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SUMMARY
As renal tissue oxygen tension (Pop,) is determined by the balance between oxygen supply and consumption, direct tissue Po,
measurements are essential when evaluating the presence of hypoxia. The present study aimed at evaluating invasively and
continuously the renal medullary and cortical tissue Po, by novel fibre-optic probes in rats subjected to acute unilateral ureteral
obstruction (AUUO). In parallel, regional blood flow measurements were obtained by MRI to investigate the relationship between
regional blood flow and tissue oxygen tension. The abundance of transport proteins was determined by immunoblotting. In the
obstructed kidney, AUUO caused a prompt decrease in medullary tissue Pg, to 60% of baseline level whereas cortical tissue Po,
was unchanged. By contrast, tissue Po, slightly increased in the non-obstructed kidney. These changes developed during the first
30min after AUUO and persisted for the 3h observation period. Medullary blood flow declined 1.5-2 h after induction of AUUO to
61% of baseline level in the obstructed kidney. By contrast, cortical blood flow increased to 108% of baseline level in the non-
obstructed kidney. Finally, the abundance of phosphorylated aquaporin 2 decreased significantly in the obstructed kidney
medulla, but increased in the obstructed kidney cortex. The Na*/K*-ATPase abundance increased in the obstructed kidney
medulla whereas the Na'/K*/2CI~ co-transporter abundance remained unchanged in the obstructed kidney. In conclusion,
measurements of regional blood flow reflect tissue Po, changes during AUUO suggesting that reduced regional blood flow is a

predictor of local hypoxia. Furthermore, the abundance of major transport protein is independent of tissue Po,.

Key words: kidney, hypoxia, perfusion.

INTRODUCTION
Local oxygen tension reflects the balance between oxygen delivery
and oxygen consumption (Brezis et al., 1994a; Brezis et al., 1994b),
making direct tissue oxygen measurements essential when evaluating
the presence of potential regional hypoxia. The kidney is particularly
vulnerable to medullary ischemia as the renal medulla of mammalian
kidneys operates in a state of relative hypoxia (Neuhofer and Beck,
2006) predominantly as a result of relatively small inner-medullary
blood flow (Brezis and Rosen, 1995). In parallel, as the delivery of
oxygen to the medulla depends on cortical oxygen tension, the
occurrence of cortical hypoxia may reduce medullary oxygen
tension (O’Connor et al., 2006). The primary oxygen consuming
activity in the kidney is tubular reabsorption of electrolytes,
facilitated specifically by sodium transport proteins. The oxygen-
consuming Na'/K*-ATPase localized along the entire nephron
drives the secondary active sodium transport mediated by various
sodium transport proteins, amongst others, the Na'/K'/2CI™ co-
transporter (NKCC2) in the medullary thick ascending limb (TAL)
of Henle’s loop. Previous studies have revealed a reduced abundance
and activity of these sodium transport proteins in response to
ischemia (Kiroytcheva et al., 1999; Van Why et al., 1994; Wang et
al., 1998). Furthermore, medullary oxygen tension increases in rats
treated with furosemide which blocks NKCC2 (Brezis et al., 1994a).
Besides electrolyte reabsorption, urine concentration requires high
collecting duct water permeability, allowing the osmotically driven
movement of water from the lumen to the interstitium. This is
accomplished by aquaporin (AQP2) phosphorylation followed by
insertion of AQP2-bearing subapical vesicles into the apical
membrane of the collecting duct principal cells (Nielsen et al., 2002).

The renal blood distribution is complex and differently regulated
in specific regions. Therefore, the kidney constitutes an ideal organ
to study whether regional blood flow reflects local tissue oxygen
tension. Furthermore, acute unilateral ureteral obstruction (AUUO)
results in marked haemodynamic changes in the ipsilateral, obstructed
kidney, usually characterized by an early hyperaemic phase (1-2h),
increasing renal blood flow (RBF) (Dal et al., 1977), and then by a
vasoconstrictive phase (>3h), showing reduced RBF (Harris and
Yarger, 1974; Moody et al., 1975). The regional blood flow
distribution during AUUO has been intensively investigated and the
dominant finding is a reduced medullary blood flow (MBF) as early
as 30min after onset of the obstruction (Schwartz et al., 1977; Solez
etal., 1976; Sweeney et al., 2001; Wahlberg et al., 1984). The cortical
blood flow (CBF) has usually been found to have a pattern similar
to the total RBF (Sweeney et al., 2001; Wahlberg et al., 1984), except
in a study by Chen et al., who demonstrated that AUUO immediately
reduces CBF in the obstructed rat kidney (Chen et al., 2001). Blood
flow in the contralateral, non-obstructed kidney is less well described,
but the few studies done indicate that it either remains stable or
increases slightly (Heyman et al., 1997; Solez et al., 1976; Wahlberg
et al., 1984). Accordingly, AUUO is suspected to cause medullary
hypoxia in the obstructed kidney because of a reduced MBF and
oxygen uptake. However, this correlation has, to our knowledge, never
been demonstrated experimentally and thus AUUO constitutes a useful
model for studying whether regional blood flow measurements are
useful for estimation of tissue oxygen tension in specific organ regions.

We hypothesize that AUUO provokes prompt changes in the
intrarenal blood supply in parallel with counter current regulations
in local oxygen tension. Thus, the present study aimed to evaluate
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invasively and continuously the local oxygen tension in the renal
tissue using novel fibre-optic probes, and was performed
simultaneously in both cortical and medullary parts of the kidney
in an AUUO rat model. The regional renal blood flow during AUUO
was evaluated non-invasively by magnetic resonance imaging
(MRI). Finally, the abundance of major sodium transport proteins
and aquaporins was determined in specific kidney zones to evaluate
whether local oxygen tension regulates the abundance of transport
proteins involved in the oxygen-consuming tubular transport
mechanisms.

MATERIALS AND METHODS
Ethical approval
The animal protocols were approved by the board at the Institute
of Clinical Medicine, University of Aarhus, according to the
licenses for use of experimental animal issued by the Danish
Ministry of Justice.

Animal handling
The study was performed with male Munich-Wistar rats (Ratus
norvegicus albinus Berkenhaut 1769) weighing 250 g (Mellegaard,
Aarhus, Denmark).

Protocol 1
Unilateral ureteral obstruction (UUQO) was induced and simultaneous
measurements of partial pressure of oxygen (Po,) of obstructed and
non-obstructed cortex and medulla were measured in each animal
with oxygen-sensitive sensors secured in a fixed position throughout
the entire experimental protocol (0-3h, N=8). Sham-operated
controls were prepared in parallel (N=3). A period of Smin was
used to normalize the mean Po, level to 100%. In the UUO group,
obstruction was initiated after 10min, and Po, was successively
recorded for up to 3h at 155 intervals.

Protocol 2
UUO was induced (N=5) and sham-operated controls were prepared
in parallel (N=7). CBF and MBF were determined by MRI before
and at 1.5-2h after onset of the obstruction.

Protocol 3
UUO was induced for 2h (N=7) and sham-operated controls were
prepared in parallel (N=7). The kidneys were removed and prepared
for immunoblotting.

Surgical procedure

The rats were inhalation anaesthetized with 2% isoflurane (Abbott,
Solna, Sweden) in conjunction with O, (21min™") and nitrous oxide
(0.21min™") and placed on a heating pad to maintain rectal
temperature at 37-38°C during the entire experimental period in all
three protocols. The left ureter was exposed through a midline
abdominal incision, and the midportion of the ureter was occluded
with a 3-0 silk ligature. Sham-operated controls were prepared in
parallel. Protocol 1: before obstruction, the oxygen optodes were
placed and secured in a fixed position in the two kidney zones (cortex
and medulla), and the kidney surface was covered with a cotton
swap wetted with saline. Baseline Pp, was measured for 10 min
before ureteral obstruction was induced.

Optical measurement of molecular oxygen (protocol 1)
For optical measurement of partial pressure of molecular oxygen,
a novel micro-optode sensor was used (PreSense GmbH,
Regensburg, Germany), consisting of a laser light source to
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illuminate the sensor, an optical fibre as signal transducer, a photo
detector and the optical sensor. The micro-optode consists of a plastic
syringe (diameter=7 mm), which houses the optical fibre with the
optical sensor on its tapered tip (diameter=30 wm). The mechanism
behind this fibre micro-optode is described by Gansert et al.
(Gansert et al., 2001). In brief, oxygen as a triplet molecule is able
to quench the fluorescence and phosphorescence of certain
luminophores. This effect is called dynamic fluorescence quenching.
The relationship between the oxygen concentration in the sample
and the luminescence intensity, as well as the luminescence lifetime,
is described by the Stern—Volmer equation:

I S 0
I, 1, 1+K [02}

where [y and / are the luminescence intensities in the absence and
presence of oxygen, and Ty and T are the respective luminescence
lifetimes. The quenching constant K quantifies the quenching
efficiency and therefore the sensitivity of the sensor. The quenching
effect is highly specific for molecular oxygen. Effects of varying
pH, ionic species and other solutes in the sample are avoided by
embedding the oxygen sensitive indicator (the luminophore) in an
ion-impermeable matrix. In contrast to amperometric oxygen
electrodes, micro-optodes are in a thermodynamic equilibrium and
not in a steady state. Therefore, no oxygen is consumed during the
measurement and the signal is independent of changes in flow
velocity. The system measures the luminescence lifetime of the
immobilized luminophore as the oxygen-dependent parameter. The
luminophore is applied as an extremely thin coating on the tip of
the optical fibre. A phase-modulation technique is used to evaluate
the lifetime of the indicators. If the luminophore is excited with a
frequency-modulated light source, its lifetime causes a time delay
of the emitted light signal. In other words, this delay is the phase
angle between the exciting and the emitted signal. The phase angle
is shifted as a function of the oxygen concentration and is inversely
proportional to it. For calibration, the micro-optode-specific phase
angle in air-saturated water (P,0) and in oxygen-free water (D)
need to be determined over the operational temperature range of
the experiment. The quenching constant (K) is calculated as:

1
K= TAN(®,,)/ TAN(®,) -1+ f

100% , )

where fis a constant value for a given sensor type. We used a sensor
type with 37.5kHz excitation frequency (/=0.85). Since @,y and ®,
change nearly linearly with temperature, K is also a nearly linear
function of temperature within the range 2-30°C. The oxygen
concentration (Co,) in water as a percentage of air saturation at a
given temperature is then calculated as:

~ TAN(®, ) / TAN(®, )
* K[TAN(®,)/ TAN(®)) | -1+ f

3)

with ®,, the measured value of the phase angle. According to
Henry’s law, the saturated Cp, in water is most simply calculated
as:

Co2 =—, 4)

where Po, is the partial pressure of oxygen in air at atmospheric
conditions, Cy the number of moles H,O per litre and Ko, the
solubility coefficient of oxygen in water. The temperature
dependence of Ko, can be calculated as:

Ko, =0.0729 X T+ 2.69%4 , (5)
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derived from linear regression analysis of Ko, values determined
at different temperatures (Von Willert et al., 1995).

Measurements of renal blood flow (protocol 2)

Magnetic resonance imaging was performed with a Philips Intera
1.5 T clinical system (Philips Medical Systems, Best, The
Netherlands) equipped with actively shielded magnetic field
gradients with a maximal amplitude of 23 mTm™!. Radiofrequency
excitation was performed using the integrated body-coil. For
radiofrequency reception, a surface coil with a diameter of 4cm
was employed. The animal was placed supine with the kidneys
placed above the imaging coil.

To avoid movements of the kidneys during free breathing and
magnetic susceptibility artefacts related to the adjoining bowel, an
in-house-made plastic holder was used to block the movements of
the kidneys and isolate them from bowel loops while avoiding
compression of the parenchyma and renal vessels. High-resolution
T2-weighted images were initially generated by a spin-echo pulse
sequence to allow accurate discrimination between cortical and
medullary components. Sequence parameters were as follows:
recovery time (fg)=2500ms, echo time (#)=100ms, slice
thickness=2 mm, field-of-view=13X10cm, and the acquisition and
reconstruction matrix was 256X256. Number of data averages was
16 to improve the signal-to-noise ratio.

Perfusion weighted imaging was employed using a dynamic
susceptibility weighted fast gradient echo sequence. Approximately
10s after start of data acquisition, a single bolus of the iron-
containing agent Sinarem (Guerbet, Paris, France) was administered
rapidly in less than one second, which corresponded to a dose of
90umol Fekg™. A dynamic series of 120 images was obtained
using the following sequence parameters: fr/tg/flip angle=
12ms/4ms/9 deg., allowing images to be acquired with an interval
of 0.6s. Acquired slice thickness was 2mm, and acquired spatial
resolution was 64X 128, but reconstructed to a 256 X256 matrix to
allow overlaying upon the anatomical weighted image. Analyses
were done according to Aumann et al. (Aumann et al., 2003), using
the software Mistar (Apollo Imaging Techology, Melbourne,
Australia) with a two compartment model incorporating a
deconvolution of an arterial input function with the renal tissue
response.

Membrane fractionation for immunoblotting (protocol 3)
The tissue [in the three zones: cortex, inner stripe of outer medulla
(ISOM), and inner medulla (IM)] were homogenized by an Ultra-
Turrax T8 homogenizer (IKA Labortechnik, Staufen, Germany) in
ice-cold isolation solution containing 0.3 mol ™! sucrose, 25 mmol 1!
imidazole, 1 mmoll™! EDTA, 8.5 umol I leupeptin (Sigma-Aldrich,
St Louis, MO, USA), 0.4mmoll™" pefabloc (Roche, Basel,
Switzerland), and for IM: sodium orthovanadate (Sigma-Aldrich),
NaF (Merck, Whitehouse Station, NJ, USA), and okadic acid
(Calbiochem, San Diego, CA, USA), pH7.2. The homogenates were
centrifuged at 1000 g for 15 min at 4°C to remove whole cells, nuclei
and mitochondria. Gel samples were prepared from the supernatant
in Laemmli sample buffer containing 2% SDS and dithiothreitol.
The total protein concentration of the homogenate was measured
using a Pierce BCA protein assay kit (Roche, Basel, Switzerland).

Electrophoresis and immunoblotting (protocol 3)
Membrane fractionation samples were run on 12% polyacrylamide
gels (Bio-Rad, Mini Protean II, Hercules, CA, USA). For each gel,
an identical gel was run in parallel and subjected to Coomassie Blue
staining. The Coomassie-Blue-stained gel was run to ascertain

identical loading or to allow for correction. The proteins were
transferred to a nitrocellulose membrane (Hybond ECL RPN3032D,
Amersham Pharmacia Biotech now GE Healthcare, Uppsala,
Sweden) and after transfer, the blots were blocked with 5% milk
in PBS-T (80mmoll' Na,HPO4;, 20mmoll™! NaH,POy,
100mmol ™" NaCl, 0.1% Tween 20, pH7.5), and incubated
overnight at 4°C with primary antibodies. The antigen—antibody
complex was visualized with horseradish peroxidase-conjugated
secondary antibodies (P448 or P447, 1:3000; DAKO, Glostrup,
Denmark) using the enhanced chemiluminescence system
(Amersham Pharmacia Biotech). The ECL films were scanned using
a Hewlett-Packed Scanjet scanner and densitometry was performed
on the bands using the NIH ImageJ densitometric analysis software.

Primary antibodies (protocol 3)

For semi-quantitative immunoblotting we used previously
characterized antibodies as follows: (1) an affinity-purified
polyclonal antibody to AQP2 (Nielsen et al., 2006), (2) a monoclonal
antibody against the oj-subunit of Na*/K*-ATPase (Kashgarian et
al.,, 1985), (3) an affinity-purified polyclonal antibody to AQP2
phosphorylated at serine 256 (K0O407), a new antibody raised against
the same sequence of immunizing peptide (GRRQS(P)VELHSPC)
as previously described (Christensen et al., 2000), (4) an affinity-
purified polyclonal antibody to NKCC2 (1495), a new antibody
raised against the same sequence of immunizing peptide
(EYYRNTGSVSGPKVNRPSLQEC) as previously described
(Ecelbarger et al., 1996). The specificity of these two new antibodies
was evaluated by, (1) detection of the immunizing peptide on dot-
blots using immune serum, (2) detection of pS256-AQP2 and
NKCC2 in a rat kidney protein sample on immunoblots using
affinity-purified antibody showing bands identical to those seen with
the previously characterized antibodies, and (3) ablation of pS256-
AQP2 and NKCC2 detection when antibodies are pre-incubated with
the immunizing peptide.

Statistical analysis

Measurements of Po, relative to baseline levels were averaged for
all animals, and the plots (mean * s.d.) of cortex and medullar were
made for both the obstructed and non-obstructed kidney. MBF and
CBF measurements relative to baseline levels were averaged for all
animals (mean + s.e.m.). Statistical comparisons (control kidney
versus obstructed kidney and control kidney versus non-obstructed
kidney) were calculated using unpaired #-tests for normally
distributed data, or by a Mann—Whitney rank-sum test
(immunoblotting of Na’/K"-ATPase in cortex). The densitometric
data derived from the immunoblotting is presented as a percentage
of the sham-operated levels. Statistical analysis was performed on
percentage data and is presented as mean + s.e.m. P-values of <0.05
were considered statistically significant.

RESULTS
Unilateral ureteral obstruction promptly reduces renal
medullary tissue oxygen tension
Consecutive Pp, measurements following AUUO revealed a rapid
decrease in renal medullary tissue oxygen tension in the obstructed
kidney during the first 30 min after onset of the obstruction to 60%
of baseline levels, which persisted during the remaining observation
period (in total 3 h; Fig. 1 B). Tissue oxygen tension in the obstructed
kidney cortex showed no change in response to AUUO (Fig. 1A).
In the non-obstructed kidney, AUUO caused a small increase in
tissue oxygen tension in both medulla and cortex (Fig. 1C,D). The
onset of this increase was delayed approximately 10 min compared
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Fig. 1. Oxygen tension in obstructed and non-obstructed
kidney. A period of 5min was used to normalize the

mean Po, level to 100%. In the UUO group, obstruction

was initiated after 10 min, and Po, was successively

recorded for up to 3 hours at intervals of 15s.

Measurements of Po, relative to baseline levels were
averaged for all animals (N=8), and plotted as means +
s.d. of cortex and medulla. (A,B) Cortical Po, in the
obstructed kidney remained at baseline level (A), whereas
medullary Po, in the obstructed kidney decreased rapidly

during the first 30 min of UUO (B). (C,D) Cortical and

C Non-obstructed kidney cortex D UUCl)\lon-obstructed kidney medulla

medullary Po, in the contralateral kidney increased slightly
during the first 45 min of UUO.

Relative Po, (%)

0 30 60 9 120 150

180 0 30 60 90
Time (min)

with the reduced medullary tissue oxygen tension observed in the
obstructed kidney, although the variation in Po, was generally high.
The relative Po, level remained unchanged during the 3h study
period in the sham-operated rats, and we found no difference
between the sham-operated and the contralateral kidney in this group
(data not shown).

Acute unilateral ureteral obstruction changes regional renal blood
flow

Changes in regional renal blood flow during AUUO were
determined in the obstructed and the non-obstructed kidney by MRI.
In parallel, we measured the regional renal blood flow in sham-
operated control animals and found no difference between the sham-
operated kidney and the contralateral kidney in these control
animals (data not shown). Therefore, we choose to use only the
measurements from the sham-operated kidney as control data in the
analysis. The renal blood flow was measured at two time points, at
baseline and at 1.5-2h after onset of UUO, and CBF and MBF are
presented as percentage changes. MBF was significantly reduced
to 61+£9% of baseline level in the obstructed kidney compared with
100+£6% of baseline level in the sham-operated control kidney
(P<0.01; Fig.2). In the non-obstructed kidney, MBF was comparable
with the sham-operated control kidney level. Furthermore, CBF
increased significantly to 108+2% of baseline levels in the non-
obstructed kidney compared with 97+2% of baseline levels in the
sham-operated control kidney (P<0.01; Fig.2), but remained
unchanged in the obstructed kidney.

Two hours of UUO increases NKCC2 abundance in the non-
obstructed kidney

Active sodium chloride reabsorption via NKCC2 in the medullary
TAL is a major determinant of medullary oxygen consumption, as
inhibition of NKCC2 by loop diuretics clearly increases medullary
tissue oxygen tension (Brezis et al., 1994a). The abundance of
NKCC2 in the ISOM (representing medullary TAL) of the
obstructed kidney was comparable to that of the sham-operated
controls. However, in the non-obstructed kidney NKCC2 abundance
increased significantly to 123% of the levels in the sham-operated
kidney (P<0.05; Fig.3).

120 150 180

Na*/K*-ATPase abundance is increased in obstructed kidney inner
medulla

Na'/K*-ATPase, is localized in the basolateral membrane of the renal
tubular cells and plays a fundamental role in active sodium transport
across the renal tubular epithelium (Baskin and Stahl, 1982; Katz,
1982). Na"/K"-ATPase protein abundance was significantly increased
to 119% of the sham-operated kidney levels in the obstructed kidney
IM (P<0.05; Fig.4) but remained comparable with the sham-operated
kidney levels in the non-obstructed kidney IM. In ISOM and cortex,
2h of UUO caused no significant change in Na'/K'-ATPase
abundance in either the obstructed kidney or the non-obstructed kidney
compared with the levels in the sham-operated kidney (Fig.4).

Two hours of UUO enhances cortical, total AQP2 abundance
Non-phosphorylated AQP2 localized in subapical vesicles in the
collecting duct principal cells is oxygen-independent and so not
expected to be influenced by hypoxia (Nielsen et al., 1995).

P<0.01 [ Non-obstructed

120 P<0.01 — [] Obstructed

. Il Sham
& 100 -
(0]
2
c 80+
<
o
8 601
e}
o
S 40
o]
©
S 201
o

O d

Inner medulla Cortex

Fig. 2. Relative changes in the medullary and cortical blood flow in UUO
rats (N=5) and sham-operated rats (N=7) determined by MRI; measures
acquired before UUO are regarded as baseline values. The MBF was
significantly reduced in the obstructed kidney from UUO rats compared with
the sham-operated kidney (P<0.01). The CBF in the non-obstructed kidney
was significantly enhanced compared with the sham-operated control
kidney (P<0.05). Each bar represents mean + s.e.m.
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Fig. 3. NKCC2 abundance in inner stripe of outer medulla (ISOM) from rats
subjected to 2h UUO (non-obstructed right kidney, obstructed left kidney;
N=7) and sham-operated rats (sham, N=7). NKCC2 abundance significantly
increased in the non-obstructed kidney compared with the sham-operated
kidney (P<0.05), whereas NKCC2 abundance in the obstructed kidney
remained unchanged. Each bar represents the mean + s.e.m.

However, the AQP2 antibody labels total AQP2 abundance
including phosphorylated AQP2 (pAQP2), and therefore changes
in pAQP2 are potentially reflected in the total AQP2 abundance.
This study showed no change in medullary, total AQP2 abundance
in the obstructed and the non-obstructed kidney compared with the
sham-operated kidney levels. In both the obstructed and the non-
obstructed kidney, the cortical, total AQP2 abundance increased
significantly to 120+5% and 146+12% of sham-operated kidney
levels, respectively (P<0.05; Fig.5).

Cortical and medullary pAQP2 in the obstructed kidney is
differently regulated in AUUO

Water transport across the apical plasma membrane of the collecting
duct principal cells is facilitated by pAQP2 (Katsura et al., 1997).
The water transport uses no oxygen but phosphorylation of AQP2 is
oxygen-consuming and thus medullary hypoxia may influence pAQP2
abundance. Two hours of UUO caused a significant reduction in
obstructed kidney inner medullary pAQP2 abundance to 66+3% of
the sham-operated kidney levels (P<0.001; Fig. 6). By contrast, cortical
PAQP2 abundance slightly increased in the obstructed kidney to
117+2% of the sham-operated kidney levels in response to 2h UUO
(P<0.05; Fig. 6). No significant differences were observed in the inner
medullary or cortical pAQP abundance in the non-obstructed kidney
compared with the sham-operated kidney.

DISCUSSION

We investigated whether cortical and medullary tissue Po,s reflect
regional renal blood flow in AUUO and thus if blood flow
measurements can be used as a predictor of hypoxia. Medullary
tissue Po, in the obstructed kidney decreased during the first 30 min
of UUO whereas cortical tissue Pg, increased in the non-obstructed
kidney. In agreement with these findings, there was a reduction in
MBEF in the obstructed kidney and a concurrent increase in the non-
obstructed kidney CBF. Finally, our study showed that renal
transport protein abundance changed independently of tissue Po,
in specific kidney zones.

M | —— S

ISOM |—n-—-» < - m--...--——-wv-——-—--u—ﬂ|

Cortex |_—--—--——.—¢-—-——ﬁ—.*——d|

Obstructed

Non-obstructed Sham

140 q Pf&qs [ Non-obstructed

[] Obstructed
Il Sham

120
100
801
60 1
40
201

Na,K-ATPase expression % of sham

Cortex

Inner medulla Inner stripe of

outer medulla

Fig.4. Na*/K*-ATPase abundance in inner medulla (IM), inner stripe of
outer medulla (ISOM), and cortex from rats subjected to 2h UUO (non-
obstructed right kidney, obstructed left kidney; N=7) and sham-operated
rats (sham, N=7). Na*/K*-ATPase abundance increased significantly in
obstructed kidney IM compared with the sham-operated kidney. No
significant changes in Na*/K*-ATPase protein level were found in ISOM or
cortex UUO. Each bar represents mean + s.e.m.

Acute unilateral ureteral obstruction influences renal regional blood
flow

Renal regional blood flow in ureteral obstruction has been intensively
investigated using a wide range of methods, and it is generally
accepted that medullary blood flow rapidly declines in response to
elevated renal pelvic pressure (Heyman et al., 1997; Schwartz et al.,
1977; Solez et al., 1976; Sweeney et al., 2001; Wahlberg et al., 1984).
Consistently, non-invasive MRI measurements of renal regional blood
flow in rats subjected to 1.5-2h UUO showed a marked reduction
in MBF to 60% of baseline level. As MBF relies on the descending
vasa recta, a low pressure vascular system, MBF is susceptible to the
enhanced intrapelvic pressure in AUUO which may compress the
vessels and thus reduce blood flow. Less is known about regional
blood flow distribution in the non-obstructed kidney. Wahlberg et al.
(Wahlberg et al., 1984) showed a tendency towards an increased blood
flow in all kidney zones in response to 2h UUO, whereas other studies
have described the regional blood flow as comparable to a control
group (Heyman et al., 1997; Solez et al., 1976). The present study
demonstrated a significantly enhanced CBF in the non-obstructed
kidney using non-invasive MRI. Contrast-enhanced dynamic MRI
allows non-invasive measurements of the renal handling of water,
including determination of CBF and MBF. However, these
calculations are based on the assumption that cortex and medulla
exhibit two-compartmental behaviour, and that the relationship
between MRI signal and concentration is known. Our findings should
therefore be used on a relative basis and not in absolute units.

Renal regional blood flow measurements reflects regional tissue
oxygenation in AUUO
Blood flow is occasionally used as a determinant of the tissue Po,
and a markedly reduced blood flow is considered as an indicator of
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Fig.5. Total AQP2 abundance in inner medulla (IM) and cortex from rats
subjected to 2h UUO (non-obstructed right kidney, obstructed left kidney;
N=7) and sham-operated rats (sham, N=7). UUO for 2h resulted in a
significantly enhanced levels of cortical AQP2 protein in both the obstructed
and non-obstructed kidney compared with that in the sham-operated kidney
(P<0.05). AQP2 abundance in non-obstructed and obstructed kidney IM
was comparable to that sham-operated kidney. Each bar represents mean
+s.e.m.

hypoxic injury although tissue Po, also depends on oxygen
consumption in the specific tissue of interest. As regional renal blood
flow and oxygen consumption are highly complex this assumption
may not be correct in AUUO. To preserve the medullary osmotic
gradients and to enhance urinary concentration the renal MBF and
tissue Po, are relatively low, and even small reductions in MBF may
cause hypoxic injury (for a review, see Brezis and Rosen, 1995). Our
study demonstrated a clear association between regional blood flow
distribution and tissue Po, during the first hours of UUO as both the
MBEF and tissue Po, were clearly reduced in the obstructed kidney,
whereas CBF and tissue Pg, increased in the non-obstructed kidney.
The kidney has developed a number of defensive strategies to prevent
hypoxic injury, involving vasodilatation of the descending vasa recta
mediated by prostaglandins and the nitric oxide (NO) system which
by increasing MBF reduces the osmotic gradients and thus decreases
oxygen consumption by active solute transport (Agmon and Brezis,
1993; Agmon et al., 1994; Brezis et al., 1991; Chou et al., 1990).
Furthermore, prostaglandins have a direct inhibitory effect on active
transport in medullary TAL (Lear et al., 1990). These regulatory
mechanisms are consistent with the previously mentioned studies
showing an exacerbated MBF decline during AUUO when inhibiting
the prostaglandin and the NO system (Heyman et al., 1997). The
present study showed that this defence strategy was insufficient in
preventing a decreased Po,, at least during AUUO, using novel micro-
optodes, which have the advantage of accurately measuring the
intrarenal oxygenation without consuming oxygen itself.
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Fig. 6. Phosphorylated AQP2 (pAQP2) abundance in kidney inner medulla
(IM) and cortex from rats subjected to 2h UUO (non-obstructed right
kidney, obstructed left kidney; N=7) and sham-operated kidney (sham,
N=7). pAQP2 protein level decreased significantly in obstructed kidney IM
(P<0.01), but increased in the obstructed kidney cortex compared with the
level in the sham-operated kidney (P<0.05). No changes in pAQP2
abundance were observed in the non-obstructed kidney. Each bar
represents mean + s.e.m.

Renal transport protein abundance is regulated independently of
regional oxygen supply

The major renal oxygen consumption is devoted to active solute
transport along the nephron, in particular the establishment of the
cortico-medullary concentration gradient by secondary active
sodium reabsorption via NKCC2 in TAL driven by the Na"/K'-
ATPase (Brezis et al., 1994a). Furosemide treatment, which blocks
NKCC2, results in higher tissue oxygenation in the rat renal
medulla (Brezis et al., 1994a) indicating an association between
NKCC2 activity and oxygen consumption. Therefore, it may be
speculated that inhibition of active solute transport would tend to
reduce the need for oxygen during pathological conditions with a
limited oxygen supply, and a possible mechanism for direct
inhibition of active transport could be a decreased abundance of
major transport proteins. However, the present study showed no
clear association between the abundance of sodium transport
proteins and tissue Po,, as NKCC2 was unchanged and Na/K*-
ATPase was actually significantly increased in the hypoxic,
obstructed kidney medulla. As the present study determined the
protein abundance and not the activity of the transport proteins we
cannot exclude the possibility that changes in transport protein
activity may play a role in the obstructed kidney medulla (Molitoris
et al., 1991; Molitoris et al., 1992).

Water diffuses passively across the tubular epithelium via the
aquaporins and although the water transport itself consumes no
oxygen, phosphorylation of AQP2 is an oxygen-consuming process
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which is necessary for placement of the protein in the apical
membrane of the collecting duct principal cells (for a review, see
Nielsen et al., 2002). Total AQP2 abundance was unchanged in
obstructed kidney medulla but interestingly, oxygen-dependent
phosphorylation of AQP2 decreased significantly in the hypoxic,
obstructed kidney medulla, suggesting that phosphorylation is
susceptible to hypoxia. However, AQP2 phosphorylation is
influenced by a number of hormones including prostaglandins and
angiotensin Il known to be regulated in ureteral obstruction (Frokiaer
et al., 1992; Frokiaer and Sorensen, 1995; Norregaard et al., 2005;
Pimentel et al., 1995). This complex regulation of AQP2
phosphorylation is further emphasized by the enhanced abundance
of both total AQP2 and pAQP2 in obstructed kidney cortex which
may be a compensatory mechanism to ensure high collecting duct
water permeability.

Surprisingly, AQP2 and NKCC2 abundance were increased in the
contralateral, non-obstructed kidney compared with sham-operated
control kidneys, an upregulation not observed after 24h UUO (Li et
al., 2003a; Li et al., 2003b). The mechanism behind these changes
needs to be further elucidated but it might be speculated that the
modestly increased CBF in the non-obstructed kidney could play a
role in the AQP2 and NKCC2 upregulation. However, previous studies
investigating CBF in the contralateral kidney have revealed either
unchanged (Heyman et al., 1997) or only slightly and non-significantly
increased CBF during AUUO (Wahlberg et al., 1984). These studies
used quite different methods (laser-Doppler and microsphere
technique) to measure the CBF, which may explain the discrepancy
with our study. Other factors such as angiotensin II and the
prostaglandins may be involved in AQP2 and NKCC2 upregulation
as these two signalling mechanisms regulate AQP2 and NKCC2 in
the normal kidney (Kwon et al., 2003; Kwon et al., 2005) and have
been shown to influence the renal haemodynamic during AUUO
(Frokiaer et al., 1996; Frokiaer et al., 1993).

In conclusion, we demonstrate that renal tissue Po, measurements
are highly correlated with regional blood flow distribution in
response to AUUO in both the obstructed and the non-obstructed
kidney. MBF and tissue Pg, decreased significantly in the obstructed
kidney whereas CBF and tissue Pg, increased in the non-obstructed
kidney. Therefore, this study indicates that regional blood flow
measurements can be used as predictors of local hypoxia during
ureteral obstruction and potentially also in other conditions
associated with renal ischemia. Finally, the abundance of major
transport proteins changed independently of the regional changes
in tissue Po, during AUUO and only phosphorylation of AQP2 seem
to be susceptible to hypoxia.

LIST OF ABBREVIATIONS
AQP2 aquaporin 2
AUUO acute unilateral ureter obstruction
CBF cortical blood flow
GFR glomerular filtration rate
M inner medulla
ISOM inner stripe of outer medulla
MBF medullary blood flow
MRI magnetic resonance imaging
NKCC2 Na'/K*/2CI” co-transporter
NO nitric oxide
pAQP2 phosphorylated aquaporin 2
Po, oxygen tension
RBF renal blood flow
TAL thick ascending limb
te time of echo
R time of recovery
Uuuo unilateral ureteral obstruction
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