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Summary. Using a newly developed platinum-O2-microeletrode [30] based on 
the design of SILV~I~ [37] the construction and properties of which are described, 
io0~-measurements in the parenchyma of the blood-perfused and the cell-free per- 
fused rat kidney were carried out. 

By continuous recording of the 100~ during slow (i50 ~ • rain -1) insertion of 
the Oz-eleetrode into the respiring tissue two regions of distinctly different mean 
pO2-values were found. In  the outer region which extends from the renal surface 
to a depth of about 3--4 mm (corresponding ana%omicatly with the renal cortex) 
large 100,-differences exist close to each other. In the blood-perfused kidney the 
maximum cortical pO2-values lie in the range of arterial 1002 the lowest values at 
about 10 Torr. In  the cortex of the cell-free perfused kidney the maximum pO 2- 
values lie considerably below the arterial 1o03. 

In  both the blood perfused and in the cell-free perfused kidney at centripetal 
movement of the O~-electrode the cortical region of high and fluctuating ioO~ is 
followed by a narrow zone (.~ 200 ~ radial extension) of a steep decrease of the 
mean pOa. At further insertion in both preparations the p0~ remains at low 1002- 
values of ca. 10 Tort. Anatomically, this latter region of low and constant ~02 
corresponds to renal medulla and pelvis. 

By recording the decrease of parenchymal poe after sudden stop of the per- 
fusion attempts were made at measuring the critical local O2-supply pressure. In  
the cortex of the cell-free perfused kidney critical local 0~-supply pressures be- 
tween 6 and 28 Tort with a maximum abundance at 8 Torr were found. 

The qualitative and quantitative implications of the presented data on,the 
conditions of parenchymal 02-supply are discussed. The results are interpreted as 
an indication for the arteriovenous shunt (bypass)-diffusion of considerable amounts 
of oxygen, especially under the conditions of the cell-free perfusion. ]Furthermore, 
it follows from the data presented that even at high venous Oz-pressures and high 
mean i00a-va]ues in the parenchyma regions of local anoxia may exist. 

Key- Words: O~-lVIicroeleetrodes -- Measuring of Local p02 -- Shunt-Diffusion 
of 02 -- Critical O~-Supply Pressure -- Oxygen Tension in the Kidney. 

Schl~sselwfirter: Sauerstoff-Mikroelektroden -- Lokale TO2-NIessung -- O~-Dif- 
fusions-Shunt -- Kritiseher Sauerstoffdruck -- Sauerstoffdrucke in der Iqiere. 

The oxygen con ten t  of the blood in  the renal  ve in  is comparat ively  
high. The renal  ar ter io-venous (a-v) oxygen difference amoun t s  to 
only 1 --1.5 vol-~ while m a n y  other  organs extract  4 - - 5  vol-~ of the 
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oxygen supplied. The low renal oxygen extraction indicates special 
conditions regarding the oxygen supply and/or the oxygen demand of 
the respiring cells. I f  in the kidney--l ike in all other organs studied--  
oxygen moves from the capillaries to the cells by  diffusion only, measure- 
ments of local O~-pressures in the respiring tissue should provide infor- 
mation on the special conditions regarding the oxygen supply of this 
organ. 02-pressures in renal tissue have so far been measured with 
O~-electrodes of rather large diameter ( ~  15 ~) [1--5]. Within the cortex 
an almost homogenous field of high O~-pressure ( ~  80 Torr), and 
within medulla and pelvis a similarly homogenous 02-pressure between 
20 and 40 Torr was found [1,2,5]. However, in a tissue with a high rate 
of respiration, like the renal cortex, one would expect relatively large 
O~-pressure differences in close proximity. Thus we suspected that  the 
low power of spacial resolution of the 02-electrodes used had obscured 
02-pressure gradients existing across small distances. Even at  high 
mean O~-tissue pressures and at  high O~-pressures in the blood of the 
renal vein, in the parenchyma small hypoxie areas may exist. For an 
evaluation of the oxygen supply it  is, therefore, not sufficient to know 
merely the mean O~-pressure averaged over relatively large spaces. 

With the aim of obtaining data which would allow a more detailed 
assessment of the oxygen supply of the mammalian kidney we have 
measured local 09-pressures in the rat  kidney in situ, and in the isolated 
cell-free perfnsed organ. A new type of platinum O~-mieroelectrode, 
based on the design of SILV~ [37], possessing high time and spacial 
resolution, has been developed. Since the validity of the implications 
drawn from the O~-pressure data depends largely on the technique of 
measurement, the construction and the properties of the electrode are 
described. 

As was to be expected from measurements with electrodes of higher 
spatial resolution, in the renal cortex considerable 02-pressure gradients 
within small distances were found. The lowest cortical O~-pressures lay 
far below the 02-pressure in the renal vein. In  the outer medullary 
region the pO 2 decreased to very low values, suggesting shunt diffusion 
of oxygen. 

Material and Methods 

Albino rats from the Hannover-Wistar strain of 250--300 g body weight were 
used throughout the experiments. The animals were narcotized by i.m. injections 
of 150 nag • kg -1 Inaktin (Promonta). The kidneys were exposed by abdominal 
midsection. During the in-si~u experiments artificial respiration through a tracheal 
eannula w~th air from a Starling pump was carried out. In order to prevent move- 
ments of the kidneys due to heart beat and respiration the organs were held in 
a tight fitting perspex cup attached to an adjustable tripod arm. The renal capsule 
was removed over the site selected for insertion of the Oe-eleetrode. A small perspex 
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plate with an oval hole in the centre was put under slight pressure on the renal 
surface in a position which placed the oval hole over the site to be punctured. 
The O~-eleetrodes were held in a micromanipulator (Leitz). An adjustable con- 
tinuous movement of the electrode through the tissue was achieved by a ssulchro- 
nons motor belt-driving the fine movement screw of the manipulator, thus pro- 
riding a smooth movement of sufficient uniformity. All data from experiments 
with continuously moving electrodes were obtained at a velocity of 150 ~ X rain -1. 
For  the isolation and artificial perfnsion of ra t  kidneys a modified method of 
WEISS et at. [45] which has been previously described in this journal (LEIC~TWEISS 
et al. [26]) was used. The isolated kidneys were fixed, deeapsulated and punctured 
with the O~-electrodes in the manner described above for the in-situ preparation. 
The isolated organs were kept at 38~ in a thermostatically controlled bath of 
physiological saline. The ureter was sectioned at the excision of the organ. During 
the experiments uretal peristalsis and urine flow were maintained. I f  not  otherwise 
stated for the perfusion an osmotically and colloidosmotically isotonic solution of 
3,5 g Haemaeeel/litre (R) (Behringwerke) of the following composition was used: 
(in mMol/1) NaC1 t45.0; KC1 5.1; CaCI~. 3.2; glucose 4.0; bovine albumin, puriss 
(Behringwerke) 1.0 g/litre; pH 7.35. The medium was saturated at 38 ~ C with pure 
oxygen under atmospheric pressure. Perfnsion flow was measured in the venous 
outflow by an electromagnetic flow meter. Statham elements were used for the 
measurement of perfusion pressure in an arterial side arm. The perfusion pressure 
was obtained from an oxygen pressure bottle and adjusted by a pressure-reducing 
valve. For  the measurement of arterial and venous O~-pressures the plat inum--  
"micro"-electrode of NIessr. Beckman Inc., for the measurement of tissue O~-pres- 
sures a newly elaborated platinum O~-electrode (L~BBERS et al. [30]) based on the 
design of SILVER [37] was used. 

Functions o/ the Isolated Kidney  Preparation 

At flow rates between 3 and 15 ml • g - l •  rain-1 which are obtained at per- 
fusion pressures between 50 and 180 mm Hg the glomerular filtration rate (GFR) 
lies between 0 and 0.8 ml • g-1 • rain-1. Autoregulation of flow, i.e. the ability 
to keep relatively constant the perfusion flow in spite of variations of perfnsion 
pressure, is maintained. The U/P  inulin ratio reaches 11. The urine is usually 
slightly hypotonie (U/Pestle1 = 0.8--1.0). The urine-pH lies at 6.4--6.8. 97 - -99% 
of the filtered glucose are resorbed. The percentage of sodium resorbed from the 
filtered load decreases from 97~ at small loads (GFR 0.2 ml • g - l •  rain-l) to 
650/0 at the highest GFR (0.8 ml • g-1 • rain-l). U/P  Na-values range between 
0.4 and 0.95, U /P  K-values between 1.5 and 10. High U/P  K-ratios are observed 
with low U / P  Na-ratios, low U/P  K-ratios go together with high U/P  Na-ratios. 
Within a range of flow rates from 0.3--0.8 ml •  • rain -~ the 0~- consumption 
is linearly related to the perfnsion flow. At  constant flow the 02-consumption 
remains practically constant for up to 120 rain. At  flow rates of 3 ml • g-1 • rain-1 
the mean oxygen consumption lies at 0.025 ml 0~ • g - l •  rain -1, at the highest 
flow rates (16 ml • g-1 • rain-l), the mean 02-consumption lies at 0.12 ml X g-1 
• min-L The mean ATP (nueleosidtriphosphate) content of 12 kidneys perfused 
for 10 and 30 min resp. was found at 1.1 ~ reel X g-1. A complete and uniform 
perfusion of all sections of the isolatedorgans could be demonstrated radiographically 
by the injection of radio-opaque material. The reactivity of the vaseulature to 
arterenol, 5-hydroxytryptamine and their antagonists priscoline and lysergie acid 
diaethylamide remains unaltered during the perfusion. 
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Construction and Properties o/the 0 3 Platinum Microe~ectrode 

A method first described by SILVER [37] has been modified: Pieces of platinum 
wire of 90--100 mm length (99.9990/0 Pt) and 0.2 mm diameter are clamped in 
a vertical position. 10--20 mm of the free end are submerged in a solution of 
K C ~  (8.5 moles/l) contained in a cylindrical hole dnUed into a block of solid 
graphite. Upon connection of the graphite block and the platinum wire to a source 
of ca. 3 volt a.c. a current begins to flow which, initially, should reach a current 
density at  the surface of the platinum wire of 60--100 mA • (mm2) -1. Under 
these conditions the tip diameter of the platinum wire will be reduced to about 
0.3--0.25 ~ i f - -a t  constant vol tage-- the current has dropped to ca. 40~ of its 
initial value. Subsequently the wires are cleaned in concentrated HC1, rinsed with 
destilled water and kept in pure ethanol. Glas tubes (Normalthermometerglas, 
16 III)  of 100 mm length and 3- -4  mm outer diameter are cleaned by supersonic 
waves in a bath of equal parts of 10% RBS-solution (Fa. Roth, Karlsruhe) and 
methanol. The rinsed and dried tubes are drawn to capillaries. With the aid of 
a micromanipulator the etched platinum wires are inserted into the capillaries. 
With an electrically heated loop of chromium-nickel-wire the platinum wire is 
melted into the capillaries. During the process of melting the capillary tube with 
the inserted platinum wire is held in a vertical position. At  the lower end of the 
tube a weight of 4 g is attached. By the weight the softened glas is drawn in a thin 
layer over the tip of the wire. Finally the film of glas usually ruptures in such 
a way as to leave free the conical tip of the platinum wire. Subsequently the elec- 
trodes are checked for electrical conduction. The dry electrodes are dipped several 
times 20--30 mm deep into a solution of 1.5% Polystyro11 in carbon-tetraehIoride. 
The submerged surface of the electrodes has to be moistened completely and 
bubble-free. During 5 hours in a drying oven at 50~ the solvent evaporates and 
the electrodes are covered with a thin transparent layer of Polystyrol. After 
keeping them for 24 hours in destilled water they are ready for 02-measure- 
ments. The outside diameter of the measuring tip of such electrodes hes between 
1--3 bt. 

For  calibration solutions of physiological saline equilibrated at  37~ under 
atmospheric pressure with mixtures of O 2 and N~ in different proportions were 
used. The gas mixtures were analysed after SC~O~DER.  Since the calibration 
curves for 03 are linear between 0 and 760 Tort, 3 different gas mixtures only 
were used for calibration. At a pO~ of 100 Tort the electrode current lies between 
0.1 and 0.5 hA. 90~ of the steady state deflection are attained in ~ 2 see (overall 
t ime for the complete measuring setup i.e. electrode and low impedance nanoam- 
meter). The response time and the difference between the deflection at  measuring 
in a stirred and at measuring in an unstirred medium depends on the thickness of 
the Polystyrol membrane. With membranes of average thickness the difference 
amounts to ~ 5~ For 60~ of the electrodes a calibration check after 1 hour 
revealed a practically unaltered sensitivity. The sensitivity of the other electrodes 
showed an average decrease of about 100/o. 

The measuring circuit consists of the Pt-electrode, the medium, a separate 
Ag-AgCl-reference electrode--which is placed on the humid surface of the organ--  
a shielded constant voltage supply providing the polarising tension of 700 mV, 
and a hA-amplifying meter (Fa. Knick, Berlin, type N 13) of a full scale sensitivity 
of 10 -11 A. The d.e. resistance of the 02-electrodes in the polarised state lies at 
10 TM ohms. 

1 Our thanks are due to Fa. BASF, Ludwigshafen, for samples of Polystyrol 
I I I  003. 
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Results 

1. Continuous Measurements el Local On-Pressures in the Blood-Per]used 
Rat Kidney in Situ 

In  Fig. 1 the local pO 2 is pIo%ed on the ordinate against the depth 
of insertion of the O~-electrode into the renal tissue on the abscissa. 
Zero on the abscissa corresponds to pO2-values at  the renal surface. 
Due to the exposition to open air the latter values are not representing 
the surface pO z under physiological conditions. From Fig. 1 it can be 
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Fig. 1 A-- C. Tissue 20a-values of 3 blood-perfused rat kidneys in situ. Measurements 
were taken with pO~-microelectrodes during continuous insertion of the electrodes 
at constant speed (150 it• In the experiments of Fig.lA and B the elec- 
trodes had the general direction of electrode E2, in Fig.t C that of electrode E1 in 
the schematic drawing (for further explanation see text). Ordinates: 202; Abscissae: 

Depth of insertion of electrodes 

seen that  within the cortex (0 to 3- -4  mm depth) large differences of 
pO~ exist close to each other. The highest pO~-values correspond 
roughly with those in the arterial blood. The lowest values lie significantly 
below the pO~-values in the renal vein as quoted in the literature. 
Within a layer of about 200 ~x thickness situated at a depth of ca. 3 to 
4 mm the pO~ drops steeply to values of about 10 Torr, Subsequently, 
during further insertion of the O~-elec~rode into the kidney for a con- 
siderable distance the p02 remains practically constant at this level. 
In  the experiment represented by Fig. 1 C at a depth of 6.5 mm the ~00~ 
increases steeply and reaches values corresponding to those measured 
within the first 3 - -4  mm of insertion. The extension of the region of 
low and rather constant ~00~ depends on the direction of the electrode 
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movement relative to the kidney. Preliminary gauge measurements in 
kidneys which were sectioned along the intrarenal path of the electrode 
showed that  the regions of low and almost constant pOs and the zones 
of high and fluctuating pO~ correspond with the length of the intrarenal 
electrode paths in pelvis and medulla and in the cortex respectively. 

PO 2 
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[To~r] 

m 

o 

Medulla 
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Fig.2. Cortical mean TO2-values (averaged over distances of 100 [z) of the kidney 
of Fig.lA. Ordinate: ~Os, Abscissa: Percentage distance from the renal surface 

to the cortico-medullary boundary. For further explanations see text 

The size of the outer region of high and fluctuating ~0~ varies 
considerably from one kidney to another. In  order to facilitate comparison 
of data obtained from different kidneys we have standardized the 
distance between the renal surface and the 200 ~ wide region of steep 
change of p02 by calling this distance 100~ Thus Fig.2 contains the 
mean pOs-values (averaged over distances of 100 ~) measured in the 
experiment of Fig. 1 A plotted in percentage of the distance from the 
renal surface to the cortieo-medullary boundary. In  the outer 300]0 of 
the distance (corresponding to ca. l mm depth) regularly a mean pOs 
above that  of the deeper cortical regions is found. In the deeper cortical 
regions TO2-values above 50 Torr rarely occur. In Fig.3 the frequency 
distribution of pO2-values in the cortex is shown. Almost 500/0 of all 
values lie in the range between 20--40 Torr. Only 7 values fall in the 
range of arterial O,-pressures. 85~ of all pressures measured lie below 
70 Tor t - - the  pOs in the renal vein. I t  is noteworthy that  even in the 
cortex some TOs-values below 10 Torr were found. 

23 Pflfigers Arch, Bd. 309 
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Fig.3. Frequency-distribution (~bundanee) of pO2-values (averaged over distances 
of 100 ~) measured in the cortex of the blood-perfused rat kidney in situ. No. of 
measurements (u): 102 (3 kidneys). Ordinate: Percentage of pOa-values; Abscissa: 

Ranges of pO~ 

2. Continuous pO2-Measurements in the Isolated Cell-Free Per/used Rat 
Kidney 

The data in the Table refer to the isolated kidney. The table contains 
data  of the arterial pO~, the venous pO~, the perfusion flow (ml • g-1 • 
rain -1) and the oxygen consumption (ml 02 • g - i x  mill -1) of the 
kidneys in which local pO~-measurements in the tissue were carried 
out. The arterial pO~ ranges between 640 and 690 Torr, the venous io02 
lies above 250 Torr. At a mean perfusion flow of 9.2 ml • g-1 • min-Z 
the mean O~-consumption amounted to 0.10 ml O~ • g-Z • rain -1. I t  can 
be seen in Fig.4 tha t  similar to the in-situ experiments a var iety of 
T0~-profiles is obtained. I n  contrast  to the in-situ preparations, how- 
ever, in the cell-free perfused kidneys even the highest pO2-values 
measured lie far below the arterial p02. 

The 200 ~ wide region of steep change of p02, which is found in 
the in situ organs is also present in the isolated kidneys where the 
region has practically the same width ( ~  200 f~), and lies in a depth 
of 3 - -4  ram. Again, like in the in situ preparation, beyond this zone 
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Table 

335 

Experi- art. pO 2 yen. pO~ AVD (p02) Perfusion flow 02-consumptmn 
ment Torr Torr Torr ml • g-1 • min-1 ml • g-1 • min-1 

Group No. I. Medium equilibrated with pure 03, full perfusion flow 

a 640 250 390 11.6 0.145 
b 677 410 267 11.0 0.095 
c 635 315 320 7.5 0.078 
d 665 300 365 8.7 0.103 
e 640 270 370 8.9 0.105 
f 660 310 350 10.0 0.115 
g 690 360 330 8.2 0.087 
h 690 300 390 9.3 0.115 
i 687 340 347 7.1 0.081 
j 690 410 280 10.2 0.092 

Mean 667 326 341 9.2 0.102 

Group No. I I  
Medium equilibrated with pure 02 at 50~0 reduction of the perfusion flow 

k 675 265 410 4.2 0.056 
1 690 280 410 5.1 0.067 
m 675 265 410 4.1 0.056 
n 680 270 410 4.6 0.061 

Mean 680 270 410 4.5 0.060 

Group No. III .  Mediumequflibrated with 50~002, 50~ perfusmnflow 

o 360 100 260 8.8 0.073 
p 360 100 260 9.5 0.079 
q 360 90 270 8.2 0.070 
r 300 40 260 10.0 0.083 
s 300 20 280 8 .6  0.076 

Mean 340 70 270 9.0 0.076 

A B C D E F 

a region of  r e l a t ive ly  cons t an t  and  low pO~ ( ~  12 Torr)  exists .  Accord ing  
to  the  m e t h o d  used  in  Fig.  2 the  d i s t r ibu t ion  of  mean  TO2.vahies (averag- 
ing the  pO,  over  100 ~ wide steps) is dep ic ted  in  F ig .5 .  Clearly, the  
h ighes t  pO~-values occur in  the  superficial  region.  E v e n  wi th in  the  
cor tex  high pO2-values ge t  s ignif icant ly  r a re r  w i th  increas ing dep th .  
The  m e a n  pO~ of  t he  100 ~ s teps  decreases  a lmos t  con t inuous ly  f rom 
the  surface t owards  t he  eor t i eo -medul la ry  bounda ry .  S imi la r  to  Fig.  3 
in  F i g . 6 A  the  f requency  d i s t r ibu t ion  of  pO~-values is dep ic t ed  for the  
i so la ted  organ.  As was to  be expec ted  in  v iew of  the  h igher  a r te r ia l  
pO~-values in  these  exper iments ,  the  d i s t r ibu t ion  of  TO2-values covers  
a c o m p a r a t i v e l y  wider  range.  The  m a x i m u m  of  abundance  lies a t  

23* 
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Fig.4a--f.  Tissue p0~-values of 6 isolated cell-free perfused rat kidneys. Measure- 
ments were taken with /00~-microelectrodes inserted at  constaat speed (150 
x min-1), The direction of insertiozl of tee electrode in a is diagrammatically 
represented by electrode E3, that  of b, e, d, and f by electrode E2, and that 
of e by electrode ~, 1 in the schematic drawing. Ordinates:/~0~; Abscissae: Depth 

of insertion of electrodes 

pO2-values be tween  121 and  140 Torr .  500/0 of  al l  va lues  range  below 
i40  Torr .  R e m a r k a b l y ,  on ly  2~ lie above  the  p02 in t he  r ena l  vein.  
Also in  the  isola~ecl k i d n e y  pO=-values below 10 T o r t  were measured .  
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Fig. 5. Cortical mean pO2-values (averaged over distances of 100 ~) in an isolated 
cell-free perfased rat kidney. Ordinate: p02; Abscissa: Percentage distance from 

the renal surface to the cortico-medullary boundary 

3. pO2-Distribution in the Isolated Kidney at 50~ Reduction o[ the 
O~-Supply 

A 50 ~ reduction of the oxygen supply was achieved in two different 
ways. Firstly by a 50 ~ reduction of the perfusion flow due to lowering 
of the perfusion pressure (Fig. 6B), and secondly, at  full perfusion flow, 
by saturation of the medium not with pure oxygen but  instead with 
a mixture of 500/0 03 and 500/0 ~q~ (Fig.6C). 

In Fig. 6B a distinct maximum of pOa-values occurs at  71--80 Torr. 
All values lie far below the 02-pressure in the renal vein. Compared to 
Fig.6A and Fig:3 an increase of the number of values below 10 Torr is 
apparent ( ~  50/o of all measurements). The increase of the number of 
low pO~-values becomes even more pronounced at perfusion with the 
medium equilibrated with 500/0 03 and 50~ N~ (12~ of all values 
< 10 Tort) (Fig.6C). The venous pO~ in the experiment of Fig.6C is 
much lower than that  in the experiment of Fig. 6B. 

Compared to the experiments with a 500/0 reduction of the flow 
rake (Fig.6B) where all measured p~renchymal pO2-values range below 
the pOz in the renal vein, at  perfusion with a medium of reduced pO 2 
12~ o f  alI tissue pO2-values lie above the venous pOu. 

Plotting the pO~-distribution (Fig.7A) according to the method 
used in Fig. 2 one sees that  the mean p02 of the superficial cortical 
regions--unlike that  in the blood-perfused kidney--no longer lies much 
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Fig.6. A: Frequency-distribution (abundance) of ]002-values (averaged over dis- 
tances of 100 V) measured in the cortex of isolated rat  kidneys pcrfused with 
standard medium saturated with pure O3 under atmospheric pressure. No. of 
measurements (n): 314 (11 kidneys). B: Frequency-distribution of cortical ~oOz- 
values (averaged over distances of 100 t~) in isolated rat  kidneys perfused at 50% 
reduced flow rate with standard medium saturated with pure 03 under atmospheric 
pressure. No. of measurements (n): 124 (15 kidneys). C: Frequency-distribution 
of cortical pO2-values (averaged over distances of 100 V) in isolated rat kidneys 
perfused at  full flow rate with standard medium saturated under atmospheric 
pressure with a gas mixture of 50% 03 and 50% Nv No. of measurements (n) 
125 (4 kidneys). Ordinates: Percentages of pO2-values; Abscissae: Ranges of 202 

above  the  ~02-values  in  the  deeper  cor t ica l  regions.  This  level l ing 
t e n d e n c y  is st i l l  more  a p p a r e n t  a t  perfusion wi th  the  m e d i u m  of  50 ~ 
O~-saturat ion (F ig .7B) .  Here  t he  s ca t t e r  of  the  pO=-values is s o m e w h a t  
less, a n d  the  overa l l  mean  pO= lower.  
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l~ig. 7. A: Cortical mean pO~-values (averaged over distances of 100 ~) of an isolated 
rat kidney perfused at 500/0 reduced flow rate with standard medium saturated 
with pure 0 a under atmospheric pressure. B: CorHcal mean pO2-values (averaged 
over distances of 100 ~) of an isolated rat kidney perfused at full flow rate with 
standard medium equilibrated under atmospheric pressure with a gas mixture 
of 500/0 03 and 500/0 N~, Ordinates: pO~; Abscissae: Percentage distance from the 
renal surface to the cortieo-medullary boundary (for explanation see text of Fig. 2) 

4. Attempts a~ Measuring the Critical O~-Supply.Pressure in the Isolated 
Kidney 

In  Fig. 8 the t ime course of the pO2-decrease in cortex and medulla 
after sudden stop of the perfusion (i.e. the 02-supply ) is demonstrated.  
I n  the cortex the pO~ decreases much steeper than  in the medulla. The 
pO2-deerease in the cortex proceeds with two different slopes before i t  
reaches its final bent  part .  The point at  which the curve begins to bend 
away from the straight line into the final portion is taken to indicate 
the parenchymal critical 02-supply-pressure , i. e. the minimum pOa-value 
above which the O~-consumption becomes independent of the TO2. 
With this method critical parenchymal O~-supply-pressures were deter- 
mined by  49 measurements in 7 isolated kidneys. As is demonstrated 
in Fig. 9A the critical pO~-values lie between 6 and 28 Torr. A significant 
accumulation is found around 8 Torr. Fig .9B contains critical local 
O~-supply pressures from 30 measurements in 2 kidneys which were 
perfused with a medium containing the decoupling agent 2,4-dinitro- 
phenol (DNP) in a concentration which, under our experimental condi- 
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Fig. 8. The time course of the pO~-deerease in renal cortex (a) and medulla (b) after 
sudden stop (to) of the perfusion (the Oz-supply). Ordinate: pOz, Abscissa: Time 
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Fig.9. A: Frequency-distribution of local critical 02-supply pressures in the cortex 
of isolated ceU-free perfused kidneys. ~umber of measurements (n): 49 (7 kidneys). 
B: Frequency-distribution of local critical Oz-supply pressures in the cortex of 
isolated kidneys perfused with standard medium containing 2,4-dinitrophenol (for 
fur%her explanations see text). Number of measurements (n): 33 (3 kidneys). 
Ordinates: Frequency of pO~-values in percent, Abscissae: Critical pO~-values 
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tions, transiently increases the 02-consumption. The measurements 
were carried out during the period of increased O~-eonsumption. The 
mean of the critical local O~-supply pressures in these experiments is 
considerably higher than in the experiments of Fig. 9 A. The maximum 
abundance of critical pO~ values lies between 21 and 24 Torr. 

Discussion 

1. The Cortical Oxygen Supply o/ the Kidney in Situ and o/ the Cell-Free 
Per/used Isolated Kidney 

The patterns of parenchymal O~-pressure, represented in Fig. 1 and 
Fig. 4 from the cortex of the blood-perfused and of the cell-free perfused 
-kidney respectively, are similar to those which have been described by 
KESSL~ [15] for the liver, by Kv~zE [22,23] for skeletal muscle, by 
SC~UCHI~A_aDT and LfTBBE~S [36] for heart muscle and by L~B~EnS [36] 
for the brain of eat and guinea-pig. In  all organs large differences of 
O2-pressure occur in close proximity. This is well demonstrated in 
Fig. 10 (perfused kidney). 

20, 

10( 

~0 

~-- ~OOp ~ 

Fig. t0. Curves of the pO 2 of the cortico-medullary region obtained from 7 isolated 
perfused kidneys during insertion of the O2-mieroelectrodes at constant velocity 
(150 ~• Ordinate: pO2, Abscissa: Distance in the direction of electrode 
progress. Abscissa: Distance, taking the low value of the inner zone as beginning 

(arrow) 
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The highest measured pO2-values in the blood-perfused organs lie 
in the range of the arterial P02 between 90 and 100 Torr. The lowest 
pO~-va]ues lie at i0 Tort, far below the On-pressure in the renal vein. 

I t  seems reasonable to presume that the high pO~-values occur near 
arterial vessels, the low pO3-values in regions which lie far away from 
capillaries. However, moving the electrode through the tissue we were 
unable to relate single TO3-values to topographically defined positions. 
Therefore, the pO~-values measured are presented in the form of fre- 
quency-distributions (Figs.3 and 6) which allow a quantitative assess- 
ment of the conditions of oxygen-supply [31]. 

Comparing the cortical pO~-distribution of the blood-perfused and 
the cell-free perfused kidney, one sees that pO3-values in the range of 
arterial 03-pressures are absent in the cortex of the cell-free perfused 
organ. ~03-values above the pO 2 in the renal vein are much less abundant 
in the cell-free perfused than in the blood-perfused kidney (see Fig. 1, 
Fig.a, Fig.4 and Fig.6A). 

Part of the oxygen supplied seems to bypass the respiring parenchy- 
ma. Arterio-venous anastomoses in a number and capacity which would 
explain the apparent shunt effect for 03 could not be demonstrated so 
far. The recently elaborated concept of O 3 shunt-diffusion [28,29,46] 
offers a reasonable explanation for the lack of arterial O2-pressures in 
the cortex of the cell-free perfused kidney ff one assumes that oxygen 
diffuses in significant amounts from preglomerular and/or precortieM 
arteries into venous vessels. Under conditions of equal oxygen consump- 
tion of both preparations--due to the low transport capacity of the 
cell-free medium and its high arterial pO3--in the isolated kidney the 
pO2-difference between arterial and venous vessels, and thus the effect 
of O 3 shunt-diffusion should be much larger than in the blood-perfuse4 
organ. DU~E et al. [9] after studying the relationship between the 
03-consumption and the arterial and venous pO~ arrived at principally 
similar conclusions. 

A 500/0 reduction of the 02-supply either by a reduced rate of per- 
fusion (Fig.7A) or by perfusion at full flow rate with a medium equili- 
brated with a mixture of 50~ 03 and 50~ (Fig.7B), results in 
a more uniform distribution and a general reduction of cortical pO,- 
values (Fig.2). In the experiments with a medium saturated with 
50~ 02 and 50~ N2, low pO2-vahies (~  20 Torr) are more abundant 
than under condition of a 50~ reduction of the flow rate (Fig.6B, C). 
Obviously, in spite of equal amounts of oxygen supplied per unit time 
and unit tissue weight, the relation between oxygen-need and -supply 
is worse in the first case than in the latter. The Table provides the 
explanation for this finding: Though the venous TO2 of the kidneys 
perfused at reduced flow rate is higher, their O2-eonsumption is lower 
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(0.06 ml • g - l •  miu-1) than that of the organs peffused at full flow 
rate but half the arterial pO~ (0.075 ml 03 • g-1 • rain-l). 

This finding fits into the concept according to which the renal 
O~-requirement (above a certain basal need) is limited by and linearly 
related to the filtered tubular load. The experimentally well documented 
assumption of a causal relationship between active tubular transport 
(especially that of Na+) and the suprabasal O~-consumption explains 
the observed difference of the O~-consumption between the organ per- 
fused at full flow rate and that perfused at reduced flow rate (Table). 

Within the range of experimentally attainable flow rates a linear 
relationship between flow rate and rate of glome~lar filtration (GFR) 
(i.e. the tubular work load) exists. Therefore, a 50~ reduction of the 
rate of perfusion leads to a 500/0 reduction of the GFR (the tubular 
load), thus decreasing the 02-requirement accordingly. On the other 
hand, in the organ perfused at the full flow rate but with a 
medium of a 500/0 reduced pO 2 the GFR, the tubular [load and thus 
the 02-requirement remain unchanged. The 02-supply, however, is cut 
down by 500/0. The Table shows that under these conditions the pO 2 in 
the venous outflow falls considerably below the value measured at 
perfusion with a fully O~-saturated medium. In spite of the increased 
O~-extraction, however, only about 750/0 of the O~-requirement is 
satisfied, as can be seen by a comparison of the mean O~-consumption 
of the kidneys in the two groups of experiments (Table, group I, column 
F, and group III,  column F). 

2. The Oxygen Supply o/Renal Medulla and Pelvis 

Preliminary coarse gauge measurements of the thickness of the 
regions os different mean 02-pressures in the kidney have revealed that 
the low, relatively constant O~-values of about 10 Torr (maximal 
deviations of only 2--3 Torr) occur in the renal medulla and pelvis 
(urine). This is true for the blood-perfused, as well as for the cell-free 
perfused organ. 

The mean pO 2 in medulla and pelvis lies significantly below the 
pO 2 in the venous blood or the outflowing medium. This complies with 
results of renal pO2-measurements with O~-electrodes of comparatively 
large diameter (ULrENDA~L [43] ; AUKLA~D and K~oG~ [1] ; D~v, Tj~,~r 
et al. [5]). Low medullary pO2-values which lie below the T02 in the 
renal vein, fit well into the concept of O~ shtmt-diffusion mentioned 
above. After injection into the renal artery of fully oxygenated blood 
containing labelled red cells, Lv.vu and SAUCE])A [28] observed a rise 
of 02-pressure in the renal vein before labelled erythrocytes had reached 
the site of venous pO2-measurement. With regard to the specific tope- 
morphological arrangement of the vasa recta in the renal medulla 
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where--a t  t h e  open end of the hair-pin-like vasa recta loops-arterial 
inflow and venous outflow lie close r each other (and run parallel over 
the entire length of the vessel) the authors have assumed O~-shunt 
diffusion to occur in the upper region of this vascular system. Lo~GL~Y 
et al. [29] who observed a delayed equilibration of the medullary paren- 
chyma with the swiftly diffusing Krypton  85 supplied supporting 
evidence for this hypothesis. 

3. Critical Oxygen Supply and Local pO 2 

In order to ascertain independence of the rate of 02-consumption 
from the local pO~ even of those respiring structures which lie farthest 
away from the capillaries, a defined minimum local pO~ has to be 
maintained. The value of this critical local 02-supply pressure is deter- 
mined firstly by  the critical pO~ of the 02-consuming structures, the 
mitochondria, and secondly by  the minimum pO~-difference which is 
necessary to d r ivepe r  diffusionem a sufficient amount  of oxygen from 
the place of actual pO~-measurement to the place of O~-consumptlon. 
Hence the latter distance significantly influences the values of the 
measured critical local O~-supply pressure. Since in our experiments 
this distance varies statistically, a considerable scatter of the values of 
the measured critical local 02-supply pressures has to be expected. 
Accordingly, the critical local 02-supply pressures which we determined 
in 7 kidneys range from 6--28 Torr with a maximum abundance at  
8 Torr. 

All local critical 02-supply pressures measured lie above the critical 
pO 2 of liver mitochondria of about 1--3 Torr, as reported by K~ssL~R 
and Li~BB~RS [16]. Supposingi a critical pO 2 within a similar range 
would apply for renal mitoehondria, at the lowest measured local 
critical p02 of 6 Torr a mean pressure difference of 3 Torr would remain 
for the diffusional transport  of 03 from the place of measurement to 
the place of consumption. In  all probability the tip of the O~-electrode 
should eventually get in direct contact with the surface of mitochondria. 
I f  the latter assumption is correct it  could indicate tha t  the lowest 
measured local critical pO2-values of 6 Torr represent the critical pO 2 
of renal mitochondria. However, considering the average size of mito- 
chondria ( ~  0.5--1.2 ~) and the extension of the sphere around the 
02-electrode the p02 of which significantly (to 93~ influences the 
measurement ( - - a t  O~-electrodes of a tip diameter of 2 ~ a sphere of 
4 ~ diameter--)  the above conclusion is obviously of no value. 

According to studies of Wv, ISS [44] the critical O~-pressure of isolated 
tubular cells from rat  kidneys lies at  16.5 Torr. This critical TO~ is 
considerably higher than the most frequently observed critical O~-supply 
pressure of 8 Torr, which we measured in the present experiments. 
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I t  lies, however,  still within the scat ter  (6--28 Tort) of  our measure- 
ments.  Higher  critical 02-pressures at  the cell surface of  the isolated 
cells could be caused by  a spacial rear rangement  of  mitochondria  in 
the form of  columns. Another  possible explanat ion for the relat ively 
high critical O~-pressure of  isolated cells f rom the  renal cortex is furnished 
by  the observations of  K ~ , s s L ~  [15] according to which the critical 
O~-pressure of  liver mitochondria  increases l inearly wi th  the  rate  of  
respiration. The mean  O~-consumption of  the  isolated cells in the  experi- 
ments  o f  ~u [44] and  G~vBEetaL [11] l ay  at  0 .129ml  O ~ x g  -1 
X rain -1, the mean  O~-eonsumption of  the kidneys in the present s tudy  
(as is shown in the Table) a t  only 0.1 ml O~ X g-1 X min -~. The question 
remains open wether  these two explanations apply.  Under  conditions 
of  increased respiration, b rought  about  by  dinitrophenol,  higher local 
critical Ou-supply pressures are measured (Fig.9B).  These increased 
critical O~-supply pressures can be explained by  the higher pO~-gradients 
being a prerequisite for the diffusion of  a larger amoun t  o f  oxygen f rom 
the  capillaries *o the  more act ively respiring mitochondria.  Higher  
supply pressures could also indicate t h a t  the critical O~-pressure of  
k idney mitochondria  too is related to  the rate  of  respiration. 

The decrease of the local parenchymal to03 after stop of the perfusion does 
not proceed at a uniform rate (Fig.8). In recordings of typical experiments three 
curve sections can be distinguished. The initial section of the curve decreases with 
constant maximum slope. The slope of the second part is less but also rather 
constant. Presumably a number of different factors, the relative influence of which 
cannot yet be estimated, are responsible for the shape of the curve. 

~. Immediately after stop of the perfusion a swift equa]isation of Iocal pC 2- 
differences has to be expected. This breakdown of parenchymal pO~-gradients can 
best be observed in experiments where the 02-electrodes lie initially in a zone of 
high pO 2. This can be prevented by selecting a position for the electrode prior to 
the stop of perfusoin in a region of relatively low pO~. 

2. After stop of the perfusion and cessation of glomerular filtration tubular 
transport proceeds until the tubules collapse. Therefore the 02-consumption due 
to active tubular transport will go on for some time. According to HIERKOLZER and 
WEISS (unpubl. obs.) the time elapsing from perfusion stop to tubular collapse in 
the isolated kidney lies between 9 and 15 sec. This is much longer than the duration 
of the steep initial phase of the pO~-decrease which lasts one or two seconds only. 

3. Inevitably, after stop of the perfusion--presumably due to intravasal 
shifting of vascular contents from the high pressure to the low pressure sections 
of the system--movements of the tissue relative to the fixed Oa-eleetrode occur, 
precluding a detailed interpretation of the initial fast sloping sections of the pO 2- 
curve. The response of the O~-eleetrode is slow (900/0 of the steady state deflection 
are reached in ~2sec) compared to the rate of pO2-decrease during the initial 
phase (~  15 Tort X see-l). Therefore the slope of the pO2-decrease cannot be 
used for an evaluation of the rate of parenchymal respiration. 

During the second phase of pO2-dccrease which proceeds also at constant 
but slightly slower r~te (9--10 Torr • see-l), the levelling by diffusion of 
parenchymal pOz-gradients as well as the resorption from the collapsing tubules 
should come to an end. The "basal O~-consumption', i.e. the Oa-consum p. 
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tion of the non-filtering kidney, should go on until the local O~-supply pressure 
or the O2-pressure at the mitoehondria reach the critical values. With regard to 
the above mentioned factors which contribute in a complex manner to the O~-con- 
sumption after stop of the perfusion it seems highly improbable that the O~-eon- 
sumption at any moment during this phase is truly constant. However, only if 
this condition were granted the critical pO2-values measured in our experiments 
would represent characteristic limiting values for the renal O~-snpply. 

4. Conclusions 

In  the kidney neither the vascular arrangement  no r - -a s  far as it is 
known- - the  intrarenal distribution of blood-flow (flow of medium) fit 
the model of KRoGH'S cylinder or the cone-counter-current model elabo- 
ra ted by  DIEME~ [6, 7]. In  the renal cortex the vessels are arranged as 
a three-dimensional network. In  such capillary meshworks O~-diffusion- 
shunts according to the concept of Wmz [46] and LvxY and SAVC~DA [28] 
as well as preferential hydrodynamic connections between arterial inflow 
and venous outflow as discussed by  PAssow et al. [33] can occur. I t  can- 
not  ye t  be decided whether a special arrangement  of capillary loops in 
the form of "asymmetr ic  meshes" (G~v~Ew~D and L~BB~S [12]) is 
realized in the kidney. Such asymmetric  meshes would provide con- 
ditions for an opt imum effect of the oxygen supplied. In  all models 
except tha t  of  K~oG~, arterio-venous Oe-shunts can occur. At  present, 
measurements of the local pO e in the parenehyma are the only direct 
method supplying quanti tat ive information on the condition of oxygen 
supply in respiring tissue. By  surveying fields of pOe-differences in the 
parenchyma pOp-gradients between capillaries are measured which 
occur as a result of intercapillary Oe-transport by  diffusion. For any  
s teady state condition of the oxygen supply a characteristic frequency- 
distribution of parenchymal  pO~-values can be found. From TO e- 
frequency-distribution diagrams the actual situation regarding the 
relation between O2-requirement and Oe-supply can be quanti tat ively 
evaluated. The pO2-frequency-distribution diagrams presented are based 
on data obtained by  continuous measurements with an electrode moving 
a t  constant velocity through the respiring tissue. The mean pOe-values 
do not  allow to recognize even large pO~-differences which m a y  exist 
across small distances. Hence such diagrams do not  provide information 
on the conditions of O~-supply on a micro-scale. The values of the mean 
pO~ in the above mentioned diagrams represent the mean values aver- 
aged over a distance of 100 ~ (Fig.2). Accordingly, finer details of the 
parenchymal pO~-profile are not  resolved. The information in the dia- 
grams of the (100 ~) mean TOe-values correspond to a power o f  spacial 
resolution which would be obtained by  using O~-eleetrodes of a tip 
diameter of about  50 ~. Photometric studies have shown tha t  provided 
the eytoehromoxydases are oxidised to 970/0 or more, no anoxic areas 
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exist. Under  this condition, however,  local p02-values as low as 1 - - 2 T o r t  
m a y  be found. The measurement  of  low local p0~-values alone, wi thout  
information on the frequency-distr ibut ion of  p02-values,  does no t  allow 
valid conclusions to  be drawn on the parenehymal  02-supply. 

F r o m  those of  our results which suggest t ha t  significant amounts  
of  O~ bypass  the respiring tissue it  follows tha t  the finding of  high 
pO2-values in the renal  vein does no t  exclude anoxie situations in the 
parenehyma.  I n  kidneys perfused with cell-free media of  high 02-pressure 
and  low O~-eapacity conditions are favouring the bypass  diffusion of  
oxygen.  Indeed,  such experimental  conditions are a means for demon- 
s t ra t ing the phenomenon of  shunt-diffusion. I f  significant amounts  of  
0~ bypass the respiring tissue raising the arterial p02 does no t  lead 
to a proport ional  increase of  the amoun t  of  oxygen available to the 
tissue. 
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