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Summary

Mutants of norpA, encoding phospholipase § (PLCP),
and itpr, encoding inositol (1,4,5)-trisphosphate receptor
(IP3R), both attenuate response to diuretic peptides of
Drosophila melanogaster renal (Malpighian) tubules.
Intact tubules from norpA mutants severely reduced
diuresis stimulated by the principal cell- and stellate cell-
specific neuropeptides, CABR, and Drosophila leucokinin
(Drosokinin), respectively, suggesting a role for PL@ in
both these cell types. Measurement of §Pproduction in
wild-type tubules and in Drosokinin-receptor-transfected
S2 cells stimulated with CABp and Drosokinin,
respectively, confirmed that both neuropeptides elevate
IP3 levels.

In itpr hypomorphs, basal IR levels are lower, although
CAP2p-stimulated 1Pz levels are not significantly reduced
compared with wild type. However, CAPyp-stimulated
fluid transport is significantly reduced in itpr alleles.
Rescue of theitpr998.0 allele with wild-type itpr restores
CAP2p-stimulated fluid transport levels to wild type.

Drosokinin-stimulated fluid transport is also reduced in
homozygous and heteroallelidtpr mutants.

Measurements of cytosolic calcium levels in intact
tubules of wild-type and itpr mutants using targeted
expression of the calcium reporter, aequorin, show that
mutations in itpr attenuated both CAP»p- and Drosokinin-
stimulated calcium responses. The reductions in calcium
signals are associated with corresponding reductions in
fluid transport rates.

Thus, we describe a role fornorpA and itpr in renal
epithelia and show that both CARp and Drosokinin
are PLCpB-dependent, IR-mobilising neuropeptides in
Drosophila IP3R contributes to the calcium signalling
cascades initiated by these peptides in both principal and
stellate cells.
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Introduction

The accepted paradigm for hormonally stimulated increasdsave been discovered in forward genetic screens (Hardie

in intracellular cytosolic calcium concentration (F&a in

and Raghu, 2001). Importantly, studies Dmosophila have

non-excitable cells centres on G-protein-coupled activatiosubsequently revealed vertebrate and human homologues of such
of phospholipase € (PLCB) upon ligand—receptor binding, signalling complexes (Harteneck et al., 2000). Light-driven
resulting in an increase in intracellular levels of the seconghototransduction has been shown to be PLC-dependent; as

messengers diacylglycerol (DAG) and inositol

(1,4,5)-such, most studies of PLC functionvivo in Drosophilahave

trisphosphate (18. IPs binds to its receptor on the endoplasmicutilised the photoreceptor model. Two genes encodeBRhC
reticulum (ER), IBR, which functions as a calcium-release Drosophila norpA and PIc21C Mutants innorpA severely
channel. Calcium is released from intracellular stores, witlheduce phototransduction (Pak et al., 1970). Molecular cloning
associated calcium entryia plasma membrane calcium of the gene, together with biochemical analyses of PLC activity
channels by an unknown mechanism termed ‘capacitativia the eye ohorpAmutants showed thabrpAencodes a retinal-

calcium entry’ (Berridge, 1997; Putney, 1997).
The processes of calcium signalling vivo have been

specific PLC similar to bovine brain PLC (Bloomquist et al.,
1988). By contrasf?Ic21Cis more generally expressed, with a

intensely investigated iDrosophila phototransduction, where 7 kb transcript in the eye and central nervous system (CNS) and
novel calcium channels and associated signalling proteires 5.6 kb transcript in heads and bodies (Shortridge et al., 1991).
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Mutagenic analysis of the 4R has also been informative in  In this study, we show that mutations morpA reduce
insects. InDrosophila, a single geneitpr-83, encodes IgR  stimulation of fluid transport by both CAfand Drosokinin.
(Hasan and Rosbash, 1992; Yoshikawa et al., 1992Furthermore, CAR, and Drosokinin both elevate dfevels.
Drosophila IPsR has most similarity to type | 3R in  Thus, PL@ and IR are involved in stimulated fluid transport;
vertebrates. Embryonic expression dfpr has been we have thus utilisepr mutants to define the contribution of
documented, and a delayed-development phenotype has bdBgR to neurohormone-mediated increases in epithelial fluid
identified in mutants (Venkatesh and Hasan, 1997). In th#ansport. Genetic blockade of s® function results in
adult, expression has been shown in photoreceptors, brain aimdhibition of neuropeptide-fluid transport rates associated with
antennae, with expression also documented in the eye, whiefither CARp or Drosokinin. Initpr mutants, downregulation
suggests a role for $R in chemosensation and in visual of fluid transport is associated with reductions in neuropeptide-
processes. However, in spite of the documented role of PLC stimulated intracellular calcium levels. Thus, B:-@ediated
the eye, recent work has shown thats ISignalling is IP3signalling plays a functional role in calcium signalling and
unnecessary for phototransduction to occur (Hardie and Raghepithelial fluid transport irDrosophilg confirming that the
1998; Venkatesh and Hasan, 1997). importantnorpA anditpr genes are not neural specific.

While norpA and itpr have been assigned neural roles —
indeed, norpA is generally considered to be visual system
specific — it is likely that much more general roles for these
genes exist but have yet to be documented due to lack of an Materials
informative physiological phenotype. TheDrosophila Coelenterazine was purchased from Molecular Probes
Malpighian tubule is an ideal genetic model for transportingLeiden, The Netherlands) and dissolved in ethanol before
epithelia and provides a robust phenotype for the integrativese. Schneider's medium was obtained from GIBCO Life
physiology of cell signalling and transport genes (Dow and’echnologies (Invitrogen Ltd, Paisley, UK). Neuropeptides
Davies, 2001). Previous work has established that ion transpd@i\P2, (pyroELYAFPRV-amide; Davies et al., 1995) and
and cell signalling process are compartmentalised int®rosokinin (NSVVLGKKQRFHSWG-amide; Terhzaz et al.,
different tubule cell subtypes: the principal and stellate cell§999) were synthesised by Research Genetics, Inc. (Invitrogen
(Dow and Davies, 2001). Furthermore, direct measurements bfd). All other chemicals were obtained from Sigma (Pool,
cell-specific intracellular calcium signalling mechanisms usindJK).
targeted aequorin show a direct modulation of fluid transport
by agents that mobilise intracellular calcium (O’'Donnell et al., Drosophilastocks
1998; Rosay et al., 1997; Terhzaz et al., 1999; MacPherson etDrosophila melanogastefMeigen) were maintained on a
al., 2001). Thebrosophilaneurohormones capa-1 (a member12h:12h L:D cycle on standard cornmeal-yeast—agar medium
of the CAByp family; Kean et al., 2002) an®rosophila at 25C. Oregon R (OrR) wild-type flies used were those
leucokinin (Drosokinin; Terhzaz et al., 1999) have been showdescribed previously (Dow et al., 1994). Mutant lines@pA
to stimulate fluid transport rates, which are associated wit(Bloomquist et al., 1988; Pearn et al., 1996) atm
increases in cytoplasmic calcium concentration in principal an@Venkatesh and Hasan, 1997) have been described previously.
stellate cells, respectively, in tubule main segment. Theo€AP itpr lines were used as out-crossed lines to OrR to rule out the
response is dependent on extracellular calcium (Rosay et affects of balancer chromosomes on the tubule phenotype.
1997); furthermore, it has been recently demonstrated thdultiple alleles were utilised in this study in order to control
TRP/TRPL (transient receptor potential/ TRP-like) and L-typefor any effects of genetic background in individual lines.
calcium channels play a role in this response (MacPhersdbhoice of alleles was based on the health of the lines. Lines
et al., 2000, 2001). However, the relative contribution ofused were as followsnorpA*5norpAS2 (temperature-
intracellular calcium stores to these neurohormone-inducesensitive allele);norpAP24norpAP24 (kind gifts of R. C.
responses is still unclear. Use of the ER'@&TPase inhibitor Hardie, University of Cambridge);itpr*R19+ (X-ray
thapsigargin in the presence of extracellular calcium results imversion);  itpr9°8-9+,  itpri664+,  itpr1664jtprxRi2
elevation of intracellular calcium levels in both principal anditpr1664itpr998.0 and itpri664itpri664 (P-element insertions);
stellate cells and increased fluid transport rates (Rosay et atprWC36¥itprUG3 (EMS alleles)itpr lines were slow-growing
1997). However, in the absence of extracellular calcium thdue to eclosion defects (Venkatesh and Hasan, 1997).
response is abolished in principal cells but remains in stellatédditionally, the following lines were also utilised:
cells. Thus, it appears that the contribution of ER calciunhsGAL4jtpr998-0 and UASitpr (Venkatesh et al., 2001).
stores, and thus of calcium signallivig IP3R to capacitative Temperature-sensitivets] and hsGAL4 lines were heat-
calcium entry in tubule cells, is cell-type specific. shocked at 3T for 30 min and left to recover at X3 before
Alternatively, the putative thapsigargin-sensitive pool inexperimentation.
principal cells is very small and is emptied too rapidly to To produce flies in which tubule calcium measurements
monitor. It is thus of interest to try to dissect the differentcould be made using the calcium reporter aequorin (Rosay et
contributions of calcium signalling genes in the context ofal., 1997; Terhzaz et al., 1999), it was necessary to generate
principal and stellate cell function. itpr lines in an aequorin background under control of an

Materials and methods
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hsGAL4 promoter. These were based on an X-chromosonieactivated foetal calf serum (FCS; Invitrogen). Cells were
insertion of UAS-aeq, and an hsGAL4 construct ongrown in suspension at an initial density of 4@ cells mr!
chromosome 2, leaving chromosome 3 freeifjor alleles. at 23C. S2 cells were transiently transfected at a density
The following lines were generated and utilised forof 1x1CPcellsmil using calcium phosphate (Invitrogen),
this study: aeq;hsGAL#prXR17+, aeq;hsGAL4tpro%B.9+,  according to manufacturers instructions. Cells were
aeq;hsGAL4iprité4+, aeq;hsGAL4tpric64itpriéé4 and transfected with 2Qg of the Drosokinin receptor expression
aeq;hsGAL4itprWC3tYitprUG3, Extremely poor viability of construct and were used 24h post-induction of the
the itprl884itprXR12 and itpri664itpro0B.0 heteroallelics in the metallothionein promoter with Gtiions.
aequorin background did not allow use of these lines for
calcium measurements. Verification of aequorin expression Mass measurement of inositol (1,4,5)-trisphosphate) (IP
was achieved at several stages of the crossing procedure by levels
measuring total light output by dissected, intact tubules after IP3 levels in tubules were measured by a quantitative
lysis in Triton/CaCl} as described below. The presence of theadioligand-binding assay as described elsewhere (Palmer et
appropriatatpr allele was verified in progeny akq;itprflies  al., 1989) using an Fbinding protein preparation derived
by RT-PCR. Maintenance of tligr phenotype was assessed from bovine adrenal gland.
by fluid transport assays in the presence of either AP
Drosokinin. Tubule preparations
Tubules (20 per sample) were dissected from wild-type and
Transport (fluid secretion) assays itpr mutants into @ of Schneider's medium. Samples were
Flies were cooled on ice and then decapitated prior tetimulated with CAB, (10-"molI-1) for Os (control), 2s or 5s
isolation of whole tubules. Malpighian tubules were isolatedn a final sample volume of 10 and performed in triplicate.
into 10ul drops of a 1:1 mixture of Schneider's medium andinitial experiments showed that3Revels peaked at 5s post-
Drosophila saline (NaCl, 117.5mmot¥;, KCI, 20mmoltl;  stimulation (data not shown); this time was used for all
CaCb, 2mmoltL  MgCl,, 8.5mmoltl;, NaHCQ;, subsequent experiments.
10.2mmoltl;, NaHPQs, 4.3mmoltl; Hepes, 15mmotk;
glucose 20 mmott) under liquid paraffin, and fluid secretion S2 cell preparations
rates were measured as described previously (Dow et al., 1994)To stimulate S2 cells, Drosokinin (Terhzaz et al., 1999) was
under the different conditions described in the text. gsARd  diluted to working concentration in DES medium/FCS, then
Drosokinin were added as solutions in assay medium at 30 miadded to 5104 cells (approximating to 5000 transfected cells)
in DES medium/FCS to a final concentration of“t0ol I-1 for
Heterologous expression of the Drosokinin receptor  the appropriate time. Initial experiments showed that peak IP
The recently characterised Drosokinin receptor (Radford ejeneration occurred at 10s after peptide stimulation (data not
al., 2002) was used to assay Drosokinin-stimulategl IPshown). Cells were co-transfected with an eGFP (enhanced
production. In order to transfect S2 cells with Drosokiningreen fluorescent protein) control plasmid in order to measure

receptor, the protocol described below was adopted. transfection efficiency using a haemocytometer. The same
_ transfection batch was used for all samples in any one data set;
Expression constructs stimulations were performed in duplicate.

Primers were designed for the Drosokinin receptor For both tubule and S2 cell preparations, reactions were
(CG1062 Radford et al., 2002) to allow amplification from the terminated with 10% (v/v) ice-cold perchloric acid and samples
start to the stop codon of the coding sequence. Forward primesgre homogenised using a Polytron homogeniser on ice.
were designed to include & Bozak translational initiation Cellular debris was removed by centrifugation and the
sequenceG/ANNATGG). Amplification was carried out with supernatants neutralised with 1.5mblIKOH/60 mmol i1
EXPAND High Fidelity Polymerase (Roche Diagnostics Ltd,Hepes in the presence ofilUniversal Indicator. Precipitated
Lewes, UK) according to manufacturers instructions. Forwargalts were spun down and the supernatants transferred to fresh
(GACATGGACTTAATCGAGCAGGAG) and reverse tubes. Additions of 2500d.p.m3H]Ins(1,4,5)R ([°H]IP3;
(TTAAAGTGGTTGCCACAAGGAC) primers were used to specific  activity = 370-1850GBgmmaol  Amersham
generate a fragment of 1626bp. OrR cDNA was used &Biosciences UK Ltd, Little Chalfont, UK), incubation buffer
template. The PCR product was purified by gel extraction anand binding protein were made [final concentrations:
directly cloned into the pMT-V5/His TOPO TA inducible 25mmolt?® Tris-HCI (pH 9); 5mmoltl NaHCQ; 1 mmol i1
expression vector (Invitrogen). The construct was verified bEDTA; 1 mmoltl EGTA; 0.25 mmolt! dithiothreitol (DTT);
restriction enzyme digestion and sequencing to ensure that daengmi? bovine serum albumin (Fraction V); 0.4 mgtnl

mutations had been induced during cloning. binding protein] to a final volume of 4QQ and the samples
were incubated on ice for 45min prior to centrifugation at
S2 cell culture 12000g (4°C) for 1min. Supernatants were removed by

S2 cells were maintained in DE®rpsophila expression aspiration, the pellets dissolved in 1 ml of scintillation fluid and
system) medium (Invitrogen) supplemented with 10% heatthe radioactivity therein determined by scintillation counting. A
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standard curve, using 0-40 pmo [fer sample, was generated 12- A
in parallel. Non-specific binding was determined using CAP,,
100 pmol IR. Standard curves were plotted aB/®&o0 versus —_ B Wild t T
. - . S 1 ype T
pmol of unlabelled IE, whereB is the specific binding of e ® norpAis2
[3H]IP3 (at a given concentration of unlabelled)iRandBo is £ & norpAP
the maximal specific binding ofH]IP3 (at 0 pmol of unlabelled < o8-
IP3). A similar calculation was made using values of specific %
binding of PH]IP3 of tissue samples and thesi®ntent therein =
determined using the standard curve. B 06
Protein concentrations in tubule samples were assessed 8
Lowry assays. Three replicate samples were pooled forass © 0.4
of IP3 content in order to obtain measurable levels af IP 2
Duplicate samples were assayed for each experiment § 02
sample. = 7 v
Measurements of [G4]; using an aequorin transgene under 0 : : +| : : : |
heat-shock control 0 10 20 30 40 50 60 70
hsGAL4;aeq (Rosay et al., 1997) were used as contr Time (min)
animals, and protocols used were essentially those previous
described. For each assay, 20—40 tubules from 4-14-day-c 25_B
adults were dissected in Schneider's medium 2h after hee Drosdckinin
shock (37°C for 30min). Tubules were pooled in 60 -
of the same buffer and aequorin reconstituted with the 7'; o
cofactor coelenterazine (final concentration, [@®l 1) £
Bioluminescence recordings were made with a luminomete £
(LB9507; Berthold, Pforzheim, Germany); recordings were % 15_|
made every 0.1s for each tube. Each tube of 20 tubules w =
used for a single data point: after recording 4Galevels, B
tissues were disrupted in 3a0lysis solution [1% (v/v) Triton g8 14
X-100/100mmoltl CaCp], causing discharge of the e
remaining aequorin and allowing estimation of the total &2
amount of aequorin in the sample. Calibration of the aequori § 0.5
system and calculation of [E%; were performed as previously =
described (Rosay et al., 1997). Mock injections with A
Schneider's medium were applied to all samples prior tc 0 , , , , , , ,
treatment with neuropeptides. 0 10 20 30 40 50 60 70
Time (min)
Results Fig. 1. An epithelial phenotype foorpA phospholipase E(PLCB)
PLCp contributes to CAR, and Drosokinin-induced fluid is required for neuropeptide stimulation of principal and stellate
transport cells. Fluid transport assays were performed on intact tubules from

Two norpA alleles of differing severity were available for
study.norpAP24eyes do not express norpA protein, as assesst
by western blots, and show markedly reduced PLC activit
(Pearn et al., 1996); as expectedprpA’24 shows no
electroretinogram response to any light stimulus. This allele
therefore, would be expected to display a severe phenotype

wild-type (Oregon R)norpAi52 and norpAP24 flies as described in

the Materials and methods. Either (A)~1foll-1 CAP2, or (B)
10-"mol I-1 Drosokinin were added at 30 min (arrow), and transport
rates were measured for a further 30 min. Data are expressed as mean
secretion rates £e.m. (N=8).

norpA acted in tubule function. InorpA52, however, some secretion to similar extents (Fig. 1A). By contrast, for
norpA transcript is detectable at the restrictive temperaturérosokinin-stimulated fluid transport, tlmerpA alleles were
although this is severely reduced compared with wild typelistinguishable (Fig. 1B); in the eymorpAP24displays a much
(Bloomquist et al., 1988). As such, any epithelial phenotypenore severe phenotype compared witipA>2, Kinetics of
would not be expected to be as severe as thaorpiaP24, the fluid secretion response in all lines were similar.

Both norpA mutants manifest an epithelial phenotype Thus, the data show that fluid transport induced by both
(Fig. 1). No significant change in basal secretion rate waSAP2p and Drosokinin requires a PPB&lependent signalling
observed repeatedly imorpA mutants; however, both alleles, pathway; as suchnorpA function is not confined to
norpAiS2 and norpAP24, severely attenuated CAfRinduced  phototransduction.
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Table 1.CAP>p and Drosokinin stimulate Bproduction

Ligand Tissue Control Stimulation
CAP2p Oregon R Malpighian tubules 0.750.11 nmglproteirr? 1.26+0.10* nmolug proteirrt
Drosokinin Drosokinin-receptor-transfected S2 cells 1.08+0.08 pmol 5000%cells  9.45+2.39* pmol 5000 celtd

Significant differences between inositol (1,4,5)-trisphosphatg @i&ntent in control and stimulated samples are denoted Bx0.Q5,
Student’s-test, unpaired samples=4).

CAP2p and Drosokinin stimulate production neuropeptides in tubules, lesions in theRPmight feed back

CAP2p and Drosokinin have both been shown to act througho downregulate the #signalling moleculén vivo.
intracellular calcium; so, if their action relies on PLC (Fig. 1), Measurement of basal 4Fevels in wild-type anditpr
they should also each act to raisgifPtubules. Table 1 shows tubules shows that disruption ofsfRresults in a reduction in
that CARp, which acts only on principal cells, increases IP resting IR levels. Significant reductions in basag I8vels are
levels in intact wild-type tubules. This, together with the date
in Fig. 1, shows that CAd actsvia a phosphoinositide (PI)-
PLC-dependent mechanism. 1501 A

Aedes leucokinins have been shown to stimulates IP
production in mosquito tubules (Cady and Hagedorn, 1999
However, as Drosokinin exerts its effects solely stellate
cells in Drosophila tubules (Terhzaz et al., 1999), and
as Drosophila tubules each contain only 22 stellate cells
(Sozen et al., 1997), Drosokinin-stimulated I8vels could
not be reliably quantified in intact tubules (data not
shown). Accordingly, anin vitro approach was used.
DrosophilaS2 cells transfected with the Drosokinin receptor
have been shown to display increased cytosolic intracellule
calcium when stimulated with Drosokinin (Radford et al.,
2002). Data in Table 1 show that Drosokinin increases IP
content in these cells by approximately eightfold. As the 0-
Drosokinin receptor has been localised to only stellat @&j@yx &9\" \?@D\" +¢9 QQ@'Q Q/@“‘ ?O%
cells in \_/|v0.(Radford et al., _200.2), it is proba_bl_e that $\\ & .\Qﬁ & d’.\.\\Q\ &\\@ @"'\\“Q @\x\v&
Drosokinin stimulates IPproduction in stellate cells in intact A N &
tubules. As with CAB, Drosokinin action requires L & ¥ &
activation of PI-PLC.

Reding

100+

50

Basal IR levels(% of wild type)

Resting and CAR-stimulated levels of Ware significantly 200 B
reduced intpr mutants CAP,;-stimulated

Intracellular signalling is frequently regulated by feedback
T 7 T

If IP3 signalling contributes to the biological effects of 150 4

Fig. 2. Resting and CAfg-stimulated inositol (1,4,5)-trisphosphate
(IP3) levels initpr mutants. (A) Resting WPlevels are shown for
tubules from the following lines: Oregon R (con}rdtprXR17+,
itpr90B.9+, itpri664+ itpr1664itprxR12 itpr1664itpro0B.0
itpr1664itpr1664 and itprWC36¥itprUG3, In order to aid comparison
between experiments, data are shown as the % difference between
IP3 levels initpr mutants compared with wild type (100%)s£.M.

(N=4). Typical IR content of wild-type tubules was as described in
Table 1. (B) CABp stimulates IR production in itpr lines.

% stimulation of basal IR levels
=
o
<

Stimulated IR levels were measured in CAfstimulated tubules 0 -

(107molI-1, 5s). Data are expressed as the % increase of F N X N & o & &

unstimulated IR levels (calculated as [stimulated s)fresting .@6 j& 3& & & \QQ’ \Q?
IP3]x100%; [IF¥] measured in pmaig proteim?) + sem. (N=3-4). R N ® b@"\\\Q b@\\@ \3,6"\\ O'fp\x\
L . . e > N <

Significant differences between slRontent in wild-type andtpr \\Q« @ & \\Q\

lines are denoted by Pk0.05, Student's-test, unpaired samples).
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observed in heterozygous alleles, homozydiput®64itpri664  intact tubules. As Drosokinin-stimulatedslBroduction was
and heteroallelic lines (Fig. 2A). not measurable in intact tubules, experiments were conducted
IP3 levels were also measured in neurohormone-stimulatedinly on CARy-stimulated wild-type andpr tubules (Fig. 2B).

IP3 content is increased in all CAdstimulateditpr tubules,
although to a lesser extent in homozygitpis664itpri664and

A heteroallelicitprWC36¥itprUGs lines compared with wild type.
However, these differences are not statistically significant.
Thus, tubules fronitpr mutants are able to generate; iR

T response to CAd8, suggesting that PI-PLC-dependent
signalling is not compromised in these lines.

w

(=]

o
|

200+

Diuresis is inhibited by disruption @pr
As mutations imorpAresult in an epithelial phenotype, we
investigated the possibility of uncovering such phenotypes in
itpr mutants. We show that CAP stimulation of fluid
transport is inhibited in heterozygous, homozygous and
heteroallelicitpr alleles (Fig. 3A). Significant inhibition is

100~

O
T~ [

% neuropeptidestimulation of secretion

0- observed initpr998-9+  itprl664itprXR12and itpr1664itpr908.0
6Q®+<29>‘x QQSX @@“x +<29’ Q&g @Q’V 00», However, CABystimulated fluid transport is almost

\s\\b & ‘\Q«q & 5\\&‘ ‘,\\\Q* b‘;\\@ ,g;x{&\ completely abolished in the homozygdtm 1664itpr1664 and
A G AN heteroalleliatprWC36%itprUG3lines. It is possible that the non-

€ & € ¢ correlation between the severity of the allelgs {664itpro08.0

versus itpt®64itpri664 and CABp-stimulated transport in
these alleles is due to either differences in genetic background
or by impact of the mutations on other interacting signalling
pathways that are activated by CAP
By contrast, Drosokinin-stimulated fluid transport is not

affected by either heterozygotigorXR17+, itpr908.9+ or

* itpri664+ alleles (Fig. 3B). Significant inhibition is only

T observed in the heteroallelitpri664itprXR12 jtprl664itpr90B.0
anditprWC36¥jtprUG3 and in the homozygotitor1664itpriee4

400- B

| LT

300+

200+

% neuropeptidestimulation of secretion

il Furthermore, there are marked differences in the severity of
1004 inhibition between Drosokinin- and CAgstimulated fluid
transport, especially iftprl864itpri664 and itprWC36}itprucs
alleles.
o Thus, itpr acts in both principal and stellate cells to
g\*&\u X &Q\x N +& & \?@“ 800: transduce CAR and Drosokinin diuretic signals.
QS S S : . .
NS & & @s\@ @@‘5‘\& \?@\\\\Q 0@“3\\& Rescue oitpro98-Orestores CAR-stimulated fluid transport

levels

Sometimes, phenotypes ascribed to mutant loci in
Fig. 3. CAPy and Drosokinin-stimulated fluid transport are Drosophilaare subsequently found to be caused by second-
inhibited initpr mutants. Fluid transport assays were performed orfite mutations or other genetic accidents incidental to the
intact tubules as described in Fig. 1 for the following lines: Oregon Rriginal study. It is thus desirable to confirm that mutant
(contro), itprXR17+  jtpr99B.Q+ itprl664+ itpri664jtprxR12 effects are genuinely due to the locus of interest. Crosses were
itpr1664itpr908-0 itpri664itpri6e4 and itprWC3t¥itprUG3. Either (A)  established between heterozygous hsGap#8-0 and
10"mol -1 CAP2p or (B) 107moll-! Drosokinin were added at UAS-itpr homozygotes to allow rescue ipr9°8- Tubules
30min, and transport rates were measured for a further 30min. Neom  flies  with  the W/UASipr;+/hsGAL4;+itpro0B.0

lcihatrllge in bi‘_s'a't, secrfettluqonﬂ r_?jte Wa‘:'_ observedtpn mlll‘tl‘f"”ts' enotype were used in transport assays. Control lines used
urthermore, Kinetics o e Tlula secretion response In all lines wer ere OrR and UASt-pr Non-heat-shocked W/UAS-

similar (data not shown). To aid comparison between stimulate
( ) P r:+/hsGAL4;+itpro98-0 were not used as controls, as the

transport rates, data are expressed as the % stimulation of secret hock is ‘leaky’ and i bed at 25°C (G
[(maximal stimulated rates minus the mean of three basal secreti at-shock promoter is ‘leaky’ and is transcribed at 25°C (G.

rate readings)/(mean basal ra)0% + sem.; N=15-20] upon Hasan, unpublished).

stimulation with CABp or Drosokinin. Stimulated fluid transport ~ Fig. 4 shows that expression afpr restores CAR»
rates that are significantly different from wild type are denoted by *stimulated fluid transport to levels indistinguishable from
(P<0.05, Student's-test, unpaired samples). wild-type. Although disruption ofitpr may compromise

-~ = <
N N .
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1.4- aeq;hsGAL4itpro%8-9+ (Fig. 5B), which may result in the
= Wild type transport phenotype observed. Interestingly, in heterozygous
e hSGALAﬁ?'tprgOB'O itpr1664+, the primary response is unaffected, with only the
¢ W/UAS“pr.;J'/gOBO secondary response being reduced; in this line, stimulated
hSGALA+/itpr=== *t ----- fluid transport is not significantly different from control
(Fig. 3A). By contrast, the alleles that display the most severe

transport phenotypeitpri664itpri64 and itprWC36¥itprucs)
also display an attenuated calcium response to 2€AP
(Fig. 5Av,vi,B). Both reduction in the primary peak and loss
of the secondary rise are observed in these lines. However,
none of thdtpr alleles completely abolish CARstimulated
calcium signalling. This is consistent witkpr being an
essential gene and with viable alleles all being hypomorphs
rather than nulls.
A These results thus suggest thagRFnediated calcium

I I I I I release from intracellular stores contributes significantly to
0 10 20 30 40 5 60 70 calcium signalling, and consequent diuresis, in principal

Time (min) cells.

12

0.8

0.6

Mean secretion rate (nl min2)

04—

0.2

Fig. 4. itpr rescues the transport phenotype of iipe®08-0 allele. itpr mutants reduce Drosokinin-induced calcium signals

Fluid transport assays were performed on the hsGfr38-Oline. We have shown previously that leucokinin (Rosay et al.,
The data show that CARstimulated fluid transport is decreased in 1997: O’Donnell et al. 1998) and endogend@msophila
this line. Rescue of hsGALitpre%2Owith UAStpr results in wild- o cokinin (Terhzaz et al., 1999) elevate intracellular calcium

type levels of stimulated fluid transport. Fluid secretion rates WerFeveIs in stellate cells. Furthermore. experiments in calcium-
measured for 30 min prior to addition of neuropeptide (arrow), afte ce medium show that stellate Célls pdisplay emptying of

which measurements were taken for a further 30 min. Data ar . ; i
expressed as mean fluid secretion rates (ninins.em. (N=6-10). intracellular calcium stores in the presence of the ER-calcium

UAS-itpr tubules display similar secretion rates to those of wild-typeATPase inhibitor, thapsigargin (Rosay et al., 1997). Thus,
tubules (data not shown). Drosokinin-stimulated calcium increases should be reduced in
itpr mutants.

Data in Fig. 6A show typical traces of Drosokinin-
associated signalling pathways resulting in downregulation aftimulated increases in cytosolic calcium in wild-type énd
CAPy-stimulated transport, successful rescuatm®B9+  tubules. A rapid response is observed in wild-type tubules (Fig.
with UAS-tpr provides strong evidence that the epithelial6Ai; Terhzaz et al., 1999; Radford et al., 2002). This response
phenotype observed in this line is associated with mutateid severely reduced iitpri664itpri664 and itpr'WC36%itprucs
itpr. flies (Fig. 6Av,vi,B). Drosokinin-stimulated fluid transport is

also reduced in these lines (Fig. 3B); thus, functiongRIP

CAP2prinduced calcium signalling is impaired itpr mutants  contributes to Drosokinin-stimulated calcium signalling and

Previous work has shown that capa peptides (Kean et aflyid transport.
2002) increase intracellular calcium in tubule main segment
principal cells (Rosay et al., 199%)a plasma membrane
calcium channels (MacPherson et al., 2000, 2001). However, Discussion
release from intracellular stores is not measurable in this cell The role of PLGn vivohas been most studiedbmosophila
type (Rosay et al., 1997), thus calling into question the role gfhototransduction. Experimental evidence suggested that
IPsR-sensitive stores in principal cells. If release of calciummorpA and plc21 were expressed in the eye or CNS
from IPs-sensitive internal stores does occur upon &AP (Bloomquist et al., 1988; Shortridge et al., 1991); furthermore,
stimulation, changes in this response may be observigol in  the dependence of phototransduction on PI-PLC supported
mutants. specific roles for these genes in the eye. However, RT-PCR

Using targeted aequorin, cytosolic calcium measurementiata show thatorpAandplc21are both expressed in tubules
in wild-type anditpr tubules stimulated with CARB were (M. R. MacPherson and V. P. Pollock, unpublished). We have
performed; typical traces are shown in Fig. 5A. Fig. 5Aishown here thatnorpA mutants display an epithelial
shows the biphasic rise, consisting of a rapid primary peaghenotype, which is revealed upon neuropeptide stimulation.
followed by a slow secondary rise in cytosolic calcium inFurthermore, the severity of the epithelial response for each
CAPp-stimulated  wild-type aeq;hsGAL4 tubules. This allele correlates with that observed in the eye and also with the
calcium signature is also observed in capa/@Afimulated levels of expression aforpAand biochemical activity of PLC.
wild-type tubules (Kean et al., 2002). The response is reducédowever, while we have established an epithelial role for
in heterozygousitpr alleles, aeq;hsGAL#prXR19+ and norpA it has been difficult to assess the contributioplo21
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Fig. 5. CABypinduced cytosolic calcium
signals initpr mutants. (A) Typical traces of
changes in intracellular &2 concentration
([Ca4;) in tubule principal cells stimulated
by 107moll CAP2 (arrows) in the
following lines: (i) aeq;hsGAL4;+ (control),
(ii) aeq;hsGAL4itpr*R17+  (iii) aeq;hsGAL4;
itpro%8.9+, (iv) aeq;hsGAL4tprisy+, (v)
aeq;hsGAL4tprit64itprisé4  and (vi)
aeq;hsGAL4fprWC36%itprUG3, Each sample
contains 20 intact tubules. While no changes
in the resting [C#]i is seen in any of the
mutants, changes in amplitude of the primary
and/or secondary response can be observed in
all lines (also in B) (B) Pooled results of
changes in tubule [E4; in itpr mutants in
response to I@moll-1 CAP2, are shown.
Results are expressed as meang.t1. (N=8)

for background (open bars), CAP
stimulated primary peaks (filled bars) and
CAPzp-stimulated secondary peaks (hatched
bars) for the lines described in A. The
measure of secondary peak is taken as the
average [C#]; over 4min post-stimulation
with CAP2p. CAPy-stimulated primary peaks
that are significantly different from
aeq;hsGAL4 tubules are denoted by *, and
statistically  significant  differences in
secondary peaks compared to wild type are
denoted by T R<0.05, Student’st-test,
unpaired samples).

to epithelial transport and signalling due to our lack of genetic
tools and suitable antibodies.

IP3 and IRR have been shown to be critical for calcium
signalling in non-excitable cellsia a mechanism of W
induced release of calcium from internal stores. Previous work
has shown that HR is expressed in Malpighian tubules
(Pollock et al., 2000; Blumenthal, 2001). We now ascribe
functional significance to this finding and show that GAP
stimulates 1B production in intact Drosophila tubules.
Furthermore, we show that Drosokinin mobilisess liR
Drosokinin receptor-transfected S2 cells.

A role for IPR in neurohormone-stimulated epithelial
transport has been demonstrated using an allelic serigs of
mutants. Thesdpr lines have been extensively investigated
previously in order to determine the role ofsRPin vivo.
itprXR17+  (inversion), itpr%8-9+ (null) and itprl664+
(hypomorph) display delayed moulting and reduced expression
of the ecdysone-inducible gerie74. In terms of severity,



Fig. 6. Drosokinin-induced cytosolic calcium
signals initpr mutants. (A) Typical traces of
changes in intracellular €& concentration
([Ca2*)i) in tubule stellate cells stimulated by
10-"mol I Drosokinin (arrows) in the following
lines: (i) aeq;hsGAL4;+ (control), (i) aeq;hsGAL4;
itprXR17+ (i) aeq;hsGAL4itpro%8-9+, (iv)
aeq;hsGAL4ifpri®e4+, (v) aeq;hsGAL4tpriccqy
itpri664 and (vi) aeq;hsGAL4tprWC36¥itpruGs,
Each sample contains 20 intact tubules. While no
changes in the resting [€%: is seen in any of the
mutants, changes in amplitude of the calcium peak
can be observed in aeq;hsGAitgr1669itpri664

and aeq;hsGAL4prWC36YitprUG3 (also in B)

(B) Pooled results of changes in tubule ga

in itpr mutants in response to f@noll-!
Drosokinin. Results are expressed as means N
seM. (N=8) for background (open bars) and
Drosokinin-stimulated peaks (filled bars) for the g
lines described in A. Drosokinin-stimulated ~—~
primary peaks that are significantly different from&_’
aeq;hsGAL4;+ tubules are denoted byPx(.05,
Student's-test, unpaired samples).
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We have previously shown that the neuropeptide ££AP extremely complex mechanisms of signalling are used by
induces a rise in cytosolic calcium in only principal cells thatubule cells.
is dependent on extracellular calcium; these calcium In summary, we have demonstrated non-neuronal, epithelial
signalling events, which may mediate NO/cGMP signallingphenotypes fornorpA (PLCB) and itpr (IPsR) and have
correlate with CABy-stimulated fluid transport. The CAR?  correlated cell-specific signalling events for boths dhd
induced response is abolished by L-type calcium channe&llcium to transport phenotypes.
inhibitors and also in mutants for the plasma membrane
calcium channels, TRP and TRPL (MacPherson et al., 2000, This work was supported by the BBSRC.
2001). Thus, CARyinduced calcium signalling occursa
multichannel mechanisms. We demonstrate here th#t IP
plays a role in CARr-induced calcium signalling (Fig. 5). References
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