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Abstract

Hypoxic injury was evaluated morphologically in the proximal
tubule and in the medullary thick ascending limb of isolated rat
kidneys perfused for 90 min without 02 or with various metabolic
inhibitors. Inhibition of mitochondrial respiration (with rotenone,
antimycin, oligomycin) or of intermediary metabolism (with
monofluoroacetate, malonate, 2-deoxyglucose) caused reduction
in renal oxygen consumption, renal function, and ATP content
comparable with those elicited by oxygen deprivation. Metabolic
inhibition produced hypoxiclike injury in the first portions of
the proximal tubule, S1 and S2 ("clubbing" of microvilli, mi-
tochondrial swelling), and the extent of damage was correlated
with the degree of ATP depletion. In the third portion of the
proximal tubule, S3, hypoxiclike damage (cytoplasmic edema
or fragmentation) occurred most consistently when both aerobic
and anaerobic metabolism were inhibited simultaneously. In the
medullary thick ascending limb, none of the metabolic or mito-
chondrial inhibitors used could reproduce the injury of oxygen
deprivation. Thus, the proximal tubule and the thick ascending
limb have markedly different responses to cellular energy de-
pletion, suggesting disparate mechanisms for hypoxic injury
along the nephron.

Introduction

In anoxic cell injury, certain commonpathways leading to cell
death have been proposed, including calcium influx, lipid per-
oxidation, and energy depletion (1, 2). Cell types, however, differ
in their response to 02 deprivation; for example, fibroblasts
withstand anoxia better than neurons or renal epithelium (3).
It is generally assumed that these variations are related to dif-
ferences in cellular metabolic rate. In the kidney, different seg-
ments of the nephron exhibit different metabolic rates as well
as different types of metabolism (4). Not only is there variation
in the rate of metabolism along the nephron, but because of the
architectural organization of the organ there is a corticomedullary
gradient for oxygen with high oxygen tension in the cortex and
very low oxygen tension, approaching critical levels, in the me-

dulla (5). To determine whether tissue damage induced by anoxia
in the kidney is related to energy depletion, we compared the
effects of hypoxia with those of inhibitors of aerobic and/or an-

aerobic metabolism in different segments of the proximal tubule
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as well as in the medullary thick ascending limb. The results
indicate that these segments differ markedly in their response
to energy depletion, suggesting disparate mechanisms for anoxic
injury along the nephron.

Methods

Male Sprague-Dawley rats, weighing 310-470 g, fed on Purina rat chow
(Ralston Purina Co., Chicago, IL) and allowed free access to water, were
used for all experiments. Perfusion of the right kidney was performed
according to the technique described by Ross et al. (6). Regular perfusion
medium, as used in control rats, consisted of a Krebs-Ringer's-Henseleit
solution with bovine serum albumin at a concentration of 6.7 g/100 ml
and glucose at 5 mM, gassed with 5% C02, 95% 02- Unless specified
otherwise, kidneys were perfused for 90 min before their fixation for
histological evaluation.

Experimental groups
(A) Control group (n = 17). Kidneys were perfused with regularly oxy-
genated perfusion medium. Under these conditions, the arterial P02 was
468.9±8.6 mmHg(mean±SE). The data from an earlier group of control
kidneys (n = 7) obtained at the beginning of the present study were
found to be the same as those obtained in a newer group of control
kidneys (n = 10) toward the end of the study -2 yr later. These results
were pooled into a single control group unless specified otherwise.

(B) Hypoxic perfusions (n = 12). Kidneys were perfused with regular
perfusion medium that was gassed with 5%C02, 95%N2 (n = 7). Under
these conditions, the arterial P02 was 36.5±1.6 mmHg(mean±SE). In
another set of experiments (n = 5) designed to produce histotoxic anoxia,
regular oxygenation was used but the perfusion medium was supple-
mented with potassium cyanide (KCN) at a final concentration of 2.5
mM. Experimental groups C-E were designed to characterize the dif-
ferential responses of nephron segments to mitochondrial/metabolic in-
hibition.

(C) Inhibitors of mitochondrial respiratory chain (n = 19). Kidneys
were perfused with regular perfusion medium (gassed with 5%C02, 95%
02) supplemented with one of the following inhibitors of electron mi-
tochondrial transport: (1) rotenone, l0-s M(n = 6); (2) antimycin, 10-s
M(n = 6); (3) oligomycin, 10-5-_100- M(n = 7). These compounds were
purchased from Sigma Chemical Co. (St. Louis, MO) and dissolved in
absolute ethanol on the day of their use.

(D) Inhibitors of intermediary metabolism (n = 30). Kidneys were
perfused with regularly oxygenated medium that was supplemented with
one of the following inhibitors of intermediary metabolism: (1) sodium
monofluoroacetate (MFAA)' 5 mM(n = 6); (2) sodium malonate, 25-
50 mM(n = 5); (3) 2-deoxyglucose (2DG), 50 mM(n = 10). In six of
the experiments with 2DG, glucose was omitted from the medium. Since
the results, with or without glucose, did not differ, the two subgroups
were pooled.

To test for the specificity of the effect obtained with metabolic block-
ade, reversal was sought with the addition of a substrate that would
bypass the inhibition of aconitase by monofluoroacetate, as follows: (4)

1. Abbreviations used in this paper: 2DG, 2-deoxyglucose; FeK, fractional
excretion of potassium; GFR, glomerular filtration rate; MFAA, sodium
monofluoroacetate; mTAL, medullary thick ascending loop; TRNa, tu-
bular reabsorption of sodium.
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MFAA, 5 mM, and sodium succinate, 5-8 mM(n = 5); (5) MFAA, 5
mM, and sodium alpha ketoglutarate, 5-8 mM(n = 4). All chemicals
were purchased from Sigma Chemical Co.

(E) Blockade of both aerobic and anaerobic metabolism (n = 11).
To examine the effect of simultaneous inhibition of mitochondrial res-
piration and anaerobic glycolysis, kidneys were perfused with the fol-
lowing combinations: (1) rotenone, 10-1 Mand 2DG, 50 mM(n = 6);
(2) antimycin, l0-1 Mand 2DG, 50 mM(n = 5).

Monitoring of renalfunction and QO2
Glomerular filtration rate (GFR) was estimated by clearance of '4C-inulin.
Tubular sodium reabsorption (TRNa) and fractional potassium excretion
(FeK) were expressed as percent filtered load. Because of gross tubular
injury, backleak of inulin might have occurred in the experimental groups.
These results should therefore be viewed as apparent GFR, TRNa, and
FeK. Oxygen uptake (Q02) was measured by the Fick method as pre-
viously described (7).

Isolated cell experiments
To test the efficacy of the mitochondrial inhibitors used on the medullary
thick ascending limb (mTAL), a limited number of experiments were
performed on isolated thick ascending limb cells prepared from the rabbit
kidney as previously described (8). Such experiments are difficult to do
in the rat because of technical problems in obtaining viable separated
tubules or cells and because of the amount of parenchyma needed. As
shown in Fig. 1, Q0° by the isolated mTALcells was indeed markedly
reduced by the mitochondrial inhibitors, which were used at the same
concentration as in the perfused kidney in group C.

Determination ofATP content in renal tissue
Tissue ATP levels were measured in separate experiments, using 59 kid-
neys perfused for 20 min and frozen by immersion in liquid nitrogen.
The cortex and entire medulla were separated by free hand dissection
of the frozen tissue, on dry ice, in a cold room. The pieces of tissue were
weighed out, pulverized in precooled mortars with repeated additions of
liquid nitrogen, then rapidly mixed with 6% perchloric acid and ho-
mogenized. After an aliquot was taken for protein measurement, the
homogenate was centrifuged and the supernatant neutralized with K2CO3
and recentrifuged. The final supernatant was frozen until analysis, which
was usually within 24 h. The assay for ATP was the enzymatic assay
described by Lamprecht and Trautschold (9), who used chemicals pur-
chased from Boehringer Mannheim Biochemicals (Indianapolis, IN).
Protein was determined by Lowry's method (10). Levels of ATPobtained
in freeze-clamped kidneys taken from anesthetized rats averaged
1.88±0.16 (SD) umol/100 mgprotein (n = 17), which was comparable
to values reported by others (1 1, 12). Values obtained for freeze-clamped
isolated perfused kidneys (see Fig. 2) were also comparable to values
reported by others (13). ATP levels expressed per 100 mg protein in
perfused kidneys tend to be lower when the freeze-clamp technique is
used, when compared with frozen dissected tissue, probably because of
the substantial amount of albumin-rich perfusate included when the
perfused kidney is freeze clamped.

Most ATP determinations were performed on kidneys perfused for

20 min in order to measure an early parameter of metabolic inhibition
rather than a possible loss of cellular ATP secondary to late injury. For
three groups (A, C,,), D(3)), measurements of tissue ATPmade at 90 min
as well as at 20 min of perfusion showed comparable reductions in ATP
levels. The data reported in the Results section are those obtained at 20
min of perfusion. The numbers of kidneys perfused in each group for
ATPdeterminations were as follows: group A: 9; group B: 6,4; group C:
6,4,5; group D: 6,5,4; group E: 5,5.

Morphologic techniques
The morphology of all kidneys in each group was examined. A three-
way stopcock was incorporated into the circuit 5 cm from the arterial
cannula to allow perfusion with the fixation solution, at the same pressure
applied during the functional study, for an additional 5-8 min. The
fixative solution contained 1.25% glutaraldehyde in 0.1 Mphosphate
buffer (pH 7.4). The sections were postfixed in buffered 2% OsO4, de-
hydrated and embedded in an araldite-epon 812 mixture. Large (3 X 3
mm) sections were cut, containing the cortex and outer stripe (for the
evaluation of the proximal tubule) or the outer medulla (for the evaluation
of the mTAL). The sections were examined by light microscopy and
selected blocks were evaluated by electron microscopy. Analysis of injury
was completed in a blinded fashion by Dr. Shanley for the proximal
tubule, and by Dr. Rosen for the medullary thick ascending limb.

Quantification of injury in the proximal tubule was performed as
follows: For SI and S2, the slides were moved by a mechanical stage
along a line through the midportion of the cortex, and all tubules included
in a high power field (X40) were evaluated for the presence or absence
of the characteristic SI/S2 lesion of hypoxia (brush border clubbing [by
electron microscopy, this clubbing lesion was found to represent marked
brush border disorganization] and high grade mitochondrial swelling)
(14, 15). Partially involved tubules were counted as one-half. Tubules
with cells having only nuclear changes or apical microvesicles were
grouped with normal tubules in the category of minimal lesions. Similarly,
for S3, tubules were evaluated along a line through the midportion of
the outer stripe for the presence of cytoplasmic edema or cell fragmen-
tation, which were characteristic S3 lesions of hypoxia (14, 15). Lesions
other than these did not occur to any significant extent.

The quantification of injury to the mTALwas performed as previously
described (5). The damage to mTAL in the inner stripe of the outer
medulla was evaluated in three regions: outer (A), mid (B), and inner
(C). A percentage score was used to indicate the fraction of tubules in-
volved with minimal to mild (chromatin margination, minor degrees of
mitochondrial swelling), moderate (blatant mitochondrial swelling with
limited nuclear pyknosis), or severe (blatant mitochondrial swelling with
extensive nuclear pyknosis and cell fragmentation) changes.

Statistical analysis
Results are presented as mean±SE. t test was generally used for com-
parison of different groups. Analysis of variance and Newman-Keul's
multiple comparison procedure were used for the data presented in Table
I. Linear and curvilinear correlations were analyzed with help from the
Division of Computer Medicine.

Results

lumol 02 I
per gram
of cells

ROTENONE
(105 M)

ANTIMYCI
(16 5 M)

IN OLIGOMYCIN
(10 4 M)

min

Figure 1. Effects of mitochondrial inhibitors on Q02 by fresh mTAL
cells isolated from the rabbit kidney.

Renalfunction (Table I). In comparison with control perfusions
(group A), all inhibitors of mitochondrial respiration (group C)
led to marked reductions in GFR, sodium reabsorption, and
Q02 in perfused kidneys, which were similar in general to the
changes induced by hypoxia and cyanide (group B). The effects
of the inhibitors of intermediary metabolism (group D) were
comparable in magnitude to the changes observed in groups B
and C, although less pronounced, especially with 2DG.

ATP levels. As shown in Figs. 2 and 3, ATP contents of
cortex and medulla were significantly depressed by inhibitors of
mitochondrial respiration or intermediary metabolism. Blockade
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Table I. Functional Data of Isolated Perfused Kidneys Under Control and Experimental Conditions *

GFR TRN. FeK Perfusion flow QO0

mllmin % % mllmin Amol/min

A Controls (n = 17) 0.50±0.04t 93.1±0.8t 79.0±6.7 51.3±1.8** 5.5±0.4*
B I Hypoxia(n = 7) 0.10±0.01 41.2±2.1 78.3±1.5 31.9±2.7 0.6±0.1

2 KCN(n = 5) 0.23±0.08 50.7±16.0 72.1±4.2 43.4±1.8 l.9±0.7tt

C I Rotenone (n = 6) 0.13±0.01 31.8±2.1 83.4±5.3 33.4±3.1 0.3±0.1
2 Antimycin (n = 6) 0.22±0.05 27.6±2.9 91.0±6.4 37.7±4.4 0.5±0.1
3 Oligomycin (n = 7) 0.14±0.04 31.7±7.9 67.2±8.2 31.9±2.7 0.5±0.1

D 1 Monofluoroacetate (n = 6) 0.27±0.04 62.6±3.4§ 54.0±4.9 34.4±2.3 1.7±0.3
2 Malonate (n = 5) 0.15±0.02 40.8±2.3 71.8±8.6 36.3±1.7 1.5±0.2
3 2-deoxyglucose (n = 10) 0.30±0.03 68.1±5.511 59.4±6.2 30.7±1.1 2.2±0.2§§

E I Rotenone plus 2DG(n = 6) 0.09±0.01 4.8±2.1¶ 96.5±2.5 29.3±2.3 0.1±0.02
2 Antimycin plus 2DG (n = 5) 0.10±0.01 5.2±2.0¶ 97.0±1.6 33.1±1.9 0.3±0.1

* Data are at 60' of perfusion and expressed per kidney. f P < 0.001 vs. all others. § P < 0.05 vs. all others except B2 and D3. "P < 0.05 vs.
all others except Dl. ¶ P < 0.01 vs. all others except E. ** P < 0.01 vs. all others except B2. if P < 0.05 vs. Cl and E2. §§ P < 0.05 vs. all
others except B2 and D.

of mitochondrial respiration with rotenone, antimycin, or oli-
gomycin depleted ATP levels more efficiently in the cortex (av-
eraging 67% reduction from control) than in the medulla (48%
reduction from control, P < 0.01 vs. cortex). The reverse was
true when anaerobic glycolysis was reduced with 2DG(23% de-
pletion in the cortex vs. 40%depletion in the medulla, P< 0.01).
The combination of rotenone or antimycin with 2DG (group
E) produced the most profound reductions of ATP levels in
both cortex and medulla: 72 vs. 67%depletion, respectively (not
significantly different from each other).

Morphological changes: proximal tubule (SI, S2). Morpho-
logical evaluation of the proximal tubule showed that ATP de-
pletion produced marked structural alterations regardless of the
way in which it was attained. In the first segments of the proximal
tubule (SI and S2), clubbing of microvilli in the brush border
and mitochondrial swelling were produced by hypoxia (Fig. 4
A) and cyanide (Fig. 4 B). Qualitatively identical changes were
observed after inhibition of intermediary metabolism (Fig. 4 C)
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Figure 2. ATP levels of cortex (C) and medulla (M) under control
conditions and metabolic inhibition. *P < 0.001 vs. control. tP
< 0.02 vs. cortex. oP < 0.001 vs. rotenone or 2DGalone.

C M

or mitochondrial respiration (Fig. 4, Dand E). Combination of
2DGwith an inhibitor of mitochondrial respiration (group E)
led to extension of these hypoxiclike lesions to virtually all prox-
imal tubules. The extent of these changes was found to be in-
versely correlated with the cortical ATP content measured in
parallel experiments (see Fig. 3 A).

Morphological changes: proximal tubule (S1). In the last seg-
ment of the proximal tubule (S3), hypoxic lesions (observed in
group B) consisted of cytoplasmic edema or cell fragmentation
(Fig. 5). These lesions were not reproduced to any significant
extent by the inhibitors of intermediary metabolism (group D;
monofluoroacetate, malonate, or 2DG). Similar lesions were in-
consistently reproduced by cyanide and by the inhibitors of mi-
tochondrial respiration (group C), until more severe ATP de-
pletion was reached by combining rotenone or antimycin with
2DG (Fig. 6). The extent of these changes was found to be
inversely correlated with the medullary ATP content (Fig. 7).

Morphological changes: mTAL. Morphological evaluation
of the mTALshowed divergent results, depending on the means
used for ATP depletion (Fig. 3 B). Hypoxia and cyanide (group
B) intensified the anoxic damage regularly observed in controls
(5, 16), as illustrated in Fig. 8. By contrast, inhibition of mito-
chondrial respiration (group C) or of intermediary metabolism
(group D) produced only minimal alterations in the mTAL, as
illustrated in Fig. 9, A-D. The combination of 2DGwith a mi-
tochondrial inhibitor (group E) led to the appearance of cyto-
plasmic edema and chromatin margination (Fig. 9, E and F)
but without cell fragmentation or nuclear pyknosis, lesions that
are characteristic of mTALhypoxia (5, 16, 17), as represented
in Fig. 8. In fact, in all these experimental groups (C-E), met-
abolic inhibition significantly decreased the proportion of
mTALS, demonstrating moderate to severe damage, as illustrated
in Fig. 3 B. Detailed quantification of the injury to mTALunder
these conditions is given in Fig. 10.

Reversal of proximal tubule and mTAL injury. Reversal of
monofluoroacetate inhibition with succinate or alpha ketoglu-
tarate was indicated by a significant increase in Q02 (Fig. 11).
In the proximal tubule, both succinate and alpha ketoglutarate
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Figure 3. (A) Correlations between tissue ATP conte
damage in the proximal tubule (SI, S2). The lesions
hypoxic damage in the proximal tubule were brush
and high grade mitochondrial swelling (see Methods
Correlation between tissue ATP content and histolo
the mTAL. The hypoxic lesions observed in the mT
chondrial swelling, nuclear pyknosis, and cytoplasm
described previously (5) and illustrated in Fig. 8. Th
shown is the average for areas B and C (see Method

tended to restore cell integrity. In the mTAL, o

alpha ketoglutarate tended to reestablish the
did succinate, but to a smaller extent (Fig. I 1)

Comparison of tissue ATP levels during hy
drial inhibition, and hypoxia with ouabain
cortical and medullary ATP levels during hy
of mitochondrial respiration with rotenone o
inhibition of active transport with ouabain in h
in Fig. 12. ATP levels in the presence of roten
were not significantly different from those meast
alone, and were significantly lower than thos
hypoxia in the presence of ouabain.

Discussion

Depletion of cellular energy stores is generally
portant if not crucial consequence of anoxia t
swelling, calcium influx, and membrane disru

therefore not surprising that ATP depletion achieved by inhib-
itors of intermediary metabolism or mitochondrial respiration

P < 0.01 reproduced cellular damage morphologically identical to that
elicited by hypoxia or cyanide in the proximal tubule. In these
experiments, we measured ATP levels in whole cortex. To the
extent that the proximal tubule forms a major part of the cellular
mass in the cortex, depletion of cortical ATP reflects reduced
energy stores in this nephron segment. Rotenone and antimycin
(l0-5- 10-6 M) have in fact been shown to deplete markedly the
ATP content of isolated proximal tubules to - 10-20% of con-
trols (18, 19). The type of morphological response to ATP de-

X CONTROLS pletion in the first segments of the proximal tubule (Si and S2)
XCONTROLS was similar regardless of the agent used, and consisted of clubbing

1.4 1.6 of the microvilli and mitochondrial swelling. The magnitude of
protein) these changes was proportional to the degree of ATP depletion.

Wheninhibition of aerobic metabolism was only partial (as with
monofluoroacetate), as indicated by residual Q02 and sodium
reabsorption (Table I) and by only moderate degrees of ATP
depletion, lesions were observed in a moderate number of tu-
bules. Maximal ATPdepletion with either rotenone or antimycin
plus 2DGresulted in the involvement of all SI and S2 segments

CONTROLS examined (Fig. 3 A). The relative morphological refractoriness
of the proximal tubule to 2DGis consistent with its lack of effect
on cortical ATPand the reported poor utilization of glucose for

.,. ' either aerobic or anaerobic metabolism in this nephron segment
r 0.793 (4, 20).

.01 P< 0.01 The importance of ATP synthesis via the citric acid cycle in

YCIN the proximal tubule is underlined by the experiments with
monofluoroacetate. Damage to the proximal tubule produced

OALONATE by this inhibitor of citrate oxidation was attenuated by succinate

| I X and alpha ketoglutarate, which enter the Krebs cycle after acon-
1.2 1.4 1.6 itase and are readily metabolized by proximal tubular cells (19,

mg protein) 21). These substrates bypassed the metabolic block of mono-
fluoroacetate as indicated by an increase in Q02, and significantly

cnt and histological reduced the severity of cellular damage (Fig. 1 1). The close cor-
characterlstic of relation between the morphological changes induced in the
border clubbing
s and Fig. 4). (B) proximal tubule by oxygen deprivation and inhibition of aerobic
igical damage in metabolism indicate that decreased energy supply in this nephron
AL include mito- segment is the probable cause of hypoxic injury to these cells.

iic disruption as In contrast to the proximal tubule, the response of the mTAL
ke quantitation was paradoxical, since anoxic injury could not be reproduced
s and Fig. 10). by metabolic inhibition. It should be pointed out that ATPlevels

in the whole medulla, as measured, are not an accurate measure
of energy stores in the mTAL, since this segment constitutes

on the other hand, only a small fraction of the entire medulla (22). Medullary ATP
anoxic injury, as content may, however, be regarded as an indication of the in-

tensity of inhibition of energy metabolism in a portion of renal
opoxia, mitochon- tissue known to have a large capacity for anaerobic metabolism
treatment. Renal (23). Intrinsic resistance of the mTALcells to the various in-
,poxia, inhibition hibitors appears unlikely since, in the isolated thick ascending
ir antimycin, and limb cells of the rabbit kidney, various mitochondrial inhibitors
ypoxia are shown effectively suppressed Q02 (Fig. 1) as they do in proximal tubules
one or antimycin (18). The mitochondrial inhibitors, however, depleted ATP
ured with hypoxia content to a lesser extent in the medulla than in the cortex, as
;e measured with predicted from the greater reserve for anaerobic glycolysis in the

medulla (23) and in the mTAL in particular (24). Indeed, the
combination of 2DGwith rotenone or antimycin led to a sig-
nificant further depletion of the medullary ATP, to levels as low
as those measured in the cortex (Figs. 2 and 3). Surprisingly,

viewed as an im- even under these conditions, the characteristic severe hypoxic
,hat results in cell lesions described in the mTAL, i.e., nuclear pyknosis and cell
iption (1-3). It is fragmentation, could not be reproduced. Only the inhibition of
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Figure 4. Morphology of proximal tubule (SI, S2) in hypoxia and dur-
ing metabolic inhibition: mitochondrial swelling and brush border
clubbing are lesions characteristic of hypoxia (A). Similar lesions occur
under conditions of histotoxic anoxia, KCN(B), or injury produced

the final step of respiration (electron transfer to oxygen at cy-
tochrome a, a3) by hypoxia or cyanide generated severe injury.
More proximal inhibition along the mitochondrial electron
chain, or at the level of substrate oxidation, did not. Thus, this
mode of injury appears to depend on continued mitochondrial

by inhibitors of intermediary metabolism, MFAA(C), and mitochon-
drial electron transport, such as oligomycin (D) and antimycin (E). X
880.

electron flow in the face of limited oxygen, a situation that might
conceivably lead to the production of electron-dependent free
radicals (25). It should be noted that under certain conditions,
antimycin (26) and rotenone (27) can decrease the formation
of oxygen-free radicals by mitochondria. In addition, the un-
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Figure 5. Morphology of the proximal tubule (S3) in hypoxia. Under hypoxic conditions, the S3 segment of the PT responds with two overt types
of cell injury: cell fragmentation with tubular dilatation (right), or marked cellular edema with luminal occlusion (left). X 430.

Figure 6. Morphology of the proximal tubule (S3) with combined mi-
tochondrial blockade (antimycin) and inhibition of glycolysis (2DG).
Sometubules show cytoplasmic edema (right), while others show cell

fragmentation (left), lesions similar to those seen under hypoxic condi-
tions (see Fig. 5). X 800.
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Figure 7. Correlations between tissue ATP content and histological
damage in the proximal tubule (S3). The lesions counted are cyto-
plasmic edema or cell fragmentation as shown in Fig. 5 (see Methods).

couplers of mitochondrial respiration tend indeed to increase
mTALinjury in the isolated perfused kidney (reference 16; un-

published observations). Thus far, however, inclusion of scav-
engers of oxygen-free radicals (these include mannitol [10 mM],
dimethyl sulfoxide [0.3 M], tetramethylurea [25 mM], super-
oxide dismutase [400 U/ml], and catalase [500 U/ml]) in the
perfusion medium have failed to reduce mTALdamage in this
preparation. These observations suggest that the pattern of hyp-
oxic cell damage in this nephron segment is not simply related
to depletion of energy stores, and may result from a different
mechanism of injury. Aberrant energy biotransformation within
the mitochondria, such as the production of electron-dependent
free radicals, may be involved, although this remains conjectural.

Inhibition of transport activity by ouabain can protect the
mTALfrom the effect of hypoxia (16), and one possible reason
for this might be a reduction in the rate and extent of ATP
depletion. Fig. 12 shows that the medullary ATP content of
kidneys exposed to hypoxia in the presence of ouabain is indeed
significantly higher than in kidneys exposed to hypoxia alone.

Figure 8. Morphology of the mTALin hypoxia and histotoxic anoxia. The extensive destruction of the mTALthat occurs under hypoxic condi-
tions (A and B) is reproduced when KCN(> 1.0 mM) is included in the perfusate (C and D). X 350; X 880.
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Figure 9. Morphology of the mTALduring metabolic inhibition. In
marked contrast to the proximal tubule, inhibition of intermediary
metabolism with MFAA(A and B) or mitochondrial electron trans-
port with rotenone (C and D) produces minimal alterations in mTAL.
Only when both anaerobic glycolysis (2DG) and respiratory chain in-
hibition is present (antimycin) do changes occur. These changes are

chromatin margination and cellular edema, without obvious mito-
chondrial swelling (E and F). By our criteria (described in Methods),
these alterations are defined as mild injury. Even under these circum-
stances, cellular integrity is relatively intact when compared to hy-
poxic injury (see Fig. 8, A and B). X 350; X 880.
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dium malonate, or 2DG. A, B, and C refer to outer, mid, and inner
portions of the inner stripe (outer medulla) as defined in Methods. (A)
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Figure 11. Effects of reversal of metabolic inhibition from MFAAby
succinate or by alpha ketoglutarate on morphological damage in the
proximal tubule and in the mTAL. A, B, and C refer to outer, mid,
and inner portions of the inner stripe (outer medulla) as defined in
Methods. a, Brush border clubbing and mitochondrial swelling; A,
Moderate mTALdamage; -, Severe mTALdamage. n, Number of
experiments (total count of tubule sections evaluated). *P < 0.001 vs.
MFAAalone. tP < 0.05 vs. MFAAalone. Q02, oxygen consumption
(micromole per minute per kidney).

decline in ATP content by overt morphological alterations:
clubbing of microvilli, mitochondrial swelling, and only rare
cell fragmentation. These structural changes are reminiscent of
those observed in this nephron segment after renal ischemia (30,
31) where they appear to be at least in part reversible (30, 31).
By contrast, the mTALis probably capable of withstanding sub-
stantial depletion of cellular energy stores with only relatively
minor structural alterations. In this segment, a severe hypoxic
injury associated with extensive cell fragmentation appears cor-
related with mitochondral activity in the face of a limited 02
supply (17). Since these nephron segments have different func-
tional properties, it is tempting to speculate that the morpho-
logical response to energy depletion might be determined by
cellular characteristics such as osmotic water permeability or the
capacity for gel-sol transformation. For instance, the transtubular
permeability to water is greater in the proximal tubule than in

Some mitochondrial inhibitors may also depress the activity of
Na-K-ATPase (28). Thus, a reduction in transport activity oc-
curring at the same time as the inhibition of ATPsynthesis might
have led to lesser degrees of ATPdepletion than hypoxia alone.
The medullary ATP levels measured with rotenone or antimycin,
however, were not different from those measured with hypoxia
alone, and were significantly lower than those measured with
hypoxia in the presence of ouabain. Although ATP levels may
have a limited value in the assessment of cellular energy stores
(29), in the present study the low levels obtained with metabolic
and mitochondrial blockers (or their combination) can reason-
ably be assumed to represent inhibition of energy metabolism
and reduction of the energy available for cellular functions.

The remarkable difference in the response of the proximal
tubule and the mTALto ATPdepletion is of particular interest.
The proximal tubule (SI, S2) appears to express even a moderate
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Figure 12. Comparison of tissue ATP levels (cortex, C; medulla, M)
when perfused kidneys were exposed to low 02, rotenone, antimycin,
or low 02 plus ouabain. The numbers inside the bars indicate the per-
centage of control ATP levels. C, Cortex; M, medulla. *P < 0.001 vs.
controls. tP < 0.005 vs. low 02, rotenone or antimycin.
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the mTALby about three orders of magnitude (32), and seems
to derive from a greater transcellular water permeability (32)
that is possibly also related to greater membrane fluidity (33).
By contrast, the mTALis characterized by a very low hydraulic
conductivity and by the presence of a gel-forming Tamm-Hors-
fall protein that might conceivably play a role in the stability of
these cells to osmotic stresses (34). Preliminary observations using
an impermeant solute (polyethylene glycol) added to the per-
fusate show considerable alterations of cell morphology in the
proximal tubule, with little change in thick ascending limbs (35).
That inhibition of transport activity (as with ouabain) offers only
marginal protection from hypoxia in the proximal tubule (35),
while preventing damage in the mTAL, supports the notion of
disparate mechanisms for hypoxic cell injury along the nephron.
The easily elicited morphological changes associated with ab-
normal energy metabolism in the proximal tubule could underlie
the prominent proximal tubular damage described in various
toxic or anoxic nephropathies. The transport-dependent nature
of mTAL injury may be important in acute renal failure (36).

The response of the S3 segment of the proximal tubule to
ATPdepletion is of interest because of its reported vulnerability
after in vivo ischemia (31) and because it appeared intermediate
between the response of the earlier portion of the proximal tubule
and that of the mTAL. Comparison of Fig. 7 to Fig. 3 A shows
that S3 was more resistant than SI and S2 to procedures producing
depletion of cortical tissue ATP. With the addition of 2DGand
more advanced ATP depletion, severe cell damage (fragmen-
tation or edema) became extensive. This observation suggests a
contribution of anaerobic metabolism to cell integrity in S3,
despite reports claiming little or no capacity for anaerobic gly-
colysis in this nephron segment (4, 24). It is conceivable that
when mitochondrial respiration is blocked, additional inhibition
with 2DGof a quantitatively small anaerobic ATP production
would induce the marked qualitative changes in cell morphology
observed.

In conclusion, the response of various portions of the neph-
ron of the isolated perfused rat kidney to hypoxic or metabolic
insults is heterogeneous. Thus, different mechanisms of damage,
operating in specific portions of the tubule, may underlie the
diverse patterns of injury observed in vivo.
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