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Summary

Para-aminohippuric acid (PAH) is a negatively charged
organic ion that can pass across the epithelium of
Malpighian tubules. Its mode of transport was studied in
Malpighian tubules of Drosophila melanogaster.PAH
transport was an active process, with &m of 2.74 mmol 1
and a Vmax of 88.8pmolmiml. Tubules had a low
passive permeability to PAH, but PAH transport
rates (832nmolmirrlmm?2) and concentrative ability
([PAH] secreted ﬂuid[PAH] bath:81-2) were the h|ghest
measured to date for insects. Competition experiments
indicated that there were two organic anion transporters,
one that transports carboxylate compounds, such as PAH
and fluorescein, and another that transports sulphonates,
such as amaranth and Indigo Carmine. PAH transport
appears to be maximain vivo because the rate of transport
by isolated tubules is not increased when these are
challenged with cyclic AMP, cyclic GMP, leucokinin | or
staurosporine. Basolateral PAH transport was inhibited
by ouabain and dependent on the Na gradient. The
Malpighian tubules appeared not to possess an organic

acid/o-keto acid exchanger because PAH accumulation
was not affected by low concentrations (10@moll=1) of
o-keto acids (i-ketoglutarate, glutarate, citrate and
succinate) or the activity of phosphokinase C. PAH
transport may be directly coupled to the N& gradient,
perhaps via Na*/organic acid cotransport. Fluorescence
microscopy showed that transport of the carboxylate
fluorescein was confined to the principal cells of the
main (secretory) segment and all the cells of the lower
(reabsorptive) segment. Organic anions were transported
across the cytoplasm of the principal cells both by diffusion
and in vesicles. The accumulation of punctate fluorescence
in the lumen is consistent with exocytosis of the cytoplasmic
vesicles. Apical PAH transport was independent of the
apical membrane potential and may not occur by an
electrodiffusive mechanism.

Key words: organic anion transport, Malpighian tubiDegsophila
melanogasterprobenecid, colchicine.

Introduction
Larval and adult fruit fliesProsophila melanogasteifeed

the Malpighian tubules of the cockroaBleberus giganteus

on rotting fruit, which may contain large amounts of organigBresler et al., 1990). Further studies in other species are
anions produced by microorganisms or excreted by other flieszquired to clarify this matter.
Organic anions are usually categorised as carboxylates orLittle is known about the mechanism of anion transport in
sulphonates (Mgller and Sheikh, 1983). Carboxylates sudhsects, particularly ‘classic’ PAH transport (Miller and
as para-aminohippuric acid (PAH) and fluorescein have Rritchard, 1993). Organic anions are known to be transported
negatively charged carboxyl group and a hydrophobic moietythrough the cells of the Malpighian tubules (Bresler et al.,
usually an aromatic ring system. Sulphonates such &990; Maddrell et al., 1974), and three steps are involved:
amaranth, Indigo Carmine and Phenol Red, are chemicallyasolateral membrane transport, cytoplasmic transport and
similar but have a negatively charged sulphonate instead ofagpical membrane transport. Organic anions cross the
carboxylate group. basolateral membrane against both electrical and chemical
In all insects studied to date, the Malpighian tubules activelgradients (Maddrell et al., 1974; Bresler et al., 1990). Transport
excrete organic anions (Maddrell et al., 1974; Bresler et almust, therefore, be directly or indirectly coupled to an energy-
1990). It is unclear whether Malpighian tubules have commodependent pump. Tertiary active transport has been identified
or separate transporters for carboxylates and sulphonates. Tiheexcretory cells of other animals studied (rabbit, winter
Malpighian tubules ofRhodnius prolixusand Calliphora  flounder Pseudopleuronectes americanusrab Cancer
erythrocephalaare thought to possess separate organic anidmorealis garter snakeThamnophis sirtalis Pritchard and
transporters (Maddrell et al., 1974; Quinlan and O’DonnellMiller, 1993, 1996). PAH is accumulated by the cells through
1998), whereas a common transporter has been suggesteddomechanism ultimately dependent on the* Npadient
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established by the N&*-ATPase. Uphill movement of PAH dissected undeDrosophila saline adjusted to pH7 and
into the cells is driven by downhill movement ofcaketo acid  containing (in mmoli!) 117.5 NaCl, 20 KCI, 2 Cagl 8.5
such asu-ketoglutarate or glutarate (for reviews, see PritchardigClz, 10.2 NaHCQ, 4.3 NakPQu, 15 Hepes and 20
and Miller, 1993, 1996). The-keto acid is returned to the cell glucose. The tubules were then transferred tou8-é@oplets
through cotransport with Na In Malpighian tubules, PAH of bathing medium (Dow et al., 1994). The standard bathing
transport is dependent on the presence of a basolatetal Naedium (SBM) consisted of one part Dfosophila saline
gradient (Bresler et al., 1990), but the roleneketo acids is to one part of Schneider’'s insect culture medium (Sigma
unknown. Chemical Corp., St Louis, MO, USA). For experiments
Once in the cell, organic acids could simply diffuse acrossequiring alteration of Naor K* concentrations, an amino-
the cytoplasm from the basolateral to the apical membraneacid-replete saline (AARS) was used. AARS consisted of
However, because the organic acids are potentially toxic, tHerosophilasaline plus the following amino acids (in mna)|
cell may have to keep the concentration below a critical valug.7 glycine, 7L-proline, 6.16L-glutamine, 0.95 histidine,
to maintain function. As in other animals studied, this could b@.55 L-leucine, 4.5L-lysine and 1.3L-valine. Nd& and
achieved by transporting organic acids into vesicles (Miller eK* concentrations were altered by replacing With Na',
al., 1993, 1994). The vesicles could then be transported acremsd N&  with  N-methylp-glucamine.  J4C]JPAH
the cytoplasm on a microtubular network (Miller et al., 199491 729 ctsmintmmot?1) was added to droplets of bathing
Miller and Pritchard, 1994). medium contained under paraffin oil in depressions cut into the
The large lumen-positive electrical potential across théase of a Sylgard-lined Petri dish.
apical membrane of the Malpighian tubule (approximately To collect secreted fluid, pairs of Malpighian tubules were
100 mV) will favour the movement of organic anions out ofarranged so that one tubule was in the bathing droplet, while
the cells down their electrochemical gradient. A potentialthe other was wrapped around an insect pin positioned
driven carrier could be used for such transport (Eveloff et algpproximately 5 mm away from the droplet. The ureter, joining
1979; Werner et al., 1990; Martinez et al., 1990; Pritchard antthe two tubules, was positioned just outside the bathing droplet.
Miller, 1993, 1996). Alternatively, if organic anion transport Secreted droplets forming at the ureter were removed with a
is not dependent on the apical potential, then an electroneutiglbss probe every 15min and allowed to settle to the bottom
exchanger, such as an organic acid/anion (G#C0Osz™ or CI) of the Petri dish. The diamete) (of the droplet was measured
exchanger, could be in operation (Blomstedt and Aronsomwith an ocular micrometer, and droplet volume was calculated
1980). If the organic acids were transported across thas (ud3)/6. Droplets were then placed individually in 4 ml of
cytoplasm in vesicles, these could be transferred into the lumeintillant andp-counted in an LKB Wallac 1217 RackBeta
by membrane budding, or the contents could be released bguid scintillation counter. Droplets were collected for 30 min
exocytosis. to establish baseline rates for fluid and PAH secretion. Fluid
This study examines the transport of fluorescent andecretion rates (nlmih) were calculated by dividing droplet
radiolabelled organic anions by the Malpighian tubules offolume (nl) by the time (min) required for droplet formation.
Drosophila melanogasterUsing this species as an insectAfter this time, the compound of interest (inhibitors,
model, our goal has been to elucidate the sites, characteristmsmpetitors, etc.) was added to the bathing droplet, and
and mechanisms of organic anion transport. Specifically, thidroplets were collected for a further 30 min.
involved determining the kinetics of PAH transport and
whether various carboxylates and sulphonates competed for Kinetics of PAH secretion
transport. To examine whether tertiary active transport was PAH concentration in the bath was varied by adding
present, we studied the effects of the basolateragiialient, radioactive J4CJPAH (50 or 10@umol 1) and cold PAH (500,
exogenousi-keto acids and modulators of phosphokinase G000 or 400umolI72) in different combinations to the bathing
on PAH transport. Confocal microscopy was used to reveaaline.
which cell types and segments of the Malpighian tubule were
involved in PAH transport and whether organic acids were Effects of N&- or K*-depleted salines
sequestered within vesicles. We also investigated whether Experimental tubules were placed into AARS that was either
transport of PAH was altered by changes in apical membraréa*™ or K*-free or contained these ions at concentrations that
potential. were 30% of the control value. Control tubules were placed
into AARS containing Naand K" at control concentrations of

132 mmol 1 and 20 mmoli! respectively.
Materials and methods

The Oregon R strain oProsophila melanogastewere Effects ofa-keto acids on accumulation GAC]PAH
maintained at 21-23°C in a laboratory culture. Adult females, Pairs of Malpighian tubules were transferred to 9#10
3 days post-emergence, were used in all experiments. droplets of SBM. a-Ketoglutarate, glutarate, citrate or
succinate at a concentration of 1000l1~1 was added to the
Dissection and fluid secretion assay droplets containing the experimental tubules. No keto acid was

Pairs of Malpighian tubules joined by a common ureter weradded to the bath containing the control tubules. Tubules were
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incubated in these droplets for 30 min to allow them to take up 80 - A
the a-keto acid, then transferred to apllGiroplet containing 1
100umol I~ [HC]PAH and 50@moll cold PAH (total ]
[PAH] 600umol 1) for 5min. Surface-bound4C]PAH was 70
washed off the tubules by briefly passing them througlho
SBM. Tubules were then lysed in i0of distilled water for £ 604
5 min before the water and tubule were transferred into 4ml of £ .
scintillation fluid andB counted. g
& 504 = B
Effects of probenecid oA4C]PAH accumulation 5 E
Probenecid (1 mmot}) plus 123umol I~ [14C]PAH was g 20 &
added to the bath of the experimental tubules while only & § 006407
123umol -1 [14C]PAH was added to the bath of the control z i S
tubules. Tubules were incubated in these solutions for 1h o 30 i
before washing, lysis and counting as above. 8 E‘i 0.04x10°
ol g
Microscopy @ 207 T
Pairs of tubules were incubated for 30min in SBM ] & 0,0210°
containing 0.5 mmolt fluorescein. The tubules were shaken 10 0 1 2 3 4 5
briefly in SBM to remove surface-bound fluorescein, then | [PAH]bath (mmol 1)

mounted on glass microscope slides in a drop of the same
saline. This preparation was observed with a confocal

microscope (Biorad, Micro Radiance 2) equipped with an

argon laser.

T T 1 T 1

0 1 2 3 4 5
[PAH]path (mmol 1)

. Fig. 1. (A) Rates of secretion gfaminohippuric acid (PAH) with
Chemicals increasing concentrations of PAH within the bathing solution for
[14C]PAH was obtained from NEN Life Sciences Productsunstimulated [1) and cyclic-AMP-stimulated (1 mmofi) (@)
Incorporated. Other chemicals were purchased from SigmiMalpighian tubules. Means @e.m.) at each PAH concentration within
Aldrich Canada. Chemicals were dissolved in either SBM othe bath did not differ significantly between stimulated and
dimethylsulphoxide (DMSO) and diluted to 10 times theunstimulated tubulesN=7-10 tubules at each [PAi} (B) Hanes
concentration to be used in the final assay. The concentratiP!ot Of [PAHJat{PAH secretion rate against [PAih The

. . . . plot fits a straight line such that [PAHJ/PAH secretion rate=
f DM r ethanol in the final id not ex 1% P 9
Orevioﬁ?s?uﬁ?es (Z E)’%onie?lsjf §|d ciggé)eh;?/:dsh03\}:;1?0.0113[PAHLatn+0.0309 (2=0.99). The intercept on the vertical axis of
P 9. " ‘a Hanes plot isKn/V, and the slope of the line is\t/ Viax=

fluid secretion is unaffected by these solventsaao. 88.8pmolmiftl, Km=2.74mmoltl (for [PAH]bat0.123mmoltl,
Statistical | N=19; for [PAHpat=0.623mmoltl, N=17; for [PAHbat+
tatistical analyses 1.123mmoltL, N=17; for [PAHbat=4.123 mmoltl, N=15).

Data are expressed as meas.etm. for N tubules. Means
were compared statistically using either two-way analysis ¢
variance (ANOVA) andgost-hoccustomized hypothesis tests
or independent one-tailetitests (SPSS for Windows 6.0). 0.025 to 4.1 mmolt (Fig. 1A). Km was 2.74mmofil, and
Means before and after the addition of the compound 0fmaxwas 88.8 pmolmint (Fig. 1B).
interest were compared separately, thus ensuring that there wa$®AH concentrations in the secreted fluid were calculated by
no a priori difference between the experimental and controdividing PAH secretion rates by corresponding fluid secretion
groups and that the controls were indeed true controlsates. Like the PAH secretion rate, the concentration of PAH
Differences were considered significant if the probability of thén the fluid secreted by both unstimulated and cyclic-AMP-
statistical test was <0.05. Linear regressions were performetimulated tubules saturated as the concentration of PAH in the
for Hanes plots. bath was increased (Fig. 2A). However, because of the higher
fluid secretion rates, the concentration of PAH in the fluid
secreted by the cyclic-AMP-stimulated tubules was much
Results lower than that of the unstimulated tubules (Fig. 2A). Using
Characterisation of PAH transport the values for maximal PAH secretion rates (88.8 pmotHin
Rates of secretion op-aminohippuric acid (PAH) by and typical fluid secretion rates for unstimulated tubules
unstimulated and cyclic-AMP-stimulated Malpighian tubules(0.5 nlmirr?), the maximum estimated concentration of PAH
were similar for all PAH concentrations (Fig. 1A). The ratesin the secreted fluid was 178 mnidll Similarly, for cyclic-
also showed evidence of saturation of the transport mechanishMP-stimulated tubules, the corresponding value was
as the concentration of PAH in the bath was increased fro®8.8 mmol 1.
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150 ~ A * 110 B
100 -
Fig. 2. (A) Relationship between secreted f = 125- 90
p-aminohippuric acid (PAH) concentrati B
and bathing saline PAH concentration E _ 80+
unstimulated [(J) and cyclic-AMP-stimulate = 100 k5 70 -
(Lmmol ) (@) Malpighian tubules. Value '3 T
are means #seM. The asterisks indica i 60
significant P<0.05) differences in secret % 75 h=. 50
fluid PAH concentration between unstimula g f=
and stimulated tubuledN=12-19 tubules i © < 404
each concentration. (B) Ratios of secrc £ 507 & 30-
fluid to bathing saline PAH concentrati E
against bathing saline PAH concentrat 2, 25| 20 ~
Significant differences in the mean ra 10 4
(z s.Eem.) for unstimulated [{J) and cyclic:
AMP-stimulated (1 mmol‘ll) (.) Malplghlan 0 T T T ] 0 LI L R B R R E L e e R
tubules, at each PAH concentration, 0 1 2 3 4 5 0.01 0.1 1 10
indicated by an asterisk. Ratios within [PAH] in bath (mmoli) [PAH] in bath (mmoli)

range of bath PAH concentrations indicateu vy
the solid line above the data points did not differ significantly from other ratios within the same group (unstimulatec-&Mecli
stimulated) N=7-10 tubules at each PAH concentration.

For both unstimulated and stimulated tubules, the ratio ahe rate of PAH secretion (Fig.5). In contrast, amaranth
the concentration of PAH in the fluid secreted by the tubule€lOmmolr1l) and Indigo Carmine (Immofi) at
to the concentration of PAH in the bath ([PA#{:[PAH]bath concentrations of 16 times the concentration of PAH in the
was nearly constant for bath PAH concentrations betweesplution bathing the Malpighian tubules did not affect secretion
0.025 and 1.1 mmot} (Fig. 2B). Pooling of the data for bath rates of PAH (Fig. 5). Similarly, the PAH secretion rates were
PAH concentrations of 0.025-1.1 mndijave a mean value unaffected by 50Qmoll! urate at 8.1 times the PAH
for the [PAHhuid:[PAH]bath Oof 81.2+2.46 for unstimulated concentration in the bathing solution (Fig. 5).
tubules and 42.5+2.48NE12-19) for stimulated tubules. The
[PAH]fuid:[PAH]path ratio decreased when [PAR]h was 14 -

increased to 4.1 mmot} (Fig. 2B), which is consistent with g 124 *
saturation of the PAH transport system. @ T'E 10 4 ]
2= *
Influence of second messengers on PAH secretion rate 2 % 8'2 T .
The addition of cyclic AMP (Immat}), cyclic GMP 28 g4 r
(Lmmol ) or leucokinin 1 (10fimoll) to the bath increased 0.2 ’_._ ]
the rate of fluid secretion, as shown previously (O’Donnell et al cAMP cGMP LKI
1996). In contrast, PAH secretion rates were unaffected (Fig. < % 2.8 T T
We also examined the effects of modulators of proteir g o~ 24 ]
kinases. Staurosporine is a general phosphokinase inhibit g E 1 T I
(Herbert et al.,, 1990). Chelerythrine chloride inhibits g S 2'0: T
phosphokinase C, whereas phorbol 12-myristate 13-acete ;’ E_/ 1.6
(PMA) activates it (Herbert et al., 1990; Nishizuka, 1992). < 2- T/j

: -~ 1.
PAH secrejuon by the Malpighian _tubules was unaffected whe cAMP cGMP LKI
staurosporine, PMA or chelerythrine chloride was added to the
bath (Fig. 4). These compounds, however, did modulate trFig. 3. Effects of stimulation of fluid secretion praminohippuric

fluid secretion rate. Staurosporine and PMA increased fluiacid (PAH) secretion rate ([PAbh}FGl.Sur;cI)I I™%). Fluid secretion
. . . . . .was stimulated with cyclic AMP (1 mmoff N=9), cyclic GMP
seclreﬂi)g rates S“ggz&)\,\(l)@le ;_helzrythrme chloride resulted n(1 mmol: N=8) or leucokinin | (LKI: 10qmol Ik N=17). Each
asig ecrease ( -05) (Fig. 4). column shows the mean @&t.m.) secretion rate for control (open
I columns) and experimental (hatched columns) Malpighian tubules
. Specificity of PAH transport 30min after the addition of the compound of interest. An equivalent
The addition of 4mmoft cold PAH, 50Qumoll™  yolume of saline was added to tubules in the control group.
fluorescein or 1 mmott Phenol Red (respectively 32, 10 and Significant P<0.05) differences between control and experimental
10 times the J*C]PAH concentration in the bath) reduced groups are indicated by an asterisk.



Transport of organic acids by Malpighian tubul8%79
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Fig. 4. Effects of modulation of phosphokinase activity on fluid anc o <<\° N v 6\&
p-aminohippuric acid (PAH) secretion rates of unstimulatec &

Malpighian tubules. Staurosporine (STurholl™l, N=15) is a
general inhibitor of phosphokinases. Phosphokinase C was activat
with phorbol 12-myristate 13-acetate (PMA, (rfiol "1, N=13) or
inhibited with chelerythrine chloride (CheCl;pfoll, N=16).
Mean (+s.e.m.) fluid and PAH secretion rates are shown 30 min aftel
the addition of drugs to the saline bathing the experimental tubule
(hatched columns). An equivalent amount of either saline or 0.59
dimethylsulphoxide was added to the solution bathing the contrc
tubules (open columns). SignificarP<0.05) differences between
control and experimental groups are indicated by an asterisl
[[14C]PAH]pat=50umol 1,

Fig. 5. Effects of organic anions on the secretiop-aminohippuric

acid (PAH). Mean secretion rates ¢£.M.) measured 30 min after
the addition of the competitor to the bath containing the experimental
Malpighian tubules are indicated by hatched columns. An equivalent
volume of saline was added the control tubules (open columns).
Significant  P<0.05)  differences  between control and
experimental groups are indicated by an asterisk. Cold PAH
(control N=14; experimental N=15; [PAH}at=61.5umoll™1).
Fluorescein (50Amoll=1) (control N=20; experimental N=19;
[PAH]bat=50umol I71).  Phenol Red 1mmot} (control N=14;
experimental N=13; [PAHbat=50umoll1). Urate (50@moll-1)
(control N=11; experimental N=17; [PAH}at=61.5umoll™1).
Amaranth  10mmor (control N=16; experimental N=16;
[PAH]pat=623umol 7). Indigo Carmine 1 mmott (control N=7;

Mechanism of PAH transpor
échanism o transport experimentaN=8; [PAH]at=61.5umol I72).

Probenecid-inhibitable basal PAH transport

Probenecid (1 mmot}) reduced the amount of4C]PAH
accumulated within whole tubules by 50%, which isNa‘'-dependence of PAH transport
consistent with blockade of a PAH transporter in the PAH secretion rate was reduced to 20+1 % of control values
basolateral membrane (Fig. 6A). Also, the rate of PAHwhen Malpighian tubules were bathed in *Miee saline
secretion into the lumen of unstimulated Malpighian tubulegFig. 7B). Fluid secretion rates were similar in control ant-Na
was reduced in the presence of F@toll~1 probenecid free saline (Fig. 7A). However, when the Nancentration of
(Fig. 6B). Probenecid had no effect on fluid secretion rat¢éhe bathing saline was reduced to 27 % of the control level, rates
(data not shown).

Fig. 6. Probenecid inhibits p-aminohippuric acid (PAH) 1750 A

accumulation within tubules (A) and PAH secretion by Malpighian
tubules (B). For accumulation experiments, experimental Malpighian
tubules (hatched columnisi=24) were incubated for 1 h in SBM (see
Materials and methods) containing 1 mméllprobenecid and
123umol I71 [14C]PAH. Control tubules (open column¥=22) were
incubated for the same time in SBM containing only 1@®!1-1
[*C]PAH. Background levels of radioactivity were subtracted from
all data. For total PAH secretion rates, Héol I~ probenecid was
added to the bath of the experimental tubules (hatched columns,
N=16). An equivalent volume of saline was added to the bath of the
control tubules (open column$j=16). Values shown are means
(+ skemM.) 30min after the addition of probenecid. Significant
(P<0.05) differences between control and experimental groups are
indicated by an asterisk. [PAk}=50umol 1,
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o 124 A Table 1.Accumulation of J*C]PAH within Malpighian
I ] T tubules preloaded with variousketo acids
S~ 1.0 Control Experimental
folr= 0 8— T (noa-keto acid) (-keto-acid-loaded)
§§ 7 7T a-Keto acid (ctsminttubule pairt) (cts mirrttubule pair?)
Tg = 0.64 a-Ketoglutarate 1218+131 (16) 1481+194 (15)
[ ] Glutarate 1789+204 (16) 17324149 (16)
04 Citrate 1507+315 (12) 17274253 (12)
[Na*] ommol I [Na*] 35.1 mmol tL Succinate 1455+134 (16) 1057+108 (16)
25— PAH, p-aminohippuric acid.
@ B % Values are meanssge.M. (N).
@ 204 T T Tubules in the experimental group were incubated for 30 min in
_E i‘_j T SBM (see Materials and methods) containing [100!1-1 of the
o E 15+ various a-keto acids listed. Tubules in the control group were
®© 10 incubated in saline that did not contain the metabolite. Tubules in
; g_ both groups were then incubated in saline containingu6@d|!
< 5 PAH (100umol 11 [14C]PAH+500umol I~ unlabelled PAH) for
% 5min.
0 There were no significant differences between experimental and

[Na*] 0Ommoltl [Na*] 35.1 mmoltl control groups for any of the metabolites.

Fig. 7. Effects of N&free or low-[N&] saline (hatched columns) on

(A) fluid secretion rates and (Bp-aminohippuric acid (PAH)

secretion rates. Control Malpighian tubules (open columns) wer.

bathed in saline containing *‘Kand N& at concentrations of Test for PAH transport by P-glycoprotein or mrp2

20mmol ! and 132mmot?, respectively. Fluid secretion was  Verapamil and cyclosporin A at respective concentrations of

stimulated with  cyclic AMP  (1mmoth) for all tubules. 100umoll-2 and 5umol - did not affect PAH secretion rate

[PAH]batr=623umol I™%. Values are mean +sem. Significant  (N=14-16 tubules). These compounds inhibit active transport

(P<0.05) differences between control and experimental groups anky large organic anions (e.g. fluorescein-methotexate) by P-

indicated by an asterisk. For [Na0 mmol 1, N=17 experimental lycoprotein (p-gp) and multi-drug-resistance-associated

and 18 control tubules. For [Nla35.1 mmol 1, N=14 experimental gly .p P-9p 9 )

and 15 control tubules. protein 2 (mrp2) (Schramm et al., 1995; Masereeuw et al.,
1996; Gutmann et al., 2000).

of PAH secretion and fluid secretion were similar to those of Intracellular transport of organic acids

colr:1trol t'uzltjlﬁsk.) los bathed in sal ining the/Kia Disruption of microtubules with colchicine
or eignt tubuies bathed in saline containing Colchicine (10@moll=1) reduced the PAH secretion

ATPase inhibitor ouabain (1 mmol}), the rate of _secretlon rate of unstimulated tubules by 25+4%=10) compared
of PAH was reduced by 23*5% compared with ControlsWith controls (N=10), but did not affect the fluid secretion
(N=9). A 665 % reduction in the rate of PAH secretion Was e ’
seen when the N&*-ATPase was inhibited by bathing the '

tubules in K-free saline {l=15) compared with controls

(N=14). The bath concentrations of PAH werqitblI"2and ~ Microscopy

600umol =1 for tubules bathed in saline that contained Stellate cells did not accumulate fluorescein, whereas all
ouabain or was Kfree, respectively. Both concentrations cells of the lower segment (not shown) and all the principal

were well below those associated with saturation of the PAldells of the main segment (Fig. 8) fluoresced for 5-10 min

transport mechanism. after the addition of 50@moll~l fluorescein. The
. . . fluorescence of the cytoplasm was primarily punctate, with
Tests for organic anionfketo acid exchange some diffuse fluorescence (Fig. 8). Fluorescent vesicles in the

PAH uptake by a PAM-keto acid exchange process iscytoplasm were typically 0.54Im in diameter. The
typically stimulated by the addition of low concentrationsiof fluorescence of the principal cells subsequently faded.
keto acids to the bathing saline (Shimada et al., 1987; Pritchatdumerous fluorescent vesicles, larger than those seen in the
1988; Chatsudthipong and Dantzler, 1991, 1992). However, thig/toplasm, were consistently seen moving down the lumen
is not the case for the Malpighian tubuleDofmelanogaster  of the tubule =20 tubules froniN=15 animals) before being
The uptake of 'C]PAH was unaffected by the addition of low ejected from the ureter (Figs 9, 10). These vesicles in the
concentrations (10@moll~1) of a-ketoglutarate, glutarate, tubule lumen and at the tip of the ureter were approximately
citrate or succinate to the bathing saline (Table 1). 5-10um in diameter.
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Fig. 8. Confocal image of a Malpighian tubule frdbrosophila

melanogasterstained with 50Qumol I~ fluorescein. Cross section

through the principal and stellate cells of a Malpighian tubule

Principal (P) cells contain both punctate (arrow) and diffuse (*JFig. 9. Confocal image of a Malpighian tubule frabrosophila

fluorescence. Stellate cells (St) did not fluoresce. melanogasterstained with 50@moll-! fluorescein. Cross section
through the cells and lumen of a Malpighian tubule. The lumen (L)
contains large fluorescent vesicles (V).

Discussion
Malpighian tubules ob. melanogasteransport organic rates per unit surface area are therefore 3.93 and
acids at high rates 39.3mmol minmn. It is apparent, therefore, that the tubules

Organic anion transport by the Malpighian tubulesDof of Drosophila melanogastdrave area-specific transport rates
melanogastemwas saturable and, therefore, carrier-mediatedor PAH that are 20—200 times higher than the corresponding
(Fig. 1A). Moreover, the rates of transport and the
concentrations achieved in the tubule lumen are the highe
measured to date in insects. PAH concentrations in the secre!
fluid are more than 80 times those in the bath (Fig. 2B). B'
comparison, PAH concentrations in the lumen of the
Malpighian tubules of Rhodnius prolixus Schistocerca
gregariaandCalliphora erythrocephalare respectively 9.57,
23.4 and 3.5 times those in the bath (Maddrell et al., 1974
The rates of PAH transport are very high in comparison witl
the tubules of other species when the rates are expressed
unit tubule surface area. Typical PAH transport ratesDfor
melanogasteare 1.6 pmol minttubule’l. Tubule diameter is
35um and tubule length is 2mm (Dow et al., 1994), giving &
surface area of 1.5208mn?. The transport rate is therefore
832 mmol min?mn?. For Rhodnius prolixus the secretory
segment of fifth-instar tubules are 20mm in length anc
90um in diameter, giving a surface area of XPF4mme.
Rates of PAH transport range from a minimum of
0.5pmolmirttubule?® in unfed insects to a maximum of Fig. 10. Confocal image of a Malpighian tubule fraosophila
5pmolmirrttubule? in insects 3-4 days post-feeding melanogasterstained with 50Qmol It fluorescein. Fluorescent
(Maddrell and Gardiner, 1975). Corresponding transpotvesicles (V) are visible at the tip of a ureter.(U)
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rates for tubules of fifth-instaRhodnius prolixusMoreover, 1990). However, cross-reactivity between the transport
PAH transport appears to be maximally activated in isolatedystems for the two substrates PAH and Congo Red may
tubules because it was not stimulated by agents that increaseplain the results of Bresler et al. (1990).
the fluid secretion rate (cyclic AMP, cyclic GMP, leucokinin | A sulphonate transporter may be responsible for the uptake
and staurosporine). of cyclic nucleotides by insect Malpighian tubules (Quinlan
The transport of PAH at high rates, high concentrations aind O’Donnell, 1998; Riegel et al.,, 1999). However,
PAH in the tubule lumen and the relatively high value may accumulation of cyclic nucleotides By melanogastetubules
all relate to the high dietary intake of organic acidsCby is independent of the Nagradient across the basolateral
melanogasterOrganic acids may either be the waste productsnembrane and is not inhibited by PAH (Riegel et al., 1999).
of other larval or adult flies feeding on the rotting fruit, or they
may be produced by microorganisms. The high value PAH transport across the basolateral membrane
indicates that the tubules can excrete organic acids efficiently Our results are consistent with the presence of a probenecid-
over a wide range of concentrations, without the transpoithibitable and N&dependent organic anion transporter in the
system becoming saturated. basolateral membranes of the principal cells. Disruption of the
electrochemical gradient for Naacross the basolateral
Passive permeability of the Malpighian tubules to small  membrane inhibited PAH transport. The *Ngradient was
organic acids either reversed by bathing tubules in*Meee saline (Fig. 7)
The Malpighian tubules dd. melanogastehave a very low or reduced by inhibiting the N&K*-ATPase with either
permeability to small negatively charged organic moleculesuabain or K-free saline. The movement of Naown its
such as PAHNI;=194) since the rates of PAH secretion areelectrochemical gradient into the cell may directly or indirectly
similar when Malpighian tubules are secreting fluid at lowdrive the movement of PAH into the cell against its
(unstimulated) and high (cyclic AMP stimulated) rates (Fig. 1)electrochemical gradient. The dependence of PAH secretion on
and a large concentration gradient can be maintained across the N& gradient across the basolateral membrane of insect
tubule within a range of PAH bath concentrations (Fig. 2B)Malpighian tubules has been proposed previously (Bresler et
The high rates of transport, together with a low permeabilityal., 1990).
ensure that the Malpighian tubules Bf melanogasteiare The Malpighian tubules db. melanogasteappear not to
highly efficient at excreting organic acids. In contrasDto  possess am-keto acid/organic anion exchanger, given that low
melanogasterthe Malpighian tubules dR. prolixusand C.  concentrations of a-ketoglutarate, glutarate, citrate and
erythrocephalaare highly permeable to small molecules succinate did not stimulate the accumulation of PAH (Table 1).
(Maddrell et al., 1974). The Malpighian tubulesRofprolixus ~ Another difference is that the vertebrate organic anion
are permeable to PAHMg=194) but not to amaranth transporter is inhibited by activation of phosphokinase C and
(My=604.5), whereas the Malpighian tubules d. consequentphosphorylation (Halpin and Renfro, 1996; Takano
erythrocephalaare permeable to both PAH and amaranthet al., 1996; Sweet et al., 1997; Wolff et al., 1997; Miller, 1998;

(Maddrell et al., 1974). Gekle et al., 1999), whereas PAH transporbbynelanogaster
- _ _ tubules was unaffected by chelerythrine chloride and PMA,
Specificity of the organic anion transporters which respectively inhibit and activate phosphokinase C

Transport of JAC]JPAH is inhibited by the carboxylates PAH (Fig. 5; Herbert et al., 1990; Nishizuka, 1992). Given that
(cold) and fluorescein but not by the sulphonates amaranth aR@AH transport is dependent on the *Ngradient across
Indigo Carmine (Fig. 5). This suggests that organic anions atbe basolateral membrane but does not involve can
transported by two potential transporters, one that transportgtoglutarate/organic acid exchanger, PAH transport across the
carboxylate compounds and another that transports sulphondtasolateral membrane &f. melanogastecould be directly
compounds. There may also be some cross-reactivity betweeaupled to the Nagradient, perhapsia Na*/organic acid
the two systems since the sulphonate Phenol Red inhibitedtransport.

PAH transport. Overlap between the two transporters is highly

advantageous, since the excretory system thus has the ability Transport of PAH through the cytoplasm

to transport a broad range of chemical compounds. Urate is notOrganic anion transport through the cytoplasm of the
transported by the organic anion transporter that transponsincipal cells appears to involve both diffusion and vesicular
PAH, given that the presence of urate in the bathing solutiomansport. These two routes have been described for the
did not affect the PAH secretion rate (Fig. 5). The Malpighiartransport of organic acids across the cytoplasm of the proximal
tubules ofR. prolixusand C. erythrocephalaalso possess kidney cells of vertebrates (killifish), and the cells of the
different transporters for carboxylates and sulphonategrinary bladder of the cra®ancer borealigMiller et al., 1993,
(Maddrell et al., 1974; Quinlan and O’Donnell, 1998). In1994; Miller and Pritchard, 1994). In these animals, a
contrast, both carboxylates and sulphonates appear to peoportion of the organic acids are incorporated into vesicles
transported by a common transporter in vertebrates (Ullrickess than 1im in diameter (Miller et al., 1993, 1994). This
and Rumrich, 1988; Fritzsch et al., 1989) and in the Malpighiaproduces a punctate staining similar to that seen in the tubules
tubules of the cockroacBlaberus giganteugBresler et al., of D. melanogastefFig. 8). The vesicles are moved across the
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cytoplasm from the basal to the apical surface on a transport of urate ang-aminohippurate in dog renal microvillus
microtubular network (Miller et al., 1994; Miller and Pritchard, membrane vesicles. Clin. Invest65, 931-934.

1994). As in the present study, vesicle movement is inhibiteBresler, V. M., Belyaeva, E. A. and Mozhayeva, M. G1990). A

by microtubule disruptors such as nocodazole and colchicine comparative study on the system of active transport of organic acids
(Miller et al., 1993, 1994). The incorporation of organic acids_ " Malpighian tubules of insects. Insect Physiol36, 259-270.

into vesicles is thought to decrease the concentration Gf'atsudthipong, V. and Dantzler, W. H.(1991). PAH&-KG
. . oy S countertransport stimulates PAH uptake and net secretion in

potential toxins within the cytoplasm and to aid in the isolated snake renal tubulesm. J. Physiol261, F858-F867.

movement of organic acids across the cytoplasm (Miller et a'ohatsudthipong V. and Dantzler, W. H. (1992). PAHA-KG

1993). The diffuse fluorescent staining of the cytoplasm of the cqyntertransport stimulates PAH uptake and net secretion in
cells of the Malpighian tubule with fluorescein indicates that jsolated rabbit renal tubuleam. J. Physiol263, F384—F391.

this compound was also dissolved within the cytoplasnbow, J. A. T., Maddrell, S. H. P., Gortz, A., Skaer, N. J. V.,
(Fig. 8). Diffusion may therefore account for the proportion of Brogan, S. and Kaiser, K.(1994). The Malpighian tubules of

PAH secretion that is not inhibited by colchicine. Drosophila melanogastera novel phenotype for studies of fluid
secretion and its contral. Exp. Biol.197, 421-428.
Apical transport of organic anions Eveloff, J., Kinne, R. and Kinter, W. B. (1979).p-Aminohippuric

Reducing the apical membrane potential with leucokinin | acid transport into brush border vesicles isolated from flounder
kidney.Am. J. Physiol237, F291-F298.

Srag)ggrrzilpl)g:tag.f, ;%ga?iglgc?g; ?;tirc;[{] iggﬁzfgfr:%:i\?:ﬁrs;[ll(iﬂléritzsch, G., Rumrich, G._ and Ullrich, K. J. (1989). Anion tr_ansport

o . ' ! through the contraluminal cell membrane of renal proximal tubule.
Iarge.lumen-pOSItlve poten'ua] across the apical membrane The influence of hydrophobicity and molecular charge distribution
and is not, therefore, mediated by a channel or other y, the inhibitory activity of organic aniorBiochim. Biophys. Acta
electrodiffusive mechanism. Similarly, apical PAH transportin 978 249-256.
killifish proximal tubules is also independent of the electricalcekle, M., Mildenberger, S., Sauvant, C., Bednarczyk, D.,
potential across the apical membrane (Miller et al., 1996). Wright, S. H. and Dantzler, W. H. (1999). Inhibition of initial
Active apical transport of organic anions, by either p-gp or transport rate of basolateral organic anion carrier in renal PT by BK
mrp2, can also be ruled out because PAH secretion wasand phenylephrineAm. J. Physiol277, F251-F256.
unaffected by verapamil and cyclosporin A. Similar result€3utmann, H., Miller, D. S., Droulle, A., Drewe, J., Fahr, A. and
have been obtained in other studies of organic anion transport™1icker, G. (2000). P-glycoprotein and mrp2-mediated octreotide

e ; M . transport in renal proximal tubuleBr. J. Pharmac129 251-256.
(e.g. killifish proximal tubules; Miller et al., 1996). Given that I?alpin, P. A. and Renfro, J. L. (1996). Renal organic anion

a proportloQ of the organic ar.”O” transport IS. by means OF secretion: evidence for dopaminergic and adrenergic regulation.
vesicles, apical transport may involve exocy.tosus. This would 5., 3 Physiol271, R1372-R1379.

account for the punctate fluorescence seen in the lumen of thgipert, 3. M., Augereau, J. M., Gleye, J. and Maffrand, J. P.
tubule (Fig. 9). This mechanism could account for at least 25% (1990). Chelerythrine is a potent and specific inhibitor of protein
of the apical transport of fluorescein, and perhaps a higherkinase CBiochim. Biophys. Res. Commur72, 993-999.
proportion if the concentration of colchicine used in the presemdaddrell, S. H. P. and Gardiner, B. O. C.(1975). Induction of
study did not fully inhibit microtubule-dependent vesicle transport of organic anions in Malpighian tubulesRtiodnius J.
transport. Apical transport that is not associated with vesicles Exp. Biol.63, 755-761. _

may involve an electroneutral organic acid/anion (OH Maddrell, S. H. P., Gardiner, B. O. C., Pilcher, D. E. M. and

HCOs~ or CI) exchanger, as suggested for other species Riy';mdsf' S..dIIE.(3974). gctivel tr?gngt bé,iqs(selctsg/';"gi?;‘ia“
(Blomstedt and Aaronson, 1980). tubules of acidic dyes and acylamidésExp. Biol.61, 357—377.
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P 9 P y and Roch-Ramel, F. (1990). Transport of urate ang-
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