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collecting duct. Am J Physiol Renal Physiol 297: F341-F349, 2009. First
published June 10, 2009; doi:10.1152/ajprenal.00190.2009.—Extracel-
lular nucleotides are local, short-lived signaling molecules that inhibit
renal tubular transport via both luminal and basolateral P2 receptors.
Apparently, the renal epithelium itself is able to release nucleotides.
The mechanism and circumstances under which nucleotide release is
stimulated remain elusive. Here, we investigate the phenomenon of
nucleotide secretion in intact, perfused mouse medullary thick ascend-
ing limb (mTAL) and cortical collecting duct (CCD). The nucleotide
secretion was monitored by a biosensor adapted to register nucleotides
in the tubular outflow. Intracellular Ca>* concentration ([Ca>*];) was
measured simultaneously in the biosensor cells and the renal tubule
with fluo 4. We were able to identify spontaneous tubular nucleotide
secretion in resting perfused mTAL. In this preparation, 10 nM AVP
and 1-desamino-8-p-arginine vasopressin (dDAVP) induced robust
[Ca®*]; oscillations, whereas AVP in the CCD induced large, slow,
and transient [Ca®*]; elevations. Importantly, we identify that AVP/
dDAVP triggers tubular secretion of nucleotides in the mTAL. After
addition of AVP/dDAVP, the biosensor registered bursts of nucleo-
tides in the tubular perfusate, corresponding to a tubular nucleotide
concentration of ~0.2—0.3 wM. A very similar response was observed
after AVP stimulation of CCDs. Thus AVP stimulated tubular secre-
tion of nucleotides in a burst-like pattern with peak tubular nucleotide
concentrations in the low-micromolar range. We speculate that local
nucleotide signaling is an intrinsic feedback element of hormonal
control of renal tubular transport.

ATP release; renal tubule; vasopressin; purinergic

THE RENAL TUBULAR EPITHELIUM displays widespread expression
of luminal and basolateral puringeric (P2) receptors (1, 17, 34).
P2 receptor stimulation most commonly inhibits ion transport
along the entire renal tubule, a phenomenon best documented
for aquaporin-2 (AQP2)- or epithelial Na* channel (ENaC)-
meditated water or Na™ transport in the distal tubule (13, 16,
27). Global knockout of one of the prominent renal epithelial
P2 receptors (P2Y,) is associated with increased urinary con-
centration and elevated blood pressure (30). This supports the
notion that renal transport could be under tonic purinergic
inhibition and that removal of one of the system’s essential
components causes increased absorption of water and Na™, for
example. A substantial amount of data supports that the epi-
thelial cells are able to release nucleotide in sufficient quanti-
ties to induce local nucleotide signaling (15, 29, 38). Several
studies indicate that renal epithelia constitutively secrete ATP,
which is consistent with a tonic purinergic inhibition of renal
epithelial transport (6, 25, 38). The mechanism and regulation
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of this ATP secretion from epithelia are still incompletely
understood, and we recently reviewed this phenomenon in
more detail (29). In search of the elements involved in renal
epithelial ATP release, we recently discovered that an increase
in tubular flow apparently triggers the release of nucleotides
and auto- and paracrine activation of tubular P2 receptors (10).
Subsequent studies support these observations in cultured renal
and also bile duct epithelia (40, 42). These results could signify
that tubular flow changes per se modulate transport (28).

In this study, we travel a novel path to understand the role of
intrarenal purinergic signaling. Several studies have indicated that
G protein-coupled receptor (GPCR) stimulation is able to trigger
a substantial nucleotide release from very different cell prepara-
tions. To mention a few, nucleotide release is induced by throm-
bin from platelets (20), by muscarinic agonists from astrocytes
(11), by lysophasphatidic acid from endothelial cells (8), or by P2
receptor stimulation from Swann cells (19). Numerous observa-
tions support that an increase in intracellular Ca®>* concentration
([Ca®*]; ) is required for this response (29). Recently, we reported
that cultured and freshly isolated renal epithelia display significant
spontaneous [Ca”"]; oscillations that reflect release of nucleotides
(6). In this context, it is noteworthy that low concentrations of
AVP are able to induce [Ca®*']; oscillations in the isolated,
perfused inner medullary collecting duct (43). Based on this, we
hypothesized that “classic” hormones that regulate renal transport
and increase renal epithelial [Ca®>*]; may trigger nucleotide re-
lease from renal tubules. In this study, we chose AVP, the
indispensable hormone for the activation of tubular water, urea,
and to a lesser degree also Na* transport. AVP increases intra-
cellular cAMP via V2 receptor activation, which then induces
vesicular trafficking to and fusion with the luminal membrane
(14). Furthermore, AVP also provokes [Ca®>*]; increases in the
thick ascending limb and along the collecting duct system, either
as [Ca?™); transients (4, 5, 12) or as [Ca®"]; oscillations (43). In
this study, we focus on the question of whether AVP stimulation
is able to induce tubular nucleotide secretion, i.e., the stimulated
appearance of nucleotides in the luminal fluid compartment. For
this purpose, we used hP2Y, receptor cells expressing 132-1N1
cells as biosensors positioned directly in the outflow of isolated,
perfused mouse medullary thick ascending limbs (mTAL).

Here, we describe spontaneous tubular nucleotide secretion
in the mTAL and AVP-stimulated nucleotide secretion in the
mTAL and cortical collecting duct (CCD). The findings pro-
vide a new fundamental perspective of the regulation of renal
transport and indicate a likely relationship of transport-activat-
ing systemic hormones like AVP and a local transport-oppos-
ing purinergic feedback system.

MATERIALS AND METHODS

Animals. Experiments were performed using 4- to 7-wk-old mice of
either sex. Animals had free access to standard rodent diet and tap
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water. Mouse handling complied with Danish animal welfare regula-
tions. In this study, mice on a mixed genetic background (B6D2/
SV129) were used.

Tubule perfusion. Mice were killed by decapitation. Both kidneys
were removed and placed in ice-cold dissection solution (see below)
before being sliced, as previously described.(41). Slices were trans-
ferred to a dissection chamber cooled to 4°C and gassed with 5%
C0O,-95% 0O,. mTAL were isolated in dissection solution (see Solu-
tions and chemicals) from the inner stripe of the outer medulla using
fine forceps. Kidney tubules were transferred to a perfusion chamber
on an inverted microscope. Isolated tubules were perfused by a system
of concentric glass pipettes as described previously (7). Utmost care
was taken to select only viable tubules. The tubule was placed directly
on the glass bottom of the experimental chamber and perfused from
one side, leaving the other end open for free outflow of the tubular
perfusate. An additional holding pipette was often used to stabilize the
preparation.

Video imaging of perfused renal tubules and biosensor cells. The
set-up comprised an inverted microscope (Axiovert 100TV, Zeiss,
Jena, Germany) with the objective LD LCI Plan-Apochromat (Oil,
Glyc, water), 25 X 0.8 (Zeiss), a monochromator (Polychrome IV,
Till Photonics, Planegg, Germany), and a CCD camera (MicroMax, 5
MHz, Princeton Instruments, Trenton, NJ). Image acquisition and data
analysis were performed with Metamorph/Metafluor (Universal Im-
aging, West Chester, PA). Measurement of [Ca’"]; was performed
with fluo 4. Tubules were incubated in 20 wM basolateral fluo 4-AM
for 20 min at room temperature in control solution. The fluo 4-mea-
sured [Ca®"]; changes (excitation: 488 nm, emission: >510 nm) were
expressed relative to stable baseline values (acquisition frequency: 0.5
Hz). To reduce potential photo damage (39), the excitation light was
controlled by neutral-density filters in the excitation light path and a
8 X 8 binning to reduce the exposure time. Fluorescence was recorded
from the entire tubule, and the biosensor cells were positioned in the
same optical plane. During dye loading, the tubule was continuously
perfused. The experiment was started 5-10 min after washout of fluo
4 dye. For each experiment, it was important to know that the
tubule was well perfused and, more importantly, that the fluid
leaving the tubule actually engulfed the biosensor cells. This was
achieved by adding 5 wM fura 2 potassium salt into the perfusion
solution and imaging this fluorescence flow signal at the beginning
and the end of the experiment. With appropriate excitation, the fura
2 fluorescence exhaust from the tubule is easily visible and the
position of the biosensor cell holding pipette can be adjusted
appropriately. The inclusion of luminal fura 2 potassium salt did
not interfere with the cellular fluo 4 fluorescence signal. During the
experiments, the entire preparation was superfused at ~3-5 ml/
min, i.e., ~10 bath exchanges/min.

Cell culture. 132-1N1 cells with or without stably transfected
hP2Y, receptors were grown in DMEM with 10% FBS (GIBCO,
Grand Island, NY) and 2 mM glutamine but without riboflavin and
with antibiotics (1 U/ml penicillin and 100 pg/ml streptomycin). The
human P2Y receptor-expressing 132-1N1 cells were kindly provided
by Robert Nicholas (Chapel Hill, NC).

Solutions and chemicals. Experiments were performed at 37°C
with the following control solution: (in mM) 145 NaCl, 1 MgCl,, 1.3
Ca-gluconate, 5 p-glucose, 0.4 KH,PO4, 1.6 K,HPO4, and 5 HEPES.
The dissection solution contained (in mM) 118 NaCl, 24 NaHCOy, 1
MgCl,, 1.3 Ca-gluconate, 5 p-glucose, 0.4 KH,PO4, and 1.6 K,HPO,.
Solutions were titrated with NaOH to pH 7.4 (37°C).

Fluo 4-AM was obtained from Invitrogen (Taastrup, Denmark). All
other chemicals were obtained from Sigma-Aldrich Denmark (Val-
lensbaek, Denmark) and Merck (Darmstadt, Germany). Agonist so-
lutions were prepared directly before the experiment.

Statistics. Data are shown as means * SE. For the experimental
series, n reflects the number of tubules used. On average, two tubules
were used from each mouse. Paired and unpaired -tests were used to
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compare mean values within one experimental series. A P value of
<0.05 was accepted to indicate statistical significance.

RESULTS

AVP- and I-desamino-8-p-arginine vasopressin-induced
[Ca? ™ ]; oscillations in perfused mTAL. The primary aim of this
project was to investigate whether AVP stimulation of the
mTAL and CCD activates tubular nucleotide secretion. First,
we investigated the effect of vasopressin (AVP) and 1-desa-
mino-8-p-arginine vasopressin (IDAVP) as [Ca®*]; agonists in
mouse mTAL. Figure 1 shows that AVP and dDAVP (10 nM)
consistently induces [Ca®*]; increases in mTAL. Importantly,
these hormone-induced [Ca®"]; increases were composed of
many local, asynchronous [Ca®"]; elevations, which appeared
to originate from single tubular cells. The original [Ca®™];
traces in Fig. 1, A and D, were derived from the matching
regions of interest depicted in the figure inset and comprise
~5-10 cells. As previously published, nonstimulated, isolated
perfused mTAL segments display spontaneous [Ca**]; oscil-
lations. This is visible in the unsteady baseline in Fig. 3A
before the addition of AVP. After AVP/ADAVP, these [Ca®™"];
oscillations were greatly increased, in both amplitude (Fig. 1, A
and D) and frequency (Fig. 1, C and F). Importantly, the
maximal [Ca®™"]; increase in response to AVP/dDAVP showed
a delay of 20-40 s (Fig. 1, B and E). In summary, these data
provide clear evidence for AVP/dDAVP-induced [Ca®>"]; ele-
vations in mouse mTAL, which are composed of multiple
regional [Ca®"]; oscillations. No apparent differences were
observed between the effects induced by AVP and dDAVP.

132-1N1 cell as ATP biosensor cells for nucleotide secretion
from renal tubules. 132-1N1 cells are known to not express P2
receptors (26). These cells become strongly responsive to
extracellular nucleotides when they are transfected with differ-
ent P2 receptors (26). In this study, we used 132-1N1 cells
stably transfected with hP2Y, as ATP/UTP biosensors. P2Y>
receptor-expressing 132-1N1 cells were used 1-2 days after
trypsination. Non-P2 receptor-expressing 132-1N1 cells served
as controls. Cells that had not fully settled to the bottom of the
culture dish after splitting were transferred to the experimental
bath chamber. hP2Y»-132-1N1 cell clusters of two to four cells
were picked up by subtle suction via a fire-polished holding
pipette. Excess cells were washed away. In Fig. 3A, two
biosensor cells can be seen attached to a holding pipette. The
hP2Y>-132-1N1 cells were tested for their responsiveness to
extracellular ATP and UTP. The results are shown in Fig. 2, A
and B, as an original trace of UTP responses (form 0.01 to 100
1M, left) and the concentration-response relationship of the
various series. Note that hP2Y,-132-1N1 cells respond to
concentrations <0.2 wM UTP/ATP with significant elevations
of [Ca**]; (ECso UTP: 0.26 pM, ECso ATP: 0.4 wM). The
nontransfected 132-1N1 cells did not show any nucleotide-
stimulated elevations in [Ca®']i. In Fig. 2A, extracellular
ATP/UTP was applied for longer periods (60-90 s), and it may
be questioned whether the hP2Y,-132-1N1 biosensor cells are
able to detect short applications of ATP/UTP. This was inves-
tigated with a custom-built, very fast fluid application system
that consisted of a double-barreled glass pipette fabricated on
a glass microforge (tip diameter ~50 wm). Each barrel was
equipped with a fine polyethylene plastic catheter to administer
either control or nucleotide-containing solution (1 wM). The
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Fig. 1.

AVP- and 1-desamino-8-D-arginine vasopressin (dDAVP)-induced intracellular Ca™*
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concentration ([Ca"];) oscillations in isolated, perfused mouse

medullary thick ascending limb (mTAL). Original fluo 4 recordings are shown of 3 regions of interest (left; see fluorescence inset) placed over ~5-10 cells (A
and D). Commonly, tubular [Ca?*]; signals showed some smaller oscillations before addition of AVP/ADAVP (see blue trace in A). After the addition of
AVP/dADAVP, very robust oscillatory [Ca®*]; increases were measured (A—F). No apparent differences were observed between the effect of AVP and dDAVP.
Note the marked delay of some 20-40 s before AVP/dDAVP induced a significant [Ca®*];. increase (A and D).

fast-application pipette was positioned close to the biosensor
cells (~50-100 wm). The biosensor cells were held in the
stream of control solution for several minutes. Turning the flow
of control solution on and off never induced an increase in
[Ca®*]; in the biosensor cells. This indicates that flow per se is
not a [Ca®™" J;-increasing stimulus in hP2Y»-132-1N1 biosensor
cells. By switching to the nucleotide-containing barrel, a very
fast agonist application (on and off) could be performed. In this
way, nucleotides could be applied in short pulses that lasted
<1 s. As shown in Fig. 2D, right, three 1-s-long repetitive
pluses of 1 uM UTP led to similar and large [Ca®*]; increases
in the biosensor cells. The fourth stimulus was given for ~60
s and showed a typical biphasic [Ca?*]; responses known for
many GPCR/Gaqg-mediated effects. These experiments estab-
lish that very short nucleotide stimuli trigger significant and
reproducible [Ca?"]; elevations in these biosensor cells. Im-
portantly, neither hP2Y,-132-1N1 nor the control 132-1NI1
cells responded to AVP (10 nM; n = 3 each; data not shown).

Spontaneous tubular nucleotide secretion from perfused
mTAL. Recently, we described that cultured renal epithelial
cells and isolated, perfused mTAL segments display slow
spontaneous [Ca®*]; oscillations that reflect spontaneous nu-
cleotide release (6). Here, we confirm these findings with the
above-described technique. Specifically, we addressed whether
nucleotides are spontaneously released into the lumen of the

intact, perfused tubule. To this end, the biosensor cells were
used to record nucleotide outflow from a freshly isolated
mTAL (Fig. 3). Initially, the biosensor cells were placed away
from the tubule’s outflow. The left inset below Fig. 3B depicts
the positioning of a biosensor cell in relation to a perfused
mTAL segment. During this initial period, the biosensor cells
showed a stable baseline [Ca®*]; recording. Immediately after
the biosensor cells were placed in the tubular outflow, their
[Ca”"]; began to increase randomly well above baseline value
and this behavior stopped instantaneously after the biosensors
were moved away from the tubule outflow (see Supplementary
video 1; all supplementary meterial for this article is accessible
on the journal web site). This was a reproducible observation
seen in eight of eight experiments. Figure 3B summarizes the
mean relative fluo 4 fluorescence increase during the period the
biosensor was placed in front of the tubule. Flow alone from
the perfusion pipette, i.e., without the mounted renal tubule,
never altered the resting [Ca®"]; of the biosensor cells. These
experiments indicate that mTAL segments spontaneously se-
crete nucleotides into their lumen.

AVP and dDAVP trigger nucleotide secretion from perfused
mTAL. In the next experiments, we investigated whether AVP/
dDAVP stimulation of mTAL leads to the tubular secretion of
nucleotides. The biosensor cells were positioned in front of the
tubular outflow during the entire course of the experiment.
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Fig. 2. Biosensor approach adapted to detect
nucleotides in the tubular outflow of isolated,
perfused renal tubules. A: concentration-re-
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UTP. C: a fast agonist application set-up to
administer very short pulses of nucleotides to
biosensor cells. D: an original [Ca®*];. re-
cording of a biosensor cell receiving 3 short
(1 s) and one longer (~50 s) UTP (1 uM)
stimulation.
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Only experiments which met the following criteria were in-
cluded in the study. /) UTP applied to the bath at the end of the
experiments elicited brisk [Ca®"]; increases in tubular and
biosensor cells. 2) The baseline [Ca>*]; of the biosensor cells
was silent for several minutes before the experiment was
initiated. In about 30% of the experiments, the biosensor cells
continued to display ongoing [Ca®™]; oscillatory behavior even
after they had been positioned into the outflow for 10-20 min.
3) The positions of the biosensor cells and the tubule did not
change during the course of the experiment. 4) The luminal
fluid flow marker (fura 2, potassium salt) surrounded the
biosensor cells before and after the experiment. 5) The tubule
responded to 10 nM AVP/dDAVP. The latter was the case in
almost all experiments (>90% of all experiments). Figure 4A
shows one typical recording of the AVP effect (10 nM) on
tubular and biosensor [Ca’®"];. AVP increased mTAL [Ca®*];
in an oscillatory fashion, in agreement with the experiments
shown in Fig. 1. The ordinate in Fig. 4 is scaled to accommo-
date the large biosensor [Ca®"]; signal. After a delay of ~120
s, a single, large transient [Ca?*]; increase could be detected in
the biosensor cells (see also Supplementary video 2). In the
AVP series, 11 experiments met all inclusion criteria and in 7
experiments of these at least 1 biosensor [Ca?*]; increase was
observed. In these 7 experiments, altogether 20 transient [Ca®™];
increases were recorded in the biosensor and analyzed further.
Their mean and single relative fluo 4 fluorescence increases are
summarized in Fig. 4C. As stated above, these [Ca®™]; bursts were
never observed in the 5-min period before addition of the hor-
mone. In a second series, we investigated the effect of the
V2 receptor agonist dADAVP. In this series, 11 experiments
met the inclusion criteria and in 8 experiments dDAVP
induced one or more biosensor [Ca®"]; increments, as
shown in Fig. 4B. In these 8 experiments, a total of 16
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[Ca®*]; transients were observed. The summary of all
dDAVP-triggered biosensor [Ca®*]; elevations is given in
Fig. 4C. In the entire AVP/dDAVP series, the delay between
the addition of the hormone and the first [Ca®"]; increase
was 99 = 39 s (n = 15). Plotting all AVP/dDAVP-induced
biosensor [Ca?™]; increases into a histogram as a function of
time after hormone stimulation (Fig. 4D) showed an equal
distribution of [Ca®*]; bursts over a 5-min period. These
data indicate that the AVP/dDAVP-induced tubular [Ca>*];
increases roughly coincide with the [Ca®"]; increases ob-
served in the biosensor cells (Fig. 3). By plotting the mean
AVP/dDAVP-induced [Ca®"]; burst amplitudes of the bio-
sensor cells into the combined ATP/UTP concentration
response curve (derived from Fig. 2B), the approximated
intratubular peak nucleotide concentration can be estimated
to be in the range of 0.2-0.3 wM. These data make us
conclude that vasopressin receptor stimulation by AVP and
dDAVP in mouse mTAL triggers the tubular secretion of
nucleotides which can be detected with ATP/UTP-sensing
biosensor cells. This stimulated secretion appears to occur
in bursts.

AVP triggers nucleotide secretion from perfused CCD. Next,
we investigated whether AVP stimulates tubular secretion of
nucleotides from the CCD. The CCD from different species is
known to respond to nanomolar concentrations of AVP with a
significant increase in [Ca?*];. As shown in Fig. 5A, this is also
the case for mouse CCD, where 10 nM AVP produced a slow,
smooth increase in [Ca>"];, We found three characteristics that
differ in the AVP-induced [Ca**]; response of CCD compared
with mTAL. At 10 nM AVP, localized [Ca*]; increases were
rarely observed and the increase was homogenous and global
over the entire CCD. Lower concentrations of AVP were not
investigated. Second, the period from the start of the stimula-
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tion to the maximal response was dramatically longer and
amounted to ~100 s (see Figs. 1B and 5, A—C). Finally, the
AVP-induced maximal [Ca®"]; transients were significantly
larger in the CCD compared with mTAL (see Figs. 1B and 5B).
We used the same inclusion criteria for CCDs as described for
mTAL. In Fig. 5C, a typical recording shows the effect on
AVP (10 nM) on tubular and biosensor [Ca’"]; . AVP in-
creased CCD [Ca®™"]; similar to that depicted in Fig. 5, A and
B. After a delay of ~60 s, a transient [Ca>"]; increase could be
detected in the biosensor cells which is followed by a second
one immediately after the removal of basolateral AVP (see
Supplementary video 3). In the AVP series of experiments,
seven tubules met all inclusion criteria and in all seven tubules
at least one biosensor [Ca®"]; increase was observed. In these

7 experiments, altogether 11 transient [Ca?*]; increases were

recorded and further analyzed. Their mean and single relative
fluo 4 fluorescence increases are summarized in Fig. 5D.
During AVP stimulation (~3 min), one to three [Ca®*]; bursts
were detected. These [Ca™]; bursts were never observed in the
periods (5 min) before addition of the hormone. In the entire
AVP CCD series, the delay between the addition of the
hormone and the first biosensor [Ca”>"]; increase amounted to
105 = 47 s (n = 7), and they all coincided with the increase in
CCD [Ca?*];. By plotting the mean AVP-induced [Ca®"]; burst
amplitudes into the combined ATP/UTP concentration-re-
sponse curve (derived from Fig. 2B), the approximated intra-
tubular CCD peak nucleotide concentration can be estimated to
be 0.3 wM. Therefore, vasopressin receptor stimulation by
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Fig. 4. AVP- and dDAVP-induced nucleotide secretion from isolated, perfused mouse mTAL. A: original fluo 4 [Ca®"]; recording of perfused medullary thick
ascending limb in parallel with a nucleotide biosensor cell positioned in its outflow. Tubular [Ca®"]; is measured in 3 regions of interest (black, blue, and green
traces), and biosensor [Ca?*]; is shown as the red trace. After addition of 10 nM AVP, the tubular [Ca®*]; begins to oscillate similar to that described in Fig.
3. After a delay of 100 s, a single, large increase in [Ca®"]; is measured in the biosensor cells. B: the same type of experiment is shown, and now dDAVP is
applied. The biosensor [Ca>"]; signal is shown in red. After the addition of dDAVP (10 nM), 2 [Ca>*]; bursts are detected in the biosensor cells. The first burst
occurred after ~90 s. C: summary of the magnitude of all AVP- and dDAVP-induced biosensor [Ca>*]; bursts as measured from 7 and 8 mTAL tubules,
respectively. D: histogram of all measured [Ca>*]; bursts induced after the addition of either AVP and dDAVP. During a recording period of 5 min after the
addition of the agonist, 27 [Ca>"]; bursts were detected and were found to be equally distributed within the five 1-min observation intervals. E: quantification
of the AVP/dDAVP-induced peak nucleotide concentrations with the biosensor approach. AVP and dDAVP induced apparent peak nucleotide concentrations of

~0.2 and ~0.3 pM, respectively.

AVP in mouse CCD triggers the tubular secretion of nucleo-
tides which can be detected with ATP/UTP-sensing biosensor
cells. Also in the CCD, this stimulated secretion appears to
occur in bursts. These results indicate that AVP-induced nu-
cleotide secretion is a phenomenon present in both the mTAL
and the CCD.

DISCUSSION

Renal tubular transport is fundamental for body salt and
water homeostasis. Systemic and local hormonal signals reg-
ulate tubular transport and thus define the final composition of
the excreted urine and hereby body volume and electrolyte
status. Extracellular nucleotides modulate epithelial functions
via P2 receptor activation, including renal ion and water
transport (17, 34, 37). Extensive taxonomic work has defined
P2 receptors to be expressed along the entire renal tubular
system, both on the luminal and basolateral sides (17, 34, 36).
Significant evidence underscores an important role of the G
protein-coupled P2Y, receptor. Acute stimulation of this re-
ceptor reduces distal tubular, ENaC-mediated Na™ absorption
and AQP2-conducted water transport (13, 16, 27, 32, 35).
Recent indirect evidence supports that this receptor is also
involved in the regulation of inner medullary urea transport
(44). In mice, global lack of the P2Y, receptor is associated
with hypertension (30). The hypertension is most likely caused
by volume expansion assumed to result from removal of tonal

inhibition of transport along the renal tubule in the absence of
the P2Y receptor (31). This finding does not only underscore
the importance for P2 receptors in maintaining normal renal
function, it also implies that extracellular nucleotides are con-
tinually present as local signaling molecules in the kidney.
Increasing evidence supports that the epithelial cells them-
selves are the source of extracellular ATP (15, 29). However,
the mechanism and regulation of renal tubular ATP release are
still poorly understood (29). Nonetheless, a number of recent
observations present valuable progress in this field. Similar to
other epithelial cells, it has become clear that renal tubular cells
release nucleotides spontaneously (6, 25, 27, 38). This can be
measured directly as the spontaneous appearance of ATP in the
surrounding fluid (6, 38) and is also reflected in slow, sponta-
neous [Ca®"]; oscillations (6). Here, we confirm that isolated,
perfused mTAL segments display spontaneous nucleotide re-
lease, which in this study was detected in the luminal fluid
compartment by hP2Y, receptor-expressing 132-1N1 cells
placed in the outflow of an isolated, perfused mouse mTAL.
The biosensors showed significant increments in [Ca?"]; when
placed in the outflow of the mTAL, which was not seen in cells
not expressing the P2 receptors. The mean amplitude of these
[Ca®™]; transients correspond to a peak nucleotide concentra-
tion in the tubular outflow of ~0.2 wM. This value is almost
identical with the level detected by micropuncture in the only
other study quantifying intraluminal ATP concentrations in rat
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Fig. 5. AVP-induced nucleotide secretion from isolated, perfused mouse cortical collecting duct (CCD). A: original recording of an AVP (10 nM)-induced
[Ca%*];. increase in mouse CCD as recorded over 3 circular regions of interest, as indicated in fluorescence image in C. A smooth and slow increase was observed,
with a peak [Ca®"].. elevation being measured after ~100 s. B: summary of AVP-induced [Ca?"];. increase in mouse CCD. C: original fluo 4 [Ca®"];. recording
of perfused CCD in parallel with a nucleotide biosensor cell positioned in its outflow. Tubular [Ca2* ;. is measured in 3 regions of interest (black, blue, and green
traces) and biosensor [Ca>*];. is shown as the red trace. After addition of 10 nM AVP, the tubular [Ca>"]; increased. After a delay of ~60 s, 2 large increases
in [Ca®"];. were measured in the biosensor cells. D: summary of the magnitude of all AVP-induced biosensor [Ca®*];. bursts as measured from 7 CCD tubules.
E: quantification of the AVP-induced peak nucleotide concentrations with the biosensor approach. AVP induced apparent peak nucleotide concentrations of

~0.3 uM.

proximal tubules (38). Frequently, we observed an oscillating
[Ca®"]; signal in the biosensor cells. This is commonly found
in Ggq-coupled receptors when stimulated with low agonist
concentrations (2). In the experiments shown in Fig. 2B, a low
concentration of 0.1 pM ATP did not induce prominent
[Ca?*]; oscillations. The oscillatory [Ca®"]; signals in the
biosensor cells may therefore reflect rapidly changing nucleo-
tide concentrations in the luminal fluid. Other more refined
methods using e.g., nondesensitizing nucleotide outside-out
patches (e.g., with P2X, receptors) could be helpful (9). Using
hP2Y receptors in the biosensor cells allows detection of both,
UTP and ATP, which is relevant as the renal tubules are able
to respond to both of these nucleotides. This approach pre-
cludes from distinguishing which of the two nucleotides is
released.

Recent studies have shown that stimulation of membrane
receptors, which triggers an increase in [Ca®*];, also provokes
a parallel release of ATP. Most of these receptors are GPCRs,
which couple to an increase in [Ca?*]; via the generation of
IP3. The use of direct stimulation of G proteins with GTP-y-S
or the G protein activator compound 48/80 strongly suggests
that G protein activation is necessary for agonist-stimulated
ATP release (8, 24). In addition, most of these studies clearly
indicated that the intracellular Ca?* chelator BAPTA strongly

or completely inhibited the agonist-induced ATP release (8, 11,
18, 19). Receptor-independent [Ca®*]; elevations with, e.g.,
ionomycin or A23187 are apparently poor agonists to release
nucleotides (3, 8, 23). Additional evidence indicates that inhi-
bition of phosholipase C with U73122 can block agonist-
triggered ATP release (8, 19). Thus it appears likely that GPCR
agonists in general can trigger ATP release from many differ-
ent cell types. In this study, we present evidence which indi-
cates that AVP is able to trigger the secretion of nucleotides in
renal tubules. Three different experimental series were con-
ducted, two in the mTAL and one in the CCD. During the
experiments, the tubular and the biosensor [Ca’"]; was mea-
sured in parallel, and we found a reasonable temporal correla-
tion between the tubular [Ca?*]; signal and that induced in the
biosensor cells. In both tubular segments, we found a similar
pattern of AVP-induced nucleotide secretion. It appeared to
occur in bursts, which is then washed along with the tubular
fluid to be detected as a transient [Ca®*']; increase in the
biosensor cells. Our findings are supported by recent results
that show significantly reduced urinary ATP concentration in
mice after treatment with a V2 receptor antagonist (30).
Several studies have investigated AVP-induced [Ca®"]; sig-
naling in different thick ascending limb preparations and
showed a transient increase in [Ca®"]; where 10 nM AVP was
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found to induce a maximal effect (4, 12). Our study provides a
novel perspective of this phenomenon, namely, that the AVP-
induced [Ca®*]; increase is actually composed of numerous
randomly occurring, locally confined [Ca®"]; increases. When
this phenomenon is measured in the entire tubule, the single
effects likely meld to provide a smooth, seemingly global
[Ca®*]; transient. Rodent mTAL abundantly and predomi-
nantly expresses V2 receptors (12, 21), and our data with
dDAVP suggest that the [Ca®>*]; effect is mediated via this
receptor. This is supported from rat data, which indicate that a
V2 antagonist completely abrogated the AVP-induced [Ca?"];
increase (12). Some care must be taken with this conclusion as
the human V1b receptor can be activated with nanomolar
concentrations of dDAVP (33). Noteworthy, in rabbit cTAL
AVP increases [Ca®"]; via activation of the V1 receptor (22).
Thus our current data do not allow us to firmly conclude which
vasopressin receptor is activated and responsible for the AVP/
dDAVP-induced effect in mouse mTAL. In this context, it is
interesting to appreciate the rather atypical character of the
AVP-induced [Ca®"]; elevation in both the mTAL and CCD.
GPCR stimulation commonly increases [Ca®*]; shortly after
agonist addition, within the first very few seconds. In both
tubular segments, the AVP-induced [Ca®*]; transients/oscilla-
tions increase very slowly. In the mTAL, an integrated [Ca®*);
maximum is reached only between 20 and 40 s, and in the CCD
this is even longer and occurs after ~100 s. In Supplementary
Fig. 1, these pronounced kinetic differences are shown for
basolateral ATP and AVP in mouse CCD. These results could
argue against a direct effect of AVP on a vasopressin receptor
to induce [P3-dependent increases in [Ca®*]; and may indicate
that the AVP-induced tubular [Ca®*]; transient occurs second-
arily to other preceding but currently unknown processes. In
light of our findings, one may speculate that the AVP-induced
tubular [Ca®™"]; increase could encompass a paracrine puriner-
gic component.

In conjunction, we envisage the following integrative per-
spective of these results. Paracrine nucleotides are prominent
inhibitory modulators of renal tubular transport. This is best
described for ENaC-mediated Na* and AQP-2-mediated water
absorption in the cortical and inner medullary collecting duct.
The agonist AVP predominantly activates transport in the
collecting duct and the thick ascending limb. Thus these two
systems, ATP and AVP, apparently oppose each other’s trans-
port effects. We know that AVP regulates the activation of
transport and speculate that it in parallel, possibly at higher
concentrations, costimulates the release of nucleotides which
would oppose transport activation via a local inhibitory feed-
back signal.
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