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Abstract

The relationships between extracellular pH (pH.), intracellu-
lar pH (pH,), and loss of cell viability were evaluated in cul-
tured rat hepatocytes after ATP depletion by metabolic inhibi-
tion with KCN and iodoacetate (chemical hypoxia). pH, was
measured in single cells by ratio imaging of 2',7'-biscarboxy-
ethyl-5,6-carboxyfluorescein (BCECF) fluorescence using
multiparameter digitized video microscopy. During chemical
hypoxia at pH. of 7.4, pH, decreased from 7.36 to 633 within
10 min. pH1 remained at 6.1-6.5 for 30-40 min (plateau
phase). Thereafter, pHi began to rise and cell death ensued
within minutes, as evidenced by nuclear staining with propi-
dium iodide and coincident leakage of BCECF from the cyto-
plasm. An acidic pH. produced a slightly greater drop in pH1,
prolonged the plateau phase of intracellular acidosis, and de-
layed the onset of cell death. Inhibition of Na+/H' exchange
also prolonged the plateau phase and delayed cell death. In
contrast, monensin or substitution of gluconate for Cl- in
buffer containing HCO3 abolished the pH gradient across the
plasma membrane and shortened cell survival. The results in-
dicate that intracellular acidosis after ATP depletion delays
the onset of cell death, whereas reduction of the degree of
acidosis accelerates cell killing. We conclude that intracellular
acidosis protects against hepatocellular death from ATP de-
pletion, a phenomenon that may represent a protective adapta-
tion against hypoxic and ischemic stress.

Introduction

Both hypoxia and a decrease in pH occur during ischemic
tissue injury. The effects of hypoxia and the resulting decrease
in ATP have drawn considerable attention, but fundamental
information is lacking concerning the role of extracellular pH
(pHO)I and intracellular pH (pHi) in hypoxic cellular damage.

Preliminary reports of portions of this work were presented at the 38th
Annual Meeting of the American Association for the Study of Liver
Diseases, Chicago, IL, 27-28 October 1987 (42).
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carboxyfluorescein; BCECF-AM, acetoxymethyl ester of BCECF;
DIDS, 4,4'-diisothiocyano-2,2'-stilbene disulfonate; IAA, iodoacetic

In particular, the relationships between pHi and the morpho-
logic and functional abnormalities observed during ischemic
and hypoxic cellular injury are unclear. In excitable tissue like
myocardium, mild tissue acidosis may be protective early and
injurious late during hypoxic or ischemic stress (1-3). The
early protective effect of acidosis in myocytes is reported to be
due to inhibition of ATP hydrolysis via the oligomycin-sensi-
tive ATPase, thereby preventing ATP depletion (4). However,
once ATP is depleted, a synergism between tissue acidosis and
ATP depletion in promoting cell injury during hypoxia has
been suggested (3). In such nonexcitable cells as hepatocytes,
Erlich ascites tumor cells, and renal proximal tubule cells, a
protective effect of mild extracellular acidosis has also been
found during hypoxic stress (5, 6).

Recently, we observed a similiar protective effect of extra-
cellular acidosis in hepatocytes depleted of ATP with KCN
plus iodoacetic acid (IAA) (chemical hypoxia) (7). Cell killing
was also delayed by inhibition of Na+/H+ exchange. By con-
trast, monensin, a Na+/H+ ionophore, potentiated cell killing,
as did exchange of intracellular Cl- for extracellular HCO-.
These findings suggest that cytoplasmic acidosis protects
against hypoxic cell death. Earlier attempts to measure pH, in
suspensions of isolated hepatocytes indicated little or no de-
crease in pHi after 30 or 45 min of anoxia (6, 8), but the
temporal relationship between pH,, pH,, and the onset of irre-
versible cell injury remains incompletely defined.

With the advent ofquantitative digitized video microscopy
(9), it is now possible to make serial measurements of pHi in
single living cells (10). Using multiparameter techniques (1 1),
pHi can be directly compared with cell morphology and viabil-
ity. The objective of this study thus was to determine the rela-
tionship between pH., pHi, and loss of viability in cultured rat
hepatocytes during ATP depletion. The results indicate that
intracellular acidosis develops rapidly in hepatocytes during
ATP depletion. This acidic pHi persists for many minutes but
begins to rise shortly before the onset of cell death. We con-
clude that intracellular acidosis delays the onset of cell death
after ATP depletion, a phenomenon that may protect against
ischemic damage to tissue.

Methods

Hepatocyte isolation and culture. Hepatocytes were isolated by colla-
genase perfusion of livers from male Sprague-Dawley rats (200-300 g)
as described previously (12) and resuspended in culture medium at
450,000 cells/ml. l-ml aliquots were cultured in 35 X 10 mm Petri
dishes (Becton-Dickinson & Co., Oxnard, CA) on 22-mm square glass

acid; KRH, Krebs-Ringers Hepes buffer; KRHB, Krebs-Ringers Hepes
bicarbonate buffer; MES, 2-(N-morpholino)-ethanesulfonic acid;
MOPS, 3-(N-morpholino)-propanesulfonic acid; MDVM, multipa-
rameter digitized video microscopy; pH,, intracellular pH; pH., extra-
cellular pH.
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coverslips. Before culturing, coverslips were sterilized 20 min in 95%
alcohol, air dried, coated with acid-soluble type I collagen from rat tail
tendon (20 Mg/coverslip) (13), and air dried again. The culture medium
was Waymouth's MB-752/1 containing 26.7 mM NaHCO3, 2 mM
L-glutamine, 5% FCS, and 100 nM insulin. Hepatocytes were used
after 16-36 h of culture in 5% C02/air at 370C.

Solutions. The basic incubation buffer was Krebs-Ringers-Hepes
buffer (KRH) containing 115 mM NaCl, 5 mM KCI, 1 mM KH2PO4,
2 mM CaC12, 1.2 mM MgSO4, and 25 mM Na-Hepes buffer, pH 7.4.
Solutions were air saturated. Assuming a partial pressure for carbon
dioxide of 0.3 Torr, HCO- ion content was 0.2 mM in nominally
bicarbonate-free buffers at pH 7.4. In some experiments, 15 mM
NaHCO3 was added and Hepes concentration was reduced to 10 mM
(Krebs-Ringers Hepes bicarbonate buffer [KRHB]). For those experi-
ments in which pH was < 6.8, Hepes (pKa 7.31) was replaced with
2-(N-morpholino)-ethanesulfonic acid (MES) (pKa 5.96) (14). In other
experiments, Na+ ion was replaced with choline or Cl- ion was re-
placed with gluconate. Aerobic Na+ and Cl- free media were not toxic
compared with KRH. Neutralized KCN was prepared in a fume hood
by addition of 100,Ml ofconcentrated HC1 to 1.15 ml of 1.087 M KCN
to yield a 1 M stock solution. 0.2 M IAA was dissolved in buffer and
neutralized with NaOH. 1 mM 2',7'-biscarboxyethyl-5,6-carboxyfluo-
rescein acetoxylmethyl ester (BCECF-AM) was dissolved in DMSO.
0.5 mM rhodamine 123 and 1 mM propidium iodide were dissolved in
deionized, distilled water. 20 mg/ml rhodamine-dextran was freshly
dissolved in sterile phosphate-buffered saline.

Fluorometry. Fluorescence measurements ofBCECF released from
freshly isolated hepatocyte suspensions were made with a fluorescence
spectrophotometer (model 850-40; Perkin-Elmer Corp., Norwalk, CT)
using excitation and emission wavelengths of 440 and 530 nm (5- and
10-nm slits), respectively. A standard curve was obtained using
BCECF-free acid in KRH buffer.

Multiparameter digitized video microscopy (MDVM). Experiments
measuring pHi were performed using an MDVM system described
previously (9, 11). The microscope was an inverted fluorescence mi-
croscope (IM-35; Carl Zeiss, Inc., Thornwood, NY). Excitation light
was provided by a 100-W mercury vapor lamp and passed through an
interference and neutral density filter wheel assembly to select wave-
length and intensity under computer control. A low-light, intensified
silicon-intensified target (ISIT) video camera (model 66; MTI-Dage,
Michigan City, IN) collected fluorescent images that were fed to a
computer (MicroPDP 11/23; Digital Equipment Corp., Maynard,
MA) and digitized with a QVG/AFA-123 video acquisition and dis-
play board set (Datacube, Inc., Peabody, MA) for frame averaging,
background subtraction, ratioing and storage on 8-in. floppy disks.
Experiments were also routinely recorded with a half-inch time-lapse
video cassette recorder (model TC3900; RCA, Lancaster, PA).

BCECF-loaded cells were excited at wavelengths of 440 nm (pH
insensitive) and 490 nm (pH sensitive). Fluorescence was imaged
through a 510-nm dichroic reflector and 515-565 interference filter.
Fluorescence of rhodamine 123-loaded cells was imaged using a
450-490-nm excitation filter, a 510-nm dichroic reflector, and a
515-565 interference filter. Fluorescence of propidium iodide, rhoda-
mine-dextran, and 0.1-Mm rhodamine-labeled latex microspheres was
imaged using a 546-nm excitation filter, a 580-nm dichroic reflector,
and a 590-nm-long pass filter.

Dye loading. BCECF was loaded by incubating hepatocytes in cul-
ture medium with 5 MM BCECF-AM for 30 min at 37°C. Endogenous
esterases hydrolyzed BCECF-AM to trap free BCECF in the cytosol as
a membrane-impermeant tetracarboxylic acid (15). After loading, the
cells were washed three times with buffer and mounted on the micro-
scope. Over the period of study, little or no loss of BCECF occurred
until close to the onset of cell death.

Rhodamine 123 identified intact, polarized mitochondria (11).
Cultured hepatocytes were loaded with BCECF as described above and
incubated with Ca2"-free KRH containing 5 mM succinate and
20-100MgM digitonin. 800 nM rhodamine 123 was added subsequently

to identify intact mitochondria. The Ca2"-free, succinate-containing
medium prevented mitochondrial depolarization after addition of dig-
itonin.

To label lysosomes, rats were injected with 20 mg/100 g body
weight rhodamine-dextran i.p. 16 h before isolation of hepatocytes. As
described previously for injected fluorescein-dextran, rhodamine-dex-
tran is taken up by endocytosis to become concentrated in secondary
lysosomes as a nondegradable marker (16, 17).

To label the early diffuse endocytic, prelysosomal compartment,
cultured hepatocytes were incubated with rhodamine-labeled micro-
spheres for 30 min at 370C in culture media. In preliminary experi-
ments, microspheres were noted to be taken up by hepatocytes. After
1-2 h of incubation, microsphere fluorescence became punctate, con-
sistent with uptake by endocytosis and subsequent translocation into
lysosomes. After loading, the cells were washed three times with buffer
and mounted on the microscope.

Measurement ofpHi and determination ofcell death. pHi was mea-
sured by ratio imaging of BCECF fluorescence excited at 440 and 490
nm. After background subtraction, the image at 440 nm was divided
by the image at 490 nm on a pixel-by-pixel basis. In situ calibration
curves between pH 5.5 and 7.5 were generated in BCECF-loaded he-
patocytes by addition of 10 MM nigericin, a K+/H' ionophore, in 115
mM K+ buffer to equalize pHi and pHo (18). Identical standard curves
were obtained by using monensin, a Na+/H+ ionophore, in 10 mM
Na+ buffer where the remainder of the Na+ was replaced isosmotically
with choline. Data were displayed as two-dimensional color maps or
averaged for all pixel elements within a single cell.

Cultured hepatocytes were equilibrated with the desired buffer for
10-20 min on the microscope stage before initiating an experiment.
Temperature was maintained at 37°C using an air-curtain incubator
(Laboratory Products, Inc., Boston, MA). Baseline ratio images were
obtained, and 2.5 mM KCN, 0.5 mM IAA, and 5 MM propidium
iodide were added. We have previously shown in hepatocyte suspen-
sions that KCN and IAA depleted ATP by > 95% within 5 min. The
rate and extent ofATP depletion was indistinguishable in mildly aci-
dotic (pH 6.4) as compared with neutral (pH 7.4) medium (7). Ratio
images were then obtained at frequent intervals. Loss of cellular viabil-
ity (cell death) was identified by abrupt leakage ofBCECF and coinci-
dent nuclear staining by propidium iodide.

Intracellular buffering capacity. Hepatocytes were washed free of
KRH buffer by centrifugation for 2 min at 50 g and resuspended in
0.15 M KCI repeated twice. The washed hepatocyte suspension (10
X 106/ml) was titrated with HC1 between pH 7.5 and 6.0 in the pres-
ence of 25 MM nigericin at 37°C. pH was measured with constant
stirring using a combination electrode (model 39525; Beckman In-
struments, Fullerton, CA) and a pH meter (model 130; Coming Medi-
cal Div., Coming Glass Works, Medfield, MA). In parallel experi-
ments, titrations of cell free supernatants were also performed. The
difference between the buffering capacities of the cell suspension and
cell-free supernatant was taken as the specific cellular buffering capac-
ity. Cellular buffering capacity in millimolar per pH unit was calcu-
lated by dividing acid equivalents added per pH unit change by cell
volume assuming a cell volume of 4.8 MAl/106 hepatocytes (19).

Materials. BCECF and BCECF-AM were purchased from Molecu-
lar Probes, Inc. (Eugene, OR); rhodamine 123 was obtained from
Kodak Laboratories (Rochester, NY); 3-(N-morpholino)-propanesul-
fonic acid (MOPS), amiloride, 4,4'-diisothiocyano-2,2'-stilbene disul-
fonate (DIDS), propidium iodide, sodium gluconate, glucuronic acid,
nigericin, monensin, BSA fraction V, rhodamine-dextran (average mo-
lecular mass 71.2 kD), and choline chloride from Sigma Chemical Co.
(St. Louis, MO); IAA from Chemical Dynamics Corp. (South Plain-
field, NJ); KCN from Fisher Scientific Co. (Fair Lawn, NJ); Way-
mouth's medium MB 752/1 from GIBCO Laboratories (Grand Island,
NY); type II collagenase from Cooper Biomedicals (Malvern, PA);
Hepes from Boehringer-Mannheim Biochemicals (Indianapolis, IN);
MES from Calbiochem-Behring Corp. (La Jolla, CA); rhodamine-la-
beled carboxylate microspheres (0.1 Mm) from Polysciences, Inc.
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(Warrington, PA); and insulin from E. R. Squibb and Son, (Princeton,
NJ). Other reagents were of analytical grade obtained from the usual
commercial sources.

Results

Subcellular localization ofBCECF in single, cultured hepato-
cytes. Fluorescent probes loaded into cells as acetoxymethyl
esters may localize into cellular compartments other than the
cytosol (20-23). Therefore, we developed a method, using
MDVM, to localize fluorescent probes in single cells. The prin-
ciple of our approach was to load cells with additional fluores-
cent probes specific for various intracellular compartments:
rhodamine dextran for lysosomes, rhodamine microspheres
for endosomes, and rhodamine 123 for mitochondria. Cellular
compartments were then sequentially opened by increasing
concentrations of detergent (24): 20 AM digitonin for cytosol,
100 MM digitonin for lysosomes and endosomes, and 0.1%
Triton X-100 for mitochondria. The extent and amount of
colocalization of BCECF with the various markers of specific
compartments was determined by MDVM. BCECF-loaded
cells (Figs. 1 A, 2 A, and 3 A) were coloaded with rhodamine-
dextran (Fig. 1 B) or rhodamine-microspheres (Fig. 2 B), or
rhodamine 123 was added after digitonin (Fig. 3 C). 20 AM
digitonin produced a > 96% release of BCECF fluorescence
(Figs. 1 C and 2 C, Table I), but rhodamine-dextran and rho-
damine microsphere fluorescence remained unchanged (Figs.
1 D and 2 D). As digitonin increased from 20 to 100 MM, no
additional loss ofBCECF fluorescence occurred (Figs. 1 E and
2 E, Table I). At the higher digitonin concentration, lysosomal
and endosomal contents were released (Figs. 1 F and 2 E) but
mitochondria remained intact (Fig. 3 C). After 0.1% Triton
X-100, no rhodamine 123 fluorescence could be detected (data
not shown). These results demonstrate the absence ofBCECF
localization to lysosomes, endosomes, mitochondria and, pre-
sumably, to other membraneous organelles. Thus, BCECF is
localized virtually completely to the cytosol (including nu-
cleoplasm).

Concentration ofBCECF in loaded hepatocytes. Freshly
isolated hepatocytes were loaded with 5 MM BCECF-AM for
30 min at 370C in KRH buffer, washed, and exposed to 100
MM digitonin or 0.1% Triton X-100. The lysed cells were cen-
trifuged (1,000 g-min) and fluorescence of the supernatant
measured compared with BCECF standards after subtracting
the background fluorescence of digitonin and Triton X-100.
Digitonin and Triton X-100 released BCECF to a nearly iden-
tical degree confirming the nonmitochondrial localization of
BCECF. Assuming a cellular volume of 4.8 Ml/106 cells and
that 80% of cell volume is cytosolic (19), BCECF concentra-
tion in the cytosol was 110 MM.

Relationship between pH, and pHi under normoxic condi-
tions. pHi was quantified in individual cultured hepatocytes at
different pHo by ratio imaging of BCECF fluorescence using
MDVM. In normoxic hepatocytes, pHi increased or decreased
as pH. increased or decreased (Fig. 4). pH, was slightly more
alkaline than pH. when pHo was between 6 and 7 and slightly
more acidic than pHo when pH. was between 7 and 7.4. These
findings agree with earlier reports for hepatocytes and gastric
epithelial cells using nuclear magnetic resonance spectroscopy
of ['9F] difluoromethylamine and using BCECF, respectively,
to measure pHi (25, 26).

Decrease ofpHi during chemical hypoxia. To mimic ATP
depletion occurring in ischemia, 2.5 mM KCN and 0.5 mM
IAA were added to cultured hepatocytes incubated in KRHB
buffer. KCN and IAA block cellular ATP formation by inhibi-
tion of oxidative phosphorylation and glycolysis, respectively
(11). This condition of chemical hypoxia causes a 95% de-
crease ofATP within 5 min (7). At pH. of 7.4, pH, decreased
1.0 pH unit within 10 min of the onset of chemical hypoxia
(Fig. 5). The decrease of pHi was sustained for another 20-30
min. After a total of30-40 min, pHi began to increase, and cell
death followed shortly, as evidenced by leakage ofBCECF and
coincident nuclear staining with propidium iodide (asterisk in
Fig. 5). Identical changes of pHi occurred in bicarbonate-free
buffer (KRH) (Fig. 5). Extracellular pH remained at 7.4
throughout these experiments. In view of the above findings
and to manipulate more freely extracellular pH and ion con-
tent, bicarbonate-free KRH buffer was used in most subse-
quent experiments.

In separate experiments, we monitored BCECF content
during the late rise in pHi by monitoring BCECF fluorescence
at the pH-insensitive wavelength, 440 nm (Fig. 6). Accom-
panying the late rise in pHi, BCECF began to leak from the cell
at an accelerated rate indicative of rapidly increasing plasma
membrane permeability. This metastable state appears to
mark the beginning of the onset of cell death.

Spatial distribution ofpHi. The spatial distribution of in-
tracellular pH before and during chemical hypoxia was deter-
mined and represented as color maps. In the experiment
shown in Fig. 7, basal pHi was relatively uniform throughout
the cell and averaged - 7.35 (Fig. 7 A). After 16-38 min of
chemical hypoxia, average pH, was 6.4 (Fig. 7, B and C). This
intracellular acidosis was homogeneous throughout the cytosol
including the cell surface blebs. After 44 min, pHi had risen to
6.7, but no regional or spatial foci of increasing pH were de-
tected (Fig. 7 D). The inability to detect a regional focus of
increasing pH indicates that either the plasma membrane per-
meability barrier had become diffusely leaky or that the diffu-
sion of hydrogen ions was too rapid to detect a focal area of
rising pH. After 46 min, pHi had increased to 7.1, and acceler-
ated leakage of BCECF was evidenced by erosion ofthe image
indicating the onset of irreversible cell injury (Fig. 7 E). After
> 46 minm BCECF leakage was so great that images could no
longer be obtained (Fig. 7 F).

Relationship between pH,, and pHi during chemical hyp-
oxia. Exposure of hepatocytes to acidic buffer simultaneously
with KCN and IAA produced a slightly greater drop in pHi and
prolonged the plateau phase of intracellular acidosis (Fig. 8).
At pH. 6.8 and 6.4, pHi dropped to 6.3 and 6.2, respectively,
after 10 min of chemical hypoxia and the duration of de-
creased pHi was prolonged an additional 20-30 minutes. Cell
viability was also prolonged to a similar degree, and the onset
of cell death again followed a relatively sharp increase of pH,.

Role of anion and cation exchangers. When extracellular
Na+ was replaced isosmotically with choline to inhibit plasma
membrane Na+/H+ exchange (27), cell survival and the pla-
teau phase of intracellular acidosis were both sustained an
additional 20 min (Fig. 9). Amiloride, which inhibits the
Na+/H+ exchange carrier (27), also produced an increase of
cell survival and prolongation of the plateau phase of intracel-
lular acidosis. With both choline and amiloride, cytosolic pH
again rose shortly before the onset of cell death. The late rise in
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Figure 1. Subcellular localization of BCECF by MDVM: lysosomes. A 14 cultured hepatocyte loaded previously with rhodamine dextran (see
Methods) was loaded additionally with BCECF. BCECF fluorescence from the cell was diffuse (A), whereas rhodamine-dextran fluorescence
was punctate-consistent with the localization of the latter to secondary lysosomes (B). After 20 ,uM digitonin, virtually all BCECF fluorescence
was released (C), but rhodamine-dextran fluorescence was unchanged (D). After 100 ,uM digitonin, no additional loss of BCECF fluorescence
occurred (E), although rhodamine-dextran fluorescence was lost entirely (F).

intracellular pH preceding loss of cell viability thus was not
due to Na+/H' exchange. Monensin, which catalyzes Na+/H'
exchange (17), collapsed the pH gradient across the plasma
membrane and shortened cell survival by 40 min (Fig. 9).
These experiments demonstrate that intracellular acidosis
protects against cell death during ATP depletion, whereas
more alkaline pHi accelerates the lethal process.

DIDS, an inhibitor of Cl-/HCO- exchange (18), did not
affect these changes in pHi after KCN plus IAA (data not
shown). However, substitution ofgluconate for Cl- accelerated
the onset of cell death during chemical hypoxia and caused
pHi to rise steadily after an initial acidification (Fig. 10). Addi-
tion of 15 mM HCO- to this chloride-free buffer abolished the
cytosolic acidification after KCN and IAA, and cell death oc-
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Figure 2. Subcellular lo-
calization ofBCECF by
MDVM: endosomes. A
14 cultured hepatocyte
was loaded with both
BCECF and 0.1-,gm rho-
damine-labeled latex mi-
crospheres. The cell was
diffusely labeled with
both probes (A and B).
After 20 gM digitonin,
virtually all BCECF fluo-
rescence was released
from the cell (C), but
rhodamine-microsphere
fluorescence remained in-
tact (D). After 100 AM
digitonin, no additional
loss of BCECF fluores-
cence occurred (E), but
rhodamine-microsphere
fluorescence disappear-
ance was complete (F).

curred even more rapidly (Fig. 10). DIDS added to this
HCOy-containing, Cl--free buffer restored the characteristic
decrease of pHi and plateau phase of intracellular acidosis ob-
served in KRH buffer and delayed the onset of cell death (Fig.
10). These findings are consistent with an anion carrier-me-
diated exchange of intracellular Cl- for extracellular HCO; in
HCOy-containing, Cl--free buffer. This exchange removes
acid equivalents from the cells, prevents cytosolic acidification
during chemical hypoxia, and accelerates the onset of cell
death.

Blebbing and the onset of cell death. Cell surface mem-
brane blebbing is an early consequence of hypoxic hepatocel-
lular injury (11, 28). To determine whether blebbing was re-
tarded at protective acidic pH0, the onset of blebbing was
scored over time from time-lapse video recordings of cultured

hepatocytes viewed by phase microscopy. Acidic pH1 of 6.4
had a modest effect in delaying the onset of blebbing (Fig. 1 1).
At pH0 of 7.4, 50% of cells blebbed after 12 min, whereas at
pH0 6.4, half-maximal onset of blebbing occurred after 20
min. Furthermore, growth of blebs did not appear to be re-
tarded at acidotic pH (data not shown).

Intracellular buffering capacity. Intracellular buffering ca-
pacity was determined in pH titrations with 25 ,M nigericin.
This ionophore in high K+ buffer equilibrates intracellular and
extracellular pH (15, 18). As acid was added to a concentrated
cell suspension, pH decreased rapidly and then partially recov-
ered over several seconds (Fig. 12, trace A). This partial recov-
ery was not observed in cell-free supernatants (Fig. 12, trace B)
and was the consequence of internal buffering by the cells.
From the difference in buffering capacity between cell suspen-
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Table I. BCECF Releasefrom Cultured Hepatocytes
by Digitonin and Triton X-100

Addition Relative fluorescence

None 100%
20 ,uM digitonin 3.5±2.8%
100 AM digitonin <1%
0.1% Triton X-100 <1%

Cultured hepatocytes were loaded with BCECF as described in
Methods. BCECF fluorescence at 440 nm was quantitated in single
cells before and after treatment with detergent using MDVM. Data
represent mean±SE for six experiments.

protected hepatocytes against cell death during ATP depletion.
This conclusion is based on several observations. Maneuvers
that prolonged and/or increased intracellular acidosis, such as
inhibition of Na+/H' exchange and placing the cells in mildly
acidic pH., also prolonged cell survival. Conversely, manipu-
lations that prevented a decrease in pHi potentiated cell killing,
such as monensin or substitution ofgluconate and bicarbonate
for chloride in the extracellular buffer. Finally, a significant
rise in pHi preceded the onset of irreversible cell injury in all
instances.

In hypoxia as in ischemia, ATP formation from oxidative
phosphorylation is inhibited completely due to oxygen depri-
vation. In the absence of glycolytic substrate, ATP is rapidly
depleted. In this study, we inhibited oxidative phosphorylation
and glycolysis with KCN and IAA to duplicate the ATP deple-
tion of anoxia, a model that we call chemical hypoxia (1 1).
This approach avoids the elaborate technical requirements for
maintaining strict anaerobiosis on a microscope stage and
produces a consistent pattern ofATP depletion and cell injury
(7). IAA also eliminates the variable of glycolytic ATP forma-

Figure 3. Subcellular localization of BCECF by MDVM: mitochon-
dria. A cultured hepatocyte was loaded with BCECF and displayed
diffuse fluorescence (A). After addition of 100 AM digitonin in Ca>-
free buffer containing 5 mM succinate, virtually all BCECF fluores-
cence disappeared (B). Rhodamine 123 was subsequently added to
demonstrate the punctate fluorescence of mitochondria (C).

sions and cell-free supernatants, an intracellular buffering ca-
pacity of 26±3 mM/pH unit (mean±SD, n = 6) was calcu-
lated.

Discussion

In this study, we determined the relationships between pH.,
pHi, and loss of cell viability in isolated rat hepatocytes during
ATP depletion. Intracellular acidosis developed rapidly in he-
patocytes during ATP depletion and was sustained until
shortly before cell death. Furthermore, intracellular acidosis

7.5

7.0

._

6.5

6.0
6.0 6.5 7.0

pHo
7.5

Figure 4. Relationship between cytosolic pH (pH,) and extracellular
pH (pH,) in single, cultured hepatocytes. pH, was determined by
ratio imaging of BCECF fluorescence using MDVM. Hepatocytes
were incubated in KRH buffer at the selected pH. for 20 min. The
dashed line represents the equality of pH, and pH.. Data points are
means±SE for five or more experiments.
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7.5 Figure 5. Decrease in
oO HC03- cytosolic pH (pHj) in
* HC03- Froe

pHo 7.4 individual cultured he-

7.0o patocytes during chemi-
cal hypoxia in the pres-

*l ence or absence of ex-
ffi t / tracellular bicarbonate.

6.5 p-pHi was determined by
ratio imaging of BCECF
fluorescence using
MDVM before and

6.0 0 duringchemical hyp-
0 20 40 60

oxia with 2.5 mM KCN
Time (minutes) and 0.5 mM IAA. He-

patocytes were incubated in (.) bicarbonate-free KRH buffer or in
(o) bicarbonate-containing KRHB buffer. Cell death (*) was identi-
fied by nuclear labeling with 5 gM propidium iodide and coincident
leakage ofBCECF from the cell at the pH-insensitive wavelength
(440 nm). Data points are means±SE for five or more experiments.

tion using endogenous glycogen as a substrate, a factor that is
otherwise quite difficult to control in hepatocytes (7, 29).

BCECF is well established as a fluorescent probe of intra-
cellular pH (10, 15, 18). BCECF is loaded into cells as its
acetoxymethyl ester. Endogenous esterases are assumed to hy-
drolyze BCECF-AM to liberate free probe in the cytosol. How-
ever, we and others have described localization of fluorescent
probes including BCECF into other cellular compartments,
especially lysosomes and mitochondria (20-23). As the endo-
cytic, lysosomal, and mitochondrial compartments have a dif-
ferent pH from the cytosol, documentation of the subcellular
localization of BCECF with respect to these compartments is
essential to the proper interpretation of changes of BCECF
fluorescence. Accordingly, we evaluated the subcellular local-
ization of BCECF in l-d cultured hepatocytes using MDVM.
These experiments documented that BCECF loaded into cul-
tured hepatocytes was predominantly localized to the cytosol
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Figure 6. pHi, BCECF release, and the onset of cell death. (A) pHi
and (B) cellular BCECF content were measured in a single hepato-
cyte before and during chemical hypoxia in KRH buffer. Experimen-
tal conditions were as described in Fig. 5. Intracellular concentration
ofBCECF was monitored by fluorescence excited at the pH-insensi-
tive wavelength of440 nm. One experiment is representative of three.

(> 95%) with little accumulation (< 5%) into mitochondria,
lysosomes, and endosomes.

Intracellular pH dropped to 6.3-6.5 after 10 min ofchemi-
cal hypoxia. A similar decrease oftissue pH has been described
for ischemic canine myocardium and in rat kidney during
normothermic and hypothermic ischemic storage (30, 31).
Previously, a smaller decrease of pHi was reported in hepato-
cyte suspensions during anoxia (6, 8). In the latter studies, the
decline of ATP was considerably more gradual (62 and 71%,
respectively, after 5 and 49 min) than observed here during
chemical hypoxia (95% after 5 min). As discussed below, pro-
tons liberated by ATP hydrolysis may be largely responsible
for acidosis during anoxia. Moreover, this work used l-d cul-
tured hepatocytes. In freshly isolated hepatocytes cultured < 2
h, we have found a decrease of pHi after chemical hypoxia of
- 0.5 units (data not shown) as compared with 1 unit in l-d
cultured hepatocytes. This observation suggests that the
plasma membranes of freshly isolated hepatocytes are rela-
tively more permeable and less able to maintain a pH gradient
than the plasma membranes of l-d cultured cells.

From a basal pHi of 7.34 at pH. of 7.4, pHi decreased by
1.0 unit in 10 min after addition of KCN plus IAA. After
another 30 min, pHi began to rise and cell death ensued after
10 more minutes. We investigated the respective contributions
of the Na+/H' and Cl-/HCOi plasma membrane exchangers
to these changes in pHi as both are important for pH regula-
tion by hepatocytes (32, 33). Na+/H+ exchange would be ex-
pected to increase pHi by removing cytosolic protons in ex-
change for Na+ ions moving down a Na+ concentration gra-
dient. Inhibition of Na+/H+ exchange with amiloride or by
replacing Na+ with choline (removing the inwardly directed
Na+ gradient) prolonged the duration of intracellular acidosis.
This finding suggests that the cation exchanger does catalyze a
leak of protons during the hypoxic period. In contrast, mon-
ensin, which introduces exogenous Na+/H+ exchange activity
to the plasma membrane, collapsed the pH gradient and po-
tentiated cell killing. Endogenous Na+/H+ exchange activity of
normoxic hepatocytes is activated by cytosolic acidification
and is sufficiently great to change intracellular pH in a few
minutes (33). In hypoxic hepatocytes, endogenous Na+/H+
exchange was relatively slow. The activity of the cation ex-
changer thus appeared to be suppressed during chemical hyp-
oxia. The rise in pH, observed just before the onset of cell
death was not due to an activation of H+/Na+ exchange, since
blocking the exchange by substitution of Na+ with choline did
not prevent this late rise.

The plasma membrane anion exchanger is normally poised
to remove excess HCO in exchange for Cl-, thereby prevent-
ing alkalinization of the cytosol (26, 32). When anion ex-
change was inhibited with DIDS (18), the changes in pHi after
KCN plus IAA were unaffected. Anion exchange thus did not
contribute to intracellular acidosis during ATP depletion or to
the late rise of pHi before the onset of cell death. However,
when extracellular Cl- was replaced with gluconate plus
HCO, pHi did not decrease during ATP depletion and cell
death was accelerated. This was the only situation where bi-
carbonate altered pHi during ATP depletion. Under these
conditions (intracellular Cl- > extracellular Cl-), the chloride
gradient favored loss of intracellular C1- in exchange for
HCO5. Therefore, we attribute the effects of gluconate and
HCO on pHi during chemical hypoxia to reverse anion trans-
port, i.e., exchange of extracellular HCO for intracellular Cl-.
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Figure 7. Spatial distribution of pHi in
a single, cultured hepatocyte during
chemical hypoxia. Basal pHi was 7.35
before chemical hypoxia as represented
by blue (A). After 16-38 min of chemi-
cal hypoxia, average pHi was 6.4 as rep-
resented by the colors orange and yel-
low (B and C). After - 44 min, pHi
had risen to 6.7 (D). After 46 min, pH1
was 7.1 and leakage ofBCECF was evi-
denced by erosion of the image (E). 2
min later, the cell was dead, as shown
by loss of cellular fluorescence (F). Ex-
perimental conditions were as de-
scribed in Fig. 5.

This interpetation is supported by the observation that in this
buffer, DIDS restored the normal intracellular acidification of
ATP depletion.
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A preliminary report has suggested that hepatocytes may
also regulate pHi via Na+/HCO- cotransport (34). In our ex-
periments, the magnitude and duration of intracellular aci-
dosis during chemical hypoxia was the same in Na'-contain-
ing buffer whether or not HCO- was present. Na+/HCO- co
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Figure 8. pH1 single, cultured hepatocytes during chemical hypoxia
at different pH.. pH. was decreased from 7.4 to 6.8 (a) or 6.4 (A) or
not changed (e) simultaneously with the addition ofKCN and IAA.
Other conditions were as described in Fig. 5. Data points are
means±SE for three or more experiments.
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Figure 9. Effect of inhibition and promotion of Na+/H' exchange on
pHi during chemical hypoxia. Cells were incubated in KRH buffer
containing I mM amiloride (A), KRH buffer where Na' was replaced
isosmotically with choline (o) or in KRH buffer containing 105 mM
choline and 10 mM Na+ plus 10 AM monensin (o). Other conditions
were as described in Fig. 5. Data points are means±SE for three ex-
periments.
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Figure 10. Effect of ex-
tracellular anions and
DIDS on pHi during
chemical hypoxia. Cul-
tured hepatocytes were
incubated in bicarbon-

7.S ,
* ate-free KRH buffer, in

which Cl- was replaced
isosmotically with (A)

7.0 * - gluconate or in bicar-
bonate containing

3r / / KRHB buffer where
Cfi \1 1/ / Cl- was replaced by glu-

6.5 HC conate (o) with or with-
A Gkoeonew out 1 mM (o) DIDS.
O ionate + HCO3 Other conditions were

HC03- and DOS as described in Fig. 5.

6.0 Data points are
0 20 40 60 means±SE for three ex-

Time (minutes) periments.

transport thus did not appear to be occurring in response to the
intracellular acidosis ofATP depletion.

The decrease in pHi during chemical hypoxia paralleled
hydrolysis ofATP. In agreement with arguments by Hochacka
and Mommsen (35), we conclude that hydrolysis ofnucleoside
phosphates is predominantly responsible for intracellular aci-
dosis during hypoxia. In our model, a contribution by lactic
acid to intracellular hydrolysis can be excluded, because glyc-
eraldehyde-3-phosphate dehydrogenase in the glycolytic path-
way was inhibited by IAA (36). Intracellular buffering capacity
for our preparation of hepatocytes was 26 mM, in agreement
with values reported for other eukaryotic cells (37). Hydrolysis
of cellular adenine nucleotides will produce - 9 mM protons
(assuming 1 H' per hydrolyzed phosphate and hydrolysis of
4.0 mM ATP and 0.5 mM ADP to AMP and phosphate) (8)
and thus account for about half of the observed decrease in
pHi. The remainder may be due to hydrolysis of other organic
phosphates.

The maintenance across the plasma membrane of a pH
gradient of 1 unit after ATP depletion was unexpected. Jones
and co-workers, however, in elegant recent studies, have dem-
onstrated that mitochondrial and plasma membrane poten-
tials and a large number of ion gradients are preserved during
anoxia in hepatocytes (8, 38, 39). Their findings demonstrate

20

Time (minutes:

Figure 11. Effect of pH.
on the progression of

v - blebbing in cultured he-
patocytes during chemi-
cal hypoxia. Cultured
hepatocytes (> 20/field)

pHO 7.4 were monitored for cell
pHO 6.4 blebbing during chemi-

cal hypoxia at a (e) pH.
of 7.4 or (o) pH. 6.4.
Blebbing was not ob-
served in normoxic he-
patocytes observed
under identical condi-
tions. Data are

40 means±SE for four ex-
periments.

An I $ s Figure 12. pH titrations
of cell suspensions and
cell-free supernatants in
the presence of nigeri-

XHCI cin. 0.5-meq aliquots ofHCI acid (arrows) were

B1 B added to washed hepa-
A. stocytes (10 X 106/ml) in

1.5 ml of 0.15 MKCl
containing 25 ,M ni-
gericin or (B) to the cor-

>2 minutes Iresponding cell-free su-
pernatant.

that ion permeability of cellular membranes decreases early
during anoxia to produce a neahypoxic state (8, 38). Our re-
sults implicate intracellular acidosis in the initiation and main-
tenance ofthis neahypoxic state. Furthermore, we have shown
that plasma membrane permeability begins to increase shortly
before loss of cell viability creating a metastable state charac-
terized by increasing plasma membrane permeability and ris-
ing cytosolic pH. This rapid event marks the transition from
viability to cell death.

Mild extracellular acidosis has been shown to be protective
against the onset of irreversible injury in hepatocytes during
chemical hypoxia (7), and in myocytes, Erhlich ascites tumor
cells, kidney tubule cells, and hepatocytes during anoxia (2, 5,
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Figure 13. Intracellular pH and the progression of cell injury during
anoxic and ischemic stress. ATP depletion from anoxia or ischemia
leads to intracellular acidosis and activation of autolytic enzymes
(proteases and phospholipases). Intracellular acidosis protects by in-
hibiting the activity of the activated enzymes. Inhibition is not com-
plete, and ultimately degradative processes lead to increased plasma
membrane permeability. As protons leak from the cell and intracel-
lular pH rises, the degradative enzymes are no longer inhibited. A
positive feedback loop is created that accelerates the increase of
plasma membrane permeability and culminates rapidly in cell death.
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6). Our data extend these observations by demonstrating that
the protective effect is mediated by pH1. In general, the greater
the intracellular acidification, the greater was the protection.
For example, after 5 min of chemical hypoxia at pHo of 7.4,
6.8, and 6.4, the corresponding values of pHi were 6.44, 6.32,
and 6.23. Converted to hydrogen ion concentrations, these
values were 363, 479, and 589 nM, respectively. Thus, large
differences of cytosolic hydrogen ion concentration occurred
as pH. was varied during chemical hypoxia.

The mechanism of the protective effect of intracellular aci-
dosis remains obscure. We have shown previously (7) that
acidosis does not inhibit the early hydrolysis of adenine nu-
cleotides in hepatocytes, as has been suggested for myocytes
(4). Similarly, Bonventre and co-workers found that extracel-
lular acidosis did not alter hepatocellular ATP depletion dur-
ing anoxia (6). In addition, we found that acidic pHi did not
prevent bleb formation and growth, an early morphologic al-
teration in hepatocellular injury (11, 28), although a small
retardation in the rate of onset of blebbing was observed.

Our working hypothesis is that intracellular acidosis sup-
presses autolytic degradative processes (e.g., proteolysis or
phospholipid hydrolysis) that are initiated as a consequence of
ATP depletion (Fig. 13) (40). Along these lines, we have ob-
served a protective effect of mildly acidic pH. against cell
death during hepatocellular injury by cystamine (unpublished
observations), an injury reported to result from activation of
neutral proteases (41). Although inhibited at an acidic intra-
cellular pH, the degradative processes lead ultimately to an
increase of plasma membrane permeability causing protons to
leak from the cell and pHi to rise. A positive feedback loop is
created that accelerates the pH-dependent degradative pro-
cesses, increases membrane permeability further, and culmi-
nates rapidly in cell death. The ability of acidic pHi to delay
cell death during ATP depletion may be analogous to the pro-
tective effects of cold temperature which also inhibit degrada-
tive processes. Acidic pHi thus may induce a cold temperature
state in the cell representing a protective adaptation against
hypoxic and ischemic stress.
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