptides isolated from the head and ganglia of 
the cockroach Leucophaea maderae (Holman et 
al., 1986a,b, 1987a,b). They are all octapeptides 
which share a common C-terminal pentapeptide 
amide which is required for biological activity. This 
structural feature is shared with the tachykinin fam- 
ily of vertebrate peptides (substance P), which also 
exhibit a common C-terminal pentapeptide amide 
and a highly variable amino acid composition to- 
wards the N-terminal end. While tachykinins are 
known to (i) lower blood pressure, (ii) stimulate in- 
testinal and genito-ufinary smooth muscle, (iii) in- 
crease salivary, lachrymal and pancreatic secretion, 
and (iv) stimulate ileal electrolyte transport (Erspa- 
mer, 1981), only two functions are known for the 
leucokinins: the increase of hindgut motility in the 
cockroach (Holman et al., 1991), and the increase of 
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Fig. 1. Schematic diagram of the excretory system in the yellow 
fever mosquito, A. aegypti. Urine formation is initiated by tubu- 
lar secretion in five Malpighian tubules suspended in the hemo- 
lymph of the abdominal cavity. Secreted fluid empties into the 
gut at the junction of the midgut and hindgut. The cutout shows a 
distal segment of the blind-ended Malpighian tubule and its two 
cell types, principal and stellate cells. When bathed in Ringer 
solution containing, among other solutes, 150 mM NaCI and 3.4 
mM KCI, isolated Malpighian tubules secrete a fluid into the 
lumen containing 143 mN NaC1 and 76 mN KC1 as the principal 
osmolytes (Williams & Beyenbach, 1983). 

t r ansep i the l i a l  fluid s e c r e t i o n  in i so la ted  Malp igh ian  
tubules  o f  the  ye l l ow  f e v e r  m o s q u i t o  ( H a y e s  et al.,  

1989). 
P r e l im ina ry  s tudies  in our  l abo ra to ry  h a v e  

s h o w n  tha t  one  o f  the  l eucok in ins ,  l eucok in in -VI I I ,  
i nc rea se s  the  ra tes  o f  t r ansep i the l i a l  NaC1, KC1 and 
fluid sec re t ion .  F u r t h e r m o r e ,  l e u c o k i n i n - V I I I  de- 
po la r i zes  the  t r ansep i the l i a l  vo l t age  n a dose-de-  
p e n d e n t  m a n n e r  to va lues  c lose  to 0 m V ,  an ef fec t  
w h i c h  is d imin i shed  w h e n  the  C1 c o n c e n t r a t i o n  in 
the pe r i t ubu la r  R inge r  ba th  is r e d u c e d  ( H a y e s  et al. ,  
!989). T h e s e  o b s e r v a t i o n s  sugges t  that  l eucokin in-  
V I I I  i nc rea se s  the  CI pe rmeab i l i t y  o f  the ep i the l ium 
t h e r e b y  shor t -c i rcu i t ing  the vo l t age  ac ross  the  epi- 
the l ium.  T h e  e x p e r i m e n t a l  e v i d e n c e  in the p r e sen t  

s tudy suppor t s  this hypo thes i s .  F u r t h e r m o r e ,  prin- 
cipal  cel ls ,  wh ich  p r o v i d e  the p a t h w a y s  for  ac t ive  
t ransep i the l ia l  N a  and K t ranspor t ,  are not  the site 
o f  the i nc r ea se  in epi the l ia l  C1 c o n d u c t a n c e .  Ins t ead  
l e u c o k i n i n - V I I I  i nc reases  the C1 c o n d u c t a n c e  o f  a 
shunt  p a t h w a y  lead ing  to the o b s e r v e d  ef fec ts  on 

tubule  e l e c t r o p h y s i o l o g y  and the s t imula t ion  o f  
t ransep i the l ia l  s ec re t i on  o f  NaC1 and KC1. 

Materials and Methods 

MOSQUITOES AND ISOLATION OF 

MALPIGHIAN TUBULES 

Mosquitoes of the species Aedes aegypti (derived from the NIH 
strain) were reared and maintained in a controlled environment 
at 26~ and a light : dark cycle of 12 : 12 hr. Approximately 200 
eggs were hatched by placing them in a flat pan (30 • 22 cm) 
containing 1.1 liter tap water. After hatching (1 day) the larvae 
were fed a liquid diet consisting of lactalbumin hydrolysate 
(Sigma, St. Louis, MO), yeast hydrolysate (ICN Biochemicals, 
Cleveland, OH), and ground Rat-Mouse- and Hamster chow 
(RMH 3200 chow, Agway, Syracuse, NY). These dry ingredients 
were mixed (equal parts by volume), and 4 g of this mixture was 
added to 30 ml water to yield a suspension that was stored under 
refrigeration. Every other day 2 ml of the suspension was added 
to the rearing pan and gently stirred. It took between five and 
seven days for the larvae to metamorphose to pupae. One day 
after pupation the pupae were transferred to an Erlenmeyer flask 
containing 300 ml fresh tap water. The opening of the flask was 
connected to a mosquito-net-covered plastic bucket to provide a 
crawl surface for adults which usually emerge 2 days later. Adult 
mosquitoes were fed a 3% sucrose diet provided ad lib from an 
inverted test tube plugged with cotton. To initiate reproduction, 
female mosquitoes were allowed to feed on bovine blood (Na- 
citrate 3 g/liter, at 37~ offered through a taut sheet of parafilm. 
Gravid mosquitoes deposited their eggs on the moist, rough sur- 
faces of 6 x 1 cm paper towel strips which lined the inside 
surface of a 500-ml plastic beaker holding 100 ml tap water. 

Experiments were conducted during the light phase and at 
room temperature. Since Malpighian tubules of female mos- 
quitoes are larger in size and therefore easier to manipulate than 
tubules of male mosquitoes, we used only Malpighian tubules of 
female adults ranging in age from three to six days. 

On the day of the experiment, a female mosquito was cold- 
anesthetized, decapitated and then submerged in Ringer solu- 
tion. Securing the thorax with one pair of forceps and pulling on 
the rectum with a second pair freed the gastrointestinal tract to 
which Malpighian tubules are attached from the abdominal cav- 
ity (Fig. 1). The Malpighian tubules were then separated from the 
gastrointestinal tract using forceps and dissection needles. Tu- 
bule segments measuring 0.8 to 1 mm in length were dissected 
from the distal (blind) end of the tubule and teased open at both 
ends for in vitro microperfusion by the method of Burg et al. 
(1966). 

RINGER SOLUTION 

Mosquito Ringer solution was prepared flesh on the day of the 
experiment and contained in raM: NaC1 150, HEPES 25, KC13.4, 
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CaC12 1.7, NaHCO3 1.8, MgC12 0.6, and glucose 5. The pH was 
adjusted to 7.1 using NaOH. C1 was replaced isosmotically with 
isethionate. In solutions containing isethionate the CaC12 con- 
centration was raised to 2.3 mM to keep the free Ca concentra- 
tion unchanged (Pollard et al., 1977). Leueokinin-VIII was syn- 
thesized by one of us (Hayes) and used at a concentration of 10 -6 
M. The uncoupler of oxidative phosphorylation, 2,4-dinitrophe- 
nol (DNP), was used at a concentration of 10 -4 M. 

SYNTHESIS OF L E U C O K I N I N - V I I I  

Leucokinin-VIII is one of eight octapeptides isolated from head 
extracts of the cockroach L. maderae. Its primary structure is 
shown below (Holman et al., 1987b). The peptide sequence com- 
mon to all eight leucokinins and necessary for biological activity 
is in boldface. 

Gly-Ala-Asp- Phe-Tyr-Ser -Trp- Gly-NH2 

1 2 3 4 5 6 7 8 

Leucokinin-VIII was synthesized by solid-phase peptide 
synthesis that utilized a tert-butyloxycarbony (tBoc) protection- 
deprotection strategy designed for the Biosearch 9500 peptide 
synthesizer (Now Milligen Corp., Milford, MA) according to the 
method of Hudson et al. (1986). Reactive side chains of select 
amino acids were protected as follows: Asp, O-benzyl ester; Ser, 
benzyl ether; and Tyr, 2-bromobenzyloxycarbonyl derivative. 
The side chains of the remaining amino acids did not require 
protection. The peptide was assembled on a 4-methyl benzhy- 
drylamine resin, and amino acid coupling was activated by diiso- 
propylcarbodiimide. The initial Gly was coupled to the resin two 
times before the initial tBoc protection was removed for the 
addition of the second amino acid. All other amino acids were 
coupled one time. The peptide was cleaved from the resin with a 
cleavage solution consisting of anisole (1.5 ml/g resin), ethane- 
dithiol (0.5 ml/g resin), and hydrogen fluoride (10 ml/g resin). 
Cleavage was accomplished at -15~ for 30 rain and then at 0~ 
for an additional 30 rain to produce the peptide as C-terminal 
amide. The resin was extensively washed with diethylether; and 
the peptide was extracted with 40% acetic acid and lyophilized to 
dryness. 

The crude lyophilized peptide residue was dissolved in 50% 
acetic acid, clarified and injected for HPLC purification. A 
BioRad TM (Richmond, CA) HiPore C-18 semipreparative column 
(250 x 10 mm) was developed with a 0-70% acetonitrile (MeCN) 
gradient in 5 mM trifluoroacetic acid over 49 min at 2 ml/min and 
31~ The fractions at 32-33 min contained the major peak of UV 
absorbance at 214 nm. Samples of these fractions when injected 
for HPLC analysis (250 x 4.6 mm Vydac TM, analytical C-18 
HPLC column, Hesparia, CA; a gradient of 0-70% MeCN over 
49 min; 1 ml/min) gave a sharp symmetrical peak. The retention 
time of 24.2 min on the analytical system was short enough to 
indicate that the peptide product was completely deblocked and 
had not been alkylated during the cleavage process. 

The peptide was tested for amino acid composition, homo- 
geneity and quantity by PicoTag TM amino acid analysis supplied 
by Waters Associates (Milford, MA) and described by Cohen 
et al. (1984). Samples were hydrolyzed at 105~ for 24 hr by vapor 
phase HCI prior to derivatization. The molar ratios of amino 
acids were consistent with the target structure (GAD- 
FYSWGamide: Asx, 1.2; Ser, 0.9; Gly, 2.0; Ala, 1.0; Tyr, 0.9; 
Phe, 1.0). Trp was not observed in the analysis since this particu- 
lar amino acid is always destroyed by the hydrolysis conditions. 

The intact peptide absorbed UV well at 280 nm indicating that 
Trp was indeed present in the intact peptide. 

MEASUREMENTS OF TRANSEPITHELIAL FLUID 

SECRETION BY THE ]~/~ETHOD OF RAMSAY 

The Ramsay method (Ramsay, 1954) was used to test the effects 
of leucokinin-VIII on (i) transepithelial fluid secretion rate and 
(ii) the concentrations of Na, K, and C1 in secreted fluid. Briefly, 
two to four Malpighian tubules were placed in a 40/xl droplet of 
Ringer solution. The droplet was then covered with light paraffin 
oil and the open end of each tubule was pulled from the Ringer 
solution into the oil so that secreted fluid exited from the tubule 
as a droplet separate from the bathing Ringer. The volume of the 
secreted droplet was calculated from its dimensions measured 
via an ocular micrometer (Petzel, Berg & Beyenbacb, 1987). 

Control rates of fluid secretion were measured by averaging 
the changes in secreted droplet volume over six 5-min intervals. 
Subsequently, 20 /xl of the bathing Ringer was replaced with 
Ringer containing leucokinin-VIII, and experimental rates were 
measured as the average change in secreted volume over the 
next six 5-min intervals (Williams & Beyenbach, 1983). 

ELECTRON PROBE ANALYSIS OF FLUID SECRETED 

BY ISOLATED MALPIGHIAN TUBULES 

The elemental composition of secreted fluid was measured by 
electron probe microdroplet analysis as described previously 
(Williams & Beyenbach, 1983). Briefly, five approximately 
200-pl replicates of each collected fluid and corresponding bath- 
ing Ringer sample were crystallized on a polished beryllium sur- 
face and analyzed against Na, K, and CI standards on the same 
surface. The analysis was done with a JOEL 733 superprobe 
using wavelength-dispersive spectroscopy. All standard solu- 
tions were prepared to resemble Ringer solution as much as pos- 
sible in order to minimize measurement artifacts due to different 
crystal sizes in the dehydrated fluid samples. The isosmotic re- 
placement of Na with K in Ringer solution (in 25 mM increments) 
yielded Na and K standards. The isosmotic replacement of C1 
with isethionate yielded a series of C1 standards. Standard curves 
had good linearities with correlation coefficients of 0.99, 0.97, 
and 0.99 for, respectively, Na, K, and C1. 

ELECTROPHYSIOLOGICAL MEASUREMENTS IN 

ISOLATED PERFUSED MALPIGHIAN TUBULES 

Malpighian tubules were perfused in vitro as described previ- 
ously by Williams and Beyenbach, 1984 (Fig. 2a). After attaching 
the tubule to the holding pipettes, the lumen was cannulated with 
a double-barreled perfusion pipette (Theta-Borosilicate glass, 
1402401, Hilgenberg, Malsfeld, Germany). One barrel was used 
to perfuse the tubule lumen with Ringer solution and to measure 
the transepithelial voltage (VT) via custom-made high impedance 
amplifiers (10Hf~) with respect to ground in the peritubular 
Ringer bath (Fig. 2a). The other barrel, also filled with Ringer 
solution, was used to inject current IT (200-350 hA) for measure- 
ments of the transepithelial electrical resistance (RT) by cable 
analysis. The cable analysis yields the tubule length constant, the 
transepithelial resistance (RT) and the tubule axial resistance 
(core resistance). The analysis and the cable equations have been 
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Fig. 2. (a) Preparation of Malpighian tubules ofA. aegypti for in vitro microperfusion by the method of Burg et al. (1966). Experiments 
were always started by perfusing the tubule lumen with the same mosquito Ringer solution present in the peritubular bath. The 
transepithelial voltage VT was measured via one barrel of a double-barreled perfusion pipette which also served to perfuse the tubule 
lumen. Transepithelial current (IT) was injected into the tubule lumen via the other barrel of the perfusion pipette to measure the 
transepithelial resistance from the consequent voltage deflections AVT and AVL at, respectively, the proximal and distal end of the 
perfused segment. The basolateral membrane voltage (Vu) of principal cells (with large Fentral nuclei) was measured with a conven- 
tional microelectrode. Stellate cells are indicated as the short and thin structures between principal cells. (b) Electrical analog model of 
transepithelial electrolyte transport across Malpighian tubules ofA. aegypti (after Ussing and Windhager, 1964). Active transepithelial 
secretion of Na and K through principal cells is represented by the transcel!ular pathway consisting of the resistances (R) and 
electromotive forces (E) of the basolateral (bl) and apical (a) membranes of principal cells. Passive transepithelial transport of C1 is 
represented by the shunt pathway (sh) located outside the principal cell. 1 is intraepithelial current under open-circuit conditions. The 
shunt pathway has no emf when symmetrical Ringer solution is present in the peritubular bath and tubule lumen. The transepithelial 
voltage VT and the basolateral membrane voltage Vu are measured experimentally with respect to ground in the peritubular bath, and 
the apical membrane voltage V, is calculated as the difference between these two measured voltages. 

described previously by Helman (1972) and by Beyenbach and 
Frrmter  (1985). 

For measurements of the basolateral membrane voltage 
(Vu) and the fractional resistance of the apical membrane (fn~) a 
principal cell was impaled with a conventional microelectrode at 
a site near the midpoint of the isolated perfused segment (Fig. 
2a). The microelectrodes were pulled from borosilicate glass 
capillaries (1.0 mm O D ,  with fiber, WPI, Sarasota, FL) on a 
Flaming/Brown Micropipette Puller (Model P-87, Sutter Instru- 
ment, Novato, CA) and filled with 850 mM K-acetate and 150 mM 
KC1. Microelectrode resistances ranged between 90 and 140 M~. 
Microelectrode measurements were only accepted if (i) the volt- 
age measurement did not drift towards zero mV by more than 1 
mV/min, and (ii) the voltage returned to -+ 3 mV of ground poten- 
tial after withdrawal from the cell. The fractional resistance of 
the apical membrane (fR~) was calculated using the cable equa- 
tions derived previously (Beyenbach & Frrmter,  1985). 

The tubule lumen was perfused through the voltage-sensing 
barrel at a rate lessl than 5 nl/min (Fig. 2a). The tubule was 
superfused (bath flow) at a rate of 4 ml/min. Bath volume was 
500 txl. A rotary valve system allowed for switching between 
control and experimental peritubular bathing media. In experi- 
ments requiring rapid change~ of the C1 concentrations the speed 
of the extracellular solution chang e was compromised by the 

need to maintain the microelectrode impalement of principal 
cells. The Ringer solution perfusing the tubule lumen could be 
changed in less than 2 sec without jeopardizing the microelec- 
trode impalement. Ringer solution changes in the peritubular 
bath took longer, but usually less than 10 sec. These precautions 
allowed us to hold a single microelectrode impalement for up to 2 
hr in some experiments (see Fig. 5) while the solutions in the 
peritubular bath and tubule lumen were repeatedly changed. 

Ag/AgC1 bridges were used at all fluid/wire interfaces. In 
addition a 4% agar-Ringer bridge was used at the electrode mea- 
suring transepithelial voltage (Vr, lumen) and at the ground elec- 
trode (peritubular bath). In experiments involving CI concentra- 
tion changes in the peritubular bath or tubule lumen, all voltages 
were corrected for electrode potentials measured separately with 
free-flowing (broken-tip) microelectrodes containing 1 M KCI. 

All voltages were acquired on line, digitized, and stored on 
an IBM-XT computer. A custom-designed software program 
solved the cable equations yielding a printout of raw and ana- 
lyzed data while the experiment was in progress. In addition, 
transepithelial and membrane voltages were monitored continu- 
ously on a Gould Brush Strip Chart recorder (Model Mark 220, 
Gould, Cleveland, OH). Transepithelial resistance and mem- 
brane fractional resistance were measured at least every other 
minute. 
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The electrophysiological data were analyzed according to 
the analog electrical circuit shown in Fig. 2b. The analog model 
is an extension of the model proposed by Ussing and Windhager 
(1964) which considers parallel active and passive transport path- 
ways across the epithelium. In the case of the Malpighian tubule 
the active transport pathway through the principal cell consists 
of (i) a basolateral membrane with resistance Rul in series with 
the electromotive force Ebl, and (ii) an apical (luminal, brush 
border) membrane (Fig. 1) with resistance R~ in series with the 
electromotive force Ea. In parallel to this transcellular pathway 
is the shunt pathway with resistance Rsh. The transcellular resis- 
tance Reel1 is the sum of the basolateral and apical membrane 
resistances (Ra + Rb0, and the transepithelial resistance Rz is the 
parallel resistance of the Rceli and Rsh. It follows that Rv ap- 
proaches R~h as Rc~ii increases to high values during inhibition of 
active transport. 

STATISTICAL ANALYSIS 

Each tubule was used as its own control. Accordingly, the data 
were analyzed by the paired Student's t-test. When paired com- 
parisons were not possible the t-test for the significance of the 
difference of sample means was used. When several experimen- 
tal treatments were compared to a single control, one-way analy- 
sis of variance was applied, and the significance of the differ- 
ences of the means was determined with Duncan's multiple 
range test. 

Results 

EFFECTS OF LEUCOKININ-VI I I  ON 

TRANSEPITHELIAL SECRETION OF FLUID 

AND ELECTROLYTES 

Isolated Malpighian tubules of A. aegypti spontane- 
ously secrete fluid in vitro (Williams & Beyenbach, 

1983). In the present study the tubules secreted fluid 
at a rate of 0.49 nl/min when bathed in Ringer solu- 
tion containing 150 mM NaC1 and 3.4 mM KC1 (Fig. 
1, Table 1). Under these conditions the secreted 
Na, K and C1 concentrations were, respectively, 
141.8 mM, 64.9 mM, and 204.9 mM (Table 1). The 
addition of leucokinin-VIII (10 .6 M) to the peritubu- 
lar Ringer solution significantly increased the rate of 
transepithelial fluid secretion to 0.91 nl/min (Table 
1). In parallel, the concentration of Na in secreted 
fluid significantly dropped to 100.5 mM, the K con- 
centration significantly increased to 84.8 raM, and 
the C1 concentration remained unchanged (Table 1). 

The product of the rate of fluid secretion and 
the ion concentration in secreted fluid is the ion 
secretion rate. Table 1 shows that leucokinin-VIII 
significantly increased the transepithelial secretion 
rates of all three ions. 

EFFECTS OF LEUCOKININ-VII I  ON 

TUBULE ELECTROPHYSIOLOGY 

Effects from the Peritubular Side 

Under control symmetrical perfusion of the tubule, 
i.e., with Ringer solution perfusing the peritubular 
bath and tubule lumen, Malpighian tubules of A. 
aegypti invariably generate lumen-positive, trans- 
epithelial voltages of appreciable magnitude (Wil- 
liams & Beyenbach, 1984; Beyenbach & Petzel, 
1987). In the single, representative tubule shown in 
Fig. 3 the transepithelial voltage was 60 mV (lumen 
positive) and the transepithelial resistance was 62 
~ c m  2. At the same time the basolateral membrane 

Table 1. The effects of leucokinin-VIII (10 -6 M) on transepithelial electrolyte and fluid secretion in 
isolated Malpighian tubules of Aedes aegypti 

Transepithelial fluid and electrolyte secretion 

(n) Fluid Na K CI 
(nl/min) (pmol/min) (pmol/min) (pmol/min) 

Control (10) 0.49 + 0.04 69.9 -+ 8.4 29.3 -+ 3.3 100.1 _+ 8.7 
Leucokinin-VIII (10) 0.91 --- 0.08 96.0 -+ 16.2 72.5 -+ 9.3 177.9 _+ 16.8 
P <0.0001 <0.05 <0.001 <0.001 

Concentration in secreted fluid 

(n) Na K CI 
(mM) (mM) (raM) 

Control (10) 141.8 -+ 9.8 64.9 + 9.1 204.9 -+ 4.7 
Leucokinin-VIII (10) 100.5 -+ 10.7 84.8 -+ 11.2 193.5 +- 3.5 
P <0.0001 <0.002 NS 

Mean _+ SE; n = number of tubules; statistical significance was evaluated with the paired Student's t- 
test. 
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Table 2. The effects of leucokinin-VIII (10 -6 M) on transepithelial electrophysiological variables in 
isolated perfused Malpighian tubules of Aedes aegypti 

VT RT Vbl Va fRa 
(mY) (ftcm 2) (mY) (mY) 

Control 59.3 -+ 3.0 57.8 _+ 3.4 -64.2 -+ 2.6 123.4 -+ 2.8 0.28 -+ 0.02 
Leucokinin-VIII 5.7 -+ 0.9 9.9 -+ 1.3 -91.8 -+ 2.1 96.6 -+ 2.1 0.54 -+ 0.03 
P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Mean -+ SE; n = 29 tubules; VT, transepithelial voltage; RT, transepithelial resistance; Vbj, basolateral 
membrane voltage; V,, apical membrane voltage; fR,, fractional resistance of the apical membrane; 
statistical significance was evaluated with the paired Student's t-test. 
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Fig. 3. The effects of leucokinin-VIII (LK-VIII, 10 6 N) on the 
electrophysiological variables of an isolated perfused Malpighian 
tubule ofA. aegypti. The tubule was prepared for study as shown 
in Fig. 2 and perfused in vitro with Ringer solution in the peritu- 
bular bath and tubule lumen. 

voltage was -65  mV and the apical membrane volt- 
age was 125 mV. When the peritubular Ringer solu- 
tion was changed to include leucokinin-VIII (10 .6 
M) all measured electrophysiological variables 
changed in parallel (Fig. 3). Most noticeable were 
the large changes of the transepithelial voltage and 
resistance. The transepithelial voltage depolarized 
from 60 to 5 mV, and the transepithelial resistance 

fell from 61 to 3 ~cm 2. At the same time the baso- 
lateral membrane voltage hyperpolarized from 65 to 
90 mV, and the apical membrane voltage depolar- 
ized from 126 to 95 mV. Transepithelial voltage and 
transepithelial resistance remained low as long as 
leucokinin-VIII was present in the peritubular bath. 
The effects of leucokinin-VIII were readily revers- 
ible upon washout of the octapeptide (Fig. 3). All 
measured variables returned to their control values 
when bath flow was changed to leucokinin-free 
Ringer (Fig. 3). No evidence for tachyphylaxis was 
observed; leucokinin-VIII could be repeatedly 
added and removed with no evidence for dimin- 
ished responsiveness (data not shown). 

What was observed in the single tubule shown 
in Fig. 3 was observed in every tubule treated with 
leucokinin-VIII (Table 2). Each measured electro- 
physiological variable changed with a high level of 
statistical significance after addition of leucokinin- 
VIII to the peritubular Ringer bath. 

No Effects from the Luminal Side 

Figure 4 illustrates the polarity of the leucokinin- 
VIII effect. Transepithelial voltage and resistance 
were measured in this experimental series using 13 
Malpighian tubules. Throughout the experiment the 
tubules were perfused and bathed with Ringer solu- 
tion. Under control conditions the transepithelial 
voltage measured 47.3 -+ 5.9 mV, and the trans- 
epithelial resistance was 40.9 -+ 8.5 f~cm 2 (Fig. 4). 
When the Ringer solution perfusing the tubule lu- 
men was changed to include leucokinin-VIII (10 .6 
M) the transepithelial voltage and resistance did not 
change and remained unchanged when the peritubu- 
lar bath was returned to the control condition (Fig. 
4). In contrast, when leucokinin-VIII was added to 
the peritubular bath, the transepithelial voltage sig- 
nificantly depolarized from 45.5 -+ 5.9 to 2.7 -+ 0.3 
mV and the transepithelial resistance significantly 
decreased from 42.1 -+ 5.9 to 2.6 -+ 0.6 gtcm 2. 
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Fig. 4. The effects ofleucokinin-VIII  (LK-VIII) applied from the 
luminal side and peritubular side on the transepithelial voltage 
and resistance of  Malpighian tubules perfused and bathed with 
Ringer solution. After control periods lasting up to 15 min LK- 
VIII (10 -6 M) was added either to the perfusate flowing through 
the tubule lumen or to the peritubular bath. Mean -+ SE of 13 
Malpighian tubules. 

TRANSEPITHELIAL C1 D I F F U S I O N  POTENTIALS IN 

THE INTACT E P I T H E L I U M  

Previous studies have shown that rapid depolariza- 
tions of the transepithelial voltage VT like those ob- 
served after peritubular addition of leucokinin-VIII 
(Figs. 3,4; Hayes et al., 1989) or crude mosquito 
head extract (Williams & Beyenbach, 1984) were 
dependent on the CI concentration in the peritubu- 
lar bath. In brief, in the presence of low peritubular 
CI concentrations (10 mM) the depolarization of the 
transepithelial voltage triggered by leucokinin-VIII 
was markedly blunted: AVT was only 6 mV com- 
pared to 33 mV in the presence of normal bath C1 
concentrations (Hayes et al., 1989). To further in- 
vestigate the CI dependence of the electrophysio- 
logical effects of leucokinin-VIII, we measured the 
effects of unilateral and bilateral reductions of the 
C1 concentration in the peritubular bath and tubule 
lumen on (i) transepithelial voltage and resistance 
and (ii) apical and basolateral membrane voltages of 
principal cells (Fig. 5). 

Under control conditions, i.e., in the absence of 
leucokinin-VIII, unilateral and bilateral changes of 
the Cl concentration in the tubule lumen or the peri- 
tubular bath had negligible, statistically insignificant 
effects on tubule electrophysiology (Fig. 5). Reduc- 
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Fig. 5. Effects of  extracellular CI concentration on transepithe- 
lial voltage and resistance and on apical and basolateral mem- 
brane voltages of  principal cells in isolated peifused Malpighian 
tubules in the absence and presence of leucokinin-VIII (10 -6 M). 
Each of  16 Malpighian tubules was taken through the experimen- 
tal sequence depicted on the abscissa from left to right. Of these, 
only six tubules were taken through all eight experimental steps, 
each lasting 7 rain or less. Mean -+ sE; (number of tubules); * P < 
0.05 or less, with reference to the same transepithelial CI gradi- 
ent under control conditions. 

tions of the C1 concentration from 157 to 20 mM in 
the peritubular bath hyperpolarized the transepithe- 
lial voltage by only 2 mV, amounting to only 4% of 
the C1 equilibrium potential (Fig. 5). Reduction of 
the C1 concentration in the tubule lumen depolar- 
ized the transepithelial voltage by only 8 mV, 
amounting to 15% of the Nernst C1 equilibrium po- 
tential (Fig. 5). These effects are statistically insig- 
nificant as are the effects on transepithelial resis- 
tance and apical and basolateral membrane voltages 
(Fig. 5). Likewise, the reductions of the Cl concen- 
tration in the tubule lumen had insignificant effects 
on voltage and resistance. Furthermore, bilateral 
reductions of the C1 concentration in the peritubular 
Ringer and tubule lumen elicited no significant ef- 
fects on the measured voltages and resistances 
(Fig. 5). 

The addition of leucokinin-VIII (10 -6 M) to the 
peritubular Ringer elicited major changes (Fig. 5): 
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the transepithelial voltage depolarized from 54.4 • 
5.5 to 5.7 • 1.6 mV (P  < 0.001), the transepithelial 
resistance dropped from 41.0 • 6.0 to 11.2 • 1.6 
12cm 2 (P  < 0.001), the apical membrane voltage 
depolarized from 125.8 - 4.8 to 86.9 • 4.5 mV (P  < 
0.001), and the basolateral membrane voltage hy- 
perpolarized from -61.4 • 3.4 to -81.2 • 3.4 mV 
(P < 0.001). Again, basolateral and apical mem- 
brane voltages became nearly equipotential in the 
presence of leucokinin-VIII (Fig. 5). 

In the presence of leucokinin-VIII, changes of 
the CI concentration in the Ringer solutions now 
had significant effects on tubule electrophysiology 
(Fig. 5). As the bath C1 concentration was reduced 
from 157 to 20 mM the transepithelial voltage hyper- 
polarized from 5.7 • 1.6 to 51.4 --- 1.8 mV, amount- 
ing to 85% of the transepithelial C1 equilibrium po- 
tential expected from a single barrier ideally 
permeable to C1 (Nernst equilibrium). In parallel 
with the hyperpolarization of the transepithelial 
voltage the apical membrane voltage significantly 
hyperpolarized with a AVa of 25.6 mV (from 86.9 --- 
4.5 to 112.5 • 4.1 mV) and the basolateral mem- 
brane voltage significantly depolarized with a AVu 
of 20.1 mV from -81.2 • 3.4 to -61.1 • 4.0 mV 
(Fig. 5). 

Reversal of the transepithelial CI gradient pro- 
duced by the unilateral reduction of the C1 concen- 
tration in the tubule lumen reversed the polarity of 
the transepithelial voltage to a lumen-negative 
transepithelial voltage of -23.5 --- 2.7 mV (Fig. 5). 
The significant change in voltage, AV~ -29.2 mV, 
amounts to 54% of the C1 Nernst equilibrium poten- 
tial (Fig. 5). The apical and basolateral membrane 
voltages reversed their responses as well. The api- 
cal membrane voltage now depolarized with a 2xV, 
of 18.2 mV and the basolateral membrane voltage 
now hyperpolarized with a AVu of 11.0 mV (Fig. 5). 

In the presence of leucokinin-VIII, bilateral re- 
ductions of the C1 concentration in the tubule lumen 
and peritubular bath tended to move all measured 
variables towards control values observed in the ab- 
sence of leucokinin-VIII. The transepithelial volt- 
age repolarized to 19.7 • 2.6 mV, the apical mem- 
brane voltage repolarized to 94.3 • 7.8 mV, and 
the basolateral membrane voltage repolarized to 
-74.7 - 6.4 mV. Most noticeable was the change in 
transepithelial resistance. Whereas unilateral re- 
ductions of the C1 concentration in either bath or 
lumen increased the transepithelial resistance from 
11.2 • 1.6 ~ c m  2 t o ,  respectively, 20.1 • 2.3 ~ c m  2 

and 13.6 -+ 1.9 l)cm z, the bilateral C1 reduction 
caused the transepithelial resistance to return to 
35.1 +- 8.3 ~ c m  2 approaching values that are mea- 
sured in the absence of leucokinin-VIII under con- 
trol conditions (Fig. 5). Hence, the bilateral reduc- 
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Fig. 6. The effects of dinitrophenol (DNP, 10 .4 M) on trans- 
epithelial voltage and resistance and the apical and basolateral 
membrane voltages of isolated perfused Malpighian tubules. 
Mean -+ SE of seven tubules. Measures of the transepithelial 
resistance in the presence of DNP are taken as estimates of the 
shunt resistance. Control, experimental, and recovery periods 
each lasted 10 min or less. 

tion of the C1 concentration to 20 mM fully reversed 
the effects of leucokinin-VIII on transepithelial re- 
sistance and partially reversed the effects of leuco- 
kinin-VIII on transepithelial voltage and the apical 
and basolateral membrane voltages of principal 
cells. 

EFFECTS OF DINITROPHENOL ON 

TUBULE ELECTROPHYSIOLOGY 

The marked reduction of the transepithelial resis- 
tance, the depolarization of the transepithelial volt- 
age to values close to 0 mV (Figs. 3-5; Table 2) and 
the large transepithelial C1 diffusion potentials in 
the presence of leucokinin-VIII (Fig. 5) suggested 
that leucokinin-VIII increased the C1 conductance 
of the shunt pathway (Fig. 2b). However, the ef- 
fects of leucokinin-VIII on the fractional resistance 
of the apical membrane (which is independent of the 
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Fig. 7. Effects of extracellular Cl 
concentration on transepithelial voltage and 
resistance under control conditions and in the 
presence of  dinitrophenol (DNP, 10 -4 M) and 
dinitrophenol plus leucokinin-VIII (10 .6 M). 
Each of  10 Malpighian tubules was taken 
through the experimental sequence indicated 
on the abscissa from left to right. Each 
experimental period lasted 7 min or less. 
Measures of the transepithelial resistance in 
the presence of  DNP are taken as estimates of 
the shunt resistance. Mean -+ SE; * P < 0.05 
or less with reference to the same 
transepithelial C1 gradient under control 
conditions; ~ P < 0.01 or less with reference 
to the same CI gradient in the presence of  
dinitrophenol. 

shunt pathway) also indicated an effect on the mem- 
branes of principal cells (Table 2). To distinguish 
between effects of leucokinin-VIII on the shunt and 
principal cells, we sought ways to reduce the effects 
of leucokinin-VIII on the active transport pathway 
of principal cells. From the choices available to 
block active transport across principal cells we de- 
cided on the use of dinitrophenol. In addition to 
inhibiting transepithelial electrolyte and fluid secre- 
tion (Pannabecker, Aneshansley & Beyenbach, 
1992) dinitrophenol (10 -4 M) added to the peritubu- 
lar bath nearly eliminated all voltages measured 
across the membranes of principal cells and across 
the whole epithelium (Fig. 6). The transepithelial 
voltage significantly depolarized from 52.6 -+ 10.4 to 
6.6 -+ 2.9 mV (P < 0.005), the apical membrane 
voltage significantly depolarized from 110.6 -+ 6.3 
to 8.9 -+ 3.1 mV (P < 0.001), and the basolateral 
membrane voltage significantly depolarized from 
-58.0 _ 5.2 to -3.3 -+ 1.8 mV (P < 0.0001) in the 
seven tubules studied. In parallel, the transepithe- 
lial resistance significantly increased from 61.2 • 
8.6 to 90.3 --- 15.0 f~cm 2 (P < 0.01). The effect of 
DNP on the fractional resistance of the apical mem- 
brane, which increased from 0.32 +_ 0.04 to 0.57 • 
0.07 (not shown in Fig. 6) was also highly significant 
(P < 0.001). All effects of DNP were fully revers- 
ible upon washout of DNP from the peritubular 
bath: the transepithelial voltage repolarized to 53.2 
-+ 9.1 mV, the apical membrane voltage repolarized 
to 108.6 - 3.5 mV, and the basolateral membrane 
voltage repolarized to -55.4 -+ 6.8 mV (Fig. 6). In 
parallel, the transepithelial resistance returned to 
59.6 -+ 9.3 f~cm 2, and the fractional resistance of the 
apical membrane returned to 0.24 • 0.05. 

TRANSEPITHELIAL C1 D I F F U S I O N  POTENTIALS IN 

D I N I T R O P H E N O L - T R E A T E D  T U B U L E S  

The virtual absence of membrane voltages in princi- 
pal cells treated with DNP suggest that active trans- 
port across these cells is inhibited. Inhibition of 
transcellular Na and K would be expected to in- 
crease the resistance of the transcellular pathway 
(Rcell) such that measures of the transepithelial re- 
sistance approach the shunt resistance Rsh. In pre- 
vious studies we have shown that Rcen needs to in- 
crease only four times for measures of the 
transepithelial resistance to estimate Rsh (Panna- 
becker et al., 1992). In the present study we rea- 
soned that during inhibition of active transport with 
DNP transepithelial C1 diffusion potentials reflect 
primarily the properties of the shunt pathway. Ac- 
cordingly, transepithelial C1 diffusion potentials 
were measured in 10 isolated perfused Malpighian 
tubules, first under control conditions, then in the 
presence of dinitrophenol, and finally in the pres- 
ence of dinitrophenol plus leucokinin-VIII (Fig. 7). 
As was observed in Fig. 5, reductions of the C1 
concentration in the peritubular bath, the tubule lu- 
men, or both, had negligible effects on transepithe- 
lial voltage and resistance under control conditions 
(Fig. 7). The addition of dinitrophenol (10 -4  M) t o  

the peritubular bath significantly depolarized the 
transepithelial voltage from 54.4 + 3.1 to 3.3 _+ 0.8 
mV and increased the transepithelial resistance 
from 37.7 • 4.5 to 46.2 - 3.9 f~cm 2 (Fig. 7). In the 
presence of dinitrophenol, reductions of the C1 con- 
centration in the peritubular bath and tubule lumen 
now elicited transepithelial diffusion potentials that 
were larger than those observed in the absence of 
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dinitrophenol (Fig. 7). C1 diffusion gradients from 
lumen to bath significantly hyperpolarized the 
transepithelial voltage from 3.3 -+ 0.8 to 17.1 -+ 1.2 
mV; the reversal of the transepithelial CI diffusion 
gradient depolarized the transepithelial voltage 
from 3.6 -+ 1.2 to -9 .4  -+ 1.8 mV (Fig. 7). These 
transepithelial C1 diffusion potentials were symmet- 
rical: AVT was 13.8 mV and 13.0 mV amounting to 
-15% of the CI equilibrium potential, Unilateral 
and bilateral reductions of the C1 concentrations 
tended to increase the transepithelial resistance in 
the presence of dinitrophenol but the changes were 
not statistically significant among DNP-treated tu- 
bules, though they were significantly different from 
their respective controls in the absence of DNP 
(Fig. 7). 

Since the transepithelial voltage is already close 
to zero mV in DNP-treated tubules, the usual depo- 
larization of the transepithelial voltage by leuco- 
kinin-VIII (Figs. 3-5) is not observed upon addition 
of leucokinin-VIII to the peritubular bath (Fig. 7). 
However,  leucokinin-VIII still displayed a potent 
effect on transepithelial resistance which signifi- 
cantly dropped from 52.5 + 4.7 to 5.8 -+ 0.9 f~cm 2 
(P  < 0.001; Fig. 7). 

In the presence of DNP and leucokinin-VIII, 
transepithelial CI diffusion gradients now elicited 
large transepithelial diffusion potentials (Fig. 7). 
Upon the unilateral reduction of the C1 concentra- 
tion in the peritubular bath, the transepithelial volt- 
age changed from - 1.2 -+ 1.0 to 67.8 -+ 2.6 mV. The 
AVT, 69 mV, came to 77% of the C1 equilibrium 
potential (Fig. 7). Reversal of the transepithelial C1 
diffusion gradient depolarized the transepithelial 
voltage to -44.2 -+ 3.1 inV. The AVT, 51.4 mV, 
amounted to 57% of the C1 equilibrium potential 
(Fig. 7). The unilateral reduction of the C1 concen- 
tration in the peritubular bath significantly in- 
creased the transepithelial resistance from 5.8 -+ 0.9 
to 16.9 -+ 1.9 ~cm 2 (Fig. 7). Transepithelial resis- 
tance significantly increased to 20.1 -+ 2.9 f~cm 2 
upon the unilateral reduction of the Cl concentra- 
tion in the tubule lumen. However, the largest in- 
crease in transepithelial resistance was observed 
upon the bilateral reduction of the Cl concentration. 
Transepithelial resistance increased to 55.8 -+ 5.5 
~cm 2, which is not significantly different from the 
resistance measured in the absence of leucokinin- 
VIII (Fig. 7). 

Discussion 

TRANSEPITHELIAL EFFECTS OF L E U C O K I N I N - V I I I  

The leucokinins were first isolated in the laboratory 
of Holman who found that all octapeptides of this 

family increase the motility of the insect intestine 
(Holman et al., 1986a, b, 1987a, b). The leucokinins 
were subsequently found in our laboratory to stimu- 
late the secretion of electrolytes and water in 
Malpighian tubules of the mosquito A. aegypti 
(Hayes et al., 1989). Isolated from the cockroach 
Leucophaea, the effects of natural and synthetic 
leucokinin in the mosquito Aedes suggest that the 
leucokinins are widely distributed in insects. Factor 
II, a peptide which we have partially isolated from 
mosquito heads (Petzel, Hagedorn & Beyenbach, 
1985, 1986), may indeed contain the basic leuco- 
kinin structure because its effects on (i) trans- 
epithelial electrolyte and fluid secretion, and (ii) 
transepithelial voltage and resistance are identical 
to those of synthetic leucokinin-VIII observed in 
previous (Petzel et al., 1985) and present studies. 
Furthermore, the effects of Factor II are dependent 
on the C1 concentration in the peritubular medium 
like those of leucokinin-VIII (Hayes et al., 1989). 

In the present study leucokinin-VIII is shown to 
increase the rate of transepithelial fluid secretion by 
increasing the rates of both NaC1 and KCI secretion 
(Table 1). In contrast, cAMP (Williams & Beyen- 
bach, 1983, 1984) and mosquito natriuretic factor 
(Beyenbach & Petzel, 1987; Petzel et al., 1987) in- 
crease the rate of only NaC1 secretion. Hence, the 
stimulation of both NaCI and KC1 secretion by 
leucokinin-VIII appears to be nonspecific when 
viewed from the perspective of active transport of 
Na and K across principal cells. However, viewed 
from the perspective of transepithelial CI secretion 
leucokinin-VIII has a specific effect. By selectively 
increasing the C1 conductance of the shunt path- 
way, leucokinin-VIII makes CI, the counterion of 
active Na and K transport, more readily available 
for secretion with the effect of increasing the rates 
of transepithelial secretion of both NaC1 and KC1. 
This effect of leucokinin-VIII is predicted in the 
analysis of the electrical analog model of Mal- 
pighian tubules (Fig. 2b). Since active cation trans- 
port is electrically coupled to passive anion trans- 
port, an increase in the conductance of the anion 
pathway (shunt) increases current flowing through 
the circuit. Hence, the rates of transepithelial cation 
and anion transport increase (Fig. 2b). 

The effect of leucokinin-VIII on the shunt path- 
way is supported by its effects on transepithelial 
voltage and resistance. The addition of leucokinin- 
VIII to the peritubular bath leads to the precipitous 
drop in transepithelial voltage and resistance (Fig. 
3, Table 2). To our knowledge, there are no paral- 
lels in epithelial transport physiology where an 
extracellular messenger changes transepithelial 
voltage and resistance as dramatically as leuco- 
kinin-VIII. Analysis of the electrical analog circuit 
of the Malpighian tubule (Fig. 2b) predicts that a 
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large increase in the shunt conductance causes (i) 
large reductions of the transepithelial voltage and 
resistance, (ii) increased intraepithelial current 
flows, (iii) hyperpolarization of the basolateral 
membrane voltage, and (iv) depolarization of the 
apical membrane voltage. The experimental data 
match these predictions: In the presence of leuco- 
kinin transepithelial voltage drops from 60 to 6 mV, 
transepithelial resistance drops from 58 to 10 l)cm 2, 
and increased intraepithelial currents hyperpolarize 
the basolateral membrane voltage from -64  to -92  
mV and depolarize the apical membrane voltage 
from 123 to 97 mV (Fig. 3, Table 2). 

Since low transepithelial voltage and resistance 
and nearly equipotential basolateral and apical 
membranes are the properties of leaky epithelia 
with low shunt resistances (Figs. 2b, 3, 5; Table 2), 
the experimental data suggest that leucokinin-VIII 
changes the Malpighian tubule from a moderately 
tight epithelium to a leaky, nearly self-shortcir- 
cuited epithelium by increasing the CI conductance 
of the shunt pathway. The data also indicate effects 
on the active transport pathway since leucokinin- 
VIII increases the fractional resistance of the apical 
membrane (Table 2) which is independent of the 
shunt resistance. However, the changes in mem- 
brane fractional resistance cannot account for all 
changes in tubule electrophysiology which leaves 
an effect on the shunt conductance as the simplest 
hypothesis consistent with the data. 

SEARCHING FOR THE SITE OF THE INCREASE IN 
CHLORIDE CONDUCTANCE 

To test the hypothesis that leucokinin-VIII in- 
creases the CI conductance of the shunt pathway 
direct measurements across the shunt pathway 
were desired. Unfortunately, measurements across 
the shunt pathway alone are not possible because 
every transepithelial measurement reflects the con- 
tributions of both cellular and shunt pathways in 
parallel to each other (Fig. 2b). We have attempted 
to deal with this problem by the process of elimina- 
tion: if it can be shown that leucokinin-VIII does 
not increase the C1 conductance in the basolateral 
and apical membranes of principal cells, then an 
effect on the shunt pathway would be indicated. 
Accordingly, membrane C1 conductances were as- 
sessed in principal cells in the absence (control) and 
presence of leucokinin-VIII. 

The absence of appreciable effects of unilateral 
and bilateral Cl concentration step changes on the 
apical and basolateral membrane voltages of princi- 
pal cells indicate that the C1 conductance of these 
two membranes is very low (Fig. 5). Likewise, the 
effect of C1 concentration step changes on trans- 

epithelial voltage and resistance were small, statisti- 
cally insignificant (Fig. 5), and consistent with a low 
C1 conductance of the shunt pathway. Treatment of 
the tubules with leucokinin-VIII markedly changed 
the response to transepithelial CI gradients (Fig. 5). 
The unilateral reduction of the C1 concentration in 
the peritubular bath hyperpolarized the transepithe- 
lial voltage from 6 to 51 inV. The voltage change, 45 
mV, is consistent with a transepithelial C1 diffusion 
potential across a single barrier (shunt?) reaching 
84% of the Nernst equilibrium potential. The rever- 
sal of transepithelial C1 gradients yielded a lumen- 
negative voltage of -24  mV, consistent again with a 
transepithelial CI diffusion potential across a single 
barrier. Significantly, the voltage changes taking 
place at the apical and basolateral membranes of 
principal cells are much smaller than the changes in 
transepithelial voltage (Fig. 5). Voltage changes 
across the whole epithelium that are much greater 
than those across principal cell membranes identify 
transepithelial C1 diffusion potentials across the 
shunt as the source of these changes. 

According to the analog circuit model (Fig. 2b) 
a C1 diffusion potential of 45 mV across the shunt 
consequent to the reduction of the bath C1 concen- 
tration, would be expected to increase intraepithe- 
lial current flow leading to " I R "  voltage changes 
that will depolarize the basolateral membrane volt- 
age and hyperpolarize the apical membrane voltage, 
effects which are indeed observed (Fig. 5). Alterna- 
tively, the reversal of the C1 diffusion potential 
across the shunt, consequent to the unilateral re- 
duction of the CI concentration in the tubule lumen, 
will add a reverse component of intraepithelial cur- 
rent flow, leading to " I R "  voltages that will now 
have opposite effects on membrane voltages: the 
hyperpolarization of the basolateral membrane volt- 
age and the depolarization of the apical membrane 
voltage, two effects which again are supported by 
the data (Fig. 5). 

Examining the electrical analog model (Fig. 2b) 
for the hypothetical leucokinin-induced increase of 
the C1 conductance of the basolateral membrane or 
apical membrane yields predictions that cannot be 
confirmed by the experimental data. The only elec- 
trical analog model which fits the experimental data 
in their entirety has leucokinin-VIII increasing the 
C1 conductance of the shunt. This interpretation of 
the data is supported by the effects of extracellular 
C1 concentrations on transepithelial resistance (Fig. 
5). Unilateral reductions of the C1 concentrations 
have little effect on transepithelial resistance in the 
presence of leucokinin-VIII, but bilateral reduc- 
tions cause transepithelial resistance to increase 
and return to values measured in the absence of 
leucokinin-VIII (Fig. 5). Apparently, diffusion of C1 
through a highly Cl-permeable shunt adds sufficient 



74 T.L. Pannabecker et al.: C1 Conductance of Epithelial Shunt 

C1 to the shunt so that transepithelial resistance is 
not affected when the C1 concentration on just one 
side of the epithelium is lowered. In contrast, re- 
ductions of the C1 concentration on both sides of the 
epithelium appear to remove C1 from the shunt 
pathway in sufficient quantities to affect the in- 
crease in shunt resistance and transepithelial resis- 
tance (Fig. 5). The requirement for C1 reductions on 
both sides of the epithelium is additional evidence 
that leucokinin-VIII does not affect apical and baso- 
lateral membranes of principal cells in a major way. 

ESTIMATES OF THE S H U N T  RESISTANCE IN THE 

ABSENCE AND PRESENCE OF LEUCOKINtN 

In the past, investigators of epithelial transport 
have estimated the resistance of the shunt pathway 
by selectively altering the active transport pathway 
with agents that are not expected to affect the shunt 
pathway. For example, Yonath and Civan (1971) 
used vasopressin to vary the short-circuit current (a 
measure of active transport) and transepithelial 
conductance across isolated toad bladders. The 
shunt resistance was then estimated as the trans- 
epithelial resistance at zero short-circuit current. 
Alternatively, we used amiloride to reduce the 
short-circuit current to zero in isolated perfused re- 
nal distal tubules and estimated the shunt resistance 
as the transepithelial resistance under this condition 
(Beyenbach et al., 1980). There we assumed that 
amiloride increases the resistance of the active 
transport pathway to a high value so that measures 
of the transepithelial resistance approach the resis- 
tance of the shunt (Beyenbach et al., 1980). Here 
we take a similar approach to estimate the shunt 
resistance in Aedes Malpighian tubules by using di- 
nitrophenol (DNP) to inhibit active transport of Na 
and K through principal cells, thereby increasing 
the resistance of the active transport pathway such 
that measures of RT approach Rsh (Fig. 2b). 

Dinitrophenol is known to inhibit transepithelial 
electrolyte and fluid secretion in Malpighian tubules 
(Pilcher, 1970; Isaacson, Nicolson & Fisher, 1989). 
In Malpighian tubules of A. aegypti the effects of 
DNP on principal cells are particularly noteworthy: 
DNP reduces the basolateral membrane voltage 
from -52  to 3 mV and reduces the apical membrane 
voltage from 111 to 9 mV (Pannabecker et at., 
1992). The virtual elimination of all membrane volt- 
ages in principal cells is indicative of the inhibition 
of active transport of Na and K as DNP collapses 
proton gradients needed for the synthesis of ATP 
and the fueling of active transport. Inhibition of ac- 
tive transport through principal cells is expected to 
increase the transcellular resistance (Rcell) a s  re- 

flected in the increase of the transepithelial resis- 
tance (Fig. 6). Provided that Rcen increases by a 
factor of 4 or more, measures of the transepithelial 
resistance approach the resistance of the shunt 
(Pannabecker et al., 1992). 

In the present study DNP significantly depolar- 
izes the transepithelial voltage to values close to 
zero mV (Figs. 6, 7). In parallel, the transepithelial 
resistance significantly increases, revealing 46 
f~cm 2 as the estimate of the shunt resistance (Fig. 
7). Since the transepithelial resistance in DNP- 
treated tubules is largely a measure of the shunt 
resistance, it follows that transepithelial C1 diffu- 
sion potentials measured in DNP-treated tubules re- 
flect primarily the properties of the shunt pathway. 
Accordingly, symmetrical transepithelial C1 diffu- 
sion potentials that are measured across DNP- 
treated tubules reveal an appreciable shunt CI con- 
ductance in the absence of leucokinin-VIII (Fig. 7). 
This finding raises the question why transepithelial 
CI diffusion potentials are not observed under con- 
trol conditions in the absence of DNP (Fig. 5). Ap- 
parently, C1 diffusion potentials across the shunt 
can be observed only when the resistance of the 
transcellular pathway (Rcell) is high as in DNP- 
treated tubules. The potentials appear to be shunted 
when RceH is low in intact tubules under control con- 
ditions. Hence, DNP appears to unmask the normal 
C1 conductance of the shunt pathway in Malpighian 
tubules. 

The addition of leucokinin-VIII to the peritubu- 
lar bath of dinitrophenol-treated tubules drops the 
shunt resistance from 46 f~cm 2 (control) to 6 12cm 2 
and dramatically increases transepithelial C1 diffu- 
sion potentials (Fig. 7). Whereas in the absence of 
leucokinin-VIII transepithelial C1 diffusion poten- 
tials amount to only 15% of C1 equilibrium poten- 
tials, they reach 80% in the presence of leucokinin- 
VIII (Fig. 7) indicating a clear increase in 
transepithelial CI conductance. Moreover, since 
this increase is observed in DNP-treated tubules the 
increase in C1 conductance is localized to the shunt. 
This conclusion is corroborated by estimates of the 
shunt resistance (Fig. 7). Leucokinin-VIII drops the 
shunt resistance from 46 to 6 ftcm 2 in DNP-treated 
tubules (Fig. 7). This large drop in Rsh is reversed 
when the C1 concentration on both sides of the epi- 
thelium is reduced to 5 mM. The bilateral reduction 
of the CI concentration is again a necessary condi- 
tion to reverse the effects of leucokinin-VIII on re- 
sistance (Figs. 5, 7). 

It is generally accepted that the shunt pathway 
is the transepithelial route of counter-ion transport. 
Shunt pathways are thought to have no active trans- 
port mechanisms, to merely provide a passive route 
for the counterion(s) of actively transported ions. C1 
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appears to play this role of counterion in NaC1 and 
KCI secretion in Malpighian tubules, where Na and 
K are moved through the active transport pathway 
of principal cells and where electrical coupling 
moves C1 through the passive transport pathway of 
the shunt (Fig. 2b). Accordingly, the data support 
the conclusion that leucokinin-VIII lowers the rate- 
limiting barrier to C1 transport in the shunt. Consis- 
tent with this conclusion the experimental evidence 
is summarized as follows: (i) Leucokinin-VIII de- 
creases transepithelial resistance to 17% of control 
values (Table 2). Such a large drop in transepithelial 
resistance is expected from a decrease in shunt but 
not membrane resistance. (ii) Leucokinin-VIII in- 
creases the rates of transepithelial NaC1 and KCI 
secretion (Table 1). The increase in the secretion 
rate of both salts is expected as the shunt increases 
its anionic permeability to the counterion of active 
Na and K transport. (iii) The effects of leucokinin- 
VIII on tubule electrophysiology are dependent on 
CI, but C1 conductances in principal cells cannot be 
identified (Fig. 5). (iv) Transepithelial C1 gradients 
reveal large transepithelial diffusion potentials in 
the presence but not the absence of leucokinin-VIII 
(Figs. 5, 7). The near symmetry of these potentials 
would not be observed if leucokinin-VIII increased 
the C1 conductance at one of the membranes of 
principal cells. (v) Quantitative estimates of the 
shunt resistance in dinitrophenol-treated tubules 
show that leucokinin-VIII decreases the resistance 
of the shunt to 11% of control values (Fig. 7). (vi) In 
the presence of DNP and leucokinin-VIII high 
shunt resistances are recovered when C1 is removed 
from the extracellular solutions, indicating the in- 
crease of the shunt C1 conductance (Figs. 5, 7). (vii) 
Measurements of basolateral and apical membrane 
voltages of principal cells do not support the hy- 
potheses that leucokinin-VIII increases the CI con- 
ductance at one of these membranes (Fig. 5). While 
each of these arguments by itself is insufficient to 
prove the effect of leucokinin-VIII on shunt C1 con- 
ductance, together they constitute rather compel- 
ling evidence. 

POSSIBLE ANATOMICAL SITES OF THE SHUNT 

cipal cells meet they may be joined and held to- 
gether by small stellate cells (Fig. 1). Their cell 
height is not more than 5/xm compared to 50/zm as 
the center height of principal cells. When viewed 
through the stereo microscope stellate cells are 
highly transparent like "ghosts,"  revealing no intra- 
cellular structures. Their function and role in trans- 
epithelial transport are unknown. Conceivably, 
stellate cells could be the site where leucokinin-VIII 
regulates C1 shunt permeability. To do so, both ba- 
solateral and apical membranes of stellate cells 
must be equally permeable (or nearly so) to C1 to 
behave as the single CI diffusion barrier evinced in 
the present study. Alternatively, leucokinin-VIII 
could regulate the C1 conductance at only one cell 
membrane while the opposite cell membrane is per- 
manently permeable to CI. 

The paracellular pathway could also be a site 
where leucokinin-VIII regulates C1 shunt perme- 
ability. In the case of Malpighian tubules of A. 
aegypti this paracellular pathway is the extracellu- 
lar pathway between (i) principal cells, and (ii) prin- 
cipal cells and stellate cells (Fig. 1). As shown in 
Fig. 1 the paracellular pathway is very short and 
limited to the septatejunctions, the invertebrate an- 
alog of tight junctions (Lord & DiBona, 1976). Reg- 
ulation of paracellular C1 permeability would there- 
fore imply the regulation of septate junctional 
permeability. Further investigations are necessary 
to distinguish between stellate cells and the paracel- 
lular pathway as the site of the leucokinin-regulated 
shunt pathway. 
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Since our studies fail to pinpoint the C1 shunt path- 
way in principal cells, the location of the shunt must 
be sought outside principal cells. Two anatomical 
sites are candidates: the stellate cells and the para- 
cellular pathway. As shown in Fig. 1 the Malpighian 
tubule ofA. aegypti consists of two cell types: prin- 
cipal and stellate cells. The principal cells are large, 
fusiform cells which fold upon themselves forming a 
lumen. At the points where the lateral edges of prin- 
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