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Abstract
Multiple neuropeptides are known to regulate water and ion balance in Drosophila
melanogaster. Several of these peptides also have other functions in physiology and
behavior. Examples are corticotropin-releasing factor-like diuretic hormone (diuretic
hormone 44; DH44) and leucokinin (LK), both of which induce fluid secretion by
Malpighian tubules (MTs), but also regulate stress responses, feeding, circadian activity
and other behaviors. Here, we investigated the functional relations between the LK and
DH44 signaling systems. DH44 and LK peptides are only colocalized in a set of
abdominal neurosecretory cells (ABLKs). Targeted knockdown of each of these
peptides in ABLKs leads to increased resistance to desiccation, starvation and ionic
stress. Food ingestion is diminished by knockdown of DH44, but not LK, and water
retention is increased by LK knockdown only. Thus, the two colocalized peptides display
similar systemic actions, but differ with respect to regulation of feeding and body water
retention. We also demonstrated that DH44 and LK have additive effects on fluid
secretion by MTs. It is likely that the colocalized peptides are coreleased from ABLKsS
into the circulation and act on the tubules where they target different cell types and
signaling systems to regulate diuresis and stress tolerance. Additional targets seem to
be specific for each of the two peptides and subserve regulation of feeding and water
retention. Our data suggest that the ABLKs and hormonal actions are sufficient for
many of the known DH44 and LK functions, and that the remaining neurons in the CNS

play other functional roles.

Key words: Diuretic hormone 44, corticotropin-releasing factor-like diuretic hormone,

Leucokinin, peptide hormones, stress resistance


https://doi.org/10.1101/164178
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/164178; this version posted October 13, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

56
57
58
59
60
61
62
63
64
65
66
67

68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

aCC-BY-NC-ND 4.0 International license.

Introduction
Orchestration of physiological and behavioral processes is commonly dependent on
neuropeptide and peptide hormone signaling [see 1,2-4]. For example, feeding and
postprandial effects on the organism, including satiety, nutrient and energy reallocation,
diuresis, and activity/sleep are regulated by multiple peptides [see 5,6,1,7-9,3]. Thus, in
Drosophila melanogaster, several neuropeptides such as allatostatin A, neuropeptide F,
short neuropeptide F (sNPF), sulfakinin, and hugin-pyrokinin are known to regulate
feeding, and five peptides, diuretic hormones 31 and 44, leucokinin (LK) as well as
CAPA-1 and 2, derived from the gene capability, regulate ion and water homeostasis
[see 10,11,12,1,7,3,13]. After a meal other hormones, like insulin-like peptides (ILPS)

and adipokinetic hormone (AKH) ensure energy mobilization and storage, or signal

satiety/hunger and affect organismal activity, vigor and stress tolerance [14-16,7].

The neuroendocrine cells producing the peptides mentioned above display
varying degrees of diversity, from a single small set of identical cells producing AKH or
ILPs to very large populations of diverse neurons expressing sNPF [17-19]. Thus, the
guestion is whether peptidergic neurons of a large diverse population are functionally
coupled and play a concerted physiological role, or if they are parts of distributed
networks where the specific neuropeptide therefore serve diverse functions. To address
this question we have selected a set of neuroendocrine cells producing the
neuropeptide LK that consists of four morphological types of cells [20,21], and is
proposed to serve multiple functions in flies [22-26,6]. This set of neurons was dissected
by genetic tools to enable us to isolate the functional role of a major subset, which
consists of prominent neurosecretory cells in the abdominal ganglia. We show that this
subset of the LK neurons, designated ABLKSs, additionally produce -corticotrophin-
releasing factor-like diuretic hormone, also known as diuretic hormone 44 (DH44).
These ABLKs are especially intriguing since they seem to be under tight neuronal and
hormonal control. Receptors for several neurotransmitters and peptides have been
identified on these cells in larvae [27,28,24,29-32] and adults [24]. Of these receptors,
only the action of the 5-HT1B receptor on ABLK function was probed in adults [24]. We
ask what function these specific neuroendocrine cells and their colocalized peptide

hormones have in physiology and behavior.
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88 Both DH44 and LK are primarily known for their roles as diuretic hormones in
89 various insects, including Drosophila, by regulating secretion by Malpighian (renal)
90 tubules (MTs) [33,12,3,34]. However, several additional functions have been assigned
91 to these peptides from genetic experiments. LK neurons regulate food intake, play a
92 role in desiccation stress resistance, modulate chemosensory responses, decrease
93  postprandial sleep, and are required for starvation-induced sleep suppression [22-26,6].
94  DHA44, which is produced by a diverse set of neurons and neurosecretory cells [33,35],
95 plays roles in osmotic and metabolic stresses. Knockdown of DH44 in the CNS or its
96 receptor (DH44-R2) in the MTs results in a significant increase in desiccation tolerance
97 [23]. Genetic ablation of DH44 neurons also results in increased starvation tolerance,
98  however, knockdown of the DH44 receptor, DH44-R2, in the MTs impairs starvation
99 tolerance [23]. Furthermore, DH44 producing median neurosecretory cells in the brain
100 regulate rhythmic locomotor activity with influence from clock cells [36], sense and
101  regulate intake of nutritive carbohydrates [37], and regulate sperm retention in the
102  uterus of females [35].

103 The postulated functions of LK and DH44 are, with a few exceptions, not
104 assigned to specific neurons. Using the GAL4-UAS system [38] we interfered with LK
105 and DH44 expression in the ABLKs and analyzed in vivo effects on tolerance to various
106  stressors, as well as feeding and water retention. We also employed an assay to
107  monitor the combined activity of DH44 and LK on secretion in MTs. These peptides act
108  on different cell types of the Drosophila MTs and activate different signaling pathways
109  [33,34], yet we show that they display an additive stimulatory effect on secretion. Thus
110  we can show that the ABLKSs, and therefore, the hormonal actions of the two peptides,
111 are sufficient for regulating water and ion homeostasis and associated stress functions,
112  but can also affect food intake, perhaps by an indirect action caused by diuretic activity.
113  This suggests that the LK and DH44 neurons in the brain are important for the
114  additional functional roles listed above, and it remains to be determined whether these
115  functions are in any way linked to those of the ABLKSs.

116
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117 Experimental procedures
118 Fly lines and husbandry
119  All fly strains used in this study (Table 1) were reared and maintained at 25°C on a
120  standard yeast, corn meal, agar medium (see
121 http://flystocks.bio.indiana.edu/Fly Work/media-recipes/bloomfood.htm) supplemented
122 with 1.5 g/L nipagin and 3 mL/L propionic acid. Experimental flies were reared under
123 uncrowded conditions and normal photoperiod (12 hours light: 12 hours dark).
124
125  Table 1: Fly strains used in this study
Fly strain Inserted on | Source / reference Stock number
chromosome
wHe - BDSC -
w® Lk-GAL4 I [21], Pilar Herrera, Madrid, Spain | -
w® Lk-GAL4 I [39] BDSC 51993
w'® Lk-GAL4 T Young Joon Kim, Gwangju, Korea | -
w'® DH44-GAL4 T [40], Fly Light BDSC 39347
w'® DH44-GAL4 T [39] BDSC 51987
y'W’; Actin5¢c-GAL4/CyO Il - BDSC 4414
W% UAS-Lk RNAI T [41] VDRC
14091/GD
yw;UAS-DH44 RNAI ! - VDRC
108473/KK
yw; Sco/Cyo; UAS-mcd8- | I BDSC -
GFP
JFRC29-10xUAS-IVS- - [42], Washington, USA -
myr::GFP-p10
126
127 Immunohistochemistry and imaging
128  Immunohistochemistry for Drosophila larval and adult CNS was performed as described
129  earlier [43]. Briefly, CNS from third instar larvae or adult male flies were dissected in
130 phosphate buffered saline (PBS). Larval samples were fixed for 2 hours in 5% ice-cold
131  paraformaldehyde and adult samples were fixed on ice for 3.5 — 4 hours. Samples were
132  then washed in PBS and incubated for 48 hours at 4°C in primary antibodies diluted in
133  PBS with 0.5% Triton X (PBST) (Table 2). Following this incubation, samples were
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134  washed with PBST and incubated for 48 hours at 4°C in secondary antibodies diluted in
135 PBST (Table 2). Next, all samples were thoroughly washed with PBST, and following a
136  final wash in PBS, samples were mounted in 80% glycerol. For anti-DH44 staining,
137  tissues were blocked with 5% normal goat serum (NGS) in PBST post-fixation and 5%
138  NGS was also included in the primary antibody solution.

139

140 Table 2: Antibodies used for immunohistochemistry

Antibody Immunogen Source / reference Dilution

Primary antibody

Rabbit anti-LK Leucophaea maderae kinin | [44] 1:2000
Rabbit anti-DH44 Drosophila melanogaster DH44 | [33] Jan Veenstra, | 1:1000
Bordeaux, France
Mouse anti-GFP Jelly fish GFP Invitrogen 1: 1000
Secondary antibody
Goat anti-mouse Alexa 488 | - Invitrogen 1:1000
Goat anti-rabbit Alexa 546 | - Invitrogen 1:1000
141
142 All samples were imaged with a Zeiss LSM 780 confocal microscope (Jena,

143  Germany) using 10X, 20X or 40X oil immersion objectives. Confocal images were
144  processed with Zeiss LSM software and Fiji [45] for projection of z-stacks, contrast and
145  brightness, and calculation of immunofluorescence levels. Cell fluorescence was
146  measured as described previously [43]. Briefly, the cells of interest were selected and
147  their area, integrated density and mean gray values measured. Background values for
148 these parameters were also recorded by selecting a region that has no fluorescence
149  near the cells of interest. Corrected total cell fluorescence (CTCF) was then calculated
150 using the equation: CTCF = Integrated Density — (Area of selected cell X Mean
151  fluorescence of background readings).

152

153 Stress resistance assays

154 We used 5-6 days old male flies to assay for survival under various stresses and
155  recovery from chill coma (see [43] for details of stress assays). For each technical
156  replicate, 15 flies were kept in a vial and their survival recorded every 3 hours (for
157  desiccation) or 6 hours (for starvation and ionic stress) until all the flies were dead. For
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158  desiccation, flies were kept in empty vials. For starvation, flies were kept in vials
159  containing 5 ml of 0.5% aqueous agarose (A2929, Sigma-Aldrich). For ionic stress, flies
160  were kept in vials containing 5 ml enriched medium (100 g/L sucrose, 50 g/L yeast, 12
161  g/L agar, 3 ml/L propionic acid and 3 g/L nipagin) supplemented with 4% NaCl. All vials
162  were kept at 25°C under normal photoperiod conditions for the entire duration of the
163  experiment. For chill coma recovery experiments, flies were transferred to empty vials,
164  which were then placed on ice to induce a chill coma. The vials were incubated on ice
165  (0°C) for 4 hours and afterwards transferred to 25°C to induce recovery. The number of
166  flies recovered was assessed every 2 min. At least 3 biological replicates and 3
167  technical replicates for each biological replicate were performed for each experiment.
168
169 Capillary feeding assay
170  Capillary feeding (CAFE) assay to measure food intake for individual flies was
171 performed according to the method described earlier [24]. Food consumption was
172 measured daily and the cumulative food intake over 4 days was calculated. The
173 experiment consisted of 3 biological replicates and 8-10 flies per replicate for each
174  genotype.
175
176 Water content measurement
177  For measurement of water content, 10-15 flies were frozen on dry ice and their weight
178  (wet weight) recorded using a Mettler Toldeo MT5 microbalance (Columbus, USA). The
179  flies were then dried for 1 day at 60°C and their weight (dry weight) recorded again. The
180  water content of the flies was determined by subtracting dry weight from wet weight
181  (see [46]).
182
183 Malpighian tubule secretion assay
184  Drosophila MT fluid secretion assays were performed as described previously [47].
185  Briefly, MTs from six day old Drosophila were dissected in Schneider's medium and
186  transferred to 9 ul of 50% Schneider's medium and 50% Drosophila saline [33]. Tubules
187  were left to secret for 30 minutes and non-secreting tubules were replaced to form a
188  data set of 10-15 secreting tubules. Basal secretion was measured for 30 min at 10 min
189 intervals. Following this initial incubation, 1 ul of Drosophila DH44 (final concentration
190 107 M or 10° M), LK (final concentration 10° M or 10° M) or both (Genosphere
7
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191 Biotechnologies, Paris, France) were added to the incubation medium. Stimulated
192  secretion was measured for 30 min at 10 min intervals. Data are presented as the
193  secretion rate at every time point, the percentage change in secretion rate following
194  peptide application, and total fluid secreted over 60 min.

195

196 Statistical analyses

197 The experimental data are presented as means * s.e.m. Unless stated otherwise, one-
198 way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test was
199 used for comparisons between three genotypes and an unpaired t-test was used for
200 comparisons between two genotypes. For fluid secretion assays, a Mann-Whitney U
201 test was used as some data were non-normally distributed. Stress curves were
202 compared using Mantel-Cox log-rank test. All statistical analyses were performed using
203  GraphPad Prism with a 95% confidence limit (p < 0.05).

204
205 Results
206 LK expression in Drosophila CNS

207  Several studies have previously examined the distribution of LK in Drosophila CNS and
208  peripheral tissues [20,21,24,48,23]. Here, we verified the expression of Lk-GAL4 driven
209 GFP in both larval (Figure S1A-E) and adult Drosophila (Figure 1), using a GAL4 line
210 from De Haro et al. [21]. In the larval CNS, Lk-GAL4 drives expression in five pairs of

211 neurons in the brain (Figure S1A, E), three pairs of neurons in the SOG (Figure S1C, E)
212 and seven pairs of neurons in the VNC (Figure S1D, E). However, four out of the five
213 pairs in the brain do no display any LK-immunoreactivity, but in fact react with an
214  antiserum to ion transport peptide (ITP) (Figure S1B). These lateral neurosecretory cells
215 are found both in larval and adult brains and are known as ipc-1 neurons [49]. Similar to
216  the larval CNS, Lk-GAL4 drives GFP expression in four distinct neuronal populations in
217  the adult CNS (Figure 1). Hence, GFP expression was detected in one pair of neurons
218 in the lateral horn and one pair in the SOG (Figure 1A, D), another four pairs in the
219  brain, which display ITP-immunoreactivity (Figure 1B, D and S2) and eleven pairs in the
220 VNC (Figure 1C, D). In adult flies, Lk-GAL4 driven GFP expression in the ITP-producing
221 cells is weak and variable (Figure S2). Interestingly, seven pairs of neurons in the VNC
222 start expressing LK in the embryonic stage, whereas the additional four pairs (this
223 number varies between individuals) begin to express LK during pupal development [48].

8
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224  Moreover, Lk-GAL4 also drives ectopic expression in salivary glands (Figure 1E).
225  Although we tested two additional Lk-GAL4 driver lines (Table 1), we utilized this Lk-
226 GALA4 for subsequent knockdown experiments because its expression is stronger than,
227  or more specific than the other Lk-GAL4 lines (Table 1; data not shown).

228

229 DH44 is expressed in the Drosophila brain and ventral nerve cord

230 DH44 expression in Drosophila has also been examined and mapped previously
231 [33,35]. However, different GAL4 lines result in differing expression patterns. Thus, we
232  validated the expression of two previously generated DH44-GAL4 lines [39,40]. One of
233 these GAL4 lines has a minimal expression pattern and drives GFP expression in only
234 the six MNCs in the brain (data not shown) [39]. The other DH44-GAL4 line, which was
235 obtained from the FlyLight collection [40], resulted in a good overlap between
236 DH44>GFP and DH44-immunoreactivity. This DH44-GAL4 drives GFP expression
237 broadly in larval (Figure S1F, G) and adult CNS (Figure 2). In larvae, predominant
238  expression was detected in the six MNCs in the brain (Figure S1F) and seven pairs of
239  neurosecretory cells in the VNC (Figure S1G); however, some of these cells in the VNC
240  were not visible in both hemiganglia. In adults, expression was again detected in the six
241 MNCs (Figure 2A) and at least four cells dorsally (Figure 2B) and at least six cells
242  ventrally in the posterior VNC (Figure 2C). Since there was a good overlap in GFP
243  expression and DH44-immunoreactivity, we utilized this DH44-GAL4 for subsequent
244  knockdown manipulations.

245

246 LK and DH44 are co-expressed in larval and adult ABLK neurons

247  The functional overlap between LK and DH44 signaling systems mentioned earlier,
248  coupled with the expression of both LK and DH44 in the VNC neurons, prompted us to
249 examine if these two neuropeptides are co-expressed in subsets of neurons. Our
250 expression data show that there is no overlap in LK and DH44 expression in the brain of
251 larvae (Figure S3A, C and Figure 4A) or adults (Figure 3A, C and Figure 4B), but these
252  neuropeptides are co-expressed in the larval (Figure S3B, D and Figure 4A) and several
253  adult ABLKs (Figure 3B, D and Figure 4B). Interestingly, all the larval ABLKs co-express
254  DHA44, but in adults only four to eight ABLKs express DH44 (Figure 4). Furthermore, the

255  majority of these DH44 expressing ABLKSs in the adults appear to be the ones that are
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256 generated during postembryonic neurogenesis. However, we cannot rule out the
257  possibility that DH44 is present with a very low expression in other ABLKSs.

258

259 Knockdown of Lk with Lk-GAL4 impacts stress response and water content
260 Having shown that LK and DH44 are co-expressed in ABLKSs, it now becomes apparent
261  that the previous studies employing genetic ablation, and activation or inactivation of LK
262 neurons could be confounded by effects of diminishing signaling with two colocalized
263  peptides [25,24,23]. Thus, it is not only timely to dissect the behavioral phenotypes from
264 these previous studies using RNAi-based knockdown, but we can also study the
265  specific functions of ABLKs using intersectional crosses. Consequently, we utilized Lk-
266 GAL4 and DH44-GAL4 to knock down both Lk and DH44 and assayed for effects on
267  stress tolerance, feeding and water content. As controls in all experiments we used the
268 parental GAL4 and UAS lines (in w''*® background) crossed to w***2 flies.

269 Lk-GAL4 driven LK-RNAI results in a significant decrease in LK-immunoreactivity
270  in both the brain (Figure 5A, C) and VNC (Figure 5B). These flies with Lk knockdown
271 display increased survival under desiccation (Figure 6A), starvation (Figure 6B), and
272 ionic stress (Figure 6C), but there is no difference in chill coma recovery between
273 experimental and control flies (Figure 6D). Moreover, food intake in CAFE assay is not
274  affected by Lk knockdown (Figure 6E) (see also [22]), but these flies retain more water
275  (Figure 6F) as demonstrated earlier [50,24]. Previous work had shown that inactivation
276  of LK neurons resulted in increased survival under desiccation, but had no impact on
277  starvation resistance [24]. Furthermore, in that study, both the activation and
278 inactivation of LK neurons caused the flies to feed less in CAFE assay. This was in
279  contrast to another study employing LK and LKR mutants, which did not find altered
280 overall food intake, but rather an increase in meal size [22]. Hence, our data on
281 desiccation are in agreement with previous findings and clarifies the discrepancies in
282  previous results on food intake as possibly caused by the presence of another
283  neuroactive compound in the LK neurons that affects feeding. Data are summarized in

284 Table 3.
285
286 Knockdown of DH44 with Lk-GAL4 impacts stress response and feeding

287  We verified the efficiency of DH44 knockdown using a ubiquitous driver (Actin 5c-GAL4)
288 and a specific driver (DH44-GAL4). Knockdown of DH44 with both these drivers results

10
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289 in a significant decrease in DH44-immunoreactivity (Figure 5F, G and S4). We then
290 utilized Lk-GAL4 to knock down DH44 specifically in ABLKs, which resulted in increased
291  survival under desiccation (Figure 7A), starvation (Figure 7B), ionic stress (Figure 7C),
292 and these flies display delayed recovery from chill coma compared to control flies
293  (Figure 7D). Interestingly, DH44 knockdown flies feed less in the CAFE assay (Figure
294  7E), but display no difference in water content compared to controls (Figure 7F). Hence,
295 it appears that the effect of decreased feeding following LK neuron inactivation can be
296  attributed to the presence of DH44 in ABLKs. Furthermore, LK but not DH44 has an
297  effect on water content. Perhaps this could be due to the fact that LK is a more potent
298  diuretic than DH44 in Drosophila and hence DH44 cannot fully compensate for the lack
299 of LK [33,34]. Alternatively, LK could also impact water retention via actions on the
300 hindgut [51,52]. Data are summarized in Table 3.

301

302 Knockdown of Lk with DH44-GAL4 impacts stress response and water content
303 Next, we wanted to determine the effects of knocking down Lk in adult-specific ABLKSs.
304  We first confirmed that DH44-GAL4 driven Lk-RNAI results in an efficient knockdown in
305 adult-specific ABLKs by counting the number of cells positive for LK-immunoreactivity
306 (Figure 5D and S5). The average number of cells stained for LK-immunoreactivity in the
307 control flies was 21, whereas the knockdown flies only had an average of 16 cells.
308 Moreover, the larger adult-specific ABLKs are not labeled in the knockdown flies
309 validating that the knockdown is efficient. Knockdown of Lk with DH44-GAL4 results in
310 increased survival during desiccation (Figure 8A), starvation (Figure 8B), ionic stress
311 (Figure 8C), as well as a significant delay in recovery from chill coma (Figure 8D).
312 Similar to the global Lk knockdown with Lk-GAL4, Lk knockdown in ABLKs has no effect
313 on feeding (Figure 8E) but results in a significant increase in the water content of the
314 flies (Figure 8F). This suggests that the effects of LK on stress response and water
315 content could be attributed to ABLKs, and perhaps the LHLKs and SELKs of the brain
316  play little to no part in these processes. Data are summarized in Table 3.

317

318 Knockdown of DH44 with DH44-GAL4 impacts stress response and feeding

319 Knockdown of DH44 with DH44-GAL4 results in an efficient knockdown in the brain
320 (Figure 5F) and VNC (Figure 5G). Staining is abolished in MNCs but not in the other

321 cells in the brain suggesting that staining in those cells is not specific for DH44 (Figure

11
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322  5F). In order to determine if there is any interaction between LK and DH44 signaling, we
323 measured LK peptide levels in ABLKs of DH44 knockdown flies. Interestingly, flies with
324 DH44 knockdown have higher LK levels suggesting that the flies may compensate for
325 the lack of DH44 with increased LK expression (Figure 5D, E). Moreover, flies with
326  global DH44 knockdown display no effects on survival during desiccation (Figure S6A),
327  but show increased resistance to starvation (Figure S6B), ionic stress (Figure S6C), and
328 a small but significant delay in their recovery from chill coma (Figure S6D). Furthermore,
329 flies with DH44 knockdown display no difference in feeding (Figure S6E) and water
330 content (Figure S6F) compared to control flies. Data are summarized in Table 3.

331

332  Table 3. Summary of the phenotypes obtained following different manipulations to LK and DH44

333  signaling. Data are compiled from Figures 6-8 and Figure S6. Notes: T increase, { decrease, * p
334 <0.05, **p<0.01, *»*p<0.0001.

Assay LK > LK Ri DH44 > LK Ri | DH44 > DH44 Ri LK > DH44 Ri
crecof mamputon | Gt | LKpeaiown |G Dns | DRet ko
Desiccation survival Tk Tk No effect T
Starvation survival Tkow T T L i
lonic stress survival Trewn Twtn Towan Trwir
Chill coma recovery No effect T T T+
Feeding No effect No effect No effect Jreee
Water content T Trtokx No effect No effect
335
336 LK and DH44 act additively on Malpighian tubules to stimulate fluid secretion
337 Since LK and DH44 are coexpressed in ABLKs, they could potentially be coreleased
338 into the hemolymph and result in functional interaction at the target tissue. One such
339 site of interactions is the MTs, since both these peptides stimulate MT secretion albeit
340 by action on different cell types and via different receptors, second messengers and
341 ultimate targets (CI" channels for LK and V-ATPase for DH44) [33,34,53]. Hence, we
342  were interested in examining the secretion rates by MTs and the volume of secreted
343  fluid in the presence of either peptide alone or in the presence of both (Figure 9). Our
344  results show that the addition of both LK and DH44 (DH44 at two concentrations)
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345 results in a secretion rate that is approximately the sum of the secretion rates obtained
346  following the addition of each of those peptides separately (Figure 9A-D, Table 4). This
347  additive effect is more prominent when using a higher dose of DH44 (10”7 M instead of
348 10° M) (Figure 9C, D). The amount of fluid secreted with peptide stimulation is also a
349 reflection of these increased secretion rates (Figure 9E, F). Hence, 107 M DH44 and
350  10™° M LK result in almost identical volumes of fluid secreted (Figure 9E), whereas a
351  combination of both those peptides doubles the volume of fluid secreted indicating an
352  additive response.

353

354  Table 4: Comparison of secretion rates between various treatments and time points presented
355 in Figure 9A and B. (NS = not significant, * p < 0.05, ** p < 0.01, *** p < 0.0001; Mann-Whitney
356 U test).

Treatments compared Time (min)

40 50 60

10'M DH44 vs 10'M DH44 + 10™°M LK ok ok Kok

10"°M LK vs 10'M DH44 + 10™°M LK Kok Kok ok

10°M DH44 vs 10°M DH44 + 10™°M LK NS *ok NS

10"°M LK vs 10°M DH44 + 10"°M LK * * NS
357
358

359 Knockdown of Lk in ABLKs does not influence LK stimulated Malpighian tubule
360 secretion

361 Previous studies have shown that knockdown of peptides could influence the
362 expression of their receptors and vice versa (see [43]). We wanted to determine
363  whether knockdown of Lk in ABLKs, the only source of hormonal LK, affects the
364  expression of LKR in MTs, thus influencing LK-stimulated secretion by MTs. Our results
365 indicate that there is no significant difference in LK-stimulated (10°M and 107'°M)
366  secretion rates of MTs isolated from DH44 > Lk RNAi and control flies (Figure S7). This
367 is similar to previous work where DH44 (10M) secretion rates were similar in tubules
368 isolated from DH44 > DH44 RNAI and control flies [23]. These results are in agreement
369  with the in vivo experiments where flies with Lk knockdown display increased survival

370 under desiccation.
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371 Discussion

372 Our study reveals that a portion of the LK expressing neurosecretory cells (ABLKS) in
373 abdominal ganglia coexpress DH44, similar to earlier findings in the moth Manduca
374  sexta [54], the locust Locusta migratoria [55] and blood sucking bug Rhodnius prolixus
375 [56]. Colocalization of these peptides in multiple insect orders, including basal orders,
376  suggests that this colocalization and the subsequent functional interaction between
377 these signaling systems evolved early on during insect evolution. Since ABLKs are the
378  sole neurons producing both peptides in Drosophila we were able to use GAL4 lines to
379 knock down each of the two peptides in these cells only and thereby isolate the
380 contribution of the ABLKs to physiology. This enabled us to establish that these
381 neuroendocrine cells are sufficient for many of the functions assigned to DH44 and LK
382 and therefore these functions are hormonally mediated. In contrast, earlier studies were
383 based upon altering peptide levels or activity in entire populations of DH44 and LK
384 neurons [22-26,6]. Also, we showed here that the LK-GAL4 driver includes salivary
385 glands and a set of ectopic brain cells (ipc-1) that do not express LK, but another
386 peptide ITP. The ipc-1 neurons produce sNPF and tachykinin in addition to ITP and
387 have been found to regulate stress responses [46]. This means that in earlier studies,
388  where the LK-GAL4 line was used to inactivate or activate neurons (see e.g. [24,25]),
389 additional phenotypes are likely to have arisen. Using our approach, where we target
390 only ABLK neurons, we find that both DH44-RNAi and Lk-RNAI in these cells increases
391 resistance to desiccation, starvation and ionic stress. This suggests that diminishing the
392 release of these two peptides from ABLKSs is sufficient for this phenotype to occur.
393 However, food intake is not affected by LK-knockdown in ABLKs, whereas DH44
394  knockdown diminishes feeding, and conversely knockdown of LK in ABLKs result in
395 increased body water content, that is not seen after DH44-RNAi. Thus, the two
396 colocalized peptides appear to display similar systemic actions, but differ with respect to
397 feeding and water retention. When knocking down LK in all LK neurons we obtained a
398 very similar set of effects as when we targeted only the ABLKSs, indicating that in the
399 assays we performed in our study, the other two sets of LK neurons (LHLK and SELK)
400 played a minimal role.

401 Interestingly, knockdown of DH44 in ABLKSs increases resistance to desiccation
402  and decreases feeding, but we failed to see these effects when we diminish DH44 in all

403 DHA44 neurons. This is consistent with previous work where inactivation or activation of
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404 DHA44 neurons had no effect on food intake [37]. Perhaps, the effects seen following
405  ABLK manipulations could be compensated by action of the six DH44-expressing MNCs
406 in the brain. Similarly, reduction of LK in ABLKs causes a slight increase in time of
407  recovery from chill-coma, but this is not noted after global knockdown of LK. This minor
408 difference could possibly be attributed to the strength of the two GAL4 driver lines used
409  and, thus, the efficiency of LK knockdown in ABLKSs.

410 We also demonstrated that DH44 and LK have additive effects on fluid secretion
411 in MTs. It is likely that these two colocalized peptides are released together and act on
412 the MTs where they target different cell types, receptors, signaling systems and
413  effectors in order to regulate fluid secretion [33,34]. The action of these peptides on the
414  MTs may also in part be responsible for the regulation of stress responses seen in our
415 assays, as shown earlier for CAPA peptide and DH44 [57,23]. It is, however, not clear
416  whether the altered food intake and water retention after DH44 and LK knockdown,
417  respectively, are direct actions on target tissues or indirect effects caused by altered
418  water and ion regulation in the fly.

419 Not only do the ABLKs produce two diuretic hormones, they also seem to be
420 under tight neuronal and hormonal control. Receptors for several neurotransmitters and
421  peptides have been identified on these cells in adults: the serotonin receptor 5-HT1B,
422 LK receptor (LkR) and the insulin receptor, dinR [24,29]. Knockdown of the 5-HT1B
423  receptor in ABLK neurons diminished LK expression, increased desiccation resistance,
424 and diminished food intake, but manipulations of dInR expression in these cells
425 generated no changes in physiology in the tests performed [24]. In larvae, all ABLKs
426  colocalize LK and DH44, and several receptors have been detected in addition to 5-
427 HT1B [24,30] and dInR [29], namely RYamide receptor [32], SIFamide receptor [31],
428 and the ecdysis-triggering hormone (ETH) receptor, ETHR-A [28]. However, the
429  expression of these receptors on adult ABLKs has so far not been investigated.
430 Interestingly the functions of ABLKs in larvae, studied so far, seem to be primarily
431 related to regulating muscle activity and ecdysis motor patterns. The 5-HT-1B receptor
432 on ABLKs was shown to modulate locomotor turning behavior [30], whereas ETH
433  mediated activation of ETHR-A on ABLKSs initiates the pre-ecdysis motor activity [27,28].
434 In this context it is worth noting that during metamorphosis 6-8 novel ABLKSs
435 differentiate anteriorly in the abdominal ganglia [48,29], and these are the ones that

436  display the strongest expression of DH44. In adult flies the ABLKs are neurosecretory
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cells with restricted arborizations in the CNS, but widespread axon terminations along
the abdominal body wall and in the lateral heart nerves, whereas in larvae the same
cells send axons that terminate on segmental abdominal muscles, muscle 8 [20]. It is
not yet known whether larval ABLKs are involved in the regulation of diuresis and other
related physiological functions in vivo, but certainly larval functions in locomotion and
ecdysis behavior are specific to that developmental stage. Thus, it seems that there is a
developmental switch of function in this set of peptidergic neuroendocrine cells.

In summary, we show that a set of abdominal neuroendocrine cells, ABLKS,
coexpressing DH44 and LK are sufficient for regulation of resistance to desiccation,
starvation and ionic stress, as well as modulating feeding and water content in the body.
These ABLKs represent a subset of neurons that express DH44 and LK, and the

functions of the remaining neurons have yet to be determined.
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633 Figure captions

634

635 Figure 1. The LKk-GAL4 drives GFP expression in four distinct neuronal
636 populations in the adult Drosophila CNS. (A) One pair of neurons in the lateral horn
637 (lateral horn LK neurons; LHLKs) and another pair of neurons in the subesophageal
638 ganglion (subesophageal ganglion LK neurons; SELKS) express LK in adult brain of
639  Drosophila. Lk-GAL4 also drives weak and variable expression in four pairs of neurons
640 in the brain (approximate location of these cells is indicated by the white box; see figure
641  S2 for an alternate preparation where these cells are weakly stained). (B) These four
642 pairs of neurons do not display any LK-immunoreactivity but are positive for ITP-
643  immunoreactivity [21]. (C) In the ventral nerve cord (VNC), LK is expressed in eleven
644  pairs of neurons (abdominal LK neurons; ABLKS). Seven pairs of smaller neurons in the
645  posterior region (p) persist from the larval stages and the other four pairs (the number of
646  pairs can vary between individuals) of larger neurons in the anterior region (a) are adult-
647  specific [48]. (D) A schematic depiction of LK-expressing neurons in the brain and VNC
648  of adult Drosophila. T1 — T3, thoracic neuromeres. (E) Lk-GAL4 also drives ectopic
649  expression in the salivary glands of adult Drosophila. Note: JFRC29-10xUAS-IVS-
650 myr::GFP-p10 was utilized in A, C and E whereas UAS-mcd8-GFP was utilized in B.

651

652 Figure 2: DH44 expression in the adult Drosophila CNS. (A) DH44 is expressed in
653 three pairs of median neurosecretory cells (MNCs) in pars intercerebralis of adult

654  Drosophila. Antiserum to Drosophila DH44 labels the same neurons identified by DH44-
20
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655 GAL4-driven GFP. (B) In the dorsal region of the ventral nerve cord (VNC), DH44 is
656  expressed in two pairs of neurons. (C) In the ventral region of the VNC, DH44 is
657 expressed in at least three pairs of neurons. In both B and C, there are some neurons
658 that display DH44-immunoreactivity but do not express GFP.

659

660 Figure 3: LK and DH44 are coexpressed in the ventral nerve cord, but not in the
661 brain of adult Drosophila. (A) DH44-GAL4 driven GFP is not colocalized with LK-
662  immunoreactivity in the adult brain. (B) DH44-GAL4 driven GFP is colocalized with LK-
663  immunoreactivity in a subset of the abdominal LK neurons (ABLKS) in the ventral nerve
664 cord (VNC) (C) Lk-GAL4 driven GFP is not colocalized with DH44-immunoreactivity in
665 the adult brain. (D) Lk-GAL4 driven GFP is colocalized with DH44-immunoreactivity in a
666  subset of ABLKSs in the adult VNC.

667

668  Figure 4: Schematics of LK- and DH44-expressing neurons in the larval and adult
669 CNS of Drosophila. (A) A schematic of the larval CNS showing the location of neurons
670 expressing LK, DH44 or both LK and DH44. (B) A schematic of the adult CNS showing
671 the location of neurons expressing LK, DH44 or both LK and DH44. LHLK, lateral horn
672 LK neuron; SELK, subesophageal ganglion LK neuron; ABLK, abdominal LK neuron, T1
673 — T3, thoracic neuromeres.

674

675 Figure 5: Lk- and DH44-RNAi knockdown efficiency was tested using
676 immunolabelling. (A, B) Knock down of Lk with Lk-GAL4 driven Lk-RNAI causes a
677  significant decrease in LK-immunoreactivity in the adult brain and ventral nerve cord
678 (VNC). (C) Fluorescence intensity measurement of lateral horn LK neurons shows a
679  significant decrease in LK-immunoreactivity in Lk knock down flies compared to control
680 flies. (*p < 0.0001, as assessed by unpaired t test). CTCF, corrected total cell
681  fluorescence. (D) DH44-GAL4 driven Lk-RNAI causes a significant decrease in LK-
682 immunoreactivity in the adult VNC as determined by the number of immunoreactive
683  neurons (the average number of neurons is indicated in each panel; see figure S6) that
684 could be detected. Whereas, DH44-GAL4 driven DH44-RNAIi causes a significant
685 increase in LK-immunoreactivity in adult ABLKs. (*p < 0.001, as assessed by unpaired t
686 test). (E) and a complete abolishment of DH44-immunoreactivity in the adult brain (F)
687 and VNC (G).
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688

689 Figure 6: Knockdown of Lk using Lk-GAL4 impacts stress resistance and water
690 content of Drosophila. Lk-GAL4 driven Lk knock down results in a significant increase
691 in survival compared to control flies under (A) desiccation, (B) starvation and (C) ionic
692  stress (artificial food supplemented with 4% NaCl). Data are presented in survival
693 curves and the error bars represent standard error (**** p < 0.0001, as assessed by
694 Log-rank (Mantel-Cox) test) (D) Lk knock down has no impact on chill coma recovery.
695 (E) There is no significant difference (One-way ANOVA) in feeding as measured by
696 capillary feeding (CAFE) assay between Lk knock down and control flies. Results are
697 presented as cumulative food intake over four days. (F) Flies with Lk knock down have
698  a higher wet weight and dry weight and retain more water (wet weight minus dry weight)
699 compared to control flies. (* p < 0.05, ** p < 0.01, ** p < 0.001, as assessed by One-
700 way ANOVA). Legend for B-F is the same as the one in A.

701

702  Figure 7. Knockdown of DH44 using Lk-GAL4 impacts stress resistance and
703 feeding in Drosophila. Lk-GAL4 driven DH44 knock down results in a significant
704  increase in survival compared to control flies under (A) desiccation, (B) starvation and
705  (C) ionic stress (artificial food supplemented with 4% NaCl). Data are presented in
706 survival curves and the error bars represent standard error (**** p < 0.0001, as
707  assessed by Log-rank (Mantel-Cox) test) (D) DH44 knock down causes a small delay in
708  chill coma recovery. (* p < 0.05, as assessed by Log-rank (Mantel-Cox) test) (E) Flies
709  with DH44 knockdown feed less compared to control flies in capillary feeding (CAFE)
710 assay. Results are presented as cumulative food intake over four days. (*** p < 0.001,
711  ****p < 0.0001, as assessed by One-way ANOVA). (F) There is no significant difference
712 in wet weight, dry weight and water content of DH44-knockdown and control flies.
713  Legend for B-F is the same as the one in A.

714

715  Figure 8: Knockdown of Lk using DH44-GAL4 impacts stress resistance and
716  water content of Drosophila. DH44-GAL4 driven Lk knock down results in a significant
717  increase in survival compared to control flies under (A) desiccation, (B) starvation and
718 (C) ionic stress (artificial food supplemented with 4% NaCl). Data are presented in
719  survival curves and the error bars represent standard error (**** p < 0.0001, as
720 assessed by Log-rank (Mantel-Cox) test) (D) Lk knock down results in a delayed
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721 recovery from chill coma. (* p < 0.05, as assessed by Log-rank (Mantel-Cox) test) (E)
722 There is no significant difference (One-way ANOVA) in feeding as measured by
723 capillary feeding (CAFE) assay between Lk knock down and control flies. Results are
724  presented as cumulative food intake over four days. (F) Flies with Lk knock down in
725 ABLKs have a higher wet weight, dry weight and retain more water (wet weight minus
726  dry weight) compared to control flies. (** p < 0.01, ** p < 0.001, *** p < 0.0001, as
727  assessed by One-way ANOVA). Legend for B-F is the same as the one in A.

728

729  Figure 9: LK and DH44 peptide application results in an additive response on fluid
730 secretion by Malpighian tubules (MTs) ex vivo. (A) Secretion rates of MTs incubated
731 with 107 M DH44 (n = 28), 10™° M LK (n = 25), a combination of both 10”7 M DH44 and
732 10" M LK (n = 23), or no treatment/basal (n = 14). (B) Secretion rates of MTs
733 incubated with 10° M DH44 (n = 14), 10" M LK (n = 25), a combination of both 10° M
734 DH44 and 10" M LK (n = 31), or no treatment/basal (n = 13). For both A and B,
735  secretion rates were measured at 10 min intervals for 30 min before and after the
736  addition of peptide (indicated with an arrow). Asterisk indicates significantly different
737  secretion rate compared to basal secretion rate (secretion rate prior to the addition of
738  peptide. For further statistics see Table 4. (C, D) Change (%) in secretion determined by
739 comparing the secretion rate over the first 30 min to the maximum secretion rate
740 following peptide application. The legend and sample size for C and D are the same as
741  the one in A and B, respectively. (E, F) Total fluid secreted for 30 min following peptide
742  application or no treatment (basal). Note that the amount of total fluid secreted following
743 the addition of both LK (10™° M) and DH44 (10 M) is a sum of the total fluid secreted
744  following the addition of each of those peptides separately. (* p < 0.05, ** p < 0.01, *** p
745 < 0.001, *** p < 0.0001; Mann-Whitney U test).

746

747

748

749

750 Supplementary files
751
752  Figure S1: LK and DH44 expression in the larval Drosophila CNS. (A) Lk-GAL4

753  drives expression in five pairs of neurons in the brain; however, four of these pairs do
23
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754  not display any LK-immunoreactivity [21]. (B) These four pairs of neurons display ITP-
755  immunoreactivity. (C) Three pairs of neurons in the subesophageal ganglion express Lk
756 in larval Drosophila. (D) Seven pairs of neurons in the larval ventral nerve cord (VNC)
757  express Lk. (E) A schematic of LK-expressing neurons in the larval brain and VNC of
758  Drosophila. Neurons displaying LK-immunoreactivity are labeled in red and neurons
759  displaying ITP-immunoreactivity are labeled in black. (F) DH44-GAL4 driven GFP and
760  DHA44-immunoreactivity is present in three pairs of median neurosecretory cells in the
761 larval brain. (G) DH44 is expressed in several neurons, with strong expression seen in
762  seven pairs of neurosecretory cells in the larval VNC. In both F and G, there are some
763  neurons that contain GFP but do not contain DH44-immunoreactivity.

764

765 Figure S2: LK expression in adult Drosophila brain. Lk-GAL4 drives weak GFP
766  expression in four pairs on neurons in the adult brain. The location of these cells is
767 indicated by white boxes.

768

769  Figure S3: LK and DH44 are coexpressed in neurons of the ventral nerve cord
770  but not in the brain of larval Drosophila. (A) DH44-GAL4 driven GFP is not
771 colocalized with LK-immunoreactivity in the larval brain. (B) DH44-GAL4 driven GFP is
772 colocalized with LK-immunoreactivity in all seven pairs of abdominal LK neurons
773  (ABLKS) in the ventral nerve cord (VNC) (C) Lk-GAL4 driven GFP is not colocalized with
774  DH44-immunoreactivity in the larval brain. (D) Lk-GAL4 driven GFP is colocalized with
775  DH44-immunoreactivity in ABLKSs in the larval VNC.

776

777  Figure S4: Knockdown of DH44 using Actin5c-GAL4. Actin5¢c-GAL4 driven DH44
778  knockdown results in a complete abolishment of DH44-immunoreactivity in the six
779  neurons in pars intercerebralis of adult Drosophila.

780

781  Figure S5: Number of LK-immunoreactive neurons in the VNC following
782  knockdown of DH44 and Lk using DH44-GAL4. Lk knockdown but not DH44
783  knockdown causes a significant decrease in the number of LK-immunoreactive neurons
784  that could be detected in the adult VNC. (**** p < 0.0001, as assessed by One-way
785  ANOVA).

786
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787  Figure S6: Knockdown of DH44 using DH44-GAL4 impacts stress resistance and
788 feeding in Drosophila. DH44-GAL4 driven DH44 knock down results in a significant
789 increase in survival compared to control flies under (A) desiccation (compared to the
790  GAL4 control), (B) starvation and (C) ionic stress (artificial food supplemented with 4%
791  NaCl). Data are presented in survival curves and the error bars represent standard error
792  (**** p < 0.0001, as assessed by Log-rank (Mantel-Cox) test) (D) Lk knock down results
793 in a delayed recovery from chill coma. (* p < 0.05, as assessed by Log-rank (Mantel-
794 Cox) test) (E) There is a significant decrease (One-way ANOVA) in feeding as
795 measured by capillary feeding (CAFE) assay in DH44 knock down flies (compared to
796  the GAL4 control). Results are presented as cumulative food intake over four days. (F)
797  There is no significant difference in wet weight, dry weight and water content of DH44-
798  knockdown and control flies. Legend for B-F is the same as the one in A.

799

800 Figure S7: Knockdown of Lk in ABLKs with DH44-GAL4 does not influence LK-
801 stimulated Malpighian tubule secretion ex vivo. (A) Secretion rates of 10° M LK
802  stimulated MTs isolated from DH44 > w'™® (n = 14) or DH44 > Lk RNAI flies (n = 25).
803  (B) Secretion rates of 10™° M LK stimulated MTs isolated from DH44 > w'*®(n = 10) or
804 DHA44 > Lk RNAi flies (n = 12). For both A and B, secretion rates were measured at 10
805 min intervals for 30 min before and after the addition of peptide (indicated with an
806 arrow). (C, D) Change (%) in secretion determined by comparing the secretion rate over
807 the first 30 min to the maximum secretion rate following peptide application. The legend
808 and sample size for C and D are the same as the one in A and B, respectively. Asterisk
809 indicates significantly different secretion rate compared to basal secretion rate
810 (secretion rate prior to the addition of peptide). (NS = not significant, * p < 0.05, ** p <
811  0.01, *** p < 0.001; Mann-Whitney U test)

812
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