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Mechanisms Whereby Exogenous Adenine Nucleotides Improve Rabbit Renal
Proximal Function during and after Anoxia
L. J. Mandel, T. Takano, S. P. Soltoff, and S. Murdaugh
Machu Picchu Research Foundation and Department of Physiology, Duke University Medical Center, Durham, North Carolina 27710

Abstract

When a suspension of rabbit proximal tubules is subjected to
anoxia, ATP falls by 80-90% during 40 min of anoxia, and
upon reoxygenation (reox) the cells only recover 25-50% of
their initial ATP. Addition of Mg-ATP (magnesium chloride-
treated ATP), Mg-ADP, or Mg-AMP (five aliquots of 200
nmol/ml added 10 min apart) during anoxia causes complete
recovery of ATP levels, and respiratory and transport function
after 40 min of reox. Similar additions of adenosine (ADO), or
inosine (INO), or Mg-ATP only during reox are less effective.
Lactate dehydrogenase (LDH) release after 40 min of anoxia
is 30-40% under control conditions, only 10-15% when ade-
nine nucleotides or ADOare added during anoxia, and 20%
when INO is added, suggesting that these additions may sta-
bilize the plasma membrane during anoxia and help preserve
cellular integrity. During reox, recovery may depend on the
entry of ATPprecursors and, therefore, we explored the mech-
anism whereby exogenous ATP increases the intracellular
ATP content. Additions of Mg-ATP, Mg-ADP, or Mg-AMP
to continuously oxygenated tubules increase cellular ATPcon-
tent three- to fourfold in 1 h. The added ATP and ADPare
rapidly degraded to AMP, and more slowly to ADO, INO, and
hypoxanthine. Furthermore, the ATP-induced increase in cel-
lular ATP is abolished by the exogenous addition of adenosine
deaminase, which converts extracellular ADOto INO. These
results suggest that the increase in cellular ATP requires ex-
tracellular ADO. The ADOobtained from the breakdown of
AMPmay be preferentially transported into the renal cells to
be resynthesized into cellular AMPand ATP.

Introduction

Ischemia produces a complex series of pathologic events in the
kidney which, depending on their duration, leads to reversible
or irreversible cell injury (1-4). One of the earliest manifesta-
tions of renal ischemia is a rapid decrease in cortical ATP
content (5-7), which is depleted by 60-90% within minutes of
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the initiation of ischemia (5-7). Initially, the decreased ATP
appears as an accumulation of AMP(5-8). The AMPis further
hydrolyzed in a slower reaction to mainly hypoxanthine (HX)'
in the rabbit (7, 8) and a mixture of HXand xanthine in the rat
(5, 6). Therefore, as the ischemic time is increased, there is a
progressive degradation of adenine nucleotides in the cells
reaching 75-90% loss after 45-60 min (5-8). During reoxy-
genation, resynthesis of ATP from AMPis fast, and therefore,
the cells can rapidly recover their ATPcontents when the total
adenylate loss is minor (5-8). Conversely, resynthesis of ATP
from HXis very slow (7, 9). Based on these considerations, it is
not surprising that postischemic recovery of the kidney ap-
pears to be inversely correlated with the ischemic adenylate
loss as well as the accumulation of HXand xanthine (10).

Various investigators have attempted to ameliorate this
nucleotide loss by infusion of nucleotides or nucleosides before
or after ischemia. Addition of ATP, ADP, AMP, or adenosine
(ADO) at concentrations of 1-5 mMproduced dramatic im-
provements in tissue recovery from ischemia (1 1-13). Inosine
(INO) infusion added to a saline solution produced similar
results (14, 15), however, the concentration used (160 mM)
was so large that the effects may be due to the hypertonicity
and may not be different from the response to hypertonic
mannitol (16, 17). All the aforementioned studies designed to
ameliorate the pathological effects of ischemia were performed
in vivo, where the protective mechanisms are difficult to study.
In these preparations, it is particularly difficult to separate
hemodynamic from tubular effects because anoxia is produced
simultaneously with a hemodynamic blockage. Therefore, sus-
pensions of proximal tubules have been used by Weinberg (18)
and us ( 19) to enable the study of the tubular effects of anoxia
independently from the other consequences of clamp-induced
ischemia. However, this in vitro anoxia model differs in signif-
icant ways from in vivo-induced ischemia. For example, meta-
bolic substrates are available in the suspension during anoxia,
the pH is held relatively stable by buffers, and constituents lost
to the medium during anoxia can be reclaimed during reoxy-
genation. These and other differences between the models
need to be taken into account when they are compared.

In our previous studies (19) the tubules were subjected to
varying times of hypoxia or anoxia, followed by reoxygena-
tion, and the effects of these perturbations were evaluated on a
number of cellular transport and respiratory parameters. We
found that 20 min of anoxia produced reversible changes,
whereas 30-40 min of anoxia caused irreversible damage,
which is similar to the time frame encountered in in vivo
ischemia studies (1-4). In the present communication, we re-
port the measurements of adenine nucleotide contents and

1. Abbreviations used in this paper: ADO, adenosine; HX, hypoxan-
thine; IMP, inosine monophosphate; INO, inosine; LDH, lactate dehy-
drogenase; Mg-ATP, magnesium chloride-treated ATP; Q02, increase
in oxygen consumption.
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their breakdown products as a function of time in anoxia and
oxygenated recovery. The effects of nucleotide and nucleoside
addition during anoxia and under oxygenated conditions were
also studied to understand the mechanisms whereby the pro-
tection from anoxia occurs.

Methods

Preparation of renal tubule suspension. Renal cortical tubules were
prepared from female New Zealand White rabbits (Bunny Haven,
Durham, NC; 3-4 kg wt) according to previously published methods
(20, 21). In brief, after the animal was injected with heparin and anes-
thetized with ether, both kidneys were perfused at 37°C with a medium
containing NaCl (I 15 mM), NaHCO3(25 mM), NaH2PO4(2 mM),
CaCl2 (1 mM), KCI (5 mM), MgSO4(I mM), glucose (5 mM), lactate
(4 mM), alanine (I mM), 0.6% dextran, and mannitol (25 mM)equili-
brated with 95% 02/5% CO2(pH 7.4). After clearing the kidneys with
this solution, perfusion was continued with the same solution to which
collagenase was added (124 U/ml), followed by the original solution to
clear the collagenase. The cortex was then excised, minced, dispersed,
and washed three times with ice-cold medium containing NaCl (140
mM), NaH2PO4(2 mM), BaCl2 (1 mM), KCI (5 mM), MgCl2 (1 mM),
and Hepes (10 mM)(pH 7.4). The use of BaCl2, throughout the pre-
parative steps in the cold, was instituted to obtain tubules with total
calcium contents comparable to those found in the in vivo kidney (see
reference 22 for details). To remove nonvital single cells and cellular
debris, one of the washes involved the use of a Ficoll cushion (20).

90% of tubules in the resulting preparation were proximal in origin
and their lumens were open. The final pellet was resuspended at a
concentration of 6-8 mg protein/ml in the normal NaCl medium
containing NaCl (I 15 mM), NaHCO3(15 mM), NaH2PO4(2 mM),
CaCl2 (I mM), KCI (5 mM), MgSO4(I mM), glucose (5 mM), lactate
(4 mM), alanine (I mM), glutamate (5 mM), malate (5 mM), valerate
(1 mM), Hepes (10 mM), and 0.6% dextran, equilibrated with 95%
02/5% CO2(pH 7.4).

Anoxia experiments. Each experiment was initiated with a 20-min
preequilibration of the tubule suspension at 37°C in the normal NaCl
solution bubbled with 95%02/5% CO2. Anoxia was achieved by clos-
ing a specially designed thermostated chamber (20), and allowing the
tubules to consume all the oxygen in the solution. Anoxia was main-
tained for 10, 20, 30, or 40 min. After each period of anoxia, the tubule
suspension was reoxygenated for 20 or 40 min in a shaker bath under a
95% 02/5% CO2 atmosphere at 37°C. Samples were taken from the
suspension three times during each experiment: immediately before
anoxia, immediately after anoxia, and after reoxygenation. Previous
experiments (19) have shown that tubule suspensions were stable
under oxygenated conditions for the duration of these experiments.
Therefore, percent impairment of each function was calculated using
the respective control value obtained just before anoxia. At each sam-
pling time, nystatin-stimulated respiration, percentage of lactate dehy-
drogenase (LDH) released from the cells, total cellular K content, and
cellular and extracellular content of adenine nucleotides, and their
breakdown products were measured.

Nystatin-stimulated respiration. Previous studies in our laboratory
(23) have determined that addition of nystatin to proximal tubules
leads to a rapid increase in oxygen consumption (Q02) caused by the
entry of sodium from the extracellular medium and the consequent
stimulation of Na, K-ATPase activity. The Q02 obtained with nystatin
addition has been shown to equal the mitochondrial state three respira-
tory rate under normal conditions (23). Therefore, nystatin-stimulated
Q02 was used to measure the maximal rate of coupled respiration
obtainable in the intact tubules before and after anoxia or hypoxia.
Nystatin was added at a concentration of 160 mg/ml. Measurements of
Q°2 were made in a closed magnetically stirred thermostated chamber
of 1.6 ml in volume, using a Clark-type oxygen electrode.

Chemical assays. Total cell potassium content was measured by
first layering a 0.5-ml sample onto 0.4 ml of a 2:1 mixture of dibutyl/

dioctyl phthalate in a 1.5-ml microcentrifuge tube, which was centri-
fuged for at least 10 s using a centrifuge (5412; Eppendorf, Westbury,
NY). After discarding the supernatant (in samples obtained during
anoxia and reoxygenation, 5-10% of the total protein was found in the
supernatant) and the phthalate, the pellet was dissolved in 0.1 ml of
14%perchloric acid and the potassium content was measured using an
atomic absorption spectrophotometer (model 460; Perkin-Elmer
Corp., Instrument Div., Norwalk, CT). Protein was measured on the
same sample by the biuret method (24).

LDHwas assayed according to the procedure of Bergmeyer et al.
(25). Released LDHfrom the cells was expressed as percentage of total
LDH (released LDH plus nonreleased LDH in the cells). Total LDH
was measured after plasma membrane disruption by freeze thawing.

Adenine nucleotides and their breakdown products were measured
using an HPLCsystem (Waters Associates, Millipore Corp., Milford,
MA). To measure the combined nucleotide content of the cells and the
extracellular medium, samples (0.5 ml) were added to equal volumes
of ice-cold, 6% perchloric acid. To measure the contents of the extra-
cellular medium, samples (0.5 ml) were first layered onto 0.4 ml of a
2:1 mixture of dibutyl/dioctyl phthalate in a 1.5-ml microcentrifuge
tube, and centrifuged for at least 10 s using a centrifuge (5412; Eppen-
dorf). The resulting supernatant was then added to an equal volume of
6%perchloric acid. In both of these types of samples, the supernatant
remaining after the protein was precipitated by centrifugation (5412;
Eppendorf), was transferred to another tube, neutralized with a small
volume of 2.14 MKOH-1.55 MK2CO3, and centrifuged to remove the
precipitate; the supernatant was stored at -20°C until assayed by
HPLC. A gradient system, using 100 mMNH4H2PO4(pH 5.5) and
methanol, with a 5-MM ,Bondapak column (Waters Associates) was
used to separate the nucleotides. This procedure permitted the quanti-
tative measurement of ATP, ADP, AMP, ADO, INO, HX, IMP (ino-
sine monophosphate), and xanthine (26).

Materials. Collagenase (type 4) was obtained from Sigma Chemical
Co. (St. Louis, MO) or Worthington Biochemical Corp. (Freehold,
NJ). Digitonin, nystatin (mycostatin), Hepes, ATP, and ADPwere
obtained from Calbiochem-Behring Diagnostics, American Hoechst
Corp. (La Jolla, CA). Dextran TO4 and Ficoll were purchased from
Pharmacia Fine Chemicals, Div. of Pharmacia (Piscataway, NJ). Oua-
bain, AMP, ADO, INO, and Tris were obtained from Sigma Chemical
Co. All other chemicals were reagent grade. Nystatin was dissolved in
dimethyl sulfoxide.

Statistics. All values are reported as the mean±SE. Data were ana-
lyzed by analysis of variance or Student's t test. Multiple means were
tested for significance using Fisher's protected, least significant differ-
ence test and a P value of < 0.05.

Results

Adenine nucleotides and their breakdown products during an-
oxia and reoxygenation. Fig. 1 shows that cellular levels of
ATP decreased by 63% within 10 min of anoxia, and contin-
ued to decrease by another 27% in 40 min. ADP levels re-
mained fairly constant during the first 20 min of anoxia, de-
creasing only after 30 min. AMPvalues increased rapidly as
ATPwas hydrolyzed, remaining fairly constant for the first 30
min of anoxia. Only the 40-min value was significantly lower.
The total cellular adenine nucleotide content (ATP + ADP
+ AMP) declined continuously with time in anoxia to only
25% of control after 40 min. No ADOwas measurable, some
INO was found mainly extracellularly (Table I), but the main
breakdown product of AMPwas HX, which was found mostly
in the extracellular medium. As seen in Fig. 1, the HX con-
centration increased continuously with time in anoxia. Only
after 10 min in anoxia did the increase in HXlevels equal the
decrease in total adenine nucleotides. After 20 min and longer
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Table I. Extracellular Concentrations of ATPand its Breakdown Products after 40 min of Anoxia followed by 40 Min of Reoxygenation

Extracellular concentration

Substance added ATP ADP AMP ADO INO HX 2

MgC12 1.1 ±0.3 0.6±0.2 0.8±0.3 0 3.6± 1.4 41±6
ATP 3.9±0.5 8±2 441±90 66±31 190±49 227±49 936±55
ADP 4.0±0.5 21±8 393±68 48±12 271±52 249±42 986±70
AMP 3.2±0.6 6±2 295±160 87±38 359±84 349±82 1,009±48
ADO 2.8±0.6 0.7±0.4 3.3±1.4 381±47 311±77 232±39 931±64
INO 2.1±0.8 0.3±0.3 3.8± 1.1 2.1±1.1 524±30 414±39 947±37
Phosphate 3.0±0.6 1.2±0.2 8±3 41±5
ATP& ADOdeaminase 3.0±0.3 35±9 522±73 0 131±14 181±32 872±70
ATP after anoxia 8±2 48±15 680±125 39±10 79±23 155±57 991±209

All values are means±SEM; MgC92, ADP, and ATP after anoxia, n = 7; ATP, n = 5; all other, n = 4. Each substance was added in five ali-
quots, each (except for phosphate) adding a concentration of 0.2 mMto the solution at 10-min intervals during the 40 min of anoxia for a total
addition of 1 mM. Phosphate additions were 0.6 mMfor a total of 3 mM. For the experiments shown in the last row, ATPwas added in five
aliquots after anoxia. All additions (except phosphate) contained an equal concentration of MgC12.

times in anoxia, the HX levels were larger than the total de-
crease in adenine nucleotide content, suggesting a breakdown
of other cellular constituents.

During these experiments, little, if any, ATPor ADPwere
found in the extracellular medium under control conditions,
but some AMPwas usually found there (- 0.5-1.0 ,uM). After
40 min of anoxia, all three adenine nucleotides were detectable
extracellularly at concentrations of 0.5-1.0 jsM (Table I). No
significant amounts of ADO, xanthine, or IMP were found
under any of these conditions. Furthermore, to test the iden-
tity of the HX peak in samples from anoxic tissue, xanthine
oxidase was added to two random samples. This procedure
caused the complete disappearance of the HX peak and the
appearance of a new xanthine peak in the HPLCtraces from
both samples.

Recovery from anoxia was examined in paired experi-
ments in which tubules were exposed to 20 or 40 min of an-
oxia. As shown in Fig. 2 A, the ATP levels increased from 27%
of control immediately after 20 min of anoxia to 76% of con-
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Figure 1. Cellular content of ATP, ADP, AMP, and HXas a func-
tion of time in anoxia. C = control; 10, 20, 30, and 40 are the times
in minutes that the tubules were subjected to anoxia, respectively (n
= 4). *Significantly different from control.

trol after 20 min of oxygenated recovery. The large decrease in
AMPlevels (to - 0.0) accounted stoichiometrically for most
of the ATP recovery, the rest was probably due to resynthesis
from other sources that included HX. Complete ATP recovery
was achieved after 40 min of reoxygenation, and this was ac-
companied by a small but significant decline in HX. Note that
the AMPlevel remained depressed even after 40 min of re-
covery.

The pattern of recovery was very different after 40 min of
anoxia, as shown in Fig. 2 B. Reoxygenation for 20 min pro-
duced recovery of ATP from 10% to 27% of control and an
additional 20 min of reoxygenation only increased this value
to 34% of control. The ADPand AMPlevels also remained
depressed, the latter becoming almost unmeasurable during
recovery. Again, much of the ATP recovery could be attrib-
uted to the further decrease in AMPlevels during this period.
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The HX level was already 45% larger than the control ATP
value after 40 min of anoxia. During recovery, the HX level
continued to increase, in contrast to the behavior observed
during the recovery from 20 min of anoxia (Fig. 2 A). The
continued production of HX suggests that the cells may be
undergoing a generalized breakdown, leading to irreversible
cell injury (see Discussion).

Addition of magnesium chloride-treated ATP (Mg-A TP) or
its hydrolysis products during anoxia. A series of paired exper-
iments was performed to determine the effects of Mg-ATP
addition on adenine nucleotides and their breakdown prod-
ucts during 40 min of anoxia followed by 40 min of reoxygen-
ation. Mg-ATP was added in five aliquots, each one adding a
concentration of 0.2 mMto the solution at 10-min intervals
during the 40 min of anoxia. As seen in Fig. 3, addition of
extracellular Mg-ATP did not change the measured value of
intracellular ATP after 40 min of anoxia. However, there were
significant increases in the ATP recoveries obtained after 20
min and 40 min of reoxygenation. The addition of Mg-ATP
during anoxia produced an 82±11% recovery of ATP level
after 20 min and 157±12% recovery after 40 min of reoxygen-
ation.

An analysis of the extracellular medium composition was
made during these experiments in an attempt to determine
whether ATP or its breakdown products were responsible for
the improved recovery. As shown in Fig. 4, little ATP was
found extracellularly at any time point. Only 20 ,M of extra-
cellular ATP was found after 20 min of anoxia, despite the
total addition of 400 MMup to that time point, demonstrating
that a fast hydrolysis of ATP occurred extracellularly. Al-
though the extracellular ADP values increased significantly,
most of the added ATPwas found hydrolyzed to AMP, ADO,
INO, and HX. ADOand INO displayed similar time courses
to those of HX and therefore were not shown in Fig. 4 for
clarity. The extracellular concentrations of ATP and its main
breakdown products after 40 min of anoxia and reoxygenation
are shown in Table I. IMP could also be detected in some
experiments, but its concentration remained below 20 MM.

The rapid hydrolysis of extracellular ATPmade it difficult
to identify the compound(s) responsible for the improved re-
covery from anoxia. Therefore, a series of experiments was
performed to test the effects that extracellular addition of each
hydrolytic product had on the recovery from anoxia. Each of
the compounds was added in five aliquots during anoxia using
an experimental protocol identical to that used for the Mg-
ATP additions. Each substance was added in a 1:1 combina-

200
2

Without Mg-ATP
WWith Mg - ATP

-50L

Control 40 min 20 min 40 min
Anoxio Reoxygenotion Reoxygenotion

Figure 3. Cellular ATP contents of tubules exposed to 40 min of an-
oxia followed by 40 min of reoxygenation. Paired studies (n = 5)
comparing the effects of external Mg-ATP addition during anoxia.

30 40 50 60 70 80
Time (min)

Anoxia Reom emotion
I I t t t
5 odditions of 200 ,uM ATP eoch

Figure 4. Extracellular concentrations of ATP, ADP, AMP, and HX
during anoxia and reoxygenation when the tubule suspension was
subjected to five exogenous additions of ATP at the times indicated
by the arrows (n = 4).

tion with Mg-Cl2 and the control conditions received five ad-
ditions of 0.2 mMMgCl2. The one exception was NaH2PO4
(titrated to pH 7.4), which was added in five aliquots that
increased the solution concentration by 0.6 mMeach. The rate
of breakdown of each of the added compounds was similar to
that shown in Fig. 4. The extracellular composition after 40
min of anoxia and 40 min of reoxygenation for each of the
additions is shown in Table I. In these experiments the sum of
all the measured breakdown products always accounted for
93-100% of the added substance, as shown in Table I. Added
ADPwas rapidly hydrolyzed to AMPand further breakdown
products. Added AMPwas metabolized less rapidly than ATP
or ADP, as would be expected from Fig. 4. Its main breakdown
products were INO and HX. Added ADOwas converted to
INO and HX, and much of the added INO was found in HX.

As seen in Table II, additions of ATP, ADP, or AMPdur-
ing anoxia offered the most substantive protection of cellular
ATP content, producing excellent recovery after 20 min and
supramaximal recovery after 40 min of reoxygenation. ADO
produced significant improvement in the recovery of cellular
ATP content, but after 40 min of reoxygenation, this content
was significantly lower than that achieved by nucleotide addi-
tions. INO addition did not provide any protection as com-
pared with controls.

Comparison of the last two rows of Table II offers some
insight into the separate roles of extracellular adenine nucleo-
tide aliquots added during anoxia vs. those added after anoxia,
during reoxygenation. At 20 min of reoxygenation, the ATP
added after anoxia produced no significant improvement in
cellular ATP content, whereas the samples to which ATP was
added during anoxia, which was followed by a wash, had a
significantly higher cellular ATPcontent. The latter ATPcon-
tent was not different from that achieved by the cells with
nucleotide additions during anoxia and were not washed be-
fore reoxygenation. These results highlight the protection of-
fered by extracellular ATP addition during anoxia and the
relatively small role played by the extracellular nucleotides
during the first 20 min of reoxygenation. In contrast, the pres-
ence of extracellular adenine nucleotides produced a signifi-
cant increase in cellular ATP content between 20 and 40 min
of reoxygenation, although the increase was less than in the
ATP, ADP, or AMPgroups.
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Table I. Effect of Added Adenine Nucleotides and Their Breakdown Products on Cellular ATP
Content and LDHRelease during Anoxia and Reoxygenation

ATP content LDH released

Substance added 40 min anoxia 20 min reox. 40 min reox. Control 40 min anoxia 40 min reox.

% control %

MgC12 17±2 33±5 46±7 5±1 35±3 40±4
ATP 23±4* 82±11* 164±12*0 6±1 16±4* 19±5*
ADP 28±2* 103±2l1 191±27*$ 5±1 19±3* 24±4*
AMP 27±4* 66±12* 143±26*$ 4±1 14±1* 15±1*
ADO 18±2 61±8* 93±13* 5±1 14±1* 19±2*
INO 17±3 35±3 53±7 5±2 20±1* 35±4
ATP after anoxia 23±4* 46±10 77±14* 6±2 35±5 43±4
ATP + wash 35±6* 81±13* 103±10* 7±1 20±3* 4±1**

All values are means±SEM. Significantly different from each other (P < 0.05). Numbers of experiments and additions were as described in
Table I. Control values for ATPwere obtained immediately before anoxia for each experiment (see Methods). In the "ATP + wash" experi-
ments, ATPwas added in five aliquots during anoxia followed by rapid washing of the cells and resuspension in fresh oxygenated medium con-
taining no nucleotides or nucleosides; anoxia samples were obtained before the washing procedure; n = 4 for these experiments. Reox., reoxy-
genation.

The improvements in ATP recovery were also mirrored in
the preservation of cellular LDHcontent, which is also seen in
Table II. Addition of any of the nucleotides or nucleosides
significantly decreased the percentage of LDH released to the
extracellular medium during anoxia. No additional significant
release of LDH could be detected during reoxygenation, as
shown previously by Takano et al. (19), although a small re-
lease may be obscured by the LDH lost from the cells during
anoxia. The one group of experiments in which the cells were
washed after anoxia ("ATP + wash") showed a release of
4±1% LDHduring reoxygenation, which may be representa-
tive of the amount released under other conditions, as well.
The only exception was INO, which protected during anoxia,
but not upon reoxygenation. Not surprisingly, ATP addition
after anoxia was not different from control. The present results
measuring LDH release at these time points are particularly
important because they demonstrate two forms of protective
action by adenine nucleotides and nucleosides: (a) protection
of plasma membrane integrity (less LDH release) during an-
oxia, and (b) serving as a source of intracellular adenine nu-
cleotide precursors during reoxygenation (see Discussion).

Addition of ATP, ADP, or AMPproduced almost com-
plete recovery of nystatin-stimulated respiration and K con-
tents of the tubules after 40 min of reoxygenation, as shown in
Table III. The presence of the nucleotides during anoxia was
clearly the important time for the protective action, since
washing the cells before reoxygenation did not alter the course
of recovery (Table III, last row). ADOimproved only the ny-
statin-stimulated respiration but did not significantly elicit
better recovery in K contents than MgCl2 addition did. INO
and ATP added after anoxia did not significantly improve
recovery of either of these variables.

To separate further the effects of ATP itself from those of
its hydrolytic products, a series of five experiments was per-
formed, with results shown in Table IV. Addition of phosphate
(another hydrolytic product of ATP) produced no protection
from anoxia, as compared with the MgCl2 controls. Paired
experiments were performed to test the effects of ADOdeami-

nase on ATP addition during anoxia. As seen in Table I, the
addition of 5 ,ug/ml ADOdeaminase converted all extracellu-
lar ADOto INO without affecting the concentrations of the
other ATP breakdown products. Addition of ATP during an-
oxia provided protection and enhanced recovery in all the
measured variables in the presence and absence of ADOdeam-
inase. These experiments demonstrate that ADO is not re-
quired for preservation of plasma membrane integrity during
anoxia. However, a difference was seen in the ATP recovery
from anoxia when each value in the absence of deaminase was

Table III. Effect of Added Nucleotides and Their Breakdown
Products on Nystatin-stimulated Respiration and Cellular K
Content during Anoxia and Reoxygenation

Nystatin-
stimulated

Q02 K content

Substance added 40 min reox. 40 min anoxia 40 min reox.

% control % control

MgCl2 53±7 36±3 80±6
ATP 97±13* 33±2 112±7*
ADP 74±7* 32±2 94+5*
AMP 88±9* 31±2 103±7*
ADO 82±10* 32±2 88±14
INO 63±7 30±2 80± 10
ATP after anoxia 55±5 33±5 79±5
ATP + wash 83±10* 32±2 100±4*

All values are means±SEM.
* Significantly different from each other (P < 0.05). Numbers of ex-
periments and additions were as described in Table I. Control values
for each variable were obtained immediately before anoxia for each
experiment (see Methods). Control values for nystatin-stimulated
Q02 averaged 41.7±2.5 nmol/min.mg protein; for K content, con-
trol values averaged 250±4 nmol/mg protein. Reox., reoxygenation.
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Table IV. Effect of Added Phosphate, ATP, or ATPPlus ADODeaminase on Cellular ATPContent, LDHRelease, Nystatin-stimulated
Respiration, and K Content during Anoxia and Reoxygenation *

ATP content LDH released Nystatin-stimulated K content
Q02

40 min 40 min 40 min 40 min 40 min 40 min
Substance added anoxia reox. Control anoxia anoxia 40 min reox. anoxia reox.

% control % % control % control

Mg902 14±2 33±5 6±1 47±4 52±5 37±5 38±4 64±5
Phosphate 18±3 28±6 5±1 39±5 50±6 35±5 37±2 62±4
ATP 27±5* 125±29* 6±1 21±3* 24±3* 82±6* 36±2 98±5*
ATP + ADOdeaminase 31±11 79±15* 6±1 22±5* 26±4* 77±9* 29±3 86±5*

All values are means±SEM(n = 5). * Significantly different from their respective MgCl2 control (P . 0.05). Additions were as described in
Table I. Reox., reoxygenation.

divided by its paired value in the presence of the enzyme. In
four paired experiments this ratio of ATP values was 2.2±0.5
(P < 0.05), demonstrating less ATP recovery in the absence of
extracellular ADO.

Addition of Mg-A TP or its hydrolysis products during nor-
moxia. Mg-ATP or its hydrolysis products were added to the
tubule suspension under normoxic conditions to understand
better the nature of their protective effects during anoxia. The
additions were made in five aliquots at 10-min intervals in an
identical fashion to those made during anoxia. Fig. 5 shows the
rapid breakdown of added extracellular ATP and the conse-
quent accumulation of extracellular AMP. The appearance of
HX under these conditions is notably slower than that seen
during anoxia (Fig. 4). Similarly added ADPis rapidly hydro-
lyzed to AMP(results not shown) and added AMPis degraded
more slowly than during anoxia, as expected from the results
seen in Fig. 5.

The effects of each of these additions on the cellular ATP
contents is shown in Fig. 6. Additions of ATP, ADP, or AMP
increased cellular ATP levels to 20-30 nmol/mg protein in 60
min representing a three- to fourfold increase from control
values. ADOcaused a doubling in ATPvalues within the same
time period, whereas INO and HX caused no significant
change as compared with timed controls with no additions
(not shown). The rapid hydrolysis of added ATPor ADPinto

AMPand the similarities in the effects of all three adenine
nucleotides suggested that they may all be due to the accumu-
lated extracellular concentration of AMP. To ascertain the
feasibility of this possibility, the intracellular ATP contents
were plotted as a function of the extracellular AMPconcen-
tration, as shown in Fig. 7. The individual experimental points
were obtained at the 20-, 40-, or 60-min time points from
different experiments in which either ATP, ADP, or AMPwas
added to the extracellular medium. The good correlation be-
tween these two variables suggests that AMPitself, or a break-
down product of AMP, may be preferentially transported
across the plasma membrane into the cells to be synthesized
into ATP.

To discriminate between these two possibilities, a series of
experiments was performed in which ADOdeaminase (5
iAg/ml) was present in the medium before the addition of Mg-
ATP. The extracellular medium was analyzed in each of these
experiments and was found to contain no measurable ADO.
Results from paired experiments (Fig. 8) show a significant

30 Substonce
Added
AMP

25

ADP

~~~20~~~~~~~~ATP

E

E ADO

lo ]~~~~~~~~~~~NO.C ~~~~~~~~~~~~HX

0

20 30 40
Time ( min)

Time (min)
Continuous Onyenotion

5 odd lions ot 200,u M ATP eoch

Figure 5. Extracellular concentrations of ATP, ADP, AMP, and HX
during continuous oxygenation in the presence of five exogenous ad-
ditions of ATP at the times indicated by the arrows (n = 4).

Continuous On aenotion 1
t t t t t
5 additions of 200AIM of each substance

Figure 6. Cellular ATP contents during continuous oxygenation
upon addition of the indicated compounds at the times shown by the
arrows (n = 4).
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tially transported into the cell to be resynthesized into AMP
and ATP (see Discussion).
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Figure 7. Cellular ATPcontent plotted as a function of extracellular
AMPconcentration when either ATP, ADP, or AMPwas added to
the medium during continuous oxygenation.

inhibition of the cellular ATP rise that occurred upon the
addition of ADOdeaminase. In this case, cellular ATP in-
creased slowly with time, at the same rate as that of timed
controls with no additions (results not shown), or as that of
cells to which INO or HX had been added (Fig. 6). ADO
deaminase addition did not alter the extracellular concentra-
tions of AMP(434±140 1AM, control vs. 458±170 uM, deami-
nase), but almost doubled the INO concentration (72±22 uM,
control, vs. 120±17 IAM, deaminase). These results suggest that
AMPitself may not be transported across the cell membrane
but ADOobtained from AMPbreakdown may be preferen-
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Figure 8. Cellular ATPcontent as a function of time in the presence
and absence of ADOdeaminase. ATPadditions are indicated by the
arrows (n = 4). Single asterisk indicates significant difference from
value at time zero. Double asterisk indicates significant difference
from paired time control without ADOdeaminase.

Discussion

Numerous investigators have shown that clamp-induced isch-
emia rapidly reduces the ATP cellular content of the renal
cortex (5-7). Similar results were obtained by Weinberg (18)
when he subjected a suspension of proximal tubules to oxygen

deprivation. The present results confirm this finding and, in
addition, measure the time course for the decline in ATP and
the fate of its major hydrolysis products in proximal tubules.
In this tubule suspension, ATP falls 63% within the first 10
min of anoxia, and continued its decline more slowly until
90% of ATP was lost in 40 min (Fig. 1). Given the rapid
turnover of ATPin these cells (- 7 s [27]) and their low capac-
ity for anaerobic glycolysis (28), it is perhaps surprising that the
ATP levels did not decrease faster upon reaching anoxia. Two
possible explanations for the slower decline might be (a) mito-
chondrial ATPmay fall more slowly than cytosolic ATP dur-
ing anoxia, as recently suggested by Awand Jones' (29) work
dealing with hepatocytes. Since - 30% of cellular ATPseems

to be located within the mitochondria in proximal tubules
(30), this could account for the slower decline in 30% of the

ATPbetween 10 and 40 min of anoxia and/or (b) active trans-
port work declines with ATP content (31), slowing down the
rate of ATPutilization. With reduced work, anaerobic glycoly-
sis might be able to maintain the observed ATP values.

During anoxia, ATP was rapidly hydrolyzed to AMP
which, in turn, was hydrolyzed further appearing mainly as
HX. This would be expected from the known properties of
5'-nucleotidase which is the main enzyme responsible for AMP
hydrolysis (32). This enzyme is activated by low levels of ATP
and high AMPlevels (32). The activation of this enzyme is
probably responsible for the continuous degradation of ade-
nine nucleotides during anoxia. Extended times in anoxia
caused large losses in total adenine nucleotide' content, reach-
ing a 75%decline after 40 min. No ADOwas detectable under
these conditions and only small concentrations of INO and
IMP were detected, clearly identifying HXas the main degra-
dation product. No xanthine was detectable even after reoxy-
genation, which is consistent with the low concentration of
xanthine oxidase present in the rabbit kidney (33, 34).

The contrast between the reversibility obtained after 20
min of anoxia and the irreversibility after 40 min was striking.
The differences between these two responses provide impor-
tant information on some early events that may lead to irre-
versible cell damage. The large loss of total adenine nucleo-
tides observed after 40 min of anoxia may be one of the most
important factors leading to irreversibility, since the low ade-
nine nucleotide content prevents much recovery in ATPafter
reoxygenation. This possibility has been raised previously by
Buhl (10), who found an inverse linear correlation between the
accumulation of HXduring ischemia in the rabbit kidney in
vivo and the reversibility of ischemia. In our preparation, this
nucleotide loss is also temporally correlated with the degrada-
tion of plasma membrane integrity, as measured by LDH re-
lease. The temporal pattern of HXcontent during anoxia and
recovery is particularly informative. After 20 min of anoxia,
HX levels decline during the reoxygenation period, probably
by resynthesis into ATP. After 40 min of anoxia, HX levels
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continue to increase during reoxygenation, suggesting a con-
tinuation of the degradative processes initiated during anoxia.
It is presently unclear what the source of the HXis, however, it
could originate from a number of possible cellular constitu-
ents, in particular, RNA(8). In this manner, the HX levels
during reoxygenation may provide an early indication of ei-
ther reversibility, when the degradative processes are halted
and HX levels decline, or irreversibility, when the degradative
processes continue.

Various investigators have demonstrated that infusion of
adenine nucleotides protect the kidney from the pathological
effects of ischemia (11, 12). However, the mechanism(s)
whereby this protection occurs has been difficult to ascertain
in the intact kidney. The preparation used in the present stud-
ies has allowed the investigation of some of the tubular mecha-
nisms involved in this protective action. In this study all nu-
cleotide and nucleoside additions were made in a 1:1 combina-
tion with MgCl2 to duplicate the condition used for the in vivo
ischemia experiments (1 1, 12). A recent study by Weinberg
(18) shows that the MgCl2 itself is not needed for some of the
effects of added adenine nucleotides. However, this was not
explored in the present studies. Exogenous ATP and ADP
were rapidly degraded to AMPand further hydrolytic prod-
ucts, as also appears to occur in a variety of cells (35, 36). It is
noteworthy that exogenous AMPhydrolysis occurred much
faster during anoxia than under oxygenated conditions (com-
pare Fig. 4 with Fig. 5), which is consistent with the properties
of 5'-nucleotidase (32). Thus, it is possible that this enzyme is
involved in the hydrolysis of extracellular AMPas well as
intracellular AMP, as discussed earlier. This could occur either
through the transport of AMPinto the cells, and/or through
the presence of this or a similar enzyme on the extracellular
surface of the plasma membrane. Most of the AMPwhen
broken down accumulates as INO and HX, with less appearing
as ADO. As shown in Table I, the six measured compounds
accounted for virtually 100% of the added substance.

As shown in a previous publication (19), much of the cel-
lular damage occurs in the tubules during anoxia. Most of the
LDH release from the cells occurs during anoxia, whereas
reoxygenation leads to an apparent resealing of the plasma
membrane (19). Similarly, mitochondrial function is pro-
foundly impaired immediately after anoxia, but recovers par-
tially after reoxygenation (18, 19). Therefore, the protective
effects of the added nucleotides and nucleosides need to be
examined in terms of their separate effects during anoxia and
during reoxygenation.

Wehave previously shown that ATP addition protects the
plasma membrane during anoxia, as evidenced by a dratnatic
decrease in LDH release (19). The rapid breakdown in extra-
cellular ATPsuggests that ATP itself may not be the protective
agent, and similar considerations apply to ADP. The identical
protective action of added ATP, ADP, and AMP, as well as the
rapid breakdown of ATPand ADPinto AMP, suggest that all
three of these compounds elicit their protective effects through
their common breakdown product, namely, AMP. However,
ADOalso causes LDHrelease to decrease to the same extent as
the adenine nucleotides, and therefore, it is also possible that
ADOitself may be the protective agent, although the experi-
ments with ATP and ADOdeaminase clearly demonstrate
that the presence of ADOis not required to protect the plasma
membrane during anoxia. These compounds could elicit a
direct protective action from the extracellular medium, but the

nature of the protective mechanism is presently unknown. On
the other hand, it is likely that the extracellular presence of
these added compounds will cause intracellular changes that
elicit the protective action. Since intracellular ATP levels after
40 min of anoxia are only minimally affected by any of the
added substances (Table II), the protection does not seem to
occur at this step. Intracellular ADPlevels do not appear to
change either (results not shown). Unfortunately, intracellular
AMPvalues could not be obtained in the presence of high
extracellular AMPconcentrations, but these are likely to be
elevated, which has been shown by other investigators (6).
Thus, a possible mechanism through which added adenine
nucleotides might be protective is through preservation of cel-
lular AMPlevels during anoxia. However, intracellular AMP
levels after 40 min of anoxia were unaltered by ADOor INO
addition (results not shown), suggesting that the protective
action of ADOdid not occur through AMP. This is clearly an
area that will require further investigation.

During reoxygenation, the presence of adenine nucleotides
in the extracellular medium (mainly AMP) promotes almost
full recovery of oxygen consumption and K contents (Table
III) and supramaximal recovery of ATP content (Table II).
This supramaximal recovery appeared to depend on the pres-
ence of ADOin the extracellular medium, since addition of
ADOdeaminase to eliminate ADOinhibited ATP recovery
(Table IV). The addition of ATP was required only during
anoxia, since a wash before reoxygenation did not alter the
recovery course. Conversely, addition of ATP after anoxia
brought about a much poorer recovery in all of these variables,
indicating that the protection afforded by the adenine nucleo-
tides during anoxia was the most important factor in the recov-
ery process. An interesting contrast is provided by ADO,
which protected the plasma membrane integrity during an-
oxia, but provided less overall recovery during reoxygenation
as compared with the adenine nucleotides. A similar result was
recently obtained by Sumpio et al. (37) for the intact kidney.
The slower recovery may possibly be due to the slower resyn-
thesis of ATP obtained from ADO, as compared with AMP
(see below). INO was without effect, suggesting that the pro-
tection was specific for adenine nucleotides and nucleosides.
Unfortunately, in these experiments it was not possible to eval-
uate whether the overall breakdown of cellular constituents
into HXwas halted, since all the added substances themselves
were hydrolyzed to HX.

The experiments in which the additions were made during
normoxia provided additional information concerning the re-
covery process from anoxia. Again, the similarity of the effects
of ATP, ADP, or AMP, and the rapid breakdown of the former
two into AMP, suggests that their common effects may be
mediated through AMP. Further support for this idea comes
from Fig. 7, which shows a rough correlation between intra-
cellular ATP values and extracellular AMPconcentration.
However, the results of the ADOdeaminase experiments sug-
gest that AMPitself may not be transported across the plasma
membrane. The same conclusion was previously reached by
Weinberg et al. (38) who used a variety of nucleotide and
nucleoside metabolism and transport inhibitors on proximal
renal tubules. Similar results have also been obtained by
Parker (35) in red blood cells, Sasaki et al. (39) in the liver, and
Frick and Lowenstein (40) in the heart. These investigators
also found that the addition of adenine nucleotides increased
cellular ATP levels faster than ADOaddition. The explanation
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for this result is presently unclear, but several possibilities
exist, namely: (a) ADOitself may inhibit ADOkinase, thereby
slowing down the resynthesis of ADOinto AMPat high ADO
concentrations (38, 41). (b) The Kmof ADOfor the kinase is
much lower than its Kmfor the deaminase. In that way, at low
ADOconcentrations, most of the ADOwould react with the
kinase, whereas at higher concentrations it would react with
the deaminase (41). (c) The ADOproduced by breakdown
from AMP, possibly through an ecto-5'-nucleotidase (42),
may be preferentially transported into the cells (39, 40). The
transport of ADOinto proximal renal tubules has been clearly
demonstrated (43). Similarly, INO and HXhave been shown
to be transported into renal cells (44). However, the lack of
significant increase in ATP levels after their addition, suggests
that synthesis of ATP from these precursors is normally slow.

In conclusion, exogenous addition of adenine nucleotides
during anoxia protects the function of proximal tubules in at
least two ways: (a) during anoxia, it protects the plasma mem-
brane from disruption. The mechanism for this effect is un-
clear. (b) During reoxygenation, it provides precursors for
rapid ATP formation by transport of ADOinto the cells fol-
lowed by resynthesis into cellular AMPand ATP.
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