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Fluid clearance from the respiratory system during developmental
transitions is critically important for achieving optimal gas ex-
change in animals. During insect development from embryo to
adult, airway clearance occurs episodically each time the molt is
completed by performance of the ecdysis sequence, coordinated
by a peptide-signaling cascade initiated by ecdysis-triggering hor-
mone (ETH). We find that the neuropeptide Kinin (also known as
Drosokinin or Leukokinin) is required for normal respiratory fluid
clearance or “tracheal air-filling” in Drosophila larvae. Disruption
of Kinin signaling leads to defective air-filling during all larval
stages. Such defects are observed upon ablation or electrical silenc-
ing of Kinin neurons, as well as RNA silencing of the Kinin gene or
the ETH receptor in Kinin neurons, indicating that ETH targets Kinin
neurons to promote tracheal air-filling. A Kinin receptor mutant fly
line (Lkrf2°%%) also exhibits tracheal air-filling defects in all larval
stages. Targeted Kinin receptor silencing in tracheal epithelial cells
using breathless or pickpocket (ppk) drivers compromises tracheal
air-filling. On the other hand, promotion of Kinin signaling in vivo
through peptide injection or Kinin neuron activation through Dro-
sophila TrpA1 (dTrpA1) expression induces premature tracheal col-
lapse and air-filling. Moreover, direct exposure of tracheal epithelial
cells in vitro to Kinin leads to calcium mobilization in tracheal epi-
thelial cells. Our findings strongly implicate the neuropeptide Kinin
as an important regulator of airway clearance via intracellular cal-
cium mobilization in tracheal epithelial cells of Drosophila.

Kinin | ecdysis-triggering hormone | tracheal collapse | tracheal air-filling |
pickpocket

Animals share similar complex respiratory organs consisting
of highly branched, tubular epithelia for efficient gaseous
exchange (1). At critical times during development, rapid clear-
ance of fluid-filled airway passages becomes necessary to achieve
optimal gas exchange across the respiratory epithelium. Such rapid
airway clearance occurs at birth in mammals (2, 3) and episodi-
cally in the arthropod tracheal system at the end of each molt,
immediately preceding the ecdysis behavioral sequence (EBS) that
culminates in shedding of old cuticle (4, 5). During each molt,
insects build a new tracheal network scaled to the larger size of the
subsequent stage. Toward the end of the molt, this incipient air-
way network is filled with molting fluid. Completion of the molt
occurs through tracheal air-filling and performance of the EBS
following release of ecdysis triggering hormone (ETH). Air-filling
of new trachea is preceded by collapse of the old trachea (5). Here
we adopt the nomenclature suggested by Forster and Woods (4) to
distinguish between tracheal inflation (filling of the tracheal tubes
with fluid) and tracheal air-filling (replacement of liquid in the
tracheal system with gas).

Previous studies of the Drosophila EBS showed that, within
minutes of ETH release into the hemolymph, tracheal collapse and
air-filling occur, followed shortly thereafter by initiation of pre-
ecdysis behavior (5, 6). Coincidentally, ETH targets Kinin neurons
to mobilize intracellular calcium, leading to release of this peptide
into the hemolymph (7). Kinin induces fictive preecdysis behavior
in the isolated CNS of Manduca, and Kinin signaling is necessary
for proper scheduling of preecdysis behavior in Drosophila (7, 8).
Given the short latency between Kinin neuron activation and tracheal
air-filling following ETH release (5), we hypothesized a functional
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role for Kinin in this vital physiological event. Kinin has been asso-
ciated for many years with myotropic actions and promotion of ion
and fluid transport (9-11). Furthermore, Kinin signaling is important
in regulation of preecdysis behavior, confirming its involvement in
early events during ecdysis (7, 8).

In both humans and fruit flies, the degenerin/epithelial Na*
channel (DEG/ENaC) family encoded by pickpocket (ppk) genes is
a primary ion channel mediating salt and liquid transport during
airway clearance (12). In Drosophila, nine different ppk genes are
expressed in the tracheal system and contribute to tracheal air-
filling (12). ppk cells coexpress the transmembrane protein Wurst,
which is essential for endocytosis during tracheal air-filling (13).

Because downstream signaling mechanisms underlying ETH-
induced tracheal air-filling remain obscure, we undertook this
study, the results of which strongly implicate Kinin in the sig-
naling cascade responsible for tracheal air-filling during the EBS.

Results

Kinin Deficiency Leads to Loss of Tracheal Air-Filling. We generated
Kinin-GAL4 driver lines using a (~3.3 kb) promoter sequence
upstream of the Kinin coding region (6, 14) and verified cell-
specific expression in larval stages 1-3 by crossing Kinin-GAL4
to UAS-mCDS8-GFP, followed by double immunohistochemical
staining with antisera directed against GFP and Kinin (Fig. S1).
Three groups of Kinin-expressing neurons occur in the brain,
subesophageal neuromeres, and abdominal neuromeres, consis-
tent with previous reports (15, 16). We ablated Kinin neurons
using the GAL4/UAS method for cell-specific expression of apo-
ptosis genes reaper (rpr) and head inversion defective (hid) (17).
Kinin-cell killing (CK) led to tracheal air-filling defects during all
three larval instars; individuals were scored as complete or partial
failure (Fig. 1). For example, during the first instar, 45% of Kinin-
GALA4 (3), UAS-rpr, UAS-hid [Kinin (3)>rpr, hid] larvae exhibited
complete failure, 33% showed partial failure, and 22% were
normal. Doubling copy number of the Kinin-GAL4 transgene
[Kinin (2, 3)>rpr, hid] resulted in tracheal air-filling defects in all
first-instar individuals sampled (78% complete and 22% partial
failure). No air-filling defects were observed in control flies
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Fig. 1. Impairment of Kinin signaling leads to tracheal air-filling defects. Tracheal air-filling defects observed upon impairment of Kinin signaling through
expression of apoptosis genes (rpr, hid), inward rectifier K* channel (Kir2.1), Kinin-RNAi, or ETH receptor-RNAi in Kinin neurons. Tracheal air-filling defects in
flies were displayed as complete failure (black) when the tracheal system was entirely devoid of air or partial failure (gray bars). Doubling gene dosage
through GAL4 expression on both second and third chromosomes [e.g., Kinin (2, 3)] caused more severe air-filling defects. Magnified image of the yellow
dashed Inset box is shown Right. Arrowheads indicate the regions where failures of tracheal air-filling are observed. Larval stages examined are indicated

below each bar. UAS-Kinin-RNAi and UAS-ETHR-RNAI carry UAS-Dicer2. (Scale bars, 100 pm.)

carrying either the GAL4 or UAS transgene alone. Targeted ab-
lation of Kinin neurons was confirmed by absence of Kinin cell
labeling in Kinin-CK flies of all larval instars (Fig. S1 B-D).

We employed several additional strategies aimed at dis-
rupting Kinin signaling, including electrical silencing via ex-
pression of an inward rectifier K* channel (Kir2.1), Kinin gene
RNAIi, and ETH receptor gene RNAi. Test animals showed
tracheal air-filling defects in all cases, suggesting that a sig-
naling cascade triggered by ETH is involved in tracheal air-
filling mediated by Kinin signaling. Although severity of tra-
cheal air-filling defects caused by Kir2.1 or RNA.I is lower than
that of Kinin CK flies, these flies showed low survival rates
during development (Fig. S24). For example, 68.6% of Kinin
(2, 3)>Kir2.1 flies showed normal tracheal air-filling during the
first instar, but none survived to the prepupal stage (Fig. S2B).
Low survival rate may be attributed to air-filling defects in fine
tracheoles, disruption of ion and water balance (18), or ecdysis
behavioral defects (7).

A Kinin Receptor Mutant Exhibits Tracheal Air-Filling Defects. Further
evidence implicating Kinin signaling in tracheal air-filling comes
from Kinin receptor mutant flies (Lkr/"****) carrying a pigeyBac
insertion in exon 1 of the Kinin receptor gene (Fig. 24). This Lkr
mutant is a hypomorph, exhibiting ~25% reduction in level of
Lkr gene expression (7). Despite this rather marginal reduction,
homozygous Lkr"?%* flies showed clear, partial tracheal air-
filling defects (20-80%), although they were comparatively less
severe than those observed in Kinin-CK flies (Fig. 2B).

To verify that this tracheal air-filling defect is a consequence
of the insertional mutation in the Kinin receptor gene, Lkr/"**
was combined with deficiency lines Df(3L)Exel6105 or Df(3L)ZN47,
each of which carries a deletion that covers the Kinin receptor
locus (Fig. 2 B and C). Total percentages of tracheal air-filling
defects in transheterozygotes Lkr™%%*|Df(3L)Exel6105 and
Lkr™"*%Df(3L) ZN47 were 94.5% and 92.1%, respectively (Fig. 2B).
In first-instar larvae, these defects are much more severe than that of
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Fig. 2. Mutation of the Kinin receptor gene causes tracheal air-filling defects. (A) PiggyBac insertional mutant allele in the Kinin receptor locus (Lkr

f02594)

Schematic drawing of the Kinin receptor gene structure in region 64E of chromosome 3L; location of the piggyBac insertion in an upstream, untranslated

exon is indicated. Green boxes are exons for the Kinin receptor gene. Orange boxes are ORFs. (B) Homozygous Kinin receptor mutant Lkr

02594 showed

tracheal air-filling defects in all larval stages. Severity of defect was highly increased in complementation tests: 94.5% in Lkr’0?°%4/Df(3L)Exel6105 and 92.1% in
Lkrf°25%4IDf(31)ZN47. Precise excision of the piggyBac construct from Lkr’%?°%# generated a revertant allele Lkr"®", rescuing the tracheal air-filling defect (see
also Fig. S3). Larval stages observed are indicated below the bars. (C) Crossing scheme for the complementation test to confirms that the piggyBac insertion in
Kinin receptor mutant causes tracheal air-filling defects. To aid recognition of Lkr®>**)/Df transheterozygous larvae, the chromosome with deficiency
[Df(3L)Exel6105 or Df(3L)ZN47] having deletion of the Kinin receptor gene was balanced with a sister chromosome carrying an actin-GFP transgene.
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Fig. 3. ENaC family ppk cells in trachea engage in Kinin signaling for reg-
ulation of tracheal air-filling. Trachea-targeted Kinin receptor (Lkr)-RNAi
expression using breathless(btl)-GAL4 showed tracheal air-filling defects,
implying presence of the kinin receptor in the tracheal system. Defects in
tracheal air-filling following expression of Lkr-RNA/ in ppk cells suggest that
kinin signaling and ENaC may connected. GAL4 lines carry UAS-Dicer2. All
data are taken from first-instar larvae.

the Lkr™** homozygote (22.6%), suggesting that the piggyBac in-
sertion in the Lkr locus accounts for the tracheal air-filling defect.

Finally, we rescued the tracheal air-filling defect by precise ex-
cision of the piggyBac insertion by crossing Lkr’%%% with pigeyBac
transposase flies. Revertants produced from this cross (Lkr ™)
were completely devoid of tracheal air-filling defects (Fig. 2B).
Precise excision of the piggyBac insertion was confirmed by paired
PCR reactions and sequencing (Fig. S3).

Kinin Targets Tracheal Epithelial Cells for Airway Clearance. We hy-
pothesized that Kinin mediates tracheal air-filling through acti-
vation of receptors expressed in tracheal epithelial cells. We
therefore checked for abnormal air-filling phenotypes after si-
lencing the Kinin receptor gene in all tracheal epithelial cells
using the trachea-targeted breathless (btl)-GAL4 driver (Fig. 3).
More than 80% of btI>Lkr-RNAi individuals showed tracheal
air-filling defects during the first larval instar. Breathless-GAL4
has been reported to drive gene expression in the trachea (13, 19,
20), but recent reports show expression also in the glia (21). To
check for possible glia-related air-filling phenotypes, we tested
Lkr knockdown using the glial-specific driver repo-GAL4, and
the neuro-glial driver ELAV-GAL4, which covers neurons and
glia (22) (Fig. S44). In both cases, we found no tracheal air-
filling defects. To confirm the expression pattern of bfl-GAL4,
we checked for GFP-associated fluorescence in btl>myr-GFP
flies and observed strong signals from tracheal tubules (Fig. S5).
Brain and gut showed no evidence of GFP-associated fluores-
cence, except for that associated with tracheation. Malpighian
tubules showed no GFP expression. Upon testing for tracheal
air-filling phenotypes arising from Lkr knockdown using GALA4
drivers expressing pan-neuronally (nSyb-GAL4) (23), in the
peripheral nervous system (pebbled-GAL4) (7), and in the gut
(NP3084-GAL4) (24), we found no evidence for tracheal air-filling
defects (Fig. S4B).

One possible consequence of Kinin receptor activation in
tracheal epithelial cells is modulation of ENaC, known to be
important for respiratory air-filling in both Drosophila and hu-
mans (12, 25). In Drosophila, ENaC channels are expressed in
tracheal ppk cells. Expression of Lkr-RNAi using ppk-GAL4
drivers led to tracheal air-filling defects (Fig. 3). Severity of
phenotypes increased following use of doubly homozygous ppk4-
GAL4,ppkl1-GAL4 (>70%). Expression of the Kinin receptor
in tracheal epithelial cells was confirmed by staining ppk4,
ppkl1>mCDS-EGFP with anti-Lkr antibody (Fig. S6).

Kim et al.

Kinin Mobilizes Calcium in ppk-Expressing Tracheal Epithelial Cells.
To investigate responsiveness of tracheal epithelial cells to Kinin
exposure, we monitored cytoplasmic calcium dynamics in ppk4,
ppk10>GCaMP flies. Trachea dissected from the double vertical
plate (dVP) -stage second-instar larva show moderate resting
fluorescence (Fig. 44). Following exposure to Kinin (10 nM),
tracheal epithelial cells exhibit robust increases in fluorescence
intensity, indicating increased cytoplasmic [Ca®*]; levels (Fig. 44
and Movie S1). At this concentration of Kinin, calcium dynamics
are characterized by transient spike-shaped fluctuations begin-
ning 3.1 = 1.85 min (» = 10). Interestingly, different tracheal
regions show distinct onset timing and diverse peak fluorescence
intensities (Fig. 4 A and B). We tested three different doses of
Kinin (5, 10, or 20 nM) and observed dose-dependent acceler-
ation of ppk cell activation timing (Fig. 4C).

Kinin Signaling Promotes Premature Tracheal Air-Filling. Evidence
presented thus far suggests Kinin signaling is required for normal
tracheal air-filling. We next investigated whether Kinin is sufficient
to promote tracheal air-filling. Wild-type Canton-S flies (second
instar) normally initiate tracheal collapse (TC) and air-filling (TA)
~20 min after the dVP (5) stage (TC = 20.6 + 3.57; TA = 21.1 +
3.65; n = 7) (Fig. 5A4). Flies injected with Kinin (~100 fmol) at the
dVP stage initiated TC and TA prematurely (TC = 5.0 + 2.20;
TA = 5.3 £ 2.20; n = 7). Saline injections produced no significant
change in the normal latency to tracheal air-filling, albeit an in-
creased variation in TC/TA timing (n = 6).
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Fig. 4. Kinin-evoked Ca?* dynamics in ppk-expressing tracheal epithelial
cells. (A) Representative recordings of intracellular Ca®* dynamics in ppk4-
GAL4, ppk11-GAL4>GCaMP-expressing tracheal epithelial cells following
exposure to Kinin (10 nM) applied at time 0 (downward black arrows). Fol-
lowing Kinin application, ppk cells showed robust Ca* oscillations after
characteristic delays. (B) Video image shows locations of ppk cells where
Ca**-associated fluorescence was recorded (Upper). (Scale bar, 25 pm.) Time-
lapse video images captured during Ca®* responses (Lower, a—f); timing of
video image recordings in each panel labeled a-f are indicated by vertical,
light red arrows in A. (C) Average latency of tracheal cell activation by Kinin
is concentration dependent. Also see Movie S1.
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Fig. 5. Kinin induces premature tracheal air-filling in dVP larvae. (A) Kinin in-

jection test. Wild-type dVP-stage second-instar larvae were used for injection tests
(dVP = time 0). Under natural conditions (no injection), TC and TA occur ~20 min
after dVP. Downward arrows indicate timing of Kinin or saline injections. Kinin
injection (~100 fmol; n = 7) caused premature tracheal air-filling within ~5 min in
all dVP larvae. Saline injection led to delayed TC and TI with higher timing vari-
ability (n = 6). (B) dTrpA1 activation of Kinin neurons. Induction of TC and TA
within minutes of increasing temperature from 23 °C to 29 °Cin late second-instar
(dVP stage) larvae [genotype: Kinin (2, 3)>dTrpAT]; 81% of the test animals (n =
27 of 33) showed TC only, while 19% (n = 6 out of 33) exhibited both TC and TA.
Control animals exhibited no evidence of TC or TA within 15 min. (C) Video
captures of temperature induced TCUTA in test (C;—C3) and control flies (C,). (C;)
dVP-stage larva before the activation. (C;) TC (arrow) following TrpA1 activation
of Kinin neurons at 29 °C. (C5) TA (arrow) after TC. (C,) Control animal shows no
evidence of TC or TA after temperature elevation. (Scale bars, 500 pm.) Also see
Movie S2.

We then tested whether neural activation of Kinin release in-
duces tracheal air-filling by expressing the temperature-activated
dTrpAl channel (26, 27) in Kinin neurons (Fig. 5B). Control flies
at the dVP stage showed no sign of TC or TA tracheal tubules
following temperature elevation. However, in Kinin (2, 3)>dTipAl
flies, temperature elevation induced premature TC in all animals
(n =33) (Fig. 5 B and (), and TA in 19% (n = 6 of 33) (Fig. 5 B
and C3). The low success rate of tracheal air-filling may result from
less than complete activation of Kinin neurons by dTrpAl. In-
terestingly, among animals that showed temperature-induced TC
and TA, three showed subsequent loss of gas following dTrpAl-
induction of tracheal air-filling. These tracheae reinflated during
natural tracheal air-filling associated with ecdysis. This observation
suggests that the air-filling process is reversible and bidirectional
(Movie S2).

Discussion

In Drosophila, developmental steps that terminate each molt
through ecdysis initiation involve collapse of old trachea, air-filling
of new trachea, and sequential ecdysis-related behaviors, events that
occur within minutes of ETH release (5). Kinin neurons, among
the earliest responders to ETH, promote preecdysis behavior and
ecdysis-associated diuresis in Drosophila and Manduca (6-8, 28). In
the present work, we tested the hypothesis that Kinin participates in
the ETH signaling cascade leading to tracheal air-filling (5). Our
results indicate that Kinin neurons indeed are targeted by ETH to
promote tracheal air-filling in Drosophila (Figs. 1 and 6).

Kinin is a neuropeptide hormone originally discovered in associ-
ation with its myotropic actions (10). Since its early characterization,
it has proved to be a multifunctional hormone involved in feeding

1538 | www.pnas.org/cgi/doi/10.1073/pnas.1717257115

(29, 30), olfaction (31), turning behavior (32), and ecdysis behavior
(7). Kinin also is a critical regulator of diuresis, water balance (28, 30,
33, 34), starvation resistance (18), cold stress recovery (35), and sugar
perception (36). Tracheal air-filling and shedding of old tracheal
cuticle fit the profile of previously described Kinin regulatory func-
tions, since both muscle movement and fluid clearance are involved.

We found that ablation of Kinin neurons leads to a high rate of
tracheal air-filling defects. Similar defects were observed upon
electrical silencing of Kinin neurons through expression of Kir2.1
or when Kinin transcript levels are suppressed by Kinin gene-
specific RNAI. Tracheal air-filling defects also were observed
upon RNAI silencing of ETH receptors in Kinin neurons, sug-
gesting that ETH regulates tracheal air-filling via downstream
Kinin signaling.

Coincidentally, mammalian “Kinin”-like hormones function in
airway clearance, including neurokinin-A (HKTDSFVGLM) and
bradykinin (RPPGFSPFR) (37-39). Although sequence similarity
is minimal (NSVVLGKKQRFHSWGamide) (40), it would be
interesting to investigate whether these peptides may function
in airway clearance at childbirth.

Further investigation into the possible regulatory role of Kinin
signaling in tracheal air-filling revealed a clear deficiency pheno-
type in a piggyback insertional Kinin receptor mutant, even though
severity was much lower than that resulting from Kinin cell abla-
tion or electrical silencing with Kir2.1 expression. The difference
in severity is attributable to the fact that Lkr/"**% is a hypomor-
phic mutant, resulting from piggyBac insertion into the upstream
promoter of the Kinin gene (41, 42). Using precise excision of this
insertion, we were able to rescue tracheal air-filling defects.

Taken together, these findings provide strong evidence that
Kinin signaling is necessary for normal tracheal air-filling during
the EBS. However, necessary roles of Kinin in many other
functions such as water balance and feeding and high cumulative
mortality associated with Kinin deficiency during development,
as depicted in Fig. S2, creates uncertainty as to whether tracheal
air-filling defects described here are a consequence of overall
systemic debilitation. In other words, phenotypes associated with

Inka cell
.], ETH

CNS
* Kinin
Trachea ppk cells

Calcium mobilization
Water resorption by ENaC

v

Trachea Airfilling

Fig. 6. Proposed model for hormonal signaling cascade leading to tracheal
air-filling. Peptide ETH released from Inka cell activates Kinin neurons in the
CNS to release downstream peptide Kinin hormone into the circulatory
system. Kinin activation of pickpocket cells in trachea induces calcium ele-
vation and water resorption from new trachea.
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general loss of Kinin or its receptor (the Lkr/**** mutant line)

could compromise a variety of functions that might indirectly
cause tracheal air-filling.

We addressed this issue by adopting two strategies to focus on
the role of Kinin signaling specifically in tracheal epithelial cells.
First, we demonstrate through tracheal-targeted knockdown of
the kinin receptor using breathless and pickpocket GAL4 drivers
the necessity of Kinin signaling in tracheal epithelial cells for
normal tracheal air-filling. Indeed, using these cell-specific GALA
drivers, we demonstrate that >80% of first-instar larvae exhibit
tracheal air-filling defects. The severity of these defects resulting
from tracheal epithelial cell-specific disruption of Kinin signaling
(Fig. 3) is on par with failure resulting from general compromise
of kinin signaling (Figs. 1 and 2). We therefore conclude that
Kinin signaling in tracheal epithelial cells is both necessary and
sufficient for tracheal air-filling. Second, we show sufficiency of
peptide action by triggering calcium mobilization in tracheal epi-
thelial cells and premature TC and TA in normal, healthy animals
through direct Kinin exposure or Trp-Al activation of Kinin
neurons. While Radford et al. (43) reported evidence for Kinin
receptors in Malpighian tubules, hindgut, brain, testis, and ovary,
our report of Kinin receptors in the tracheal system is unique.

In Drosophila as well as mammals, DEG/ENaC expressed by
ppk genes are required for airway clearance. In tracheal air-
filling, cation flux through ENaC channels may diminish activity
of the K*/2H* antiporter, thus acidifying the tracheal lumen
and eliminating bicarbonate to generate CO, gas (4). Our ob-
servations of loss-of-function air-filling phenotypes resulting
from Kinin receptor silencing in ppk-GAL4 lines suggests that
Kinin targets ppk cells to facilitate tracheal air-filling. Different
ppk genes have distinct spatial expression patterns in the larval
tracheal system: ppk4 and ppkl1 show relatively widespread ex-
pression, while other ppk genes are expressed in more restricted
regions (12).

After demonstrating the connection between Kinin and DEG/
ENaC-expressing cells, we expressed the Ca®* sensor GCaMP in
ppk cells and monitored their activation after Kinin application.
We found that ppk cells respond to Kinin within minutes and that
calcium dynamics increase in magnitude over time. Onset time
accelerated from 6.3 min to 1.6 min as Kinin concentration in-
creased from 5 to 20 nM. Robust calcium responses and dose-
dependent onset timing suggests that Kinin activates tracheal epi-
thelial cells directly by mobilizing calcium as a second messenger.

The relationship between Kinin-induced calcium mobilization
in tracheal epithelial cells and the sequential events of (i) col-
lapse of old trachea and (i) air-filling of new trachea remains to
be defined. Several possibilities can be envisioned at this point.
With regard to collapse of old trachea, it is tempting to speculate
that calcium mobilization in tracheal cells by Kinin promotes
exocytotic release of secretory products into the tracheal lumen,
disrupting luminal chitin binding proteins essential for chitin
filament integrity in the taenidia. Such secretory products could
cause enzymatic degradation of chitin binding proteins or in
some way interfere with their binding to chitin filaments.

Regarding tracheal air-filling, Kinin could facilitate ion and
fluid transport through activation of DEG/ENaC channels. Al-
ternatively, Kinin could promote fluid transport out of the tra-
chea through activation of anion flux to relieve the transcellular
potential caused by cation transport through ENaC channels.
Indeed, it is firmly established that Kinin promotes chloride flux
into the lumen of Malpighian tubules through calcium mobili-
zation in stellate cells (11, 33). In Malpighian tubules, Kinin
mobilizes calcium from internal stores, triggering transcellular
chloride transport into the lumen, thus facilitating transcellular fluid
movement from hemolymph into the lumen (33). Interestingly, our
data implicate Kinin in promotion of fluid movement in the op-
posite direction, from the tracheal lumen to hemolymph. Exactly
how Kinin-induced calcium dynamics and ENaC-mediated Na*
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transport facilitate fluid movement out of the tracheal lumen re-
mains a fascinating problem to pursue.

Materials and Methods

Fly Strains. All flies were raised at 25 °C on standard cornmeal-agar media
under a 12-h light/dark regimen. Kinin-GAL4 (2), Kinin-GAL4 (3), and UAS-
ETHR-RNAi were described previously (7). Kinin receptor mutant flies (PBac
{WH;}Lkr"25%%) were obtained from Exelixis. Fly stocks from the Bloomington
stock center were as follows: UAS-rpr (stock no. 5824), P{Tub-PBac} (stock no.
8285), UAS-mCD8-GFP (stock no. 5137), Df(3L)Exel6105 (stock no. 7584),
Df(3L)ZN47 (stock no. 3096), ActGFP (stock no. 4534), breathless-GAL4 (stock
no. 8807), repo-GAL4 (stock no. 7415), UAS-Lkr-RNAi2 (stock no. 65934),
UAS-Lkr-RNAI3 (stock no. 25936), Canton-S (1), and w'"’8 (stock no. 5905).
UAS-Kinin-RNAI (v14091) and UAS-Lkr-RNAi1 (v105155) were obtained from
the Vienna Drosophila Resource Center stock center. NP3084-GAL4 (113094)
was obtained from the Drosophila Genomics and Genetic Resources stock
center (Kyoto). Other fly stocks used were UAS-rpr,hid (44), UAS-Dicer2 (23),
UAS- Kir2.1 (45), UAS-dTrpA1 (46). UAS-GCaMP (47), ppk4-GAL, ppk11-GAL4
(12), pebbled-GAL4 (7), ELAV-GAL4 (48), and nSyb-GAL4 (23).

Test of Defects in Tracheal Air-Filling. First-, second-, and third-instar larvae
exhibiting defects in Kinin signaling were positioned in a drop of tap water
on a glass slide with thin supports on both sides; a coverslip was placed over
the preparation. Shapes of trachea were observed with a compound mi-
croscope. Larvae were rolled over to view detailed abnormality of tracheal
tubes. The degree of defects observed was defined according to three levels:
total failure, partial failure, and normal. Larvae showing a complete absence
of air in the tracheal system were scored as total failure. Tracheal air-filling
defects were photographed with a Sony Coolpix digital camera to illustrate
morphological characteristics of tracheal defects.

Immunohistochemistry. We crossed GAL4 transgenic flies with UAS-mCD8-
GFP flies to produce progeny expressing GFP in Kinin neurons/ppk cells and
used them for GFP immunohistochemical staining. CNS or trachea was dis-
sected in PBS and fixed in 4% paraformaldehyde in PBS overnight at 4 °C.
Tissue was washed in PBS-0.2% Triton X-100 (PBST) and incubated in 5%
normal goat serum in PBST for 30 min at room temperature. Tissues were
labeled incubated with mouse anti-GFP (1:1,000; Clontech, 632380), rabbit
anti-Kinin (1:500), or rabbit anti-Lkr (1:100) (43) in PBST for 2 d at 4 °C. Tis-
sues were washed with PBST and incubated with Alexa 555-conjugated
goat-anti-rabbit (1:1,000; Invitrogen, A21418) or Alexa-488-conjugated goat
anti-mouse (1:1,000; Invitrogen, A11001). Confocal microscopy images were
acquired with either a Leica SP2 or Zeiss LSM 510 and processed in
Adobe Photoshop.

Lkr?25%4 Rescue Test. For precise excision of the piggyBac insertion in Lkr025%4,
piggyBac transposase [w’""8; P{Tub-PBac}] flies were crossed to Lkr2°%? The
revertant line carrying the precise excision of piggyback construct was iso-
lated from white-eyed F1 progenies, and confirmed by PCR using following
primers (for relative positions of primers, see Fig. S3A):

F1: 5'-GACTTCGGGAGCTTTAATCGTGCG;

F2: 5'-GATATGTGCCAAAGTTGTTTCTGACTGACT;
F3: 5'-CAACGGAAGTAGTGGGCAGAACAAC;

R1: 5'-GCCACGATACTGATTCCCCCATAGA;

R2: 5'-CCCGCATCCTTGTCCTTCGC;

R3: 5'-GCATTGACAAGCACGCCTCACG.

In Vitro Ca?* Imaging. In vitro Ca* imaging experiments were performed on
the isolated tracheal tubes from second-instar dVP-stage larvae of ppk4,
ppk10>GCaMP. Tracheal tubes were placed in a 500-puL fly saline bath. The test
chamber consisted of a metal frame slide with 9-mm hole in the center. The
bottom of the chamber was provided by a new glass coverslip, which was
discarded after each experiment. We used an imaging set-up consisting of a
xenon lamp and monochromator (TILL Photonics Polychrome 1V) as light
source and a TILL-IMAGO-QE CCD camera for image capture. The microscope
(Olympus BX51WI) was equipped with a 40x water immersion NA 0.8 objec-
tive. Binning on the chip (8 x 8) was set to yield a spatial sampling rate of 1 um
per pixel (image size 172 x 130 pixels, corresponding to 172 pm and 130 pm,
respectively). Images were acquired at a rate of 1 Hz. The excitation wave-
length was 488 nm, and exposure time was 25 ms. Light passing an excitation
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filter (370-510 nm) was directed onto a 500-nm DCLP mirror followed by a 515
LP emission filter for EGFP. Continuous images (30-min duration) were ac-
quired from each preparation and Kinin was applied into the bathing medium
~5 min after commencement of image capture. The volume of applied Kinin
was 3 pL. Fluorescence intensity was calculated as AF/F; the mean fluorescence
over the entire 100 frames was taken, for each pixel, as an estimate for F.
Because spontaneous calcium activity was observed in some control and of the
preparations, we sampled for 5 min before Kinin application. Preparations
exhibiting spontaneous activity were discarded.

Kinin Injection. We tested sufficiency of Kinin peptide for induction of tra-
cheal air-filling by collecting Canton-S second-instar dVP-stage larvae and
injected the peptide using a micropipette needle (~3-pm tip opening) at-
tached to a Picospritzer (General Valve Corp.). Animals immobilized on sticky
tape were injected through the lateral side of the body. Injection volumes
were determined following calibration of drops under halocarbon oil, and
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adjusted to ~10 nL. The entire tracheal air-filling sequence was recorded
with a CCD camera and analyzed later.

Induction of Tracheal Collapse and Air-Filling by dTrpA1. We activated Kinin
neurons through targeted expression of the temperature-activated dTrpA1
channel. Second-instar dVP-stage larvae of Kinin (2, 3)>dTrpA1 or w'"'® were
placed on a Peltier device for temperature regulation (Echotherm; Torrey Pines
Scientific). Changes in tracheal air-filling were recorded with a CCD camera
attached to video recorder.
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