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Summary

External application of the 3,5'-cyclic monophosphates
of inosine, cytidine, uridine and thymidine stimulated the
fluid secretion rate (FSR) of Malpighian tubules isolated
from Drosophila melanogasterThe evidence suggested that
the cyclic nucleotides acted intracellularly in some
capacity. Receptors of the ‘purinergic’ type appeared not
to be major contributors to fluid secretion; of three
purinergic agonists tried, adenosine, adenosine '-5
monophosphate (AMP) and adenosine 'driphosphate
(ATP), only adenosine had an effect, but this was not
observed consistently. None of the purinergic agonists
interfered with the stimulation of the FSR by adenosine
3,5-cyclic monophosphate (cAMP). The maximum
stimulation of the fluid-secretion rate by any cyclic
nucleotide was approximately double the unstimulated
(control) rate. Tubules stimulated to less than maximal
FSR by one cyclic nucleotide could be stimulated
maximally by an appropriate concentration of another

cyclic nucleotide. Malpighian tubules bathed in solutions
that contained either PBH]cAMP or [3H]cGMP
accumulated radioactivity to a level many times that in the
medium. Accumulation of radioactivity by tubules bathed
in 430nmol It [3H]cAMP was suppressed by 1 mmolt
non-radioactive  cyclic nucleotides in the order
CAMP>cGMP>cIMP>cCMP; neither cTMP nor cUMP
suppressed the accumulation ofH]cAMP. Approximately
35% of the [BH]cAMP and 80% of the [3H]cGMP that
entered the Malpighian tubule cells was metabolised to
compounds that were not identified. It was concluded that
cyclic nucleotides enter the Malpighian tubule cells by at
least one transport mechanism which is particularly
sensitive to purine-based nucleotides.

Key words: cyclic IMP, cyclic UMP, cyclic TMP, cyclic CMP,
purinergic, Drosophila melanogaster Malpighian tubule, fluid
secretion, carrier-based transport.

Introduction

The fluid secretion rate (FSR) of the Malpighian tubulessensitivity of Malpighian tubules drosophila melanogaster

of Drosophila melanogastes stimulated by the addition to to cAMP and cGMP. First, extracellular nucleotides may
the bathing fluid of remarkably low concentrations of theinteract with membrane receptors and stimulate the cells
3',5'-cyclic monophosphates of adenosine (cCAMP) andhrough intracellular second messengers. These receptors
guanosine (cGMP). As little as 200nmdiIcAMP and  might be similar to the ‘purinergic’ receptors that respond to
400nmol 1 ¢cGMP elicit significant increases in the FSR extracellular nucleotides, such as ATP (Dubyak and Fedan,
(Caldwell, 1998). This is in marked contrast to findings with1990). Second, the sensitivity of the Malpighian tubules of
other insect tissues, which are generally more than BRrosophila melanogasteto cAMP and cGMP might arise
thousand times less sensitive to cAMP. For example, thigom the transport of those nucleotides into the cells to attain
dose of cAMP that promotes a 50 % increase in the rate ¢dvels sufficient to cause stimulation of the FSR. Both these

fluid secretion (Ebp) by the salivary glands dZalliphora
erythrocephalds approximately 3—4 mmot} (Berridge and

EDsp values of 80umol 171 for Rhodnius prolixugMaddrell
et al.1971), 80Qumol I-1 for Acheta domesticu€oastet al.
1991) and 10Qmoll=1 for Pieris brassicae(Nicolson,
1976).

At least two explanations are possible for the very higlobserved consistently. Therefore, it seemed unlikely that

possibilities were investigated.

In initial studies, it was found that of three compounds
Patel, 1968). Measurements from Malpighian tubules givé&nown to affect purinergic receptors, adenosine, adenosine 5

monophosphate (AMP) and adenosifriphosphate (ATP),

only adenosine elevated the FSR of the Malpighian tubules of

Drosophila melanogasteiThis action of adenosine occurred
at a concentration no lower than 1 mméland it was not



3412 J. A. REGEL AND OTHERS

cAMP and cGMP stimulate Malpighian tubulesiibsophila Nucleotides tested were theZ3-cyclic monophosphates of
melanogasteby an action on membrane receptors, at least angdenosine, guanosine, inosine, cytidine, thymidine and uridine,
of those within the group of membrane receptors whosAMP and ATP. Also tested was adenosine. All compounds
functions are well characterised. were obtained from Sigma-Aldrich, UK.

An alternative explanation is that a carrier-based transport To test the idea that stimulation of the FSR was by passage
mechanism, such as those that transport amino acidgsf nucleotides into the tubule cells, the rate of accumulation of
monosaccharides and weak acids and bases in various tissuadioactivity by tubules bathed in solutions GH[CAMP
(e.g. Bronk and Leese, 1974; Forster and Hong, 1962), {Sigma-Aldrich, UK) and 3JH]cGMP (Amersham Life
involved. In the investigation of this possibility, an obviousSciences, UK) was measured.
initial line of experimentation was to determine whether other It was found (see Fig. 4) that the Malpighian tubules
common 35'-cyclic monophosphates competitively interfererapidly accumulated radioactivity. To rule out entry of
with stimulation of FSR by cAMP and cGMP. Malpighian nucleotide into the tubules by diffusion followed by non-
tubules were exposed to 1mnidllconcentrations of the specific sequestration of some kind, the following
purine nucleotide inosine cyclic monophosphate (cIMP) or thexperiments were performed. The fluid-secreting (upper)
pyrimidine nucleotides cytidine cyclic monophosphateparts of 20 tubules were dissected and bathed in one of two
(cCMP), thymidine cyclic monophosphate (cTMP) andseries of droplets of incubation medium: (1) a control series
uridine cyclic monophosphate (cUMP). Surprisingly, all fourthat contained 430nmofl [3H]cAMP and (2) an
cyclic nucleotides stimulated fluid secretion by isolatedexperimental series that contained 1 mmbhlon-radioactive
Malpighian tubules oDrosophila melanogastewith cIMP ~ cAMP, cGMP, cIMP, cUMP, cCMP or cTMP as well as
and cUMP being particularly effective. These compounds aré30 nmol i1 [3H]cAMP. One of the pair of anterior tubules
rarely mentioned in the literature of intracellular signallingfrom each animal (Dowet al. 1994) was placed in a droplet
systems. It is possible that the Malpighian tubules obf control medium and the other was placed in a droplet of
Drosophila melanogaster possess a novel transport experimental medium. The pair of posterior tubules from
mechanism that is able to transport a variety of cyclicach animal was treated identically. After approximately 1 h,
nucleotides into the cells. each tubule was disrupted in a few microlitres of distilled

water. The distilled water drops containing disrupted tubules
were then deposited in vials containing 3ml of ‘Ecoscint’
Materials and methods scintillation fluid for later analysis with a liquid-scintillation

Flies of the Oregon R strain @rosophila melanogaster counter. Samples of bathing medium and secreted fluid were
Meig. were used. They were reared in nutrient-containingreated in the same way except that their volume was
plastic tubes kept in an incubator at 23 °C under natural lighheasured and they were deposited directly in vials of
conditions. Flies of both sexes, 4—7 days post-emergence, weteoscint.
used. The Malpighian tubules were dissected using the To quantify the uptake of radioactivity into the cells of the
technique described by Dot al. (1994). Malpighian tubules, the ‘uptake ratio’ was calculated as the

For each experiment, 16—-20 tubules were mounteduln 6 amount of radioactivity in the tubules compared with that in
droplets of a medium composed of a 1:1 mixture of insecin equal volume of the bathing fluid. The lengths of several
Ringer (Dowet al. 1994) and Schneider’s insect tissue culturetubules were measured. The fluid-secreting part of each
medium (Gibco). The droplets of medium were arranged itubule was taken to be 65 % of the total length measured from
depressions in a paraffin-wax-lined dish under liquid paraffinthe upstream end of the main segment (O’Donnell and
Half the tubule-containing droplets served as controls and tHdaddrell, 1995). The lengths of the fluid-secreting regions
other half were used to test experimental substances. The F&Rre 1.46+0.04mm (mean s.EM.; N=11) for anterior
of all tubules was measured (Dowt al. 1994) for tubules and 2.26+0.04 mnN€11) for posterior tubules. The
approximately 1h, and substances under test were then addadside diameter of the Malpighian tubules @fosophila
to the experimental droplets in a volume of 0.5 gi. 1An melanogasteris 35um and the luminal diameter is fuith
equal volume of the solvent used to dissolve the test substan@@ow et al. 1994). Therefore, the volume of the cells
was added to control droplets. The FSR of the tubules wasecreting fluid is 1.1nl in anterior tubules and 1.7nl in
measured for a further 3 or 4 h. All experiments were carriegosterior tubules.
out at room temperature (21-25°C). To determine whether the radioactivity accumulated by the

The initial concentration of the test substance in whictMalpighian tubules bathed in solutions containing
experimental tubules were bathed was 1 mmollf the FSR  radioactively labelled nucleotides was due to the presence of
was increased significantly, the experiment was repeated withtact nucleotides, the following two experiments were
the concentration reduced by an order of magnitude. Thigerformed. One hundred tubules were divided into batches of
procedure was repeated until there was no statistical differenten and placed in ten 10 droplets of medium containing
between the FSR of experimental and control tubulesither 250 nmoH! [3H]cAMP or 430 nmolt! [3H]cGMP. In
Stimulation by 1mmot cTMP was relatively slight, so each experiment, five of the droplets also contained
tubules were also tested in 10 mnTél¢TMP. 200umol I IBMX to prevent breakdown of the cyclic



Cyclic nucleotides stimulate fluid secretion by Malpighian tubldé%3

monophosphates by phosphodiesterase activity. After 1 h, the Tests of the stimulatory effects of agonists of purinergic
tubules were rinsed quickly in non-radioactive Ringer to receptors
remove adherent radioactivity and then collected intpl25  Compounds known to interact with well-characterised
drops of distilled water. In each experiment, one distillechurinergic receptors were tested for their effect on the FSR. As
water drop contained 50 tubules exposed to the radioactighown in Fig. 1B,C, at a concentration of 1 mm#l heither
cyclic nucleotide (control), and the other drop contained 5A\MP nor ATP stimulated the FSR of the Malpighian tubules
tubules exposed to radioactive cyclic nucleotide plusf Drosophila melanogastefurthermore, neither compound
200pmol I"1 IBMX (experimental). Each of the drops was appeared to interfere with the stimulation of the FSR by cAMP.
then transferred to a 0.5ml Eppendorf tube and held in Rowever, as shown in Fig. 1A, 1mmotl adenosine
boiling water bath for 3min to halt enzymatic breakdown ofsignificantly @<0.05) elevated the mean FSR of the
radioactive compounds. The radioactively labelledvalpighian tubules obrosophila melanogasteHowever, the
compounds were then separated by thin-layeeffect was inconsistent, elevating the FSR of some tubules
chromatography (TLC) using 0.4motl LiCl as the (N=9) by more than 20%, whilst having little or no effect on
developing solvent. Standards, eithepl50f 7mmoll?  the FSR of other tubuledl€15). Furthermore, the presence of
cAMP and 5 mmolt* AMP or 5pl of 7mmol: cGMP and 1 mmolf! adenosine in the medium did not affect the
5mmol 1 GMP, were run in parallel lanes on the thin-layersubsequent stimulation of the FSR byl 1" cAMP. At a
plate; after development, the standards were detected R¥ncentration of 10@moll-1, adenosine did not stimulate the
ultraviolet quenching. Lanes of the TLC plate that containe¢tSR of the Malpighian tubules @rosophila melanogaster
radioactive compounds were cut into strips, which wergdata not shown).
either 0.5cm or 1cm wide, and their radioactivity was
counted by liquid scintillation. Tests of the stimulatory effects of cyclic nucleotides
As shown in Fig. 2, cIMP, cUMP, cCMP and cTMP were
all capable of stimulating the FSR of Malpighian tubules of
Results Drosophila melanogasteCyclic IMP was the most effective,
Each experiment began with 16-20 tubules, but not ahaving a significant effect at I@moll-1, at which
tubules secreted fluid throughout the experimental period. Th@ncentration the FSR was raised by 70%. Cyclic UMP was
reason for this is unknown, but possibly such tubules suffereeffective at all concentrations above ~4®ol -1, which
mechanical damage during dissection. Included in théncreased the FSR by approximately 50%. At 1mmioll
discussion of the results are data only for tubules that continue€MP raised the FSR by 60%, while at ~4foll-1,
to secrete throughout the experiments. stimulation was slight, although significai®<Q.05). Cyclic
Although the FSR varied considerably among tubulesTMP was much less effective; the maximal average stimulation
especially those of different animals, the FSR of single tubulesf the FSR was only approximately 20% at 1mmbll
was relatively constant. In the description of the resultsAlthough 10 mmoltl ¢cTMP did not appear to stimulate the
therefore, all FSRs were calculated as percentages of rateSR, it is possible that the osmotic pressure generated by that
measured just prior to changing from control to experimentatoncentration of cTMP (approximately 20 mosméjIcould

conditions. have acted to counterbalance any small increment of the FSR.
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Fig. 1. Effects of 1 mmoft purinergic agonists, adenosine (A), adenosir@@nophosphate (AMP, B) and adenosihériphosphate (ATP,

C) on the fluid secretion rate (FSR) of Malpighian tubuleBrosophila melanogastehe left-hand vertical lines indicate where 1 mmbil|
agonist was added to the bathing medium of experimental tubules (squares) and glucose Ringer was added to control lag)ul€se(circ
right-hand vertical lines indicate where (iifioll"l cAMP was added to both experimental and control tubules. The filled squares in A
represent mean values where the FSR of experimental tubules was significantly different from the mean value for the cgrecespaidin
tubules P<0.05; significance was tested with Studetitsst for small samples). The numbers of tubulsfdr each of the experiments was:

(A) control,N=25; 1 mmolt1 adenosinelN=24; (B) controlN=15; 1 mmolt? AMP, N=17; (C) controIN=17; 1 mmolt1 ATP,N=17.
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250 + Uptake of BH]cAMP and PH]cGMP by the Malpighian
Y cIMP 7 cUMP cCMP cTMP tubule cells
200 1 ] 0 Control The results summarised in Fig. 1 suggest that it is unlikely
T 8 1 , O Experimental that known purinergic receptors contribute in a major way to
j% 150 + 7 ] the effects on the FSR seen in Figs 2 and 3. Therefore, the
§ o | s ) 16 " 11“ 5 possibility was investigated that the cyclic nucleotides might
S 100 12| 7| Hoeall T e T 19 106 gain access to the interior of the cells and exert their effect
% there just as intracellularly generated cAMP and cGMP
50 1 would be expected to do. Malpighian tubules were exposed
T TN T i to solutions containing eithePH]cAMP or [BH]cGMP at a
0 L (L L R L R L concentration of approximately 250 nmdlI The radioactive

10°10%10°10°%10°310410°10°310%10°10210°310%10° nucleotides were taken up rapidly by the cells (Fig. 4), with
uptake of BH]JcAMP being much more rapid than uptake of
PH]CGMP. The apparently slower uptake oH[cGMP
might have derived from the fact that the tubules were bathed

Concentration (mol %)

Fig. 2. Fluid secretion rates (FSRs) of the Malpighian tubules o

Drosophila melanogastén media containing various concentrations | .
of the 3,5-cyclic monophosphates of inosine (cIMP), uridine IN & concentration of that substance that was below the

(CUMP), cytidine (cCMP) and thymidine (cTMP). The FSR is threshold concentration (400nmoll Caldwell, 1998)
expressed as a percentage of the rate (% original) measured just pfcessary just to stimulate the FSR. Therefore, uptake of
to adding either a cyclic nucleotide to experimental medium droplettadioactive cAMP and cGMP at eight times the FSR-
(shaded columns) or solvent to control medium droplets (opethreshold concentrations, namely 1660l171 for
columns). The numbers above the columns are the numbers PiH]cAMP and 3.3umol -2 for [3H]cGMP, was tested. In 1 h,
tubules tested. The asterisks overprinted on the columns indica@qght tubules accumulated radioactivity in the cells at
those experiments in which the averages of the FSRs of control ahncentrations higher than the concentration in the fluid
exper:(mentaI”tubulesI were significantly differeR&Q.05; Student’s bathing them by factors of 303+26.3 (mears.£M.) for
ttest for small samples). [3H]cAMP and 97.2+7.5 for3H]cGMP.
Considerable cGMP (approximatelyuol 1) is present
in fluid secreted by isolated Malpighian tubule®obsophila
Tests of interactions between cyclic nucleotides melanogasterJ. A. Riegel, S. H. P. Maddrell and R. W.
The average maximum stimulation of the FSR by any of th&arndale, in preparation); possibly the lower level of
six cyclic nucleotides studied here was approximately 100 %adioactivity accumulated by tubules bathed 3n]EGMP
of the FSR of control tubules. When tubules bathed in onwas due to significant export oiH]cGMP into the secreted
cyclic nucleotide were secreting fluid at or near this maximunfluid. However, the mean ratio of the concentration of
rate, no further stimulation of the FSR could be induced byadioactivity in the secreted fluid to that in the medium for
adding further amounts of the same or a different cyclieight tubules bathed for 60 min in 30l 11 [3H]cGMP was
nucleotide. However, when tubules were secreting fluid at 6.32+0.10 (mean s.e.M.). This ratio was similar to the mean
rate substantially less than the maximum rate in solutionsatio of the secreted fluid and medium (0.36+0.05) of eight
containing any given cyclic nucleotide, the FSR could beubules bathed in 1.68nol I-1 [3H]cAMP. Therefore, the fact
stimulated by adding an appropriate amount of another cyclithat the tubules accumulated only approximately one-third the
nucleotide. These results are shown in Fig. 3: when tubuleadioactivity in solutions containing®fiJcGMP that they
were bathed in concentrations of cIMP, cCMP, cTMP andccumulated in solutions containintH[cAMP was not due
cUMP which stimulated their FSR submaximally and wereo significant export of cGMP into the secreted fluid. It must
subsequently exposed to l@oll"l cAMP, the FSR was have been derived instead from slower uptake of cGMP into
elevated (Fig. 3B—E). As shown in Fig. 3A, tubules stimulatedhe cells.
to secrete at a high rate by [ifoll=1 cIMP were little As shown in Fig. 5, uptake of radioactivity by tubules
affected by the addition of 10moll™? cAMP. However, bathed in solutions containing 430 nmal[3H]cAMP was
7.5umol I”1 cIMP did not stimulate the FSR maximally and suppressed significantly by the addition of 1 mmbiion-
when 1Qumol 1 cAMP was added the FSR was elevatedradioactive cAMP, cIMP, cGMP or cCMP. Uptake of
towards the maximum level (Fig.3B). As shown inradioactivity from solutions containingH]cAMP was most
Fig. 3C-E, tubules stimulated submaximally by all three offfected when the bathing solutions contained non-radioactive
the pyrimidine-based cyclic nucleotides could be stimulatedAMP.
to increase fluid secretion to the maximum level by Fig. 6A shows the radioactivity in thin-layer
10umol I"1 of cAMP, a purine-based cyclic nucleotide. In chromatograms of extracts of Malpighian tubules made after
addition, such tubules also could be stimulated to secrete fluile tubules had been exposed for 1h to Ringer containing
maximally by an appropriate concentration of a pyrimidine-either 250nmol! [3H]cAMP alone or 250nmott
based cyclic nucleotide, namely, 5000l cUMP  [3H]cAMP plus 20Qumoll~1 IBMX. The motility (Rf) of
(Fig. 3F,G). standards was approximately 0.27 for adenosiie 5
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monophosphate (AMP) and approximately 0.48 for CAMP agxactly with the major peaks of radioactivity obtained from
determined by measurements of the migration of the nativihe tubule extracts; the latter peaks contained 65% of the
compounds made under ultraviolet illumination. Peaks foradiolabel. Radioactivity co-migrating with AMP was only at
fluorescence quenching of the cAMP standard coincidebdackground levels, showing that almost ®#bl]EAMP was
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broken down to AMP. Not surprisingly, therefore, there were
no detectable effects of treating the tubules with IBMX. In
addition to the major peak of radioactivity found atRarof
0.48, there was a minor peak of radioactivity withRarof
approximately 0.65 which was found in both control and
experimental samples of tubule extracts. Approximately 35 %
of the radiolabel was contained in this peak, which migrated
approximately with predicteBs values for NAD, adenine or
hypoxanthine.

Shown in Fig. 6B is the distribution of radioactivity in a
thin-layer chromatogram of extracts of Malpighian tubules
which had been exposed for approximately 1 h to 430 nhol |
[BH]cGMP plus 20umol I"1 IBMX or 430 nmol I [3H]cGMP
alone. The motility i) of standards was approximately 0.27
for guanosine smonophosphate (GMP) and approximately
0.48 for cGMP as determined by measurements made of the
migration of the native compounds under ultraviolet
illumination. The peak for fluorescence quenching of the
cGMP standard did not coincide with the major peak of
radioactivity obtained from the tubule extracts, which was
found at an Rf of approximately 0.52 and contained
approximately 80% of the radiolabel. Radioactivity co-
migrating with GMP was only approximately 5-10% of the
total activity in the tubule extracts, indicating that very little
[3H]cGMP was broken down to GMP and, indeed, there was
no detectable effect of treating the tubules with IBMX. The
identity of the compound(s) representing approximately 80 %
of the radio-label in extracts of Malpighian tubules exposed to
[3H]cGMP is unknown; it may or may not be the same as the

Fig. 3. Results of tests of interactions between cyclic nucleotides in
the stimulation of the fluid secretion rate (FSR). Left-hand vertical
lines indicate where cyclic nucleotides were added to the medium of
experimental tubules (squares) or glucose Ringer was added to the
medium of control tubules (circles). Right-hand vertical lines
indicate where cyclic nucleotide was added to both experimental and
control droplets. Mean values of the FSR of experimental tubules
that differed significantlyR<0.05; Student’s$-test for small samples)
from the corresponding mean value of the FSR for control tubules
are indicated by filled squares. (A) Tubules stimulated maximally
with 10pumol It cIMP did not respond significantly to funol I-1
CAMP. (B) Tubules stimulated submaximally with @rGol I-1 cIMP
responded significantly to 1Gnoll~1 cAMP. Tubules stimulated
submaximally by pyrimidine-based cyclic nucleotides could be
stimulated maximally by appropriate concentrations of either a
purine-based cyclic nucleotide (@olll cAMP; C-E) or a
pyrimidine-based cyclic nucleotide (5@toll~ cUMP; F,G). The
numbers of tubules\) for each of the experiments was: (A) control,
N=9; 10pmol =1 cIMP, N=9; (B) control,N=10; 7.5umol "1 cIMP,

N=9; (C) controlN=9; 150umol I~ cUMP, N=9; (D) controlN=9; 1
mmol I"1 cTMP, N=9; (E) control,N=9; 250umol =1 cCMP, N=10;

(F) control, N=7; 250umoll-? cCMP, N=10; (G) control, N=8;
1mmol 1 cTMP,N=7.
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Fig. 4. Accumulation of radioactivity (meanst.m.) by Malpighian
tubules of Drosophila melanogasterbathed in approximately
0.25umol ™t [*H]cAMP  (A) or approximately 0.28moll"™  Fig. 5. Effect of 1 mmoH! non-radioactive cyclic nucleotide on the
[*HIcGMP (B) for 80min. The ‘uptake ratio’ is the ratio of the yptake of radioactivity by Malpighian tubules ddrosophila
amount of radioactivity in the cells of the Malpighian tubules to themelanogastefrom solutions containing 430 nmoH[3H]cAMP. The
amount of radioactivity in an equal volume of medium (see Materialyptake ratio is the radioactivity in tubules exposed for 60min to
and methods for details of the calculation). The numbers adjacent ejither 430 nmolit [3H]cAMP (control) or 430 nmofft [3H]cAMP
the symbols indicate the number of measurements at each mepjys 1mmolt! non-radioactive cyclic nucleotide (experimental)
value, except for the points in the lower left-hand corner of A, whictdivided by the radioactivity of an equivalent volume of the medium
are based on a minimum of three determinations. (see Materials and methods). Each column represents the mean value
of the uptake ratio for 10 tubules; the error bars are.twe. Where

. . . the columns are overprinted with an asterisk, the differences between
unknown compound(s) detected in the experiment |Ilustratethe means of the uptake ratios are statistically signif 05

in Fig. 6A. A!though th_eRf values of the two_‘unkn_owns’ are gy dent's-test for paired variates).
apparently different, this may reflect only slight differences ir

the conditions under which the chromatographic analyses we

made.

cAMP  cIMP cGMP cCMP cUMP cTMP

concentrations tested, where cAMP uptake was not greatly
) . increased but that of cGMP was greatly stimulated. This
Discussion suggested that uptake of cCAMP approached saturation at the
It seems that a range of cyclic nucleotides in addition tdigher concentrations.
CAMP and cGMP can play a role in fluid secretion by the The uptake ratio of tubules bathed #H[cAMP solutions
Malpighian tubules obrosophila melanogastetnvolvement  was affected more by non-radioactive cAMP than by any of
of a cyclic nucleotide other than cAMP and cGMP in fluidthe other non-radioactive cyclic nucleotides, but both cGMP
movement across an epithelium is not without precedent iand cIMP were more effective in inhibiting uptake than was
insects. Fluid reabsorption by the rectum of a locustista cCMP. This suggests that the putative carrier mechanism
migratoria) was enhanced by externally applied cIMPfavours cyclic nucleotides derived from purine bases.

(Fournier and Dubar, 1989).
Intracellular fate of cyclic nucleotides

A possible carrier mechanism for the uptake of cyclic The results summarised in Figs 4—6 are evidence that cyclic
nucleotides in the Malpighian tubulesfosophila nucleotides are taken into the cells of Malpighian tubules of
melanogaster Drosophila melanogasteand concentrated there. However,

Radioactivity was taken up rapidly from solutions ofthe relevance that this mechanism has to the elevation of the
[*H]cAMP and PH]cGMP and concentrated in Malpighian FSR by cyclic nucleotides is not clear. Approximately 65 % of
tubule cells; the uptake was suppressed to variable extents ¢ radioactivity accumulated by tubules bathed for 1h in
the presence of a 2000-fold excess of non-radioactivRinger's solution that containedHJAMP was unchanged
nucleotides. These observations support the view that a carrighMP. This was true even of tubules treated with 2001 1~1
mechanism leading to uptake may be involved in the effects ®BMX. Only a small amount (approximately 5-10%) of the
cyclic nucleotides on fluid secretion by the Malpighian tubulesadioactivity accumulated by tubules bathe BH]EGMP was
of Drosophila melanogaster in the form of cGMP, and approximately the same amount of

Tubules accumulated®flJcAMP more rapidly than they the radioactivity accumulated by the tubules was in the form
accumulated®H]cGMP. This was not due to greater export ofof GMP. These observations indicate that the usual cyclic
cGMP into the secreted fluid. At a concentration ofnucleotide metabolism in which cAMP and cGMP are
approximately 250nmott, the tubules accumulated degraded through the activity of phosphodiesterases is not the
radioactivity approximately 20 times faster from a cAMP maijor fate of these cyclic nucleotides in the Malpighian tubules
solution than they did from a cGMP solution (Fig. 4). of Drosophila melanogaster
However, the difference was much less marked at the higher Treatment with 20@mol =1 IBMX had no discernible effect
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50+ A (Fig. 4A). Since 65% of this is still in the form of cAMP
a5 | O[PH]CAMP + IBMX (Fig. 6A), the intracellular concentration accumulated from the
40 - = [*H]cAMP control medium was, therefore, 2@nol|~L. This is very much higher
35 | I m [*H]cAMP done than the concentration of free intracellular CAMP required to

be effective, which is thought to be less thapmbl|~t
(Alberts et al. 1994). It is also higher than the total CAMP in
each unstimulated Malpighian tubule obrosophila
melanogaster which is 10-15fmol (Davieset al. 1995),
equivalent to 1.5mol I-1. Therefore, it must be supposed that

‘E much of the JH]JcAMP accumulated by the cells of the
8 Malpighian tubules is not free to interact with protein kinase.
T 5112345678 91011121314 Instead, it may be in a pool where it is converted_lnto some
£ AMP cAMP Unknown other compound by a pathway not involving
° phosphodiesterase.
& 60+ The nature of the major product(s) of metabolism of
g B O [2H]CGMP+ IBMX [3H]cAMP and PH]cGMP taken up by the Malpighian tubules
& 50+ - [3|:']Cgmgglomr°| is not known, but may be related to uric acid metabolism. Uric
20 m[*H]c one acid is the major nitrogenous excretory product of insects, so
1 the conversion of purine-based nucleotides in the cell to such
30 + a compound would not be surprising.
20 4 Intracellular effects of extracellularly applied cyclic
10 nucleotides
FH FH m Radioactive cAMP is accumulated unchanged by Malpighian
0 -thjeml Lty :ﬂ: :H L I L tubules at concentrations high enough to be effective to
123456 7 8 910111213141516 stimulate the FSR. Presumably the same is true for cGMP,

-10 -~ GMP cGMP Unknown cIMP, cCMP, cUMP and cTMP. Although the way in which
the accumulated cyclic nucleotides participate in the process of

! > fluid secretion is largely unknown, at least three possibilities
tubules of Drosophila melanogasterThe tubules were bathed in . . . .
solutions containing either 250 nmdl [3H]cAMP (A) or 430 nmolt1 eXISt'. FII’S.t, they may act as Sec.of‘d MESSENgers, stlmqlatlng a
[BH]cGMP (B) with or without 20@imol =1 IBMX and extracts of the proteln.klnase W'_th a wide aﬁm't_y fqr cyclic nucleotides.
tubules were subsequently subjected to thin-layer chromatograpt§@rdanis (1980) isolated a protein kinase from the locust
(TLC). The columns show the levels of radioactivity as a percentage &Pithelium which could be activated by either CAMP or cGMP;
the total radioactivity in each lane (lanes are indicated by numbers @ithough less sensitive to them, the protein kinase also could be
the abscissa) of the TLC plate at positions occupied by non-radioactiaetivated by cCMP and cUMP. Second, the cyclic nucleotides
5'-monophosphates of adenosine (AMP, A) and guanosine (GMP, Bhay act as second messengers within novel signalling
and non-radioactive’' 5'-cyclic monophosphates of adenosine (CAMP, pathways. One such pathway occurs in cultured cells of the
A) and guanosine (cGMP, B). The approximate locations of the nofinguse liver, where cCMP activates a unique protein kinase and
radioactive compounds and the unknown radioactive compounds 8 jiself generated by a cytidylate cyclase found within the cells
the T_LC plate are indicated by theflabels at t,he bottom of each part ewton, 1992). Finally, the cyclic nucleotides may stimulate
the figure. The columns labelled ‘Unknown’ represent one or mor - -

: . : adenylate and/or guanylate cyclases. This alternative seems less
compoupds to which was transferred a substantial proportion of ﬂ]ﬁ<el at least with res IMP. A . hat i
radioactivity taken up by the tubules. Y oo . pe(,:t toc - Ata concentrat!on that Is

very effective in stimulating the FSR (1@toll1, Fig. 2),
cIMP did not activate adenylate cyclase within the cells of the

on the metabolism of eithetH]cAMP or [PBH]cGMP taken up  Malpighian tubules oDrosophila melanogaste@. A. Riegel
by the Malpighian tubules. It may be that the rate of breakdowand R. W. Farndale, unpublished results).
of cAMP (and cGMP) by phosphodiesterase is considerably
slower than that leading to the formation of the unknown Membrane receptors
metabolic by-product seen in Fig. 6. Perhaps the major Of the adenosine-receptor agonists tested, only adenosine
metabolic pathway of cAMP and cGMP taken up by thecaused an elevation of the FSR, and that elevation was both
putative carrier is not from cyclic nucleotide free in theslow to develop and small in magnitude (Fig. 1A). This result
cytoplasm but from some considerably larger pool. Somsuggested that adenosine receptors cannot play a major role in
evidence exists that this may be the case, at least for cAMRuid secretion by the Malpighian tubules @frosophila
Tubules exposed for 1h to saline containing 250nnholl melanogaster Nevertheless, the possibility remains that
[BH]cAMP accumulated radioactivity to a concentration someMalpighian tubules possess a membrane receptor that has not
180 times higher than the concentration of the bathing mediuget been identified and that this receptor may be responsible

Fig. 6. The distribution of radioactivity in extracts of Malpighian
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for generating the chain of events that leads to the elevatidvies, S. A., HiEsMANN, G. R., MaDDRELL, S. H. P., O'DNNELL,
of the FSR. However, the most likely explanation of the M. J., &aer, N. J. V., Dow, J. A. T.anD TusLiz, N. J. (1995).
present findings is that externally applied cyclic nucleotides CAPzb, a cardioacceleratory peptide, is preserDiosophilaand
are taken into the Malpighian tubule cells by a carrier stimulates tubule fluid secretionia cGMP. Am. J. Physiol269,
mechanism that favours nucleotides derived from purineQPFéVBJZl;leZ%hDDRELL S H. P @Rz A e N. IV
bases, and there they stimulate fluid secretion. The norm P SR 1o ST T S e
function of this mechanism, which probably explains the BROGAN, S.AND KAISER K. (1994). The Malpighian tubules of

. e . Drosophila melanogastera novel phenotype for studies of fluid
extraordinary sensitivity of the Malpighian tubules of . ation and its contral. exp. Biol197, 421-428.

Drosop'hila melanogasteo cyclic nucleotides, remains to be pgyak. G. R.aND Fepan, J. S. (1990). (eds). Biological actions of
determined. extracellular ATPANN. N.Y. Acad. Scb03 1-542.
ForsTER R. P.aND HoNg, S. K. (1962). Tubular transport maxima of
We are grateful to Dr Julian Dow for helpful suggestions. PAH and Diodrast measured individually in the aglomerular kidney
of Lophiusand simultaneously as competitors under conditions of
equimolar loadingJd. gen. Physiol45, 811-820.
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