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Abstract

To assess the role of increased cytosolic free calcium (Caf) in
the pathogenesis of acute proximal tubule cell injury and the
protection afforded by exposure to reduced medium pH or
treatment with glycine, fura-2-loaded tubules were studied in
suspension and singly in a superfusion system. The Ca2" iono-
phore, ionomycin, increased Caf to micromolar levels and rap-
idly produced lethal cell injury as indicated by loss of lactate
dehydrogenase to the medium by suspended tubules and acceler-
ated leak of fura and failure to exclude Trypan blue by super-
fused tubules. Decreasing medium Ca2" to 100 nM prevented
the ionomycin-induced increases of Ca, and the injury. Reduc-
ing medium pH from 7.4 to 6.9 or adding 2 mMglycine to the
medium also prevented the cell death, but did not prevent the
increase of Caf to micromolar levels. Cells treated with 1799, an
uncoupler of oxidative phosphorylation which produced severe
adenosine triphosphate (ATP) depletion, did not develop in-
creases of Caf until just before loss of viability. Preventing
these increases of Ca, with 100 nMCa2" medium did not pro-
tect 1799-treated cells. Reduced pH and glycine protected
1799-treated cells without ameliorating the increases of Ca,.
These data demonstrate the toxic potential of increased Caf in
the proximal tubule and show that Caf does sharply increase
prior to loss of viability in an ATP depletion model of injury,
but this increase does not necessarily contribute to the out-
come. The potent protective actions of decreased pH and gly-
cine allow the cells to sustain increases of Caf to micromolar
levels in spite of severe, accompanying cellular ATPdepletion
without developing lethal cell injury. (J. Clin. Invest. 1991.
87:581-590.) Key words: adenosine triphosphate * fura-2 * ion-
omycin * kidney- uncoupler

Introduction

The normal tight regulation of cytosolic free calcium (Caf)'
levels allows their use as intracellular signals and prevents dam-
aging effects of uncontrolled activation of Ca2+-dependent deg-
radative processes (1). Disruption of intracellular Ca2' homeo-
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stasis accompanying lethal cell injury has been well docu-
mented (2-12). For these reasons, it has been widely discussed
whether loss of Ca2' homeostasis is an important process, possi-
bly the central mediator, that determines the transition to
lethal cell injury, or is simply a late secondary consequence of
loss of plasma membrane integrity that results from other more
primary events (2-7, 12).

Delineation of whether substantial increases of Caf consis-
tently precede cell death and are modified by protective maneu-
vers is essential for establishing a pathogenetic role. Despite the
availability and increasing application during the past several
years of fluorescent indicators allowing assessment of Caf, con-
flicting conclusions have been reached about the timing and
extent of changes in Caf secondary to hypoxia or other adeno-
sine triphosphate (ATP)-depleting maneuvers.

Early, reversible increases of Caf have been reported for
anoxic, cultured monkey kidney tubule cells (LLC-MK2) (13)
and for cultured dog kidney tubule cells (MDCK) treated with
metabolic inhibitors (14). However, the relationship of these
changes to cell injury was not determined. In primary cultures
of rabbit proximal tubule cells, large increases of Caf produced
by ionomycin were promptly followed by cell death, but ATP-
depleting inhibitors produced only moderate early increases of
Caf and lethal cell injury was delayed well beyond the time
during which Caf measurements were made (15). Another di-
valent cation ionophore, A23 187, did not substantially injure
freshly isolated proximal tubules, however, Caf was not mea-
sured (16). Single hepatocytes in primary culture treated with
cyanide plus iodoacetate didn't show increases of Caf until just
before lethal cell injury and preventing these increases by lower-
ing medium Ca2+ to < 1 gM did not affect the timing of cell
death (17, 18), but a similarly treated hepatoma cell line
showed substantial early increases of Caf and buffering these
increases ameliorated injury (19). Prelethal increases of Caf
have been reported for both freshly isolated (20) and cultured
(21) myocytes.

Proximal tubule cells are an important site of damage dur-
ing ischemic and toxic forms of acute renal failure (22). Recent
studies of hypoxic and metabolic inhibitor-induced injury to
isolated proximal tubules have described potent protection
against these lesions by reduced pH and the small, neutral
amino acids, glycine and alanine (23-30). The work reported
in this article was designed to clarify the role of altered Cak in
the pathogenesis of proximal tubule cell injury and protection
by reduced pH and glycine. Our results show that ionomycin-
induced increases of Car are highly toxic. Increases of Caf to
micromolar levels also occur consistently before death in prox-
imal tubules that are energy-deprived by treatment with an
uncoupler of mitochondrial oxidative phosphorylation. How-
ever, such increases of Caf are not necessary for damage to
occur in uncoupler-treated tubules. Furthermore, we show that
reduced pH and glycine provide protection in spite of ionomy-
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cin and uncoupler-induced increases of Caf equivalent to those
seen in unprotected tubules.

Methods
Isolation of tubules. Proximal tubules were isolated from kidney cortex
of male New Zealand white rabbits (- 2.5 kg; Shankin's Rabbitry,
Warren, MI) by collagenase digestion and isopycnic centrifugation on
Percoll gradients (23, 25). Final tubule pellets were resuspended at a
concentration of 5-7.5 mg of tubule protein/ml in ice-cold medium
gassed with 95% 0J5% CO2. The medium contained (in millimolar)
105 NaCI, 2.6 KCI, 25 NaHCO3, 2.4 KH2PO4, 1.25 CaCI2, 1.2 MgCl2,
1.2 MgSO4, and, for most studies, 2.5 probenecid.2 The incubation
medium also included (in millimolar) 5 glucose, 4.5 sodium lactate, 1
alanine, and 10 sodium butyrate (solution A).

Loading of tubules with fura-2/acetoxymethylester (AM). To load
cells with fura-2 (Molecular Probes, Inc., Eugene, OR) for measure-
ments of Caf in single superfused tubules, 25 gl of a 1.0 mMstock
solution of fura-2/AM in dimethylsulfoxide was vigorously mixed into
500 Ml of medium without tubules and the mixture was then added to
4.5 ml of the tubule suspension to produce a 5 ,M final concentration.
The siliconized, 25-ml Erlenmeyer flask containing these tubules was
gassed with 95%OJ5%CO2, sealed, and gently shaken in a water bath
at room temperature for 60 min. The tubules were then pelleted by
centrifugation at 30 g, washed twice in ice-cold medium containing (in
millimolar) 110 NaCl, 3.5 KCI, 1.0 KH2PO4, 1.25 CaCl2, 1.0 MgCl2,
and 25 Na-Hepes, pH 7.2, and were resuspended in this medium (solu-
tion B). 500-Ml aliquots of suspension were then uniformly applied to
25-mm diam no. 1/2glass coverslips (Nicholson Precision Instruments,
Gaithersburg, MD) that had been precoated with poly-D-lysine. The
coverslips were kept in covered 35-mm culture dishes at 4°C for a
minimum of 20 min to allow maximal settling and adherence of tu-
bules before study.

To prepare fura-loaded tubules for studies in suspension, a similar
loading procedure was followed except 50-ml aliquots of tubules were
incubated in 250-ml flasks during the loading period. At the end of the
fura-loading procedure tubules were washed with solution B and
dispensed as 5-ml aliquots into 25-ml flasks that were kept ice cold
until use.

Somestudies of tubules in suspension were done using probenecid-
free medium and tubules that had not been fura-loaded. After prepara-
tion, these tubules were resuspended in a solution of identical composi-
tion to solution A except for the omission of probenecid. 5-ml aliquots
of the tubule suspension were placed in 25-ml flasks, gassed with 95%
OJ5%C02, sealed, and kept ice cold until use.

Measurement of Caf in superfused tubules. A coverslip with adher-
ent tubules was mounted in a Dvorak-Stotler culture chamber (Nichol-
son Precision Instruments) and perfusion at 0.82 ml/min from a 20-ml
syringe using a pump (model 975, Harvard Apparatus Co., Inc., South
Natick, MA) was started immediately with a solution similar to solu-
tion A except that the alanine concentration was reduced to 0.3 mM
and the sodium butyrate concentration was reduced to 5 mM(solution
C). These concentrations were chosen to approximate those present
when tubules in suspension studies were treated with experimental
agents after a preincubation period during which substrate metabolism
was occurring.

The chamber was mounted on the stage of an inverted microscope
(Nikon Inc., Garden City, NY) connected to a CM-2 spectrofluorom-
eter system (Spex Industries, Inc., Edison, NJ) utilizing the DM3000

2. Probenecid was used to inhibit compartmentalization and extrusion
of fura-2 (31, 32). Although sufficient fura-2 loading for assessment of
Caf could be achieved in the absence of probenecid, the organic acid
transport inhibitor greatly increased sensitivity of the system and facili-
tated the use of fura leakage from tubules as an index of injury (detailed
in Results). The effects of probenecid to increase fura loading were dose
dependent between 0.5 and 2.5 mM, the practical limit of its solubility
in our solutions at 37°C.

computer and software. The chamber and microscope stage were kept
at 370C using an Air Stream incubator (Nicholson Precision Instru-
ments). The tubule was viewed using a CFFLUORIOX Oil/Iris lens
(Nikon, Inc.) and was illuminated alternately with 340- and 380-nm
excitation signals for 0.33-s intervals through 0.4-mm slits ahead of the
chopper, an NDO.3 neutral density filter (Omega Optical, Brattleboro,
VT) and a DM400 dichroic mirror (Nikon, Inc.). Emitted light was

collected through the dichroic mirror then transmitted via a narrow

band 510 nm filter (5 1ODF40, OmegaOptical) in the microscope and a

500FS40 filter (Spex Industries, Inc.) in the photomultiplier assembly
to the fluorometer photomultiplier.

Mounting the chamber on the microscope stage, locating and posi-
tioning a tubule using visible light from the microscope, and making
final adjustments to perfusion syringes and experimental parameters
on the computer generally required 5-7 min during which the coverslip
was perfused with solution C at 370C. An additional period of at least
100 s of perfusion with solution C was then recorded before introduc-
ing experimental maneuvers. Tubules Caf's were consistently stable
during this 100-s perfusion and for at least 30 min, the maximal dura-
tion studied in this series of experiments, unless experimental agents or

the calibration procedure induced changes.
Experimental agents were introduced by switching to a perfusion

syringe containing a solution of the desired composition. At the end of
the last desired experimental maneuver, tubules were either subjected
to a calibration procedure or were stained with Trypan blue. The cali-
bration procedure consisted of perfusion with a nominally Ca2"-free
form of solution C that also contained 2.5 mMEGTAand 15 AM
ionomycin (Calbiochem-Behring Corp., La Jolla, CA), followed by so-

lution C supplemented with Ca2" to a concentration of 3.5 mMand 15
MMionomycin, then by solution C containing 200MMMnCI2. Each of
the calibration solutions was continued long enough to achieve a stable
response (see experimental tracing figures in Results). Trypan blue ex-

clusion was assessed by perfusion with a solution consisting of a 100%
02-gassed 50:50 mixture of 0.4% Trypan blue in normal saline (Gibco
Laboratories, Grand Island, NY) and solution B.

To determine Caf, the values of the 340- and 380-nm signals at the
end of the MnCI2 perfusion were subtracted to correct for intrinsic
autofluorescence and other Ca2+-independent fluorescence in the sys-
tem (33). Caf was calculated from the 340/380 ratios using the equa-
tion: [Ca2+Jf = (Kd * SfJSb2) - (R - Rmin)/(Rma - R), where R is the ratio
at any point; Rmin is the ratio achieved during perfusion with EGTA
and ionomycin in Ca2+-free solution C; Rm.. is the ratio achieved dur-
ing perfusion with ionomycin in 3.5 mMCa2+ solution C; St2 is the
absolute value of the corrected 380 signal at Rmjn; Sb2 is the absolute
value of the corrected 380 signal at Rm,,,; Kd is 224 nM (34).3

3. Fura-2/AM can be hydrolyzed in mitochondria as well as cytosol
(35). The predominant cytosolic localization of the fura providing a

Ca2+-sensitive signal in our system was established by studies in which
we monitored the Ca2+-sensitive signal from fura-loaded tubules that
were first perfused with 20 MMdigitonin in a 100% 02-gassed, 37°C
solution consisting of (in millimolar) 115 KC1, 1.0 KH2PO4, 1.00
MgCl2, 5 sodium succinate, 25 Na-Hepes, pH 7.4, 1.3 MMrhodamine
123, and free Ca2" buffered to 100 nMwith EGTAuntil the digitonin-
induced leak of cytosolic fura-2 was complete. Then perfusion was

switched to an identical solution except for the presence of 1 MMfree
Ca2+ for 5 min, followed by observation of the tubule for rhodamine
123 localization at 490-nm excitation, 520-nm emission. Tubules
treated in this fashion accumulated and retained rhodamine in their
mitochondria during the full sequence of perfusions, indicating that
mitochondrial membrane potential had been maintained. Despite this,
no Ca2+-dependent fura signal was detected when 1 MMCa2+ was intro-
duced after the digitonin-induced leak of cytosolic fura. Since 1 AM
Ca2+ should have led to mitochondrial Ca2+ uptake in the presence of
an adequate mitochondrial potential (36), the lack of a fura signal re-

flecting this uptake argues against a significant mitochondrial contribu-
tion to the Ca2+-sensitive fura signal of intact tubule cells in this system.
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The use of an internal calibration procedure and separate determi-
nation of autofluorescence for each tubule provided highly reproduc-
ible estimates of Caf in the large number of tubules studied for this
manuscript. No correction for medium fura-2 was required because the
dye was promptly removed by the perfusion system. Moreover, even if
fura was deliberately included in the perfusion medium at micromolar
concentrations, it contributed very little relative to the signal emanat-
ing from loaded tubules because of the fine plane of focus at 1OX.

Measurement of viability and metabolic parameters offura-loaded
tubules in suspension. Cold 5-ml aliquots of fura-loaded tubules sus-
pended in solution B were pelleted at 30 g, resuspended in solution A,
gassed with 95% OJ5%C02, and placed in the metabolic shaker for a
1 5-min preincubation. Then, experimental additions were made, and
flasks were regassed and returned to the metabolic shaker for 15 min of
experimental incubation before sampling for metabolic and structural
parameters.

Measurement of viability and metabolic parameters of unloaded
tubules in suspension. Flasks containing tubules in solution A without
probenecid were incubated at 370C for 30 min in the metabolic shaker.
Then, experimental additions were made, and flasks were regassed and
returned to the metabolic shaker for 7.5 or 15 min of incubation before
sampling.

Analytical methods. Intracellular K+ was measured by atomic ab-
sorption spectroscopy in tubules separated from their medium by cen-
trifugation through bromododecane (Aldrich Chemical Co., Milwau-
kee, WI) (23). ATP was determined by HPLCon trichloroacetic acid
extracts (23). Lactate dehydrogenase (LDH) was measured in the me-
dium before and after the addition of 0.1% Triton X-100 as described
(25). Protein was measured by the Lowry method (37).

Reagents. Reagents were obtained from Sigma Chemical Co. (St.
Louis, MO) unless otherwise indicated. 1799, 2,6-dihydroxy-
1,1, 1,7,7,7-hexafluoro-2,6-bis(trifluoromethyl)heptan4-one[bis(hexa-
fluoroacetonyl)acetone, a nonfluorescent uncoupler of mitochondrial
oxidative phosphorylation (38, 39), was provided by Dr. Peter Heytler
(DuPont Co., Wilmington, DE). 1799 and ionomycin were delivered
from I OOXabsolute ethanol stocks. 1799 was used at 20 gM, a concen-
tration which maximally stimulated respiratory rates of suspended tu-
bules in preliminary experiments. lonomycin was initially used at a
concentration of 10 MM, but later studies were done with 15 OMto
assure maximal effects in experiments using 100 nM Ca2" medium
where increases of Caf could not be used to monitor activity of the
ionophore. All other experimental and calibration additions were deliv-
ered from 2 100-fold concentrated aqueous stocks or were predis-
solved. 100 nMCa2" media were prepared by addition of EGTAto the
standard media based on calculations using software developed by Fa-
biato (40) and checked by measuring fluorescence of fura pentapotas-
sium salt added to medium in the absence of tubules.

Statistics. Data from multigroup experiments were analyzed statis-
tically by analysis of variance for repeated measure designs. Individual
group comparisons were then made using the Neuman-Keuls test for
multiple comparisons (PC ANOVA, Human Systems Designs,
Northridge, CA). Two group studies were assessed using paired or un-
paired t tests as appropriate. Comparisons of dye leakage and increases
of Caf to micromolar levels among groups were made by x2 analysis.

Results

Effects of 1799, ionomycin, glycine, and pH 6.9 medium on
suspended tubules. Loading of tubules with fura for 60 min at
room temperature in the presence of probenecid and subse-
quent washing, cold incubation, then reincubation at 37°C for
experiments did not adversely affect tubule cell viability or met-
abolic parameters (Table I). As compared to values for tubule
preparations studied without fura loading or probenecid (refer-
ences 25-27 and Table II), LDH release from control prepara-
tions was modest and excellent cellular ATPand K+levels were

Table I. Effects of Fura-Loading Procedure and of 10 ,M
Ionomycin (ION), 1799, Glycine, and pH 6.9 on LDHRelease,
ATP, and K+ in Fura-loaded Tubules

LDH ATP K+

%free nmol/mg protein

End fura loading 10.6±3.5 7.30±0.20 366.4±21.1
End cold wash 5.1±1.4 5.27±0.41 291.8±12.4
30 min. control-early 5.5±1.6 8.93±0.35 325.8±5.5
30 min. control-late 7.6±1.9 8.43±0.14 331.5±23.2

ION 34.9+4.4* 3.58±1.21* 224.7±29.5*
ION, 2 mMglycine 12.7±1.9*$ 2.55±0.69* 162.6±9.8*
ION, pH 6.9 10.6±1.3*t 5.04±0.78 267.0±16.3*

1799 31.2±4.4* 0.51±0.02*1 82.6±9.4*1
1799, 2 mMglycine 7.9±1.1* 0.54±0.04*1 71.9±10.6*§
1799, pH 6.9 8.7±1.1t 0.92±0.12*1 108.2±13.2*1

ION + 1799 62.2±1.9*1 0.40±0.06*1 126.0±26.0*1
ION + 1799,2 mM

glycine 19.8± 1.6*tl 0.54±0.04*1 80.5±12.2*1
ION + 1799, pH 6.9 20.0±3.8**' 0.73±0.10*1 128.4±22.7*1

Each value is the mean±SE of results from four experiments. "End
fura loading" indicates the end of the 60-min room temperature
incubation with fura. "End cold wash" values are for samples taken
after the fura loading solution was removed by washing and samples
were aliquoted into separate flasks for experiments. 30-min control
samples were taken from flasks rewarmed beginning almost immedi-
ately after the wash procedure (early) or after 100 min of cold
storage (late experiment).
* P < 0.01 vs. 30-min time control.
* P < 0.01 vs. corresponding condition not treated with glycine or
pH 6.9.
§ P < 0.05 vs. corresponding group treated with ionomycin alone.
I P < 0.01 vs. corresponding group treated with ionomycin alone.

achieved in tubules reincubated at 37°C immediately after the
wash as well as in tubules kept cold for 100 min. prior to rein-
cubation (Table I).

10 ,uM ionomycin and 20 MM1799 each increased LDH
release from fura-loaded tubules suspended in probenecid-con-
taining medium during 15 min of incubation relative to time
controls (Table I). The combination of ionomycin + 1799 had
a greater effect than either agent alone. This LDH release was
strongly ameliorated by 2 mMglycine or lowering the medium
pH to 6.9 during toxin exposure.

In tubule preparations incubated in probenecid-free me-
dium and not loaded with fura-2 (Table II), LDH release pro-
duced by ionomycin and ionomycin + 1799 was very similar to
that seen in the fura-loaded tubules, while LDH release pro-
duced by 1799 alone was somewhat greater than that seen in
fura-loaded tubules. The general pattern of protective effects
was similar to the fura-loaded tubules in that LDHrelease sec-
ondary to 1799 alone, ionomycin alone, or both agents in com-
bination was significantly ameliorated by glycine or reduction
of the medium pH to 6.9. In contrast to the observations with
fura-loaded tubules where pH 6.9 and glycine were equiva-
lently protective against all three insults, pH 6.9 in this series of
experiments with unloaded tubules provided less protection
than glycine against ionomycin + 1799. The experiments with
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Table II. LDHRelease and ATP Levels of Unloaded Tubules Treated with Ionomycin, 1799, Glycine, and pH 6.9

Percent free LDH ATP

No further No further
additions 2 mMglycine pH 6.9 additions 2 mMglycine pH 6.9

nmol/mg protein

Time control 12.6±0.9 12.5±0.6 9.7±0.6 7.69±0.26 7.63±0.34 7.45±0.44
1799 51.5±1.3 14.1±0.5§ 13.3±0.2§ 0.28±0.01 0.26±0.02 0.48±0.01
10,MM ION 36.4±6.5 19.9±2.4§ 13.4±1.lI 5.61±0.47 5.23±0.51 6.85±0.18*1
10,MM ION + 1799 64.1±2.5 20.5±0.9§ 32.9±3.4§1 0.33±0.02 0.51±0.03 0.54±0.04
15 MMION 56.6±1.9* 20.4±1.6§ 14.6±l.1§ 2.33±0.25* 2.76±0.45* 6.41±0.23§1
15 MMION + 1799 61.6±3.4 22.8±2.3§ 44.9±3.4*1 0.38±0.01 0.46±0.01 0.49±0.01

Values are means±SE of results from three experiments. All toxin-treated groups except for 1799, 2 mMglycine, and 1799, pH 6.9 had sig-
nificantly higher percent free LDHvalues than the corresponding time controls (P < 0.05 or better). All toxin-treated groups except for 10 AM
ionomycin at pH 6.9 had significantly lower ATP levels than corresponding time controls (P < 0.01). All 1799-treated groups had significantly
lower ATP levels than corresponding groups that did not receive 1799 (P < 0.01). Abbreviation: ION, ionomycin. * P < 0.01 vs. corresponding
10 MMionomycin group. * P < 0.05 vs. corresponding no further additions group. §P < 0.01 vs. corresponding no further additions group.

I P < 0.01 vs. corresponding glycine-treated group.

unloaded tubules also included a comparison of effects of 10
and 15 AMconcentrations of ionomycin (Table II). 15 ,M
ionomycin induced more LDHrelease than 10 MMionomycin
when tubules were treated with ionomycin alone, but not when
they received ionomycin + 1799.

In the fura-loaded tubules, tubule cell ATP and K+ levels
were significantly decreased by ionomycin, 1799, and the com-
bination of both agents (Table I). The effects of ionomycin
were less severe than those of 1799. With ionomycin alone,
glycine tended to promote the decreases of ATP and K+,
whereas pH 6.9 tended to ameliorate them, but the differences
were not statistically significant. In the presence of 1799, there
were no differences of ATP or K+ among untreated, glycine-
treated and pH 6.9-treated tubules. Changes of ATP levels in
the unloaded tubules (Table II) were similar to those found in
the fura-loaded tubules except that the effects of pH 6.9 me-
dium to ameliorate ionomycin-induced decreases of ATPwere
statistically significant.

Effects of 1799, ionomycin, and glycine on Cap dye reten-
tion, and vital dye exclusion in single superfused tubules. Fig. 1
illustrates the behavior of Caf in a typical control tubule. In this
experiment, the raw 340- and 380-nm signals show a gradual
downward drift before any manipulations (e.g., see bottom trac-
ing of Fig. 3), although many tubules showed no drift at all. Caf,
determined from the ratio of the 340- and 380-nm signals, was
stable during the 1,000 s of control perfusion. Then the super-
fusion solution was changed to one consisting of 15 AMiono-
mycin + 2.5 mMEGTAin a nominally Ca2+-free medium,
thus maximally decreasing Ca2+-dependent fluorescence of
fura (Rmin). Subsequent perfusion with medium containing 15
AMionomycin + 3.5 mMCa2` produced a maximal Ca2+-sen-
sitive fura signal (Rm.j) with large reciprocal changes at the two
wavelengths; then fura fluorescence was quenched by perfu-
sion with 200 MMMnCl2 to provide a background autofluores-
cence value for the tubule. In 65 tubules which underwent the
full calibration procedure, basal Caf before any experimental
manipulations averaged (+SE) 77.7±6.4.

A representative tubule treated with 10 AMionomycin dur-
ing the experimental period is shown in Fig. 2. Caf increases
sharply after introduction of the ionomycin and remains ele-
vated. However, the individual 340- and 380-nm signals show
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Figure 1. Behavior of Caf in superfused tubules under control condi-
tions. The bottom tracing shows the raw 340- and 380-nm signals.
Fluorescence units are counts per second/ 104 . The 380-nm signal in
this experiment started at a higher fluorescence than the 340-nm sig-
nal. The top tracing shows the ratio of the two signals presented on a
scale indicating the calculated Caf. Sharp parallel deflections in both
tracings are artifacts resulting from syringe changes. As in all subse-
quent experiments, there was - 100 s of initial perfusion with control
medium. In this experiment, perfusion was then changed to a second
syringe with control medium for 900 s followed by the calibration
procedure consisting of sequential perfusion with 15 MAMionomycin
+ 2.5 mMEGTAin nominally Ca2"-free medium (labeled EGTAon
the tracing), 15 AMionomycin in medium containing 3.5 mMCa2"
(labeled ION on tracing), and medium containing 200 MAMMnCl2
(not labeled on tracing but indicated by the sharp decreases of both
the 340- and 380-nm signals at 1,600 s of perfusion). The ratio values
for the period of perfusion with MnCI2 have been deleted from the
top tracing because they become noisy and are no longer meaningful
as indices of Caf.
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of top tracing). The calibration procedure was started at - 750 s and
was the same as detailed for Fig. 3. The large arrow in the bottom
tracing of the raw 340- and 380-nm signals indicates the point at
which the accelerated fura leak started.
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a parallel loss of intensity of both signals at an accelerated rate
beginning shortly after the peak of Caf, indicating extensive
leakage of the dye. Consistent with this, the changes of the raw
signals induced by the calibration procedure are much smaller
in magnitude than those of control cells that have not lost dye
(Fig. 2). The ratios, however, still allow determination of the
span of the Ca2'-sensitive fura response as in the control cells.

Fig. 3 illustrates the responses of a typical tubule treated
with 15 ,uM ionomycin in the presence of glycine. As in the
tubule not treated with glycine (Fig. 2), ionomycin increased
Caf to the micromolar range. The main difference from the
tubule not exposed to glycine is that the accelerated dye leak
did not occur. Changes of the 340- and 380-nm signals induced
by exposure to ionomycin were sustained until EGTAwas in-
troduced to start the calibration procedure. The calibration
steps then produced large absolute changes of the signals much
like those seen in control tubules, indicating excellent retention
of fura by the cells.

Tubules treated with 1799 had a different pattern of behav-
ior of Caf than tubules treated with ionomycin. Caf either re-
mained unchanged for the 15-min exposure and accelerated
leak of fura did not occur or, toward the end of the exposure,
Caf increased to the micromolar range and this was immedi-
ately followed by leak of fura. Fig. 4 shows a tubule of the latter
type where the leak started just before the end of the 15-min
exposure to 1799 and continued during the calibration proce-
dure. As a result, the amplitude of signal changes induced by
the calibration maneuvers was diminished. Glycine-treated tu-
bules also showed increases of Caf in a delayed fashion after
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Figure 3. Behavior of Caf in tubule treated with ionomycin plus
glycine. The tubule was perfused for 100 s under control
conditions then 15 MMionomycin + 2 mMglycine was introduced
(ION + GLY label under horizontal axis of top tracing). The terminal
calibration procedure was the same as detailed for Fig. 3.
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Figure 4. Behavior of Caf in tubule treated with 1799. The tubule was
perfused for - 100 s under control conditions; then 20MuM 1799 was
introduced (1799 label under horizontal axis of top tracing). The
terminal calibration procedure was the same as detailed in Fig. 3. The
large arrow in the bottom tracing of the raw 340- and 380-nm signals
indicates the point at which the accelerated fura leak started.
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exposure to 1799, but these were not followed by leakage of
dye. Fig. 5 shows a 1799 + glycine-treated tubule which was
studied the same day as the tubule treated with 1799 alone in
Fig. 4 and which had an increase in Caf at a similarly late time
point during exposure to 1799, just before the calibration pro-
cedure started. The absence of leakage before or during the
calibration procedure is indicated by the large amplitude re-
sponses of the 340- and 380-nm signals to each of the calibra-
tion maneuvers (compare with effects of similar maneuvers in
Fig. 4).

Tracings from tubules treated with ionomycin + 1799 are
not specifically illustrated because they were very similar to
those from tubules treated with ionomycin alone. Caf immedi-
ately rose upon exposure to the agents and this was closely
followed by an accelerated leak in the absence of glycine, but
not when glycine was present.

In a total of 41 experiments, including at least two or three
for every injury and protection condition studied, instead of
doing the calibration procedure at the end of the experiment,
we interrupted the perfusion to assess Trypan exclusion by per-
fusion with medium containing 0.2% Trypan blue. Wefound
that tubules perfused in the absence of 1799 or ionomycin
never had more than one or two Trypan positive cells of the
30-40 in the field covered by the photomultiplier. Tubules per-
fused with Trypan blue when both raw signals were rapidly
decreasing had large numbers of Trypan-positive cells to the
extent that virtually all cells were positive if Trypan was intro-
duced when the signals had again plateaued at the end of the
leak (e.g., 800 s in Fig. 2). In unprotected tubules that showed
increases of Caf, the changes of Caf started before cells began to
turn Trypan positive, but substantial numbers of Trypan-posi-
tive cells began to appear as Caf peaked. In protected tubules
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Figure 5. Behavior of Caf in tubule treated with 1799 plus glycine.
The tubule was perfused for - 100 s under control conditions; then
20 IAM 1799 + 2 mMglycine was introduced (1799 + GLY label
under horizontal axis of top tracing). The terminal calibration
procedure was the same as detailed for Fig. 3.

that did not leak, Trypan-positive cells did not develop irrespec-
tive of increased Caf.

Table III summarizes the results of all studies in unpro-
tected and glycine-protected tubules treated with ionomycin,
1799, or ionomycin + 1799 according to whether increases of
Caf or loss of viability defined by accelerated dye leak occurred
during 15 min of exposure. Ionomycin increased Caf to the
micromolar level in all tubules studied and caused leakage of
fura in seven of eight. 1799 increased Caf in 55% of the tested
tubules and all of these increases were to micromolar Caf levels.
All of the unprotected, 1799-treated tubules with increases of
Caf subsequently leaked fura as illustrated in Fig. 4. Glycine did
not modify the increases of Caf produced by either ionomycin
or 1799, but consistently prevented the leak of fura.

Effects of pH 6.9 on changes in tubule Caf and viability
induced by ionomycin, 1799, and ionomycin + 1799. Perfusion
of control tubules with pH 6.9 medium did not affect Caf (Ta-
ble III). The increase of Caf produced by ionomycin tended to
be slowed at pH 6.9, but still reached micromolar levels in
every experiment (Fig. 6 A and Table III). Ionomycin + 1799
produced a brisk increase of Caf to maximal levels in every
experiment at pH 6.9 (Fig. 6 B and Table III). Three of the six
tubules studied with 1799 alone at pH 6.9 had increases of Caf
(Table III). pH 6.9 was highly protective against loss of viability
as indicated by accelerated dye leak (Table III).

Effects of 1799 and ionomycin on injury to suspended tu-
bules treated with 100 nMCa2' medium. Reduction of me-

Table III. Development of Increased Caf and Accelerated Fura
Leak or Failure to Exclude Trypan Blue by Superfused Proximal
Tubules within 15 min

Fura leak Increased
in I 15 min Caf

Time control 0/4 0/4
Time control at pH 6.9 0/4 0/4
Time control in 100 nMCa2" 0/4 0/4

ION 7/8 8/8
ION + 1799 8/10 10/10
1799 6/11 6/11

ION + 2 mMglycine 0/11* 11/11
ION + 1799 + 2 mMglycine 2/11* 11/11
1799 + 2 mMglycine 0/8* 5/8

ION at pH 6.9 1/5* 5/5
ION + 1799 at pH 6.9 2/10* 10/10
1799 at pH 6.9 0/6* 3/6

ION in 100 nM Ca2+ 0/5* 0/5*
ION + 1799 in 100 nMCa2+ 7/8 0/8*
1799 in 100 nM Ca2+ 3/6 0/6*

The columns show the number of tubules which sustained lethal
injury by the leak and Trypan exclusion criteria or had increases of
Caf to the micromolar range versus the total number of tubules
studied in each group. Ionomycin (ION) and ION + 1799-treated
groups included approximately equal numbers of tubules treated with
10 and 15 AMionomycin. Results did not differ at the two concen-
trations in the perfusion system. Data are pooled for conciseness of
presentation.
* P < 0.01 vs. corresponding group not treated with glycine.
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Figure 6. Behavior of Car in tubules exposed to (A) ionomycin or (B)
ionomycin + 1799 in pH 6.9 medium. The tubules were perfused for

100 s under control conditions; then 15 AM ionomycin or
ionomycin + 20 MM1799 in pH 6.9 medium was introduced. The
terminal calibration procedure was the same as detailed for Fig. 3.
Neither tubule leaked fura in the raw 340- and 380-nm tracings (not
shown).

dium Ca2" to 100 nM by addition of EGTAsimultaneously
with ionomycin strongly ameliorated ionomycin-induced
LDHrelease during 15 min of incubation (Fig. 7). At this dura-
tion, 100 nMCa2" medium did not have a significant effect on
LDH release due to 1799 alone or the combination of ionomy-
cin + 1799. However, a more detailed examination of the time
course of these effects (Fig. 8) showed that reduction of me-
dium Ca2+ to 100 nM did have a substantial protective effect
on tubules treated with ionomycin + 1799 at 7.5 min of incu-
bation. Changes of cell ATP induced by 1799 and ionomycin
in these studies were generally similar to those detailed in Ta-
bles I and II and were not consistently altered by the reduction
of medium Ca2+.

Effects of 1799 and ionomycin on Caf and viability of tu-
bules superfused with 100 nMCa" medium. Perfusion of con-
trol tubules with 100 nMCa2+ medium gradually lowered Caf
(Fig. 9 A). A similar pattern was seen in tubules treated with
ionomycin in 100 nMCa2+ medium (Fig. 9 B). No leakage of
dye occurred in under either of these conditions (Table III).
Tubules treated with 10 uMionomycin + 1799 in 100 nMCa2+
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Figure 8. Time course of LDH release induced by 1799 or ionomycin
+ 1799 in the presence of 1.25 mMand 100 nM medium Ca2".
Tubules were treated at 30 min of incubation with 20 MtM 1799 or
with 15 MMionomycin plus 20 MM1799 in the regular medium
containing 1.25 mMCa2" or in medium buffered with EGTAto
maintain a constant Ca2" of 100 nM. Samples for LDH release were
taken after 7.5 min of exposure at 37.5 min of incubation and after
15 min of exposure at 45 min of incubation. Values are means±SE
of results from three experiments. SE not drawn were smaller than
the symbols for those points. P < 0.01 for all toxin-treated groups vs.
time controls at 37.5 and 45 min. P < 0.01 for 1799 + ionomycin
tubules in 1.25 mMCa2" medium vs. 100 nMCa2` medium at 37.5
min. Tubules for these experiments were not fura-loaded and medium
was probenecid-free.

medium also did not show increases of Caf (Fig. 10), however
in all but one experiment, dye leakage occurred during 15 min
of exposure to ionomycin + 1799 (Fig. 10 and Table III). In the
four studies using 15 MMionomycin + 1799, where all tubules
leaked within 15 min in both 1.25 mMCa2` and 100 nMCa2+
media, the time to leakage in 100 nM Ca2+ medium,
549.3±50.1 s was significantly (P < 0.01) longer than in 1.25
mMCa2" medium, 288.5±24.2 s. Tubules treated with 1799
alone in 100 nMCa2+ medium displayed either no change of
Caf or, in three of the six studies, a gradual, small amplitude,
Ca2+ transient as illustrated in Fig. 1 1. Half the tubules treated
with 1799 in 100 nMCa2+ medium leaked during the 15 min of
incubation (Table III).
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Figure 7. Effects of reducing medium Ca2" to 100 nMon LDHrelease
induced by 1799 and ionomycin. Tubules were exposed to 20 AM
1799, 10 MMionomycin (10 ION), 15 MAMionomycin (15 ION) or
15 M1Mionomycin plus 20MgM 1799 for 15 min in the regular medium
containing 1.25 mMCa2" or in medium buffered with EGTAto 100
nM Ca2 . Values are means±SE of results from four experiments. P
< 0.05 for both 10 and 15 MMionomycin in 100 nM Ca2+ vs. 1.25
mMCa2+. Tubules for these experiments were not fura-loaded and
medium was probenecid-free.
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Figure 9. Behavior of Caf in tubules exposed to 100 nM Ca2+
medium. The tubules were perfused for , 100 s under control
conditions, then with 100 nM Ca2+ medium for 400 s followed in A
by an additional 900-s perfusion with 100 nMCa2+ medium from
a second syringe and in B by an additional 900-s perfusion with 15
MuMionomycin in 100 nMCa2+ medium. The terminal calibration
procedure was the same as detailed for Fig. 3. Neither tubule leaked
fura in the raw 340- and 380-nm tracings (not shown).
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Figure JO. Effect of ionomycin + 1799 on Caf in 100 nM Ca2"
medium. The tubule was perfused for - 100 s under control
conditions then with 100 nMCa2` medium for 300 s followed by 10
,qM ionomycin (ION) in 100 nM Ca2` medium, then 10 IM
ionomycin plus 20 gM 1799 in 100 nM Ca2+ medium. All of our
initial 10 jiM ionomycin + 1799 studies summarized in Table III were
done with an initial exposure to 10 jM ionomycin alone as in this
experiment. Subsequent 15 ,M ionomycin + 1799 studies were done
with similar results by immediately introducing the ionomycin
+ 1799 after the preliminary 100 nM Ca2+ medium perfusion. The
terminal calibration procedure was the same as detailed for Fig. 3.
The large arrow in the bottom tracing of the raw 340- and 380-nm
signals indicates the point at which the accelerated fura leak started.

Discussion

These data delineate in detail behavior of Caf in well-defined
models of injury to the fully differentiated, freshly isolated,
proximal tubule. Furthermore, the results show that glycine
and reduced pH protect against lethal cell injury associated
with increases of Caf to the micromolar level irrespective of
whether these increases occur as a late, prelethal consequence
of treatment with an uncoupler of mitochondrial oxidative
phosphorylation or are induced by high concentrations of a
Ca2+ ionophore.

Mutually reinforcing and generally consistent data were ob-
tained from three complementary experimental conditions:
fura-loaded tubules studied in probenecid-containing medium
in suspension, fura-loaded tubules studied singly while being
superfused with probenecid-containing medium, and un-
loaded tubules studied in suspension in the absence of probene-
cid. Despite the different physical characteristics of the sys-
tems, the progression to lethal cell injury was comparable in the
superfused and suspended cells, suggesting that changes in pa-
rameters such as cell ATPwhich could not be readily assessed
in the superfusion system can be confidently inferred from the
behavior of the suspended tubules. Although some quantita-
tive differences of injury parameters between fura-loaded cells
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Figure H1. Effect of 1799 on Caf in 100 nMCa2+ medium. The tubule
was perfused for - 100 s under control conditions then with 100
nMCa2" medium for 400 s followed by 20 MM1799 in 100 nMCa2+
medium. The terminal calibration procedure was the same as detailed
for Fig. 3. The large arrow in the bottom tracing of the raw 340- and
380-nm signals indicates the point at which the accelerated fura leak
started.

studied in the presence of probenecid and unloaded cells in
probenecid-free medium were found, the experimental condi-
tions required for determination of Caf did not alter the major
patterns of injury responses or protective effects.

It has previously been reported (17, 18, 41, 42) that acceler-
ated leakage of cytosolic fluorescent probes accompanies the
type of plasma membrane damage that results in failure to
exclude vital dyes, a generally accepted criterion of lethal cell
injury. Our results showing a close temporal association be-
tween accelerated fura leakage and loss of ability to exclude
Trypan blue indicate that the tubules behaved similarly over
the time frame of our studies. This phenomenon provided a
sensitive way of timing the onset of lethal cell injury from the
same measurements used for determination of Caf.

Our data represent the averaged responses of 30-40 tubule
cells in the field covered by the photomultiplier. Thus, interme-
diate changes of Caf or of levels of dye loading could indicate
uniform, partial effects in many cells or a combination of se-
vere effects in some cells and none in others. However, under
virtually all the experimental conditions studied, the tubules
developed maximal alterations of Caf and dye retention rela-
tively rapidly once changes began and similarly rapid loss of
ability to exclude Trypan blue also was seen. This suggests a
high degree of synchrony between individual tubule cells.

Although delayed in the 1799-treated cells, increases of Caf
to micromolar levels consistently occurred before lethal cell
injury. However, injury was not ameliorated when these in-
creases of Caf were prevented by incubation in medium with
Ca2" buffered to 100 nM. These observations are like those
previously reported by Nieminen et al. (17) and by Lemasters
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and co-workers (18) in studies of single cultured hepatocytes
that were ATP-depleted and injured by treatment with cyanide
+ iodoacetate. The prevention of increases in Caf by 100 nM
Ca2+ medium indicates that extracellular Ca2" is primarily re-
sponsible for them. Whether equivalent changes of Caf occur in
other types of ATP depletion-induced proximal tubule injury
remains to be determined. However, the similarity of the LDH
release and ATP depletion responses of the 1799-treated tu-
bules in this study to those seen in the proximal tubule system
with a variety of other ATP-depleting mitochondrial inhibitors
and hypoxia (23-26) makes it likely that the present observa-
tions of Caf alterations will be of generalized applicability.

By consistently, rapidly increasing Caf to the micromolar
range, ionomycin, as used in the present study, provided a valu-
able tool for further assessing the potential for increased Caf to
contribute to tubule cell injury. Although relatively high con-
centrations of ionomycin were required to produce toxic ef-
fects in the fresh tubules, these were specific actions of ionomy-
cin related to increases of Caf because toxicity did not occur
when the increases of Caf were prevented by buffering medium
Ca2` at 100 nM. This was true regardless of whether ionomycin
was used alone or in combination with 1799 and is similar to
previous reports on the Ca2` dependence of Ca2" ionophore-
induced injury in other cell types (15, 43, 44). Although severe
reductions of medium Ca2+ can be toxic to isolated cells, in-
cluding tubule cells (45, 46), this was not a problem with the
durations of exposure used for the present work.

Selective protection by 100 nMCa2' against ionomycin-in-
duced but not against 1799-induced injury is particularly evi-
dent from the studies of ionomycin + 1799 in combination.
There, 100 nMCa2+ shifted the timing of damage from the very
rapid pattern seen with ionomycin + 1799 in 1.25 mMCa2+ to
the slower pattern seen with 1799 alone, but, unlike glycine
and reduced pH, did not substantially protect throughout the
interval studied.

The requirement for high concentrations of ionomycin to
maximally increase tubule Caf probably reflects active tubule
cell Ca2' extrusion mechanisms rather than a low sensitivity to
the ionophore. ATP was partially preserved in tubules treated
with ionomycin alone and the relatively high K+ content of
those tubules indicates retention of sodium pump activity. This
would allow continued Ca2+ extrusion by ionomycin-treated
cells via both Ca2+-ATPases and Na+/Ca2' exchange (47, 48).

Protection by glycine and reduction of pH to 6.9 in the
present studies is similar to that which has been described dur-
ing hypoxia-, ouabain-, and metabolic inhibitor-induced tu-
bule cell injury (23-28). Our results indicate that both glycine
and pH 6.9 have major protective actions irrespective of
whether the increases of Caf occur rapidly in response to iono-
mycin or as a delayed effect of uncoupler-induced ATPdeple-
tion. The ionomycin + 1799 groups provide a condition in
which both profound ATPdepletion and maximal increases of
Caf were particularly rapid, yet protection was clearly evident.

Decreased transmembrane Ca2" fluxes have been suggested
as a mechanism for the protective effects of reduced pH (24,
49) and pH 6.9 medium did tend to delay the Caf increase
produced by ionomycin alone. However, this likely relates to
the direct effects of [H+] on ionomycin activity (50) and cannot
account for the major protection provided by reduced pH once
Caf did increase.

The protective effects of glycine occur in spite of equivalent
or even more severe decreases of ATP and glutathione in gly-

cine-protected cells than in unprotected cells (Table II and refer-
ences 25, 26, 29, and 30), indicating that glycine acts on a
process distal to these major events in the development of cell
injury. The present studies demonstrate that increased Caf is
another of the classical mediators of cell injury whose ultimate
deleterious action to compromise tubule cell viability is
blocked by glycine and suggest that further examination of the
effects of glycine an Ca2+-mediated degradative processes may
be informative with regard to the amino acid's ultimate mecha-
nism of protection.
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