
Insect Malpighian tubules play a pivotal role in maintaining
ion and water homeostasis in the face of extreme and variable
conditions. Electrophysiological studies indicate that in
Malpighian tubules of Tenebrio molitor (Wiehart et al., 2003),
in common with other insect species (for reviews see
Pannabecker, 1995; Van Kerkhove, 1994), the prime mover of
primary urine production is active K+ transport across the
epithelium. Basolateral entry of K+ occurs mainly via Ba2+-
sensitive K+ channels (Nicolson and Isaacson, 1990; Leyssens
et al., 1993) and the Na+/K+/2Cl– and K+/Cl– cotransporters.
However, active K+ transport viaa basolaterally located Na+/K+-
ATPase has been suggested for a number of insect species
(Anstee and Bowler, 1979; Maddrell and Overton, 1988;
Caruso-Neves and Lopes, 2000; Linton and O’Donnell, 1999). 

In transporting epithelia of vertebrates, the activity of the
basolateral Na+/K+-ATPase is directly linked to the
basolateral K+ conductance (Grasset et al., 1983; Matsumura
et al., 1984). Inhibition of the Na+/K+-ATPase by ouabain
increases the intracellular ATP concentration, which in turn
reduces the open probability of ATP-regulated K+ (KATP)

channels (Balaban et al., 1980; Hurst et al., 1993; Urbach et
al., 1996). 

In Na+-reabsorbing epithelia, transport of Na+ is facilitated
by passive entry mechanisms in the apical membrane and an
active Na+-translocation step, the basolateral Na+/K+-ATPase.
KATP channels recycle the obligatory influx of K+ via the
Na+/K+-ATPase (Mauerer et al., 1998; Wang et al., 1990). This
recycling process prevents intracellular K+ accumulation and
maintains a favourable electrical gradient for Na+ transport
across the apical membrane (Hurst et al., 1993). Far less is
known about the presence of KATP channels in K+-secreting
epithelia. Wang et al. (1990), however, have documented the
presence of a low-conductance KATP channel in the K+-
secreting principal cells of the rat cortical collecting tubule.

A role for KATP channels in insects is expected to be
different. Secretion of K+ from cell to lumen in insect
Malpighian tubules is generally thought (see Nicolson, 1993)
to occur via an apical cation/nH+ antiporter. A vacuolar-type
H+-ATPase actively extrudes H+ across the apical membrane,
and this (1) energizes the antiporter, enabling exchange of
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The presence of ATP-regulated K+ (KATP) channels in
Tenebrio molitor Malpighian tubules was investigated by
examining the effect of glibenclamide on both fluid
secretion and basolateral membrane potentials (Vbl).
Glibenclamide, a KATP channel blocker, slowed fluid
secretion of Tenebrio tubules. In low bath K+

concentration (5 mmol l–1), glibenclamide either
hyperpolarized or depolarized Vbl, resembling the effect
seen with Ba2+. Subsequent addition of 6 mmol l–1 Ba2+

caused a further hyper- or depolarization of Vbl. In
control Ringer (50 mmol l–1 KCl, 90 mmol l–1 NaCl),
glibenclamide had no visible effect on Vbl. The effect of
ouabain was investigated in low bath [K+] in the presence
of Ba2+. Vbl responded by a small but significant
hyperpolarization from –51±4 mV to –56±4 mV (n=16,
P<0.001) in response to 1 mmol l–1 ouabain. Repeating the
experiments in the presence of both glibenclamide and
Ba2+ resulted in a depolarization of Vbl when ouabain was

added. In low bath [K+] (high Na+), the Na+/K+-ATPase is
expected to function at a high rate. In the presence of
Ba2+, replacing Na+ by K+ rapidly depolarized Vbl, but this
was followed by a repolarization. Repeating the
experiments in the presence of glibenclamide markedly
reduced the depolarizing effect and abolished the
repolarization, with a gradual decrease in the sensitivity of
Vbl to the surrounding [K+]. These results suggest the
presence of KATP channels in the basolateral membrane.
Glibenclamide had no visible effect on Vbl in high K+ or in
the absence of Ba2+, indicating that other highly
conductive K+ channels may mask the effect on KATP

channels. This is the first demonstration of the presence of
KATP channels in an insect epithelium.
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Tenebrio molitor, glibenclamide, basolateral membrane potential,
fluid secretion rate.

Summary

Introduction

K+ transport in Malpighian tubules of Tenebrio molitor L.: is a KATP channel
involved?

U. I. M. Wiehart1, G. Klein2, P. Steels2, S. W. Nicolson1 and E. Van Kerkhove2,* 
1Department of Zoology and Entomology, University of Pretoria, Pretoria 0002, South Africaand2Laboratory of

Physiology, Biomed CMK, Limburgs Universitair Centrum, B3590 Diepenbeek, Belgium
*Author for correspondence (e-mail: emmy.vankerkhove@luc.ac.be)

Accepted 10 December 2002



960

protons for K+ (or Na+), and (2) keeps the cell at a negative
potential, beyond the Nernst potential for K+, thereby creating
an inward electrochemical gradient for K+ across the
basolateral membrane (Leyssens et al., 1993; Wiehart et al.,
2003). The possible function of KATP channels, if present, in
Malpighian tubule cells may be to contribute to K+ uptake in
certain conditions, in parallel with the Na+/K+-ATPase and
other K+ uptake mechanisms. 

KATP channels were first discovered in cardiac myocytes
(Noma, 1983) and were later found in many other tissues
(Ashcroft and Ashcroft, 1990). The properties of KATP

channels have been described (for reviews, see Ashcroft and
Ashcroft, 1990; Seino, 1999; Wang et al., 1992). Depending
on location, these channels exhibit differences in function and
therefore differ somewhat in their properties; however, all
KATP channels are highly selective for K+ ions, displaying
inward rectification with inward conductances in the range of
20–300 pS. They are regulated by the intracellular ATP
concentration and blocked by the highly specific sulfonylureas,
of which glibenclamide and tolbutamide are best described
(Ashcroft and Ashcroft, 1990). 

The present study investigates the possible presence of KATP

channels in the tubule epithelium of Tenebrioby testing the
effect of glibenclamide on Malpighian tubule secretion rates
and basolateral membrane potentials. We investigate the
possibility of a functional link between the activity of the
basolateral Na+/K+-ATPase and K+ conductance via the
proposed KATP channels by first stimulating this pump with an
increase in Na+ concentration and then inhibiting it by means
of ouabain. Finally, we examine the basolateral membrane
sensitivity to the bath K+ in the presence and absence of
glibenclamide. To our knowledge, this is the first study that
investigates the presence of KATP channels in the Malpighian
tubules of an insect. 

Materials and methods
Animals 

Tenebrio molitor L. larvae were kept under crowded
conditions at room temperature (20–23°C) and fed on a diet of
bran and apple. Care was taken in selecting mealworms of
similar size for all experiments. 

Artificial salines 

The composition of the control bathing solution was as
follows (Nicolson, 1992): 90 mmol l–1 NaCl, 50 mmol l–1 KCl,
5 mmol l–1 MgCl2, 2 mmol l–1 CaCl2, 6 mmol l–1 NaHCO3,
4 mmol l–1 NaH2PO4, 10 mmol l–1 glycine, 10 mmol l–1 proline,
10 mmol l–1 serine, 10 mmol l–1 histidine, 10 mmol l–1

glutamine and 50 mmol l–1 glucose. The pH was adjusted to 7.0
with HCl and the osmolality was kept at 390 mosmol kg–1. Low
[K+] solutions were obtained by replacing KCl with NaCl, and
low [Na+] solutions by replacing NaCl with KCl (low-Na+

solutions contained 6 mmol l–1 Na+). Solutions were freshly
prepared each week, filtered through 0.22µm Millipore filters
and kept at 2°C until used. The pH was measured daily before

use. In low [Na+] experiments and experiments containing
Ba2+, NaH2PO4 was omitted from all salines to maintain
constant osmolality and prevent precipitation. Control
experiments in which NaH2PO4 was omitted showed no
change in secretion rate or electrical profile. 

The following pharmacological substances were tested on
Malpighian tubule preparations: barium chloride (Sigma,
Bornen, Belgium), ouabain (Fluka, Buchs, Switzerland),
glibenclamide (Sigma) and cyclic AMP (cAMP; Sigma). 

Fluid secretion experiments

The technique of measuring fluid secretion rates was
described previously (Wiehart et al., 2002). Secretion was
measured in control Ringer containing 1 mmol l–1 cAMP
(control) and subsequently in control Ringer containing cAMP
and glibenclamide. Rates of secretion were expressed as a
percentage of the third control rate reading. 6–10 replicates
were done for each experiment.

Electrical potential difference measurements

This method was described in detail previously (Wiehart et
al., 2003). In short, a portion of a Malpighian tubule (3–5 mm)
was suspended in a Ringer bath. Intracellular [basolateral
membrane potential (Vbl)] measurements were performed with
3 mol l–1 KCl-filled microelectrodes. Cell impalement was
accepted if a sudden drop in potential occurred, if the potential
was stable for at least a few minutes and if the electrode
potential differed by not more than 3 mV from the baseline
after withdrawal. 

Statistics

Results are presented as means ±S.E.M., with the number of
tubules (N) or number of measurements (n) in parentheses. The
statistical significance of differences in fluid secretion or
electrode potentials was evaluated by paired or unpaired
Student’s t-tests (two-tailed). A value of P<0.05 was accepted
as statistically significant. 

Results
The effects of glibenclamide on fluid secretion

Glibenclamide, a sulfonylurea derivative known to block
KATP channels, was tested on Tenebriotubules. Application of
either 0.1 mmol l–1 or 0.5 mmol l–1 glibenclamide inhibited the
fluid secretion rates by 34.2±5.9% (n=8) and 42.2±6.6% (n=6),
respectively, after 15 min (Fig. 1). The inhibitory effect of
glibenclamide was not reversible after washout. Subsequent
addition of the endogenous diuretic peptide Tenmo-DH37

(100 nmol l–1), however, increased fluid secretion rates,
indicating that tubules were still viable. 

The effect of glibencamide on Vbl

In a low bath [K+] (5 mmol l–1), the addition of 0.5 mmol l–1

glibenclamide elicited a similar change in Vbl to that previously
seen in the presence of Ba2+ (Wiehart et al., 2003), although
to a lesser degree. Vbl responded to glibenclamide by either a
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small but significant hyperpolarization from –56.6±3.3 mV to
–59.7±3.3 mV (Fig. 2A; P=0.01, n=8; in one experiment, there
was a marked hyperpolarization of 12 mV) or a significant
depolarization from –68.3±3.8 mV to –52.3±1.5 mV (Fig. 2B;
P=0.008, n=4). 

Subsequent addition of Ba2+ reinforced either the
hyperpolarization or the depolarization initiated by
glibenclamide (both responses are shown in Fig. 2).

The experimental protocol was reversed to determine
whether glibenclamide had an effect on Vbl in the presence of
Ba2+. Again, glibenclamide caused a further hyperpolarization
of Vbl from –51.8±5.6 mV to –54.7±5.8 mV (n=5, P<0.006) or
depolarization from –45 mV to –41 mV (n=1) (results not
shown), following the response initiated by Ba2+. The addition
of glibenclamide to control Ringer (50 mmol l–1 K+) had no
visible effect on Vbl (n=10).

Vbl in the presence of ouabain

Previously, we found that ouabain (1 mmol l–1) added to
control Ringer (50 mmol l–1 K+) significantly reduced fluid
secretion but had no visible effect on Vbl (Wiehart et al., 2003).
Blocking of the outward electrogenic current of the Na+/K+

pump by ouabain is expected to cause, if anything, a
depolarization of the membrane. The absence of a visible effect
could be due to the high conductance (mainly due to K+) of
the basolateral membrane. Ouabain had a variable effect on Vbl

in low bath [K+] (5 mmol l–1), the tubule cells responding either
by a small hyperpolarization of 3 mV (n=1) or a depolarization
of 3–6 mV (n=3; results not shown). This variable result was
further investigated in the presence of 6 mmol l–1 Ba2+ to
reduce the impact of highly conductive K+ channels. Two of
16 experiments showed a slight depolarization of Vbl in the
presence of ouabain. Surprisingly, in all other experiments, Vbl

responded by a small but significant hyperpolarization. Fig. 3A
shows the result of an experiment in which Vbl hyperpolarized
from –64 mV to –73 mV. The observed hyperpolarization

occurred gradually over a period of 3–5 min and dropped back
to pre-ouabain-treated potentials within 1 min of washout.
Fig. 3B summarises the results of all 16 experiments. Ouabain
had no detectable effect on Vbl in control Ringer (50 mmol l–1

K+) in the presence of Ba2+ (n=4).

The effect of ouabain on Vbl in the presence of glibenclamide 

The effect of ouabain was tested again but this time in the
presence of glibenclamide (and Ba2+). The experiments in
Fig. 4 illustrate the result. After the addition of glibenclamide
and Ba2+, which either caused a hyperpolarization (Fig. 4A) or
depolarization (Fig. 4B) of Vbl, the addition of 1 mmol l–1

ouabain always resulted in a depolarization of Vbl, averaging
8.5±1.4 mV (n=8, P=0.001). 

Further indications of KATP channels in the basolateral
membrane

In the presence of Ba2+, although a loss of K+ sensitivity is
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Fig. 1. Effect of glibenclamide on fluid secretion by tubules of
Tenebrio. Glibenclamide was tested at 0.1 mmol l–1 (triangles) and
0.5 mmol l–1 (circles) in control Ringer (50 mmol l–1 K+). Secretion
rates recovered after stimulation with Tenmo-DH37 (100 nmol l–1).
The horizontal bars indicate the time of exposure to glibenclamide
(broken bar) and to Tenmo-DH37 (solid bar). Data are presented as
means ± 1 S.E.M. for 7–8 tubules. 

Fig. 2. Response of basolateral membrane potential (Vbl) to
glibenclamide (Glib.). In a low [K+] bath (5 mmol l–1 K+) Vbl

responded to glibenclamide by either (A) a small but significant
hyperpolarization of 3.6±1.2 mV (P=0.01, n=8) or (B) a significant
depolarization of 9±1.5 mV (P=0.008, n=4). Addition of 6 mmol l–1

Ba2+ reinforced the initial response of glibenclamide.
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expected, a change in the bath [K+] from 5 mmol l–1 K+ to
140 mmol l–1 K+ caused a depolarization of Vbl from
–88.8±2.7 mV to –13.7±1.9 mV, followed by a repolarization
to –51.8±7.0 mV beginning after 3–8 min (n=6). A typical
experiment is shown in Fig. 5A, and Fig. 5B summarises the
results of six experiments. Such a repolarization was never
seen after a 20 min period in a high [K+] in the absence of Ba2+

(result not shown). 
Fig. 6 shows the result of a similar experiment but in the

presence of 0.5 mmol l–1 glibenclamide. Although Vbl still
depolarized by 43.1±5.7 mV (n=6) when the bath [K+] was
changed from 5 mmol l–1 K+ to 140 mmol l–1 K+, this was
significantly less than the depolarization of 75 mV previously
seen in the absence of glibenclamide. Furthermore, no
subsequent repolarization of Vbl was seen in any of the
experiments even after 30 min of high [K+]. The rate of
response of the basolateral membrane to either the high or low
[K+] was noticeably affected in the presence of glibenclamide.
With both Ba2+ and glibenclamide present, Vbl hyperpolarized
over a mean time of 15 min (n=6) in response to low bath [K+]
compared with 8 min (n=7) in the presence of Ba2+ alone.

Likewise, Vbl depolarized over a mean period of 12 min (n=6)
in response to a high [K+] compared with 3 min when only
Ba2+ was present. During these experiments, the basolateral
membrane became increasingly less sensitive to the bath [K+]
with time. Reintroduction of a low bath [K+] hyperpolarized
Vbl to –57±3.8 mV compared with the previous –66±6.2 mV
(n=6, P=0.002).

Discussion
The effect of glibenclamide on fluid secretion rates

The existence of a functional link between the activity of the
basolateral Na+/K+-ATPase and the basolateral K+

conductance via KATP channels is well established in
vertebrate epithelial cells (Grasset et al., 1983; Matsumura et
al., 1984; Smith and Frizzell, 1984; Tsuchiya et al., 1992). At
concentrations of 0.1 mmol l–1 and 0.5 mmol l–1,
glibenclamide, a specific KATP channel blocker, decreases fluid
secretion rates of stimulated Tenebrio tubules by 34% and
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Fig. 3. (A) Effect of ouabain on basolateral membrane potential (Vbl)
in low bath [K+] (5 mmol l–1) measured in the presence of Ba2+.
(B) Summary of the response of Vbl to ouabain. Data are presented as
means ± 1 S.E.M. (n=16, P<0.001).

Fig. 4. Typical experiments showing the effect of ouabain on
basolateral membrane potential (Vbl) in the presence of
glibenclamide (Glib.) and Ba2+. The hyperpolarization (A) or
depolarization (B) of glibenclamide and Ba2+ is followed by a
depolarization of Vbl with the addition of 1 mmol l–1 ouabain. The
experiments were carried out in low bath [K+] (5 mmol l–1). 
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42%, respectively (Fig. 1). The drug concentrations used are
relatively high compared with those used to inhibit KATP

channels of pancreatic β-islet cells but are comparable with
doses used in the renal proximal tubule (Tsuchiya et al., 1992).
The reason for the apparent differences in sensitivity of KATP

channels to glibenclamide is not clear but appears to depend
on the association of different sulfonylurea receptors with the
KATP channel unit (Benz and Kohlhardt, 1994). This is in

accordance with the existence of a large family of KATP

channels, which have, among other properties, different
sensitivities to sulfonylureas (Ashcroft and Ashcroft, 1990). 

The effect of glibenclamide on the basolateral membrane
potential

The involvement of KATP channels in control Ringer
(50 mmol l–1 K+) seems to be indicated by the inhibition of
fluid secretion by glibenclamide, although the substance had
no visible effect on Vbl in control Ringer. The lack of response
might be due to the masking of KATP channel activity by other
highly conductive K+ channels present in the basolateral
membrane of insect tubules. 

In low bath [K+] (5 mmol l–1), glibenclamide had a
detectable effect on Vbl similar to that previously observed with
the K+ channel blocker Ba2+ (Wiehart et al., 2003). Depending
on the putative electrochemical gradient for K+, glibenclamide
either caused a small but significant hyperpolarization of
3.6±1.2 mV (Fig. 2A) or a significant depolarization of
9±1.5 mV (Fig. 2B) of Vbl, indicating the inhibition of either
inward (hyperpolarization) or outward (depolarization) K+

movement through glibenclamide-sensitive K+ channels. The
open probability of the KATP channels at bath concentrations
of 135 mmol l–1 NaCl and 5 mmol l–1 KCl must therefore be
relatively high. This is supported by a patch-clamp study on
rat cortical collecting tubules in which the authors found a bath
concentration of 5 mmol l–1 KCl and 135 mmol l–1 NaCl to be
optimal for KATP channels to be in an open state (Wang et al.,
1990).

The addition of 6 mmol l–1 Ba2+ complements the initial
response observed with glibenclamide by a further
hyperpolarization or depolarization of Vbl, demonstrating the
inward and outward electrochemical gradient for K+,
respectively (Fig. 2). The sensitivity of this large family of
KATP channels to Ba2+ is not clear. Tsuchiya et al. (1992)
determined that KATP channels are almost exclusively
responsible for the K+ conductance in the renal proximal
tubule. Blocking the conductive K+ channels with
glibenclamide caused a 95% inhibition in the basolateral
membrane K+ conductance compared with 84% when blocking
with Ba2+. This difference indicated that the KATP channels

were less sensitive to Ba2+. In line with
this study, the KATP channels present in
TenebrioMalpighian tubule cells appear
less sensitive to Ba2+. The additional
hyperpolarization from –51.8±5.6 mV to
–54.7±5.8 mV (n=5) or depolarization
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from –45 mV to –41 mV (n=1) caused by glibenclamide in the
presence of Ba2+ substantiates this. 

However, caution must be exercised when interpreting
results with glibenclamide, as this sulphonylurea compound
has been shown to inhibit the cystic fibrosis transmembrane
conductance regulator (CFTR) Cl– channel (Sheppard and
Welsh, 1992; Schultz et al., 1996), which is present in most
secreting epithelia of vertebrates. Although this CFTR channel
has not been characterized in insects, we cannot rule out its
existence. 

The effect of ouabain and glibenclamide on Vbl

Fluid secretion is inhibited by 1 mmol l–1 ouabain (Wiehart
et al., 2003). However, ouabain has no detectable effect on Vbl

in control conditions (50 mmol l–1). Possibly, the presence of
high conductance K+ channels masked an effect on any other
electrogenic process in the basolateral membrane. The effect
expected when the outward electrogenic pump current is
blocked is a depolarization of the membrane (Messner et al.,
1985; Horisberger and Giebisch, 1988). This has been
observed in unstimulated salivary glands of Calliphora
(Berridge and Schlue, 1978) as well as in Malpighian tubule
cells of Drosophila(Linton and O’Donnell, 1999). In low K+,
in the presence of Ba2+, Vbl was affected: in 14 out of 16 cells,
the membrane hyperpolarized in the presence of ouabain.
Involvement of KATP channels was confirmed by applying
ouabain after pretreatment with glibenclamide (in the presence
of Ba2+): the effect was reversed and in all experiments (n=8)
ouabain depolarized Vbl (Fig. 4).

Glibenclamide changes the sensitivity of Vbl to the external
[K+]

In contrast to findings for the forest ant Formica polyctena
(Weltens et al., 1992), the basolateral membrane of Tenebrio
tubule cells does not appear to lose its sensitivity to the bath
[K+] in the presence of 6 mmol l–1 Ba2+. Increasing the bath
[K+] from 5 mmol l–1 to 140 mmol l–1 K+ resulted in an
immediate depolarization of Vbl, with a mean value of 75.3±2.4
mV (n=6). However, this sudden depolarization was followed
by a repolarization of 30–40 mV after 3–8 min (Fig. 5A).
Again, the involvement of the Na+/K+-ATPase and the KATP

channels seems to be the explanation.
A rise in Na+ transport and intracellular [Na+] is the primary

physiological stimulus for the Na+/K+-ATPase in vertebrate
tissue (Mauerer et al., 1998; Tsuchiya et al., 1992). In our
study, a low bath [K+] (5 mmol l–1), and therefore a high [Na+]
(141 mmol l–1), could be responsible for activating the Na+/K+-
ATPase, thereby increasing the open probability of the KATP

channels. The initial large depolarization seen when changing
the bath [K+] from a low to a high value is most probably due
to the following: (1) Ba2+, being a competitive inhibitor of K+

channels, is ‘knocked-off’ by the inward flux of K+ ions at high
bath [K+] (Eaton and Brodwick, 1980; Armstrong and Taylor,
1980) and (2) the initial intracellular [ATP] is relatively low,
which means the open probability of the KATP channels is high,
allowing an initial influx of K+ ions. However, at a bath

concentration containing no NaCl (140 mmol l–1 KCl), the
Na+/K+ pump stops functioning, resulting in a time-dependent
increase of intracellular [ATP] and therefore the closing of
KATP channels. This might explain the observed repolarization
of Vbl after a few minutes: the apical V-ATPase increases the
cell negative potential, and compensation by K+ entrance
across the basolateral membrane is slowed down. Again, this
response was not seen in experiments without Ba2+, indicating
that other highly conductive K+ channels mask the presence of
KATP channels. 

To substantiate the above hypothesis, experiments were
repeated in the presence of Ba2+ and 0.5 mmol l–1

glibenclamide. The hyperpolarization of Vbl to a mean of
–66±6.2 mV, when [K+] was decreased, was far less than the
–88.5±3.4 mV when only Ba2+ was present. Moreover,
although a substantial depolarization of Vbl was still seen when
the bath [K+] was changed from 5 mmol l–1 to 140 mmol l–1

(43 mV), this was considerably less than in experiments that
involved Ba2+ alone. Most remarkable, however, was the
sluggish response of Vbl in the presence of both substances.
Both the hyperpolarization and depolarization of Vbl in
response to a different bath [K+] were much slower, with the
depolarization in some experiments taking more than six times
longer than in earlier experiments with only Ba2+. Moreover,
the depolarization of Vbl was no longer followed by a
repolarization, indicating that the putative KATP channels were
blocked and therefore insensitive to the increase in intracellular
[ATP] expected when the Na+/K+-ATPase is inhibited by a
decrease in Na+. The final depolarization (after repolarization),
when only Ba2+ was present, was 37±4.9 mV (n=6) and is
comparable with the depolarization of 43±5.7 mV (n=6) when
both substances were present, possibly indicating that the KATP

channels are blocked in both instances. Another marked effect
of glibenclamide was that the basolateral membrane became
increasingly less responsive to the surrounding [K+] with time.
Reintroduction of a low bath [K+] (5 mmol l–1) still elicited a
hyperpolarization of Vbl, but to a lesser extent. In experiments
where only Ba2+ was present, Vbl stayed responsive to the bath
[K+] (Fig. 5A).

In summary, the effects of glibenclamide, a KATP channel
blocker, on both the fluid secretion rate and basolateral
membrane potentials of Tenebrio Malpighian tubules are
strong indications of the presence of KATP channels and the
involvement of these channels in ion transport. 

Financial support was provided by a bilateral award
(Bil98/53) under the Flemish–South African agreement on
scientific and technological cooperation and by the South
African National Research Foundation and the University of
Pretoria. 

References
Anstee, J. H. and Bowler, K.(1979). Ouabain-sensitivity of insect epithelial

tissue. Comp. Biochem. Physiol. A62, 763-769. 
Armstrong, C. M. and Taylor, S. R. (1980). Interaction of barium ions with

potassium channels in squid giant axons. Biophys. J.30, 473-488.

U. I. M. Wiehart and others



965Presence of KATP channels in Tenebriotubules

Ashcroft, S. J. and Ashcroft, F. M.(1990). Properties and functions of ATP-
sensitive K-channels. Cell Signal. 2, 197-214.

Balaban, R. S., Mandel, L. J., Soltoff, S. P. and Storey, J. M.(1980).
Coupling of active ion transport and aerobic respiratory rate in isolated renal
tubules. Proc. Natl. Acad. Sci. USA77, 447-451.

Benz, I. and Kohlhardt, M. (1994). Distinct modes of blockade in cardiac
ATP-sensitive K+ channels suggest multiple targets for inhibitory drug
molecules. J. Membr. Biol. 142, 309-322.

Berridge, M. J. and Schlue, W. R.(1978). Ion-selective electrode studies on
the effects of 5-hydroxytryptamine on the intracellular level of potassium
in an insect salivary gland. J. Exp. Biol.72, 203-216. 

Caruso-Neves, C. and Lopes, A. G.(2000). Sodium pumps in the Malpighian
tubule of Rhodnius sp. An. Acad. Bras. Ci.72, 407-411. 

Eaton, D. C. and Brodwick, M. S.(1980). Effects of barium on the potassium
conductance of squid axon. J. Gen. Physiol.75, 727-750.

Grasset, E., Gunter-Smith, P. and Schultz, S. G. (1983). Effects of Na-
coupled alanine transport on intracellular K activities and the K conductance
of the basolateral membranes of Necturussmall intestine. J. Membr. Biol.
71, 89-94.

Horisberger, J. D. and Giebisch, G.(1988). Intracellular Na+ and K+

activities and membrane conductances in the collecting tubule of
Amphiuma. J. Gen. Physiol.92, 643-665.

Hurst, A. M., Beck, J. S., Laprade, R. and Lapointe, J. Y.(1993). Na+ pump
inhibition downregulates an ATP-sensitive K+ channel in rabbit proximal
convoluted tubule. Am. J. Physiol.264, F760-F764.

Leyssens, A., Van Kerkhove, E., Zhang, S. L., Weltens, R. and Steels, P.
(1993). Measurements of intracellular and luminal K+ concentrations in
Malpighian tubule (Formica). Estimate of basal and luminal electrochemical
K+ gradients. J. Insect Physiol.39, 945-958. 

Linton, S. M. and O’Donnell, M. J. (1999). Contributions of K+:Cl–

cotransport and Na+/K+-ATPase to basolateral ion transport in Malpighian
tubules of Drosophila melanogaster. J. Exp. Biol.202, 1561-1570.

Maddrell, S. H. and Overton, J. A.(1988). Stimulation of sodium transport
and fluid secretion by ouabain in an insect Malpighian tubule. J. Exp. Biol.
137, 265-276.

Matsumura, Y., Cohen, B., Guggino, W. B. and Giebisch, G.(1984).
Regulation of the basolateral potassium conductance of the Necturus
proximal tubule. J. Membr. Biol. 79, 153-161.

Mauerer, U. R., Boulpaep, E. L. and Segal, A. S.(1998). Properties of an
inwardly rectifying ATP-sensitive K+ channel in the basolateral membrane
of renal proximal tubule. J. Gen. Physiol.111, 139-160.

Messner, G., Wang, W., Paulmichl, M., Oberleithner, H. and Lang, F.
(1985). Ouabain decreases apparent potassium-conductance in proximal
tubules of the amphibian kidney. Pflugers Arch. 404, 131-137.

Nicolson, S. W.(1992). Excretory function in Tenebrio molitor: fast tubular
secretion in a vapour-absorbing insect. J. Insect Physiol. 38, 139-146. 

Nicolson, S. W.(1993). The ionic basis of fluid secretion in insect Malpighian
tubules: advances in the last ten years. J. Insect Physiol.39, 451-458. 

Nicolson, S. and Isaacson, L. (1990). Patch clamp of the basal membrane of
beetle Malpighian tubules: direct demonstration of potassium channels. J.
Insect Physiol.36, 877-884. 

Noma, A. (1983). ATP-regulated K+ channels in cardiac muscle. Nature305,
147-148.

Pannabecker, T.(1995). Physiology of the Malpighian tubule. Ann. Rev. Ent.
40, 493-510. 

Schultz, B. D., DeRoos, A. D. G., Venglarik, C. J., Singh, A. K., Frizzell,
R. A. and Bridges, R. J.(1996). Glibenclamide blokade of CFTR chloride
channels. Am. J. Physiol.271, L192-L200. 

Seino, S. (1999). ATP-sensitive potassium channels: a model of
heteromultimeric potassium channel/receptor assemblies. Annu. Rev.
Physiol.61, 337-362.

Sheppard, D. N. and Welsh, M. J.(1992). Effects of ATP-sensitive K+

channel regulators on cystic fibrosis transmembrane conductance regulator
chloride currents. J. Gen. Physiol. 100, 573-591. 

Smith, P. L. and Frizzell, R. A.(1984). Chloride secretion by canine tracheal
epithelium: IV. Basolateral membrane K permeability parallels secretion
rate. J. Membr. Biol.77, 187-199.

Tsuchiya, K., Wang, W., Giebisch, G. and Welling, P. A.(1992). ATP is a
coupling modulator of parallel Na,K-ATPase-K-channel activity in the renal
proximal tubule. Proc. Natl. Acad. Sci. USA89, 6418-6422.

Urbach, V., Van Kerkhove, E., Maguire, D. and Harvey, B. J.(1996).
Cross-talk between ATP-regulated K+ channels and Na+ transport via
cellular metabolism in frog skin principal cells. J. Physiol. 491, 99-109.

Van Kerkhove, E. (1994). Cellular mechanisms in salt secretion by
Malpighian tubules of insects. Belg. J. Zool.1, 73-90.

Wang, W., Schwab, A. and Giebisch, G.(1990). Regulation of a small-
conductance K+ channel in the apical membrane of rat cortical collecting
tubule. Am. J. Physiol.259, F494-F502. 

Wang, W., Sackin, H. and Giebisch, G.(1992). Renal potassium channels
and their regulation. Annu. Rev. Physiol. 54, 81-96.

Weltens, R., Leyssens, A., Zhang, S. L., Lohrmann, E., Steels, P. and Van
Kerkhove, E. (1992). Unmasking of the apical electrogenic H pump in
isolated Malpighian tubules (Formica polyctena) by the use of barium. Cell
Physiol. Biochem.2, 101-116. 

Wiehart, U. I. M., Nicolson, S. W., Eigenheer, R. A. and Schooley, D. A.
(2002). Antagonistic control of fluid secretion by the Malpighian tubules of
Tenebrio molitor: effects of diuretic and antidiuretic peptides and their
second messengers. J. Exp. Biol.205, 493-501.

Wiehart, U. I. M., Nicolson, S. W. and Van Kerkhove, E.(2003). K+

transport in Malpighian tubules of Tenebrio molitor: a study of
electrochemical gradients and basal K+ uptake mechanisms. J. Exp. Biol.
206, 949-957.


