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Oxygen and Renal Hemodynamics in the Conscious Rat
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Abstract.Previous studies have suggested a link between reak 0.05). Moreover, regional and total RBF autoregulation
metabolism and local kidney hemodynamics to prevent potamas markedly attenuated by hypoxia. Conversely, hyperoxia
tial hypoxic injury of particularly vulnerable nephron segenhanced RBF autoregulation. Under normoxic and hyperoxic
ments, such as the outer medullary region. The present studynditions, medullary RBF was very well maintained, even at
used three different inspiratory oxygen concentrations to mddw RPP (medullary RBF: approximately 70% of control at 50
ify renal metabolic state in the conscious rat (hypoxia 10% OmmHg). The hypoxic challenge, however, significantly dimin-
normoxia 20% Q, and hyperoxia 100% £). Renal blood flow ished the capacity to maintain medullary blood flow at low
(RBF) was assessed by ultrasound transit time; renal perfusRBRP (medullary RBF: approximately 30% of control at 50
pressure (RPP) was controlled by a hydroelectric servo-controinHg, P < 0.05). These data suggest that renal metabolism
device. Local RBF was estimated by laser-Doppler flux for thend renal hemodynamics are closely intertwined. In response
cortical and outer medullary region (2 and 4 mm below rentd acute hypoperfusion, the kidney succeeds in maintaining
surface, respectively). Hypoxia led to a generalized significargmarkably high medullary blood flow. This is not accom-
increase in RBF, whereas hyperoxia-induced changes did pbshed, however, when a concomitant hypoxic challenge is
(hypoxia 6.6* 0.6 ml/minversusnormoxia 5.7+ 0.7 ml/min, superimposed on RPP reduction.

A very low fraction of delivered Qis extracted by the kidney not all regions are equally well provided with oxygen. The
(1). Paradoxically, however, the kidney is extremely susceptegional concentration of £in the kidney is determined not
ble to hypoperfusion, with acute renal failure being one of thenly by the metabolic rate, but also heavily depends on the
most frequent complications of severe hypotension. Renal @articular vessel arrangement (10,11). Thus, in the superficial
toregulation consists of two components: the rapid myogenigers of the rat kidney (at a depth of 2 mm), p@nges from
response and tubuloglomerular feedback (TGF) (2). One img to 70 mmHg. Inner layers of the rat kidnes.g, 4 mm
portant function of autoregulation is to maintain a balanggsjow the capsule, reveal much lower p@mounting to only
between the filtered solute load and tubular reabsorption, §4 1o 30 mmHg (12,13). Intriguingly, local renal p& mod
which the latter, in part, relies on renal metabolism. Thus, thg,iaq by various stimulie.g, cortical and medullary pQare

question arises whether renal metabolism and renal autoregyz -tef independently by changes in renal perfusion pressure
lation are interrelated in some way (3,4). Potential medlatogﬁpp) (13). Moreover, different inspiratory oxygen concentra-
that may link kidney hemodynamics to its metabolism ar, ’

. . . tions may have an impact on regional kidney.,dévels. For
substances such as adenosine, nitric oxide, ATP, and lactate; y P 9 yA

furthermore, CQ or O, may be of importance (2—7). example, renal medullary pOncreases in response to hyper

According to Brezis and Rosen, TGF may reduce filtratiofy < ventllatlor'w as indicated by higher urinary pA4). A- .
T(E‘l?élgh breathing of pure oxygen merely increases oxygen in

to metabolic requirements (8). A reduction in oxygen suppﬁbe dissolved state and does not .significantly alter oxygen
can thus be compensated for by less filtration. An interestifgntent, medullary ponevertheless increases, because of the
finding in support of a link between renal metabolism and flofj@irPin arrangement of the vasa recta: The diffusion of oxygen
are the rhythmic fluctuations in solute concentration at tHfeom the descending limb to the ascending limb relies fully on
macula densa (9). These are mirrored by equivalent waves?fa and not on Q content. Thus, medullary pOncreases in
partial pressure of oxygen (pPnear the glomeruli and tu response to hyperoxia (15). For the same reason, one may
bules. assume that hypoxia reduces renal medullary le@els. Early
Although the kidney is an organ with very high perfusiongxperiments, however, have shown that hypoxia-induced renal

medullary pQ levels do not change as quickly, and not to the

same extent, as the renal cortex (12).
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ture of renal medullary vessels. These vulnerably located cells
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would, therefore, take damage (16).
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flow (RBF) autoregulation and local RBF are indeed modifieExperimental Protocols

by different Q, concentrations. All experiments commenced in the morning, at least 48 h after
surgery. The air-conditioned laboratory was isolated from distur-
Materials and Methods bances. The rats were accustomed to the measuring setup for several

All experiments were performed on 21 male, adult Wistar ratdays before the experiments. After sufficient training, the rats freely

Body weight ranged from 300 to 400 g. The rats received a standdgsitioned themselves into a restraining tube, which did not allow the

rat diet. One day before the measurements, the animals were deprifid0 rotate around its own axis. The tube was placed into a chamber

of food but allowed free access to tap water. (20 X 40 x 20 cm), which was used to deliver different gas mixtures
The investigation was conducted in accordance with the NatiofgPC L/h air, 260 L/h pure oxygen, and 520 L/h 10% oxygen in

Institutes of Health Guide for the Care and Use of Laboratory Animalirogen). The oxygen content of the gas mixture was continuously
(NIH Publication no. 85-23, revised 1996). monitored (Oxytest; Hartmann-Braun, Melsungen, Germany).

The pressure control system adjusted RPP with high precision (2
| | . mmHg). This servo-control device consisted of two components: a
mp a_ntatlon _Surgery . ) syringe pump, which inflated or deflated the cuff with isotonic saline
For implantation surgery, general anesthesia was introduced a@{,tion, and an additional faster controlling component consisting of
maintained by chioral hydrate (4% in saline 1 ml/100 g body WL, paji00n reservoir, whose volume could be rapidly adjusted by
intraperitoneally). After placing the animals on a thermostat table, t%mpression. In all protocols (see below), the extracorporal control
abdominal cavity was exposed by a midventral incision. A cathetglgtam changed mean RPP in a ramp-like manner. The clamp was
connected to a telemetry transmitter (11 PA C40, DSI, St. Paul, MN}gjtioned around the aorta, in-between the junction of the superior
was implanted into the infrarenal aorta. The left renal artery and VEifesenteric artery and the renal arteries. Thus, perfusion pressure to
were prepared, taking special care not to sever nerve fibers. fa ningquarters and to the inferior mesenteric artery is affected by
ultrasound transit time flow probe (type 1RB; Transonic Systema,amping as well. At first, RPP was reduced from 120 mmHg (or the
Ithaca, NY) was positioned around the left renal artery. Two p80- onirq) RPP, when this was 120 mmHg) to 90 mmHg in 400 s. For
optical fibers (PF500; Fiberware, Berlin, Germany) were inserted injQq pressure range between 90 and 30 mmHg, another 400 s were
the renal tissue, one in 2-mm depth (cortical region) and another iy, ireq. Immediately after reducing pressure, RPP was restored
4-mm depth (outer medullary region). They were fixed onto th&ccording to the same time regimen (Figure 1).
superior pole of the kidney with a convex plastic holder and a patch. g;, protocols were made (Figure 1, Table 1):
Finally, an inflatable cuff was placed around the suprarenal aorta,
below the junction of the superior mesenteric artery. All of the leads Pressure-flow relationship during pressure reduction, under normal
and catheters were routed subcutaneously to exit at the nape. Afte@ir ventilation o = 15)
surgery, which was not allowed to exceed 40 min, the rats wefe Restoration of RPP during normal air ventilation= 15)
housed under constant room temperature and received a single dose dtressure-flow relationship during pressure reduction, after oxygen
an antibiotic and an analgesic substance (1 ml/kg body wt Tardomyo-content was changed to 100% (h = 11)
cel; Bayer, Leverkusen, Germany; 1 mg/kg Tramal;"i@mthal, 4. Restoration of RPP while oxygen content remained at 100% O

Aachen, Germany). (n =11) S . .
5. Pressure-flow relationship during pressure reduction, as oxygen

content was maintained at 10% € 15).

Measurement,S ) ) 6. Restoration of RPP while oxygen content was maintained at 10%
RPP was monitored using the telemetric system; absolute RBF was(n - 15)

measured continuously by flow probe. For estimation of regional
RBF, the optical fibers were connected via a specifically designed The rats were allowed 30 to 40 min to adjust to their environment.
probe and a modified clip to a two-channel laser-Doppler flux monitd¥fter a first control measurement (Figure 1, arrow), the first RPP
(MBF3D; Moore Instruments, United Kingdom). Light leakage alongeduction was performed (protocol 1). Then RPP was restored (pro-
the line was minimized. This system measures tissue perfusion by t8eol 2). A 10-min recovery period was allowed, then a new control
number of cells moving and their mean velocity within an areecdf Measurement was made. Subsequently, the chamber was flushed with
mm® beneath the tip of each probe. The laser-Doppler signal (LDS)R&re oxygen and a baseline measurement was obtained after 4 to 5
independent of the direction of cell movement. The results are gxin (Figure 1, arrows). For protocols 3 and 4, RPP was controlled
pressed in arbitrary perfusion units. Each probe was calibrated usgfgording to the same regimen as before. Fresh air was brought into
a motility standard. The biologic zero flow, which is required for théhe chamber, and after another 10 min, a third control measurement
resistance calculations, was determined by full inflation of the cuffvas recorded. Finally, a hypoxic gas mixture was introduced. After
Proper location of the optical fibers within the kidney was verified a@btaining the third baseline value, RPP was again servo-controlled for
the end of the experiment by inspecting the location of the fiber tipgfotocols 5 and 6.
Due to the fine ultrastructure of the renal medulla, however, itis not . .
always possible to attribute the 4-mm tip ending to the outer medepiatistical Analyses
lary layer only. The laser-Doppler method samples a constant volumeThe data were averaged to obtain mean values in steps of 4 mmHg
of tissue. A reduction of flow is possibly associated with a decreaseifhRPP. Statistical comparisons were made by the Wilcoxon test for
tissue volume. The area scanned by the laser, however, remdigged data. The probability level was set & 2 0.05 to indicate
constant. Thus, more vessels are recruited into the area measuregignificance, since two comparisons were made. All data are depicted
addition, prevailing Brownian motion at low perfusion pressure ce#s meanst SEM.
account for a residual LDS, especially at lower RPP (pooling) (17).

RPP, RBF, and LDS were recorded continuously. After analogu esults
to-digital conversion, all data were stored online with a sampling rate A representative experiment from one animal is depicted in
of 100 Hz (Labtech Notebook 7.3, Woburn, MA). Figure 1. The gas mixtures in the acrylic chamber were
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Figure 1.0riginal recordings of one rat with different,@as mixtures. Traces of renal perfusion pressure (RPP), renal blood flow (RBF), and
regional laser-Doppler signal (LDS) are displayed, the latter in arbitrary units (AU). Cortical blood flow is estimated as LDS 2 mm below reng
capsule. Outer medullary blood flow estimates are obtained in 4-mm depth. Arrows refer to the time of control measurements, or indicate 1
baseline values.

Table 1. Baseline values of RPP, RBF, and regional DS

Parameter Control Normoxia Control Hyperoxia Control Hypoxia
RPP (mmHg) 1164 110+ 4 109+ 4 111+ 4 111+ 44 99+ 3*
RBF (ml/min) 59+ 05 5.8+ 0.6 5.1+ 0.6 51+ 0.6 57+ 0.7 6.6+ 0.6*
Cortical LDS (AU) 301+ 18 302+ 18 301+ 21 301+ 22 302+ 19 314+ 8*
Medullary LDS (AU) 7711 77+ 13 76+ 12 7711 77+ 13 109+ 14*
AR RBF (%) 100= 2 101+ 1 70+ 4*
AR CLDS (%) 108+ 7 104+ 5 83+ 8*
AR MLDS (%) 100= 2 104+ 4 70+ 9*

& Cortical blood flow is estimated as LDS 2 mm below renal capsule. Outer medullary blood flow estimates are obtained in 4-mm
depth. RPP, renal perfusion pressure; RBF, renal blood flow; LDS, laser-Doppler sigh&ll DS andAR MLDS, percent changes in
vascular resistance for the cortex and outer medulla, respectively.

changed as indicated by the bars in this figure. The baselineAs depicted in Figures 2 and 3, autoregulation was markedly
values of all animals before pressure reduction are specifiecbininted by hypoxia. Conversely, hyperoxia increased the au-
Table 1. RBF, cortical LDS, and outer medullary LDiS2{ toregulatory pressure range (Figure 2).
LDS in 2 and 4 mm depth) increased during hypoxia by 30, 11, Local RBF, as estimated by laser-Doppler flux, is depicted
and 41%, respectivelyP(< 0.05). Renal vascular resistancen Figure 3. Outer medullary laser-Doppler flux (4 mm beneath
decreased in response to hypoxia. Hyperoxia had no significéme renal surface) was astonishingly well preserved, even at
effect on these measures. very low RPP (Figure 3, bottom). For instance, medullary RBF
Figures 2 and 3 depict the pressure-dependent effects of Wees maintained at 70% of control as RPP was reduced to 50
different gas mixtures on RBF and LDS. The highest pressuranHg. Only in protocol 5j.e., under hypoxia, did the values
values in these figures are not the same as the baseline vatake on lower levels. During the hypoxic challenge, medullary
in Table 1. This is due to the different individual baseline RPBlood flow was diminished to approximately 30% of control
levels, i.e., not all animals had sufficiently high RPP to beafter adjusting RPP to 50 mmH@ (< 0.05).
included in the highest pressure value. The outer medullary LDS, however, only provides a quali-
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[100% G,]). Autoregulation curves (left half) were obtained by ramp-

wise reduction of RPP. Immediately after the RPP decrements, peigure 3. Regional blood flow curves, as estimated by LDS, for the

fusion pressure was gradually restored (right halP.< 0.05, hyp- three different gas mixtures inhaled,(hypoxia [10% Q]; @, nor

oxia versushyperoxia. moxia; [J, hyperoxia [100% @]). Regional LDS are displayed in
arbitrary units (AU). Cortical blood flow is estimated as LDS 2 mm
below renal capsule. Outer medullary blood flow estimates are ob-
tained in 4-mm depth. Autoregulation curves (left half) were obtained

tative measure for blood flow in this region. Erythrocyte poobky ramp-wise reduction of RPP. Immediately after the RPP decre-

ing and vessel recruitment, as mentioned above (17), oaants, perfusion pressure was gradually restored (right haf)<*

influence the estimate. Furthermore, the erythrocyte concéh5, hypoxiaversushyperoxia.

tration may be affected by red blood cell trapping (18), or by

plasma skimming.

The cortical LDS, 2 mm below the renal capsule, qualitaxephron segments located in this portion of the kidney. This

tively reflects total RBFe.g, the values for hypoxia are greatermay have important clinical implications.

than for hyperoxia and the autoregulatory range is reducedlmmediately after reaching minimal perfusion pressure in

The time course of RBF, however, is not perfectly mirrored bgrotocols 1, 3, and 5, RPP was slowly restored (right halves of

the circumscribed cortical laser-Doppler measurement. Figures 2 and 3). Protocols 2, 4, and 6, which used incremental

The responses to restoration of RPP were different from themps, were performed as a model for stabilization after acute

protocols used to derive the pressure-flow relationships (Figypotension. The effects of restoring RPP on renal hemody-

ures 2 and 3). RBF at normal RPP was reduced consideraligmics are discussed separately from the other protocols, since

Furthermore, the lower limit of autoregulation was shifted tthe reduction of RPP will have affected the neurohumoral and

left (Figures 2 and 3). paracrine background of the kidney.

Discussion Local Hemodynamics

In the present study, hypoxia decreased RPP and increase@uter medullary blood flow does not decrease to the same
total RBF. Local laser-Doppler flux at 2 and 4 mm below thextent as total RBF or cortical RBF, when RPP is reduced
capsule, which were taken as measures for cortical and outeigure 3). This may reflect a paradoxical increase in medul-
medullary RBF, took on greater values as well (Table 1). RB&ry RBF and pQ, as described by Brezet al. and Lisset al.
autoregulation, as tested by ramp-like RPP decrements, w&8,11). They found a counterintuitive augmentation of med-
blunted by hypoxia (Figure 2). Conversely, hyperoxia endlary RBF, along with an increased medullary p®@y low-
hanced RBF autoregulation. Medullary blood flow is very wekring RPP to 70 to 80 mmHg. Corresponding findings have
maintained even at lower RPP (Figure 3). The hypoxic chdleen made for the outlying inner medulla by electron beam
lenge, however, significantly reduced medullary RBF at lowomputed tomography after reducing RPP to the lower limit of
RPP, which may reflect the inability to protect vulnerablautoregulation (19). The mechanism behind this seemingly



22 Journal of the American Society of Nephrology J Am Soc Nephrol 11: 18-24, 2000

paradoxical increase may be found in vasodilation of the dfypoxia (26,27). However, the current study used rats, which
ferent glomerular vessels. The lower limit of GFR autoregulanly reveal a meager increase in RSNA by hypocapnic hypoxia
tion is higher than that for RBF (20), since efferent vasodilg28). (2) Moderate increases in RSNA do not affect baseline
tion will reduce filtration and increase RBF. DiminishingRBF (20), whereas more severe increases in RSNA actually
efferent vessel resistance has two protective effects. Filtemedluce RBF (29). Hence, the presented data in Table 1 are
solute concentration decreases (leading to less oxygen copposite to the response one may expect during stimulation of
sumption); moreover, local RBF increases and, fOmain  RSNA. Thus, our findings agree well with previous studies by
tained better (10). Indeed, Neylat al. have described such aNeylon et al. (21,30). A minor role of central nervous effects
decrease in GFR combined with an increased renal vascutamediating the renal response to hypoxia is further under-
conductance during hypoxia (21). scored by experiments with chemoreceptor stimulation. Perfu-
Under hypoxic ventilation, these two protective effects caision of chemoreceptors with venous blood (31,32) or applica-
not take place. The renal vasculature is dilated already tatn of almitrine bismesylate (33), a substance thought to
baseline; thus, the capacity to further decrease renal vascuslalectively stimulate arterial chemoreceptors, also decreases
resistance at lower RPP is impaired. Hence, hypoxia signiRBF.
cantly decreased outer medullary laser-Doppler flux at low The effects of hypoxia, as seen in Table 1 and Figures 2 and
RPP (Figure 3). 3, rather seem to rely on other vasoactive factors impinging on
In light of the impact of hypoxia on renal medullary circu-myogenic tone and autoregulation. This could be mediated by
lation, a recently discussed protective mechanism may halg, channels (34). Opening these channels induces hyperpo
particular pathophysiologic significance: nitric oxide bioavailkarization, which attenuates the myogenic response by inacti-
ability (22). According to Heymaret al., hypoxia may aug- vating voltage-sensitive G& channels. Loutzenhiser and
ment the bioavailability of nitric oxide for physiologic vaso-Parker demonstrated that hypoxia blunts myogenic reactivity
dilation (22). This was shown by nitric oxide monitoringof renal afferent arterioles, which is restored by glibenclamide
(Clark type electrode) after reducing p@&om usual levels (34). This further argues in favor of an involvement of K
found in the renal medulla. This mechanism may help alleviathannels.
the effects of hypoxia on renal medullary circulation. Adenosine, whose levels increase during hypoxia (2), cannot
The decrease in outer medullary blood flow by combineekplain the hypoxia-induced autoregulation changes. TGF de-
hypoxia and low RPP may have significant clinical implicapends critically on adenosine (35); thus, increased adenosine
tions, especially in renal injury during various forms of shockroduction may also blunt autoregulation during hypoxia.
Normally, hypotension is remarkably well compensated foHowever, adenosine acts as a vasoconstrictor in the renal
with only marginal decreases in medullary LDS (Figure 3kortex. This is notin line with the baseline RBF changes during
Similarly, hypoxia alone did not reduce outer medullary pehypoxia, nor does it agree with laser-Doppler flux in the cortex
fusion. This is in line with the clinical observation that usuallyFigures 2 and 3).
a combination of several insults or risk factors must take place
in order for acute kidney failure to develop (23). Restoration of RPP (Incremental Pressure Ramp)
Hyperoxia reduced cortical laser-Doppler flux and dimin- The ramp-wise restoration of RPP exhibited similar differ-
ished total RBF (Figures 2 and 3). This effect, however, is nehces in the levels of RBHF,e., hypoxia increased RBF
as pronounced as that found in another study (24), which mafereas hyperoxia decreased RBF. Moreover, the autoregula-
rely on the different protocols. tory response seems to occur at lower RPP levels during
The effect of hyperoxia cannot be ascribed to less adenosimgeroxia than for hypoxia. Baseline values of RBF, however,
production, since adenosine augments RBF (2). Instead, thisre reduced when compared with the decremental ramp. In
observation may rely on the potent vasoconstrictor action wature and after successful treatment of severe hypotension, a
increased p@ as very recently observed by Lombagtial. reduction of RPP will be compensated for after some time.
(25). Their experiments suggest that cytochrome P-450 omegkevertheless, only little is known about the reestablishment of
hydroxylase, in some tissues, seems to sensie @e micre RBF as perfusion pressure is restored. One study reported a
circulation. long-lasting diminishing of RBF, GFR, and single-nephron
GFR after restoring RPP (36). This is similar to a study by Olof
Pressure-Flow Relationships (Decremental Pressure et al.(18) and agrees with the effects depicted in Figures 2 and
Ramp) 3 of the present study. The data of the above-mentioned study
There were significant effects of hypoxia on total rengB6) were interpreted in terms of an off-setting of TGF to lower
autoregulation (Figures 2 and 3): Autoregulation in the face wélues (75 to 80% of baseline). Thus, this may also explain our
decreasing RPP was blunted by hypoxia; accordingly, puiadings in the intact kidney of the conscious rat. However, our
oxygen breathing increased the autoregulatory pressure rarggedy was not designed to discern myogenic from TGF effects.
Changing inhaled oxygen concentrations can affect renal
hemodynamics via different pathways.g, by renal sympa- Conclusion
thetic nerve activity (RSNA), circulating hormones, or local Different concentrations of inhaled,@nfluences renal vas
factors. Several lines of evidence argue against an involvemeantar tone and alters kidney autoregulation. Outer medullary
of RSNA in our protocol. I) RSNA in rabbits is enhanced by RBF, as estimated by laser-Doppler flux 4 mm below the renal
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surface, is remarkably well maintained in the face of RPP
reductions. Perhaps this reflects a fine-tuning of filtration,
reabsorption, tissue oxygen, and flow. It is inferred that de-
creasing RPP below a certain value dilates efferent glomeruldr
vessels, which reduces filtration and increases medullary blood
flow. Thus, the solute load in the more distal nephron portioq%
diminishes, leading to reduced,@emand. Moreover, a te
gional increase of RBF occurs in the outlying renal medullary
layer, a nephron portion, which is particularly susceptible to
hypoxia. When the inhaled oxygen concentration is reduceg,
the kidney fails to maintain these protective effects on outer
medullary blood flow. In light of the present findings, it seems
crucial to maintain sufficient inspiratoryfQevels when RPP is 17.
low, e.g, during various forms of shock.
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