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INTRODUCTION

Local purinergic signals modulate renal tubular transport. Acute activation of renal epithelial
P2 receptors causes inhibition of epithelial transport and thus, should favor increased
water and salt excretion by the kidney. So far only a few studies have addressed
the effects of extracellular nucleotides on ion transport in the thick ascending limb
(TAL). In the medullary thick ascending limb (mTAL), basolateral P2X receptors markedly
(~25%) inhibit NaCl absorption. Although this segment does express both apical and
basolateral P2Y;, receptors, acute activation of the basolateral P2Y, receptors had no
apparent effect on transepithelial ion transport. Here we studied, if the absence of the
P2Y, receptor causes chronic alterations in mTAL NaCl absorption by comparing basal
and AVP-stimulated transepithelial transport rates. We used perfused mouse mTALs to
electrically measure NaCl absorption in juvenile (<35 days) and adult (>35 days) male
mice. Using microelectrodes, we determined the transepithelial voltage (Vi) and the
transepithelial resistance (Rt) and thus, transepithelial NaCl absorption (equivalent short
circuit current, I's¢). We find that mTALs from adult wild type (WT) mice have significantly
lower NaCl absorption rates when compared to mTALs from juvenile WT mice. This could
be attributed to significantly higher Rigvalues in mTALs from adult WT mice. This pattern
was not observed in mTALs from P2Y; receptor knockout (KO) mice. In addition, adult
P2Y, receptor KO mTALs have significantly lower Vievalues compared to the juvenile.
No difference in absolute I'sc was observed when comparing mTALs from WT and KO
mice. AVP stimulated the mTALs to similar increases of NaCl absorption irrespective of the
absence of the P2Y;, receptor. No difference was observed in the medullary expression
level of NKCC2 in between the genotypes. These data indicate that the lack of P2Y,
receptors does not cause substantial differences in resting and AVP-stimulated NaCl
absorption in mouse mTAL.
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HCOjJ reabsorption (Bailey, 2004). In the collecting duct (CD),

The term purinergic signaling describes the cellular effects
mediated by binding of extracellular nucleotides and nucleo-
sides as local signaling molecules to adenosine or to P2 recep-
tors. Nucleotides bind to P2 receptors, which are divided into
G-protein coupled receptors (P2Y receptors) and ligand-gated
ion channels (P2X receptors). Purinergic signaling and modu-
lation of cell and organ function is ubiquitous involving most
areas of physiology and pathophysiology (Burnstock, 2007). In
renal epithelia, P2 receptors are expressed in all nephron seg-
ments and found both in the apical and basolateral membranes
(for review see Rieg and Vallon, 2009; Praetorius and Leipziger,
2010). The renal epithelial cell has been described to release
nucleotides under various conditions and is viewed as the pri-
mary source of extracellular ATP for paracrine signaling in the
kidney (Odgaard et al., 2009; Praetorius and Leipziger, 2010).
ATP is also found in trace amounts in the urine (Rieg et al.,
2007; Contreras-Sanz et al., 2012). Functionally, extracellular
nucleotides inhibit ion transport in the different renal tubular
segments. Specifically, in the proximal tubule, ATP decreases of

the epithelial sodium channel (ENaC)-dependent Na™t absorp-
tion (Lehrmann et al., 2002; Shirley et al., 2005; Pochynyuk et al.,
2008) and ROMK channel-dependent K™ secretion is inhibited
(Lu et al., 2000). Moreover, extracellular nucleotides reduce the
H, O absorption via Aquaporin-2 (AQP2) in the inner medullary
collecting duct (IMCD) (Kishore et al., 2009). In the thick ascend-
ing limb (TAL), extracellular ATP mediates an acute decrease in
the transepithelial NaCl transport via basolateral P2X receptors
(Silva and Garvin, 2009; Marques et al., 2012). Overall, puriner-
gic signaling results in inhibition of water and/or salt transport in
the kidney. It is currently viewed that intrarenal purinergic sig-
nals tonically dampen absorption and thus, act as an endogenous
diuretic system (Practorius and Leipziger, 2010).

The TAL is responsible both for the generation of the cortico-
medullary osmotic gradient and the dilution of the urine.
Absorption of Na™ and CI™ in TAL cells requires normal func-
tion of various ion transporters and channels. Na* and CI~ are
initially transported from the tubular lumen by the apical Na™,
K™, 2CI~ cotransporter (NKCC2). Na™ leaves the cytosol via
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the basolateral Na®, K*-ATPase, whereas Cl~ passes through
the basolateral chloride channel Kb (CIC-Kb) into the intersti-
tium following its electro-chemical gradient. The KT taken up by
NKCC2 is recycled through apical ROMK channels. This active
transport process produces a lumen-positive transepithelial volt-
age, which drives the paracellular transport of Nat, Ca?*, and
Mg?*. Measurements of the transepithelial electrical parameters
permits quantification of transepithelial NaCl transport (Greger,
1985).

In addition to basolateral P2X receptors (Marques et al., 2012),
the mouse TAL cells expresses P2Y, receptors in both apical
and basolateral membranes (Paulais et al., 1995; Jensen et al.,
2007). However, there is currently no evidence for a direct P2Y,
receptor-mediated modulation of the transepithelial ion trans-
port in this tubular segment. We recently described that acute
stimulation of the basolateral P2Y, receptor with UTP (100 uM)
had no apparent effect on Na™ and CI~ absorption in the iso-
lated perfused mTAL (Marques et al., 2012). The present study
was conducted to clarify a potential chronic effect of P2Y; recep-
tor deficiency on NaCl absorption, specifically in the mTAL. To
evaluate any changes on NaCl transport, the technique of isolated
perfused mTAL tubules was used to determine electrogenic Na™
reabsorption. The main finding of this study is that the resting or
AVP-stimulated NaCl absorption is similar in P2Y, WT and KO
mice. Thus, the P2Y, receptor appears to play no major role in
the regulation of mTAL NaCl reabsorption.

MATERIALS AND METHODS

ANIMALS

In this study, 3.5-8 weeks old male mice of mixed genetic back-
ground (B6D2/SV129) were used. The P2Y; receptor knockout
(KO) mice were bred from heterozygous families and genotyped
as described previously (Matos et al., 2005). Animals had free
access to standard rodent chow and tap water. The mice were
bred in house and handled according to Danish animal welfare
regulations.

TUBULE PERFUSION AND MEASUREMENT OF ION TRANSPORT IN
mTAL

Mice were sacrificed by cervical dislocation. The kidneys were
removed and placed in ice-cold control solution (see below)
before slicing and dissected as described before (Wright et al.,
1990). The dissection of mTAL tubules from the inner stripe
of the outer medulla was performed in control solution (see
below) placed in a chamber cooled to 4°C using fine watchmaker
forceps. The isolated nephron segment was transferred to a per-
fusion chamber at 37°C on an inverted microscope and perfused
by a system of concentric glass pipettes (Greger and Hampel,
1981) leaving the opposite end of the tubule open. Ion trans-
port in isolated perfused tubules was measured as previously
described using a double-barreled perfusion pipette (Lehrmann
et al., 2002). In summary, the transepithelial voltage difference
(Vie) was measured via one barrel between the lumen and a ref-
erence electrode placed in the bath. Through the other barrel a
small current pulse of 38.7 nA was injected into the tubular lumen
and measured as a voltage deflection (AVjy). The length and the
diameter of the tubules were documented with transmitted light

microscopy images to quantify the tubule’s cable properties. The
cable equation was then used to determine the resistance of the
tissue (Ree in © - cm?). Applying Ohn’s law, the equivalent short
circuit current (I'sc in LA/cm?2) was then calculated as a measure
of NaCl transport in the mTAL. In Figure 1l an original trace
with the used protocol is shown. After mounting the mTAL a
stable lumen-positive Vi was reached within some 10-15 min.
Transport was quantified after stable transport conditions were
reached for a period of 10min. The arrow in Figure1l shows
the time point from which the Vi and R¢ values were used.
The figure also displays an original effect of luminal furosemide
(100 uM) indicating complete and reversible inhibition of the
transport voltage.

WESTERN BLOTTING

Age matched (44—45 days) male WT and KO mice were anes-
thetized with isoflurane, surgically opened and the left ventricle
perfused with 20ml PBS to rinse all blood from the kidneys.
The mice were than sacrificed and the kidneys removed. The
inner stripe of the outer medullar was dissected from both kid-
neys and homogenised with a plastic pestle in ice cold 150 pl
lysis buffer (200 mM mannitol, 80 mM HEPES, 41 mM KOH,
pH 7.5) supplemented with protease and phosphatase inhibitor
cocktails (cOmplete ULTRA Roche, Switzerland). Homogenates
were then spun (4.000 rpm, 15 min, 4°C). Homogenisation and
centrifugation was performed three times. Supernatants (150 1)
were subjected to ultracentrifugation (20.800¢, 1h, 4°C). Pellets
(membrane fraction) were dissolved in 50 pl lysis buffer. Protein
concentration was determined with a Pierce® BCA Protein Assay
Kit (Pierce Biotechnology, USA).

Proteins were separated by 7.5% SDS-PAGE before trans-
ferring them to PVDF-plus transfer membranes (MSI, USA).
Membranes were blocked with non-fat dried milk (blocking grade
blocker, Biorad) overnight at 4°C. Primary antibody incubation
was done for 1h 40 min at room temperature (1:4000 in 5%
BSA PBS/0.5% Tween). The polyclonal NKCC2 antibody was
a kind gift from J. Loffing, Institute of Anatomy, University of
Zirich, Switzerland. Equal lane loading of the protein samples
was documented by B-actin detection (Pan Actin AB #4968, Cell
Signaling Technology, USA). Blots were incubated with horse-
radish peroxidase-conjugated anti-rabbit secondary antibody for

Stable transport

5min furosemide (100 pM)

FIGURE 1 | Original recording of the lumen-positive transepithelial
voltage (Vi) and voltage deflections (A V) in an isolated, perfused
mouse medullary thick ascending limb (mTAL). Steady state conditions
were reached after about 15 min. The arrow indicates the time point used
to quantify transport. In addition, the reversible blocking effect of luminal
furosemide (100 p M) is shown.
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1h at room temperature. Membranes were washed after both
antibody incubations (3 x 10 min in PBS/0.5% Tween and once
with PBS 5 min). Blots were analyzed with an enhanced chemilu-
minescence detection system (FPM-100A, GE Healthcare, USA).
Densitometry was performed with the Image]J (NIH, USA)
software.

SOLUTIONS AND CHEMICALS

Tubule perfusion experiments were performed at 37°C with the
following control solution (in mM): 145 NaCl, 1 MgCl,, 1.3 Ca-
gluconate, 5 D-glucose, 0.4 KH,POy4, 1.6 K;HPO4, 5 HEPES.
Solutions were titrated with NaOH to pH 7.4. All chemicals were
obtained from Sigma-Aldrich Denmark (Vallensbaek, Denmark)
and Merck (Darmstadt, Germany).

STATISTICS

The data is shown as mean and standard error of the mean
(mean =+ sem). For experimental series n reflects the number of
tubules used. On average 2 tubules were used from each mouse.
Comparison of linear regression slope differences was performed
in GraphPad Prism (vers. 4.02). Normal distribution was con-
firmed by the Kolmogorov-Smirnov test. Student’s t-test was
used in normal distribution series while for non-normal dis-
tributed series the Mann-Whitney test was used to compare mean
values. A p-value of <0.05 was accepted to indicate statistical
significance.

RESULTS

BASELINE TRANSPORT PROPERTIES OF mTAL FROM P2Y, RECEPTOR
WT AND KO MICE

To determine if the lack of the P2Y, receptors influences the
basal epithelial transport, we determined the steady state transep-
ithelial transport parameters (Vie, Ree and the derived I'y) in
isolated perfused mouse mTALs from WT and KO mice. All base-
line transport values were plotted as a function of mouse age
(Figure 2). This revealed a novel aspect of electrical transport data
in mouse mTAL. In WT mice the V¢, values appear stable, whereas
the R values apparently increase with age. As a consequence of
this, the calculated I’y values in older mice appear lower when
compared to younger mice. Thus, this non-homogeneous data
set precludes the direct comparison of the whole population from
WT and KO mice. To test for possible differences between trans-
port rates in mTAL from WT and KO mice, we divided the mice
into two groups. Mice younger than 35 days are still considered
juvenile and first viewed as adults after sexual maturation, which
occurs around 35 days of age (Safranski et al., 1993). Figure 3
shows the grouped data, one with juvenile mice (25-35 days) and
the other with adult mice (36-55 days). The adult WT mice show
a significant increase in R as compared to juvenile mice (p =
0.0027). This results in a significantly lower Na™ and CI~ absorp-
tion in the mTAL of adult WT mice (p = 0.0014). Interestingly,
this ontogenetic effect on R is not seen in P2Y, receptor KO
mice.

Surprisingly, in mTALs isolated from KO mice the V¢ values
clearly decreased with age. In contrast, the Vi, in WT mice did
not alter as a function of age (Figures 2A,D, significantly differ-
ent regression lines, p = 0.046). Thus, KO tubules of adult mice
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FIGURE 2 | Basal transport values (Vie, Rte, and I'sc) of mouse mTALs
plotted as a function of age (in days) of P2Y; receptor WT (A, B, C;

n = 30) and KO (D, E, F; n = 19) mouse. All 6 data panels include
regression line fits where the stippled lines indicate the 95% confidence
intervals.

showed a significantly decreased Vi, as compared with tubules
from juvenile KO mice (Figure 3). Subsequently, we compared
mTAL transepithelial transport data from juvenile WT with juve-
nile KO mice and adult WT with adult KO mice, which did not
reveal any statistical significant differences (Figure 3).

In summary, these data report that (1) mTALs from adult
WT mice have significantly lower NaCl absorption rates based on
significantly higher R¢e.values compared to tubules isolated from
juvenile mice. This pattern was not observed in mTALs from KO
mice. (2) mTALs from adult KO mice have significantly lower
Ve values, which leads to a lower but non-significant (p = 0.08)
reduction of NaCl absorption. (3) No difference was observed
between tubules from WT and KO mice when comparing the
absolute I’sc data. Importantly, these data do not support higher
NaCl absorption rates in the mTAL of P2Y; receptor KO mice as
suggested by elevated NKCC2 protein expression, which was pre-
viously documented in these mice (Rieg et al., 2007; Zhang et al.,
2011).

EXPRESSION OF NKCC2 PROTEIN IN MOUSE P2Y, WT AND KO mTALs

Subsequently, we also performed the analysis of NKCC2 protein
expression in membrane fractions from the inner stripe of the
outer medullar (ISOM) in 3 P2Y, WT and 3 P2Y, KO mice. The
data are depicted in Figure 4. To our surprise, we found no appar-
ent up-regulation of NKCC2 protein in ISOM of P2Y, KO mouse
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FIGURE 3 | lon transport parameters in mTALs (A: V¢, B: Ree, and C:
I's¢) from juvenile (25-35 days) and adult (35-55 days) P2Y; receptor
WT and KO mice (*statistical significance p < 0.05).
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FIGURE 4 | Western blot revealing similar expression of NKCC2 in P2Y,
receptor WT and KO (n = 3 each) inner stripe of outer medulla kidney
tissue. Right side: The NKCC2 densitometric analysis is shown in reference
to the equal dye loading control with B-actin.

kidney. Thus, these data are in contrast to those reporting up-
regulation of NKCC2 protein expression in P2Y, KO mice (Rieg
etal., 2007; Zhang et al., 2011).

AVP-STIMULATED Nacl TRANSPORT IN mTALs FROME P2Y,

RECEPTOR WT AND KO MICE

NaCl transport in the mTAL can be stimulated with hormones,
such as AVP. This can be observed by a marked increase of Vi
values after AVP addition in isolated perfused mTALs (Wittner

A B
10 &
s 5
ES 2
s 2
o s
5 E n=6

5min AVP (10 nM)

FIGURE 5 | AVP-stimulated NaCl transport increases in P2Y> receptor
WT and KO mTALs. (A) An original recording of the AVP-induced (10 nM)
NaCl transport stimulation, in a P2Y, receptor WT mouse mTAL. (B)
AVP-stimulated NaCl transport was studied in P2Y; receptor WT (n = 11)
and KO mice mTALs (n = 6). Summary of this results is presented as
transport changes (Al'sc) in NaCl transport.

et al., 1988). In this series of experiments, we studied the AVP-
stimulated activation of NaCl transport in mTALs from P2Y,
receptor WT and KO mice to determine, if the lack of this
purinergic receptor may have influenced the tissues functional
responsiveness. An original experiment in a tubule from a WT
mouse is shown in Figure 5A. In this original experiment, addi-
tion of basolateral AVP (10 nM) induced a slow (within minutes)
increase of Vi from +6 mV to +9.5mV reaching stable maxi-
mum values after about 10 min. The mean V. increase in mTALs
from WT mice was 2.5 & 0.33mV (n = 11), whereas the mean
Ve increase in mTALs from KO mice was 2.2 + 0.38 mV (n = 6).
In Figure 5B, this transport activation is depicted for the entire
series and shows an increase in . of 814 & 86 jLA/cm? in mTALs
WT mice (n = 11). In mTALSs from KO mice AVP induced sim-
ilar increases of transport that amounted to 667 + 117 pA/cm?
(n = 6). These results indicate that the absence of the P2Y, recep-
tor has no apparent effect on AVP-induced transport activation in
mouse mTAL.

DISCUSSION

The P2Y) receptor is important in the regulation of transepithe-
lial transport in the distal convoluted tubule (DCT) and CD. The
acute stimulation of the receptor inhibits both Na® and Ca?*
reabsorption in the DCT (Koster et al., 1996), ENaC-dependent
Na™ reabsorption in the cortical CD (Lehrmann et al., 2002) and
water reabsorption in the IMCD (Kishore et al., 2009). In the
TAL, the P2Y, receptor was found in the apical and basolateral
membranes, and stimulation of these receptors on either side trig-
gered an increase of [Ca®*]; (Paulais et al., 1995; Jensen et al.,
2007). The flow-induced increase of [Ca?*]; in mouse mTAL was
found to be mediated by the activation of these apical and basolat-
eral P2Y; receptors (Jensen et al., 2007). However, it is currently
not understood, which biological role this receptor may serve in
this nephron segment. Insulin is shown to enhance transepithe-
lial transport in this segment in a Ca?*-dependent fashion (Ito
et al., 1995). Since the P2Y, receptor stimulation causes signifi-
cant increments in [Ca?t];, a straightforward hypothesis would
be that the P2Y, receptor would stimulate transport. However,
in a previous study, we did not find any effect of acute addition
of basolateral UTP on the transepithelial electrical parameters in
mouse mTAL (Marques et al., 2012). This finding is substantiated
by another study, where the oxygen consumption was used as a
measure of TAL transport activity, which also failed to show major
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effects of P2Y, receptor activation on the transport (Silva and
Garvin, 2009). Interestingly, two independent studies have shown
a substantial increase in medullary but not cortical NKCC2 pro-
tein expression in the TAL of P2Y, receptor KO mice compared
to WT (Rieg et al., 2007; Zhang et al., 2011, 2013). It was there-
fore likely to assume that NaCl absorption could be increased in
mTAL of P2Y; receptor KO mice. This notion was corroborated
by data showing an increased furosemide-induced Na™ excretion
in the P2Y; receptor KO mouse (Rieg et al., 2007; Zhang et al.,
2013). In this study we directly addressed whether the NaCl trans-
port rates are actually increased in the KO animals as compared
to controls. Surprisingly, we found that the resting I’ that quan-
titatively reflects the rate of NaCl absorption was not different in
WT and KO mTALs. We therefore repeated the original protein
expression experiments using the same NKCC2 antibody as used
in the Rieg et al. paper (Rieg et al., 2007). Importantly, we can-
not reproduce the results of an increased expression of NKCC2
protein in mTAL (Rieg et al., 2007; Zhang et al., 2011). Our exper-
iments show no apparent difference in NKCC2 protein expression
between P2Y, WT and KO mouse ISOM. A likely explanation
for this discrepancy may be found in the different genetic back-
grounds of the P2Y, knock-out mice used in the Rieg et al. and
Zhang et al. paper as compared to our study. Whereas the for-
mer studies were conducted in mice on a C57BL/J6 and a B6D2
background our results were generated in mice bred on a mixed
genetic (B6D2/SV129) background. In our study the unaltered
NaCl transport rates therefore correlated with an apparently unal-
tered level of NKCC2 expression. The conclusion in our study
that NKCC2 expression is not different has to be taken with some
caution based on the limited number of 3 WT and 3 KO mice,
respectively. When inspecting Figure 4, one could speculate that
NKCC2 expression may be lower in our P2Y, KO mixed genetic
background mouse strain. Seen in conjunction with the trans-
port data, the I'sc was tentatively but not significantly smaller
in adult KO mouse mTAL as compared to adult WT mTAL
(Figure 3C). Eventually, it should be interesting but also a tour
de force to revisit this question by also using the P2Y, recep-
tor knock-out mouse back-crossed into the C57BL/J6 genetic
background.

We extended this study to include measurement of transport
after stimulation with AVP in WT vs. KO tubules. We found that
AVP (10nM) robustly stimulated NaCl absorption in all stud-
ied tubules independent of the presence of the P2Y, receptor.
In summary, we conclude that mTAL tubules from P2Y, recep-
tor deficient mice show intact resting and AVP-stimulated NaCl
absorption, which is not different from WT controls.

Strictly speaking is it not correct to conclude that the trans-
port properties of mTALs were similar in WT and KO mice. The
transport of ions in the TAL also involves the paracellular route,
which in this tubular segment is cation selective permitting trans-
port of Nat, Ca>*, and Mg?*. The present study indisputably
shows that the driving force for the paracellular transport, i.e., the
Vie values, is similar in WT and KO mice. The permeability and
the tightness of the paracellular shunt are critically dependent of
the set of different claudins that are expressed in the epithelial
barrier (Gunzel and Yu, 2013). In native respiratory epithelium,
P2Y receptors have indeed been reported to acutely regulate of
the paracellular shunt permeability (Poulsen et al., 2006). In this
study, we were able to detect subtle ontogenetic differences in the
R¢e values in between the P2Y, WT and KO mice, which may hint
to a role of purinergic signaling in the regulation of the paracel-
lular shunt. Moreover, did we detect lower Vi values in adult KO
mice as compared to juvenile, a finding, which was not seen in
the wild type (WT). It is thus fair to speculate that subtle trans-
port differences may indeed exist in the P2Y, receptor deficient
mice.

In conclusion, the mTAL of P2Y, receptor KO mouse shows
an essentially normal transport function in terms of electro-
genic transepithelial NaCl absorption during resting or AVP-
stimulation. The normal mTAL function in P2Y, KO mice of
mixed genetic background correlated with an unaltered expres-
sion level of NKCC2.

ACKNOWLEDGMENTS

We greatly appreciate the expert technical assistance from Helle
Jacobsen and Edith B. Mgller. We also thank Dr. B. Koller who
originally produced the P2Y; receptor knock-out mouse. Funding
was provided by the Danish Medical Research Council.

REFERENCES

Bailey, M. A. (2004). Inhibition of
bicarbonate reabsorption in the
rat proximal tubule by activa-
tion of luminal P2Y1 receptors.
Am. ]. Physiol. Renal Physiol. 287,
F789-F796. doi: 10.1152/ajprenal.
00033.2004

Burnstock, G. (2007). Physiology and
pathophysiology ~ of  purinergic
neurotransmission.  Physiol.  Rev.
87, 659-797. doi: 10.1152/physrev.
00043.2006

Contreras-Sanz, A., Scott-Ward, T. S.,
Gill, H. S., Jacoby, J. C., Birch, R.
E., Malone-Lee, J., et al. (2012).
Simultaneous quantification of 12
different nucleotides and nucleo-
sides released from renal epithelium
and in human urine samples using

ion-pair  reversed-phase HPLC.
Purinergic Signal. 8, 741-751. doi:
10.1007/s11302-012-9321-8
Greger, R. (1985). Ion transport mech-
anisms in thick ascending limb
of Henle’s loop of mammalian
nephron. Physiol. Rev. 65, 760-797.
Greger, R., and Hampel, W. (1981). A
modified system for in vitro per-
fusion of isolated renal tubules.
Pfliigers Arch. Eur. ]. Physiol. 389,
175-176. doi: 10.1007/BF00582110
Gunzel, D., and Yu, A. S. (2013).
Claudins and the modulation of
tight junction permeability. Physiol.
Rev. 93,525-569. doi: 10.1152/phys-
rev.00019.2012
Ito, O., Kondo, Y., Takahashi, N.,
Omata, K., and Abe, K. (1995). Role
of calcium in insulin-stimulated

NaCl transport in medullary thick
ascending limb. Am. J. Physiol. 269,
F236-F241.

Jensen, M. E., Odgaard, E., Christensen,
M. H., Praetorius, H. A. and
Leipziger, J. (2007). Flow-induced
[Ca?t]; increase depends on
nucleotide release and
quent purinergic signaling in
the intact nephron. J. Am. Soc.
Nephrol. 18, 2062-2070. doi:
10.1681/ASN.2006070700

Kishore, B. K., Nelson, R. D., Miller,
R. L., Carlson, N. G., and Kohan,
D. E. (2009). P2Y(2) receptors
and water transport in the kidney.
Purinergic Signal. 5, 491-499. doi:
10.1007/s11302-009-9151-5

Koster, H. P. G., Hartog, A., van
Os, C. H,, and Bindels, R. J. M.

subse-

(1996). Inhibition of Nat and Ca?*
reabsorption by P2U purinoceptors
requires PKC but not Ca?* signal-
ing. Am. J. Physiol. 270, F53-F60.

Lehrmann, H., Thomas, J., Kim, S. J.,
Jacobi, C., and Leipziger, J. (2002).
Luminal P2Y, receptor-mediated
inhibition of Na™ absorption in iso-
lated perfused mouse CCD. J. Am.
Soc. Nephrol. 13, 10-18.

Lu, M., MacGregor, G. G., Wang,
W., and Giebisch, G. H. (2000).
Extracellular ATP inhibits small-
conductance K channels on the api-
cal membrane of the cortical col-
lecting duct from mouse kidney.
J. Gen. Physiol. 116, 299-310. doi:
10.1085/jgp.116.2.299

Marques, R. D., de Bruijn, P. I,
Sorensen, M. V., Bleich, M,

www.frontiersin.org

October 2013 | Volume 4 | Article 280 | 5


http://www.frontiersin.org
http://www.frontiersin.org/Renal_and_Epithelial_Physiology/archive

Marques et al.

P2Y, and mTAL transport

Praetorius, H. A., and Leipziger,

]. (2012).  Basolateral  P2X
receptors ~ mediate  inhibition
of NaCl transport in mouse

medullary thick ascending limb
(mTAL). Am. ]. Physiol. Renal
Physiol. 302, F487-F494. doi:
10.1152/ajprenal.00570.2011

Matos, J. E., Robaye, B., Boeynaems,
J. M., Beauwens, R., and Leipziger,
J. (2005). Kt secretion activated
by luminal P2Y, and P2Y, recep-
tors in mouse colon. J. Physiol.
564, 269-279. doi: 10.1113/jphys-
101.2004.080002

Odgaard, E., Praetorius, H. A., and
Leipziger, J. (2009). AVP-stimulated
nucleotide secretion in perfused
mouse medullary thick ascending
limb and cortical collecting duct.
Am. ]. Physiol. Renal Physiol. 297,
F341-F349. doi: 10.1152/ajprenal.
00190.2009

Paulais, M., Baudouin-Legros, M., and
Teulon, J. (1995). Extracellular ATP
and UTP trigger calcium entry
in mouse cortical thick ascend-
ing limbs. Am. J. Physiol. 268,
F496-F502.

Pochynyuk, O., Bugaj, V., Rieg, T,
Insel, P. A., Mironova, E., Vallon,
V., et al. (2008). Paracrine reg-
ulation of the epithelial Na+
channel in the mammalian col-
lecting duct by purinergic P2Y2
receptor tone. J. Biol. Chem. 283,
36599-36607. doi:  10.1074/jbc.
M807129200

Poulsen, A. N., Klausen, T. L.,
Pedersen, P. S., Willumsen, N.
J., and Frederiksen, O. (2006).
Nucleotide regulation of paracel-
lular CI(-) permeability in natural
rabbit airway epithelium. Pfliigers
Arch. Eur. ]. Physiol. 452, 188-198.
doi: 10.1007/s00424-005-0023-8

Praetorius, H. A., and Leipziger, J.
(2010). Intrarenal purinergic signal-
ing in the control of renal tubu-
lar transport. Annu. Rev. Physiol.
72, 377-393. doi: 10.1146/annurev-
physiol-021909-135825

Rieg, T., Bundey, R. A, Chen, Y,
Deschenes, G., Junger, W., Insel, P.
A, et al. (2007). Mice lacking P2Y2
receptors have salt-resistant hyper-
tension and facilitated renal Na+
and water reabsorption. FASEB J.
21, 3717-3726. doi: 10.1096/f).07-
8807com

Rieg, T., and Vallon, V. (2009). ATP
and adenosine in the local reg-
ulation of water transport and
homeostasis by the kidney. Am.
J. Physiol. Regul Integr. Comp.
Physiol. 296, R419-R427. doi:
10.1152/ajpregu.90784.2008

Safranski, T. J., Lamberson, W. R., and
Keisler, D. H. (1993). Correlations
among three measures of puberty
in mice and relationships with
estradiol concentration and ovula-
tion. Biol. Reprod. 48, 669—673. doi:
10.1095/biolreprod48.3.669

Shirley, D. G., Bailey, M. A., and Unwin,
R. J. (2005). In vivo stimulation

of apical P2 receptors in collect-
ing ducts: evidence for inhibition of
sodium reabsorption. Am. J. Physiol.
Renal Physiol. 288, F1243-F1248.
doi: 10.1152/ajprenal.00152.2004
Silva, G. B., and Garvin, J. L. (2009).
Extracellular ATP inhibits transport
in medullary thick ascending limbs:
role of P2X receptors. Am. J. Physiol.
Renal Physiol. 297, F1168-F1173.
doi: 10.1152/ajprenal.00325.2009
Wittner, M., Di, S. A., Wangemann,
P.,, Nitschke, R., Greger, R., Bailly,
C., et al. (1988). Differential effects
of ADH on sodium, chloride,
potassium, calcium and magne-
sium transport in cortical and
medullary thick ascending limbs of
mouse nephron. Pflugers Arch. 412,
516-523. doi: 10.1007/BF00582541
Wright, P. A., Burg, M. B., and Knepper,
M. A. (1990). Microdissection of
kidney tubule segments. Methods
Enzymol. 191, 226-231. doi:
10.1016/0076-6879(90)91015-X
Zhang, Y., Li, L., Kohan, D. E,
Ecelbarger, C. M., and Kishore,
B. K. (2013). Attenuation of
lithium-induced natriuresis and
kaliuresis in P2Y2 receptor knock-
out mice. Am. J. Physiol. Renal
Physiol. 305, F407-F416. doi:
10.1152/ajprenal.00464.2012
Zhang, Y., Listhrop, R., Ecelbarger,
C. M,, and Kishore, B. K. (2011).
Renal sodium transporter/channel
expression and sodium excretion
in P2Y2 receptor knockout mice

fed a high-NaCl diet with/without
aldosterone infusion. Am. J. Physiol.
Renal Physiol. 300, F657-F668. doi:
10.1152/ajprenal.00549.2010

Conflict of Interest Statement: The
authors declare that the
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

research

Received: 13 May 2013; accepted: 18
September 2013; published online: 09
October 2013.

Citation: Marques RD, Praetorius HA
and Leipziger ] (2013) P2Y, receptor
knock-out mice display normal NaCl
absorption in medullary thick ascending
limb. Front. Physiol. 4:280. doi: 10.3389/
fphys.2013.00280

This article was submitted to Renal and
Epithelial Physiology, a section of the
journal Frontiers in Physiology.
Copyright © 2013 Marques, Praetorius
and Leipziger. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or repro-
duction in other forums is permitted,
provided the original author(s) or licen-
sor are credited and that the original
publication in this journal is cited, in
accordance with accepted academic prac-
tice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Physiology | Renal and Epithelial Physiology

October 2013 | Volume 4 | Article 280 | 6


http://dx.doi.org/10.3389/fphys.2013.00280
http://dx.doi.org/10.3389/fphys.2013.00280
http://dx.doi.org/10.3389/fphys.2013.00280
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Renal_and_Epithelial_Physiology
http://www.frontiersin.org/Renal_and_Epithelial_Physiology
http://www.frontiersin.org/Renal_and_Epithelial_Physiology/archive

	P2Y2 receptor knock-out mice display normal NaCl absorption in medullary thick ascending limb
	Introduction
	Materials and Methods
	Animals
	Tubule Perfusion and Measurement of Ion Transport in mTAL
	Western Blotting
	Solutions and Chemicals
	Statistics

	Results
	Baseline Transport Properties of mTAL from P2Y2 Receptor WT and KO Mice
	Expression of NKCC2 Protein in Mouse P2Y2 WT and KO mTALs
	AVP-Stimulated NaCl Transport in mTALs frome P2Y2 Receptor WT and KO Mice

	Discussion
	Acknowledgments
	References


