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Abstract

Ischemic preconditioning signals through protein kinase C
(PKC) to protect against myocardial infarction. This pro-
tection is characterized by diminished intracellular acidifi-
cation. Acidification is also a feature of apoptosis, and several
agents act to prevent apoptosis by preventing acidification
through activation of ion channels and pumps to promote
cytoplasmic alkalinization. We characterized metabolic inhibi-
tion, recovery, and preconditioning through a PKC-dependent
pathway in cardiomyocytes isolated from adult rabbit hearts.
Preconditioning reduced loss of viability assessed by mor-
phology and reduced DNA nicking. Blockade of the vacuolar
proton ATPase (VPATPase) prevented the effect of precon-
ditioning to reduce metabolic inhibition-induced acidosis, loss
of viability, and DNA nicking. The beneficial effect of Na*/H*
exchange inhibition, which is thought to be effective through
reduced intracellular Na* and Ca**, was also abrogated by
VPATPase blockade, suggesting that acidification even in
the absence of Na*/H* exchange may lead to cell death. We
conclude that a target of PKC in mediating preconditioning
is activation of the VPATPase with resultant attenuation of
intracellular acidification during metabolic inhibition. Inhi-
bition of the “death protease,” interleukin-1-beta converting
enzyme or related enzymes, also protected against the in-
jury that followed metabolic inhibition. This observation,
coupled with the detection of DNA nicking in cells sub-
jected to metabolic inhibition, suggests that apoptotic cell
death may be preventable in this model of ischemia/reperfu-
sion injury. (J. Clin. Invest. 1996. 97:2391-2398.) Key
words: ischemia « reperfusion « bafilomycin

Introduction

Ischemic preconditioning, which protects against myocardial
infarction, is defined experimentally as a reduction in ultimate
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tissue death when a test ischemic episode is preceded by a
brief, nonlethal period of ischemia and reperfusion (1). It is
one of the most potent ways to protect against ischemia reper-
fusion injury, and it appears to be active in all experimental
models and in humans (2, 3). The exact mechanisms of protec-
tion are unknown; however, the signal transduction pathway
involves Al or A3 adenosine receptor activation in most spe-
cies (4, 5) and can be mimicked by cholinergic and alpha ad-
renergic receptor stimulation in some species (6-8). Signal
transduction proceeds through a protein kinase C (PKC)'-
dependent pathway that results in translocation of PKC to the
membrane where it phosphorylates as yet undefined targets
(9). One consistent observation in virtually every model of myo-
cardial preconditioning for lethal ischemic injury is a diminu-
tion in the fall of intracellular pH (1, 10-14). Mechanisms of
improved pH homeostasis include reduced proton production
from anaerobic glycolysis and increased proton export through
pumps or ion exchange channels. The delayed or diminished
fall in pH during ischemia might be unimportant for cell sur-
vival, or could be protective per se (14). An example of how
preserving intracellular pH is protective for the apoptotic cell
death pathway is found in hematopoietic stem cells where
granulocyte-macrophage colony stimulating factor (GM-CSF)
delays apoptosis by cytoplasmic alkalinization through activa-
tion of the Na*/H™ exchanger and in neutrophils where granu-
locyte colony stimulating factor (G-CSF) delays apoptosis by
activation of the vacuolar proton ATPase (VPATPase) (15—
17). The VPATPase is known to be activated by PKC (15, 18,
19), suggesting it could be activated during preconditioning.
Until recently, only necrosis was recognized as a cell death
pathway in cardiomyocytes. Apoptosis and necrosis are dis-
tinct mechanisms of cell death; however, both have been impli-
cated in myocardial ischemia/reperfusion injury. Apoptosis is
the morphologic description of several processes involved in
programmed cell death. We recently found that myocardial is-
chemia and reperfusion in intact rabbit myocardium induced
apoptosis in cardiomyocytes (20), and Tanaka et al. found that
hypoxia induces apoptosis in neonatal rat cardiomyocytes (21).
We considered the hypothesis that preconditioning might
involve activation of ion pumps to reduce acidosis, and thus be
protective by preventing myocyte cell death by apoptosis.
While reduced H* production in preconditioned ischemic

1. Abbreviations used in this paper: BAF, bafilomycin A,; EIPA, (5-
N-ethyl-N-isopropyl) amiloride; ICE, IL-1-beta converting enzyme;
MI, metabolic inhibition; NHE-1, Na*/H" exchanger; PKC, protein
kinase C; R, recovery; VPATPase, vacuolar proton ATPase.
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muscle is also a likely and tenable hypothesis, the basis for the
work we now report comes from consideration of mechanisms
to export H* from the cell.

Extruding H* by activation of the Na*/H" exchanger dur-
ing reperfusion is thought to be detrimental because this mech-
anism increases intracellular Na*, which in turn increases
Ca** through Na*/Ca** exchange (22-26). Calcium overload
can lead to necrosis, perhaps through hypercontraction and
sarcolemma disruption (25, 27) or activation of other detri-
mental processes (28, 29). Inhibition of Na*/H* exchange dur-
ing ischemia and reperfusion reduces arrhythmias (30), Ca**
overload (23, 26), hypercontraction (22, 25, 31), and cell death
(25, 32). The blockade of the Na*/H" exchanger (NHE-1) is
effective only when applied during ischemia; blockade only
during reperfusion has little effect. The protective effect is
thought to be mediated by inhibiting Na* entry, thus limiting
Ca™* entry by Na*/Ca** exchange (23, 25, 26). A mechanism
of preconditioning whereby activation of NHE-1 would reduce
acid accumulation and protect myocytes seems unlikely be-
cause (a) enhanced Na* and Ca*™* accumulation would be det-
rimental and (b) inhibition of this channel has little effect on
pH during ischemia (33-38).

Based on our findings in neutrophils (15), we considered
another potential mechanism for reduction of H* accumula-
tion: activation of the VPATPase. We used an isolated myo-
cyte system to simulate ischemia through metabolic inhibition
with cyanide and 2-deoxyglucose. This model system was
found to exhibit preconditioning through a PKC-dependent
pathway. Our results identify the VPATPase as a potential tar-
get of protein kinase C in mediating preconditioning and sug-
gest that pH regulation is a critical feature of preconditioning
in our model system.

Methods

Cell isolation and culture. All studies were approved by the Veterans
Affairs Medical Center Animal Committee, an AAALAC accredited
institution. Rabbits of either sex, 2-2.5 kg, were tranquilized with ace-
promazine, xylazine and ketamine, anticoagulated with 1,000 U hep-
arin, then killed with 100 mg pentobarbital i.v., and the heart was rap-
idly excised. The heart was attached to a perfusion apparatus via the
aorta. Calcium-free buffer was infused for 5 min at 60 mmHg con-
stant pressure and 37°C containing the following: 118 mM NaCl, 2.6
mM KCJ, 1.2 mM KH,PO,, 1.2 mM MgSO,, 25 mM NaHCO;, 11.1
mM glucose. Perfusion was switched to a collagenase buffer contain-
ing the same electrolytes as above plus 4.7 uM CaCl, and collagenase,
Worthington type 1I, 110 U/ml. After 30 min, the left ventricle was
trimmed free of other tissue, minced, and strained through cell disso-
ciation mesh size 50 (Sigma Chemical Co., St. Louis, MO). The iso-
lated myocytes were then enriched for viable cells by layering on a Fi-
coll cushion (SG 1.077) and centrifuging for 4 min at 250 g. Cells
recovered from the interface consist of 75-90% rod-shaped viable
myocytes. The cells were allowed to rest in DME with 5% FBS, strep-
tomycin, penicillin, and Fungizone (culture medium) for 30 min be-
fore use in experimental protocols. Cells were transferred to culture
medium in 15 ml conical tubes for experimental protocols. The per-
centage of viable cells remained stable when cultured for 1-3 d in cul-
ture medium in a 5% CO, incubator at 37°C. After 3 d, cell viability
began to decline.

Viable cells. In all subsequent analyses, a viable myocyte is de-
fined as a rod-shaped, striated cell. Hypercontracted myocytes (re-
duced length to width ratios) were also considered viable but gener-
ally represented < 2% of the total population. Rounded or irregular
shaped cells with loss of striations were considered nonviable. In pre-
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liminary experiments comparison with other measures of viability, in-
cluding tetrazolium salt (MTT) reduction and trypan blue exclusion
indicated that all rod-shaped cells met these criteria for viability. De-
pending on conditions, as many as half of the cells which were
rounded also reduced MTT. Rod-shaped morphology is therefore the
strictest criteria but may tend to underestimate viable cells. The ob-
server was blinded to conditions, and interobserver variation was
<10%.

Scoring of viable cells. After either 4 h or overnight recovery,
cells were fixed in 4% formalin and placed on microscope slides. Ap-
proximately 150 cells were counted for determination of viability by
the rod-shaped criteria by an observer blinded to conditions. Interob-
server variability was < 10%. Results are presented as percent viable
relative to control cells.

Nick translation assay. In situ nick translation assay was per-
formed to estimate the number of cells undergoing DNA fragmenta-
tion. Formalin-fixed cells (4% for 15 min) were washed with PBS
twice and stored in cold 70% EtOH. After resuspension in PBS, cells
were exposed to proteinase K (20 pg/ml; Gibco BRL, Gaithersburg,
MD) for 15 min at room temperature, washed, and suspended in ter-
minal deoxynucleotidyl transferase (TdT) reaction buffer (200 mM K
Cacodylate, 25 mM Tris, 0.25 mg/ml BSA., 2.5 mM CaCl,, at pH 6.6)
for 1 h at 37°C with terminal deoxynucleotide transferase 0.3 U/ul
The reaction was initiated with 4 uM biotin-d ATP (Gibco BRL). The
TdT was omitted for negative controls. Positive controls were pre-
treated with DNase I, 10 U/ml for 10 min at 37°C. The assay was de-
veloped with alkaline phosphatase—conjugated streptavidin (Dako
Corp., Santa Barbara, CA, 1:100 dilution, 30 min, room temp.).
Slides were washed with PBS followed by 0.1 M Tris (pH 9.5) and in-
cubated with substrate (SK 5400; Vector Laboratories Inc., Burlin-
game, CA) for 30 min.

Metabolic inhibition protocol. Metabolic inhibition (MI) was in-
duced by placing the cells in the following buffer: 106 mM NaCl, 4.4
mM KCI, 1.0 mM MgCl,, 38 mM NaHCO;, 2.5 mM CaCl,, 20 mM
2-deoxyglucose, 1.0 mM NaCN, at pH 6.6. In preliminary experi-
ments, we established that a 30-min exposure caused a reproducible
injury that resulted in a reduction of viability of ~ 30-40% when
scored 4 h later and that preconditioning was very effective in im-
proving viability.

Preconditioning protocol. Preconditioning in isolated myocytes
was accomplished by a 2-min period of metabolic inhibition followed
by washout of the MI buffer by 2 solution changes in culture medium
and 5 min rest.

Experimental protocols. For technical reasons no more than ~ 15
conditions could be tested in a single experiment. In each experiment at
least one culture medium control, one control for the intervention being
performed in the absence of MI, and when appropriate, controls for
DMSO were performed. At most, two experiments could be carried out
on cells from one heart, one on the day of harvest and one on the follow-
ing day, when cell viability did not change appreciably overnight. In
each experimental group, the number of experiments indicates the num-
ber of hearts used. For all experiments, cells were transferred to culture
medium and maintained at 37°C in a 5% CO, atmosphere. In all ex-
periments, preconditioning was performed for 2 min, followed by 5
min recovery, metabolic inhibition for 30 min, followed by recovery for
4 h. For detection of DNA fragmentation by nick translation assay,
and amiloride inhibition studies, recovery was extended to 16-20 h
(overnight). The percentage of viable cells does not change after an
additional 20-h recovery (Fig. 1), but the nick translation assay signal
is stronger. The following interventions were used to assess their effect
on preconditioning and/or MI; (a) PMA, 100 nM pretreatment, and
continued exposure during Ml/recovery; (b) bafilomycin A; (50 nM)
(a macrolide antibiotic specific VPATPase inhibitor (39-41); (c) chel-
erythrine, 2 uM, (protein kinase C inhibitor); (d) DMSO, 1:500 (0.2%)
in culture medium as a control for bafilomycin A, (e) amiloride 10 uM,
(an inhibitor of the sodium/hydrogen exchanger); (f) (5-N-ethyl-N-
isopropyl) amiloride (EIPA) (10 uM, (a more potent NHE-1 inhibi-
tor); (g) Z-VAD-fmk (fluoro-methylketone) (Kamiya Biomedical,
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Figure 1. Viability of isolated myocytes 4 and 24 h after metabolic in-
hibition (MI) and recovery (R). Myocytes were subjected to meta-
bolic inhibition for 30 or 2 min preconditioning (PC) before MI, then
returned to culture medium for 4-24 h of recovery. Viability is pre-
sented as percent rod-shaped cells (relative to untreated control),
mean=*SD (n = 7; *P < 0.05 for MI versus PC).

Thousand Oaks, CA), 100 wM, (a tetrapeptide inhibitor of the inter-
leukin-1-beta converting enzyme [ICE] family of cysteine proteases) (42).

Myocyte pH measurement. Myocytes were isolated as described.
Cells cultured 24 h after isolation were studied to measure intracellu-

120
100
n
-
*
T o0l o«
()
L
% 60 —
I
wn
8 40
o
2
20
07
MI/R PC PMA PMA BAF
MI/R MI/R  PMA
MI/R

Figure 2. Effect of bafilomycin A; (BAF) on preconditioning medi-
ated by phorbol esters. Myocytes were incubated with or without
BAF (50 nM) 5 min before PMA (100 nM), then subjected to meta-
bolic inhibition (30 min) and recovery (4 h). Viability is relative to
untreated controls, mean*+SD. (n = 10; *P < 0.05, PMA-MI/R versus
BAF-PMA-MI/R, and MI/R versus PC-MI/R or PMA-MI/R.)
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Figure 3. Effect of chelerythrine (CHEL) on preconditioning. Where
indicated, myocytes were pretreated with CHEL (2 uM), then sub-
jected to preconditioning (PC) and/or metabolic inhibition (M) fol-
lowed by 4-h recovery (R). Viability is relative to untreated controls,
mean=SD. (n = 4; *P < 0.05, PC-MI/R versus CHEL-PC-MI/R, and
PC-MI/R versus MI/R or CHEL-MI/R.)

lar pH during MI, preconditioning MI, and bafilomycin A /precondi-
tioning/MI with essentially the same protocol as above, except that
Hepes-based buffers (rather than bicarbonate) were used and bafilo-
mycin A; was 500 nM. Intracellular pH measurements were per-
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Figure 4. Effect of bafilomycin A, on preconditioning. Where indi-
cated, cells were pretreated with BAF (50 nM), then subjected to pre-
conditioning and/or metabolic inhibition (30 min) and recovery (4 h).
Viability is relative to untreated controls, mean*=SD. (n = 10; *P <
0.05 PC-MI/R versus BAF-PC-MI/R or BAF-MI/R or MI/R.)
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formed on cells which had been loaded for at least 30 min with 20 uM
BCECF-AM (Molecular Probes Inc., Eugene, OR) using dual excita-
tion (440, 495 nm) ratiometric image analysis (MCID; Imaging Re-
search Inc., St. Catherines, CN) on a fluorescence microscope. Mea-
surements were made once every minute beginning 5 min before MI
and finishing 5 min after the addition of recovery buffer.

Statistical analysis. All results for cell viability are expressed as
percentage of the simultaneous appropriate control+SD to account
for minor day to day variability (e.g., for the effect of bafilomycin A,
on preconditioning, the bafilomycin A; preconditioning/MI results
are expressed as percentage of bafilomycin A,/culture medium con-
trol). Unpaired comparisons across experimental groups were not
performed. Comparison within experimental groups for viability or
nick translation assay was by ANOVA with post hoc Tukey test. Iso-
lated myocyte pH data was tested by repeated measures ANOVA
and post hoc Duncan multiple range test.

Results

Experimental model of preconditioning. We wished to estab-
lish conditions in which we could simulate ischemia/reperfu-
sion and preconditioning. 30 min of MI followed by 4 h of re-
covery (R) resulted in loss of viability down to 70+6% of control
characterized by rounded morphology. DNA fragmentation at
24 h of recovery after MI was detected by nick translation as-
say in 28+8% of cells. Recovery for 24 h did not alter the via-
bility or the effect of preconditioning (Fig. 1). Consistent with
earlier work in intact rabbit hearts, changes in nuclear mor-
phology could not be detected at the light microscope level. Pre-
conditioning preserved viability after MI (91=5%), an effect
also observed with pretreatment with the PKC activator PMA
(95=7%) (Fig. 2). PMA pretreatment alone or pretreatment
and continued PMA during MI were equally protective (data
not shown). Thus, preconditioning and phorbol ester treat-
ment protected cells from metabolic inhibition. Chelerythrine,
2 mM, an inhibitor of PKC, completely blocked the protective
effect of preconditioning (Fig. 3). These results parallel those
reported by others in the intact heart and suggest that the sig-
nal transduction pathway mediating preconditioning involves
PKC. To examine the role of the VPATPase in precondition-
ing, we used the potent and specific inhibitor bafilomycin A;.

Bafilomycin A, alone in culture medium did not affect cell
viability (97+4%) relative to control, and bafilomycin A; did
not worsen viability after metabolic inhibition (72+6%) (Fig.
4). In this series of experiments, preconditioning retained cell
viability at 90+5%. Furthermore, Bafilomycin A; pretreat-
ment blocked the effect of preconditioning (71x7%), as well
as the protective effect of PMA (72+11%) (Fig. 2). These
findings suggest that the protective effect of preconditioning,
whether induced by brief metabolic inhibition or by direct acti-
vation of PKC, requires activity of the VPATPase.

To evaluate the contribution of Na*/H* exchange to myo-
cyte viability after MI, we used amiloride and the more specific
analogue EIPA. Both amiloride and EIPA preserved myocyte
viability after metabolic inhibition (Fig. 5). Bafilomycin A; ab-
rogated the protective effect of blockade of the Na*/H" ex-
change, suggesting that inactivation of both mechanisms of
proton extrusion has adverse effects on cell viability after MIL.

Intracellular pH changes before and during metabolic inhi-
bition. We loaded cardiomyocytes with 10 uM BCECF and
used ratiometric fluorescence microscopy to monitor intracel-
lular pH changes during metabolic inhibition, preconditioning,
and preconditioning with bafilomycin A;. We found that the
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Figure 5. Effect of amiloride (AMIL) and EIPA on viability after
metabolic inhibition and recovery (MI/R). Cardiomyocytes were
treated with AMIL (10 uM) or EIPA (10 uM) throughout MI and 4-h
recovery. Where noted, bafilomycin (BAF, 50 nM) was also included.
Viability is relative to untreated controls, mean+SD. (n = 4 *P <
0.05 EIPA-MI/R or AMIL-MI/R versus MI/R or BAF-EIPA-MI/R.)

resting pH of cardiomyocytes measured in a Hepes-based
buffer is ~ 7.2 and that within 5 min of initiation of metabolic
inhibition, the intracellular pH decreases to ~ 6.9 (Fig. 6). My-
ocyte pH decreased by 0.44 pH units from 7.28+0.21 to
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Figure 6. Time course of pH change during metabolic inhibition in iso-
lated myocytes. Cells were loaded with BCECF-AM in Hepes-based

buffer, then monitored for pH by dual excitation fluorescence micros-
copy before and during metabolic inhibition (see Methods). The buffer
was changed to one containing 2-deoxyglucose and NaCN at 4 min.



6.84=0.09 at 20 min of MI. Preconditioning (2 min of meta-
bolic inhibition, 15 min of recovery) attenuated the extent of
acidification to 0.2 pH units, resulting in a drop from 7.20+£0.13
to 7.00£0.13 over the same time interval. To examine the ef-
fect of bafilomycin A; on intracellular pH of preconditioned
cells, cardiomyocytes were incubated for 5 min with bafilomy-
cin A; (500 nM), then subjected to preconditioning, recovery,
and MI. Bafilomycin A; was included throughout. The mean
intracellular pH during MI fell 0.63 pH units from 7.26+0.15 to
6.630.09 (Fig. 7). Thus, bafilomycin A; negated the effect of
preconditioning on intracellular pH.

Evidence for apoptosis: nick translation assay/Z-VAD. Incu-
bation of cells for 24 h in culture medium resulted in 7.6+3.6%
of nuclei with DNA nicking. Metabolic inhibition and 24-h re-
covery caused nicking in 28.8£7.5%. Preconditioning reduced
nuclear DNA damage to 17.7+8.6% of cells (P < 0.05 versus
MI/R) but did not prevent it completely (P < 0.05 versus con-
trol). The reduction in DNA nicking by preconditioning was
seen in both round and rod-shaped cells (Fig. 8). To examine
further the possibility that the cell death observed with MI/R
was apoptosis, we tested the requirement for ICE protease ac-
tivity. Myocytes were preincubated for 45 min in 10 or 100 uM
Z-VAD-fmk. Metabolic inhibition resulted in 79£3% viability,
preconditioning improved viability to 97+8%, pretreatment
with Z-VAD-fmk 100 uM improved viability after MI/R to
95+8% and Z-VAD-fmk 10 pM improved viability to 88+1%.
To the extent that ICE family protease activation is a specific
requirement of apoptosis, these findings suggest that apoptotic
cell death occurs in cardiomyocytes subjected to MI/R.
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Figure 7. Effect of interventions on myocyte pH; before and after 20
min of metabolic inhibition (MI). Cells underwent no pretreatment
(A), preconditioning (O), or pretreatment with bafilomycin A; (500
nM) before preconditioning ([J), then pH was monitored during met-
abolic inhibition. Solid symbols represent pH values before MI, and
open symbols represent pH values after 20 min of MI. (n = 9 for MI,
10 for PC-MI, and 13 for BAF-PC-MI; pH values before MI were not
different; at 20-min MI: *P < 0.05 PC-MI versus MI; *P < 0.05 BAF-
PC-MI versus MI or PC-MI).
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Figure 8. Presence of nicked DNA in nuclei of myocytes subjected to
metabolic inhibition. DNA fragmentation in cardiomyocytes was de-
tected by terminal transferase 16-24 h after recovery from metabolic
inhibition (30 min). Where indicated, cells were subjected to precon-
ditioning (2 min) before metabolic inhibition. The percentage
(mean=SD) of cells with positively labeled nuclei (indicating DNA
fragmentation) are shown for both rounded-up cells (open bars) and
rod-shaped cells (solid bars). (n = 5; *P < 0.05 versus control
(CONT); *P < 0.05 versus MI/R.)

Discussion

Our main findings are: (@) the VPATPase is activated by pre-
conditioning, (b) VPATPase contributes to preservation of
myocyte pH during metabolic inhibition, (c) preconditioning
may act through PKC to activate the VPATPase, and (d) MI/R
causes preventable cell death that may be apoptotic, based on
reduced DNA nicking after preconditioning and reduced cell
death by the Z-VAD-fmk inhibitor of ICE.

Myocardial ischemia and reperfusion is accompanied by
profound ionic alterations, including acidification, accumula-
tion of sodium, and elevation of cytosolic calcium. During the
acute phase of ischemia, acidification occurs as a result of
anaerobic metabolism. One consistently identified feature of
preconditioning is the attenuation of intracellular acidification
during ischemia (or in isolated myocytes, during metabolic in-
hibition). Since our studies (15, 43) and those of others (16, 17,
44-47) have indicated that acidification is a general feature of
apoptotic cell death, and since preconditioning is known to
minimize the drop in pH observed during ischemia or meta-
bolic inhibition (1, 10-14), we reasoned that preconditioning
might directly affect mechanisms of pH homeostasis. Intracel-
lular pH is largely maintained through activity of the sodium/
hydrogen exchanger, the chloride/bicarbonate exchanger, and
under certain conditions, the VPATPase. We have previously
shown that G-CSF-mediated protection from apoptosis in
neutrophils depends on activity of the VPATPase, and it has
been shown (18, 19) that phorbol esters rapidly activate the
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VPATPase. We therefore considered the possibility that pre-
conditioning might be mediated through activity of the pro-
ton pump. To test this, we made use of bafilomycin A,, which
is a potent and specific inhibitor of the VPATPase (39-41,
48, 49).

Bafilomycin A, does not inhibit the Na*/H" exchanger, the
K*/H* exchange of Manduca sexta or other ATPases (50-53).
The VPATPase is associated with lysosomal vacuoles and the
plasma membrane (54-56). Bafilomycin A, prevented the pro-
tective effect of preconditioning on myocyte viability (Fig. 4)
and increased the degree of acidification during MI (Fig. 7).
These data indicate that the VPATPase is activated by precon-
ditioning and contributes to improved viability by attenuating
the degree of acidosis. In addition, inhibition of the VPAT-
Pase with bafilomycin A, abolishes the protective effect con-
ferred by phorbol ester treatment, suggesting that activity of
the VPATPase is the most important target of protein kinase
C in this model system of preconditioning.

It is possible that inhibition by bafilomycin A, of proton se-
questration in acidic organelles would exacerbate injury by
metabolic inhibition, regardless of preconditioning. This con-
sideration is based on the observation that protons leak out of
acidic organelles during ATP depletion (40) with consequent
worsening of acidosis. Several observations argue against this,
however: (a) bafilomycin A, pretreatment has no effect on via-
bility of control cells; (b) bafilomycin A; does not worsen the
effect of metabolic inhibition, suggesting that it is not an addi-
tive injury; (c) bafilomycin A, pretreatment has no effect on
the resting pH of the cells; and (d) bafilomycin A, added 5 min
after preconditioning (rather than before) does not interfere
with the cell viability protection afforded by preconditioning
(data not shown). PKC activation of the VPATPase may ren-
der it resistant to subsequent inhibition by bafilomycin A.
These findings suggest that bafilomycin A, pretreatment spe-
cifically interferes with preconditioning. Since bafilomycin A,
is a specific inhibitor of the VPATPase, these findings indicate
that preconditioning requires activity of the vacuolar proton
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Figure 9. Proposed interaction of Na*/H*
exchange and VPATPase in two cell death
pathways, apoptosis and necrosis. Inhibi-
tion of the Na*/H* exchanger prevents so-
dium accumulation and secondary calcium
influx which would lead to calcium injury
and necrosis. Preconditioning activates the
VPATPase to extrude protons, thereby
minimizing sodium influx. Extrusion of
protons prevents apoptosis. EIPA inhibits
the Na*/H™" exchanger, and bafilomycin A,
(BAF) inhibits the VPATPase.

H+ INJURY
APOPTOSIS

pump to prevent cytoplasmic acidification during subsequent
metabolic inhibition.

A number of investigators have shown that inhibition of
the sodium/hydrogen exchanger is protective against meta-
bolic inhibition (22-26). Since both VPATPase and NHE-1
function to extrude protons and preserve intracellular pH, why
is inhibition of NHE-1 protective, while inhibition of VPAT-
Pase is deleterious? One possible explanation may relate to
the nonspecificity of the amiloride derivatives, which also in-
hibit diamine oxidase (57), src family tyrosine kinases (58), and
cytotoxicity mediated by tumor necrosis factor (59). Alterna-
tively, the protective effect of inhibition of NHE-1 may relate
to secondary effects on ion homeostasis (Fig. 9). During is-
chemia, sodium will accumulate intracellularly due to activity
of the NHE-1 and inactivity of the Na*/K*-ATPase (due to
energy depletion). Sodium homeostasis is maintained through
activity of the Na*/Ca**-exchanger, leading to calcium over-
load (25, 26, 28, 29). This process has been offered to explain
the so-called “pH paradox”, (25) in which external acidosis is
protective during reperfusion, possibly by limiting calcium in-
flux (26, 60). This was previously suggested by the finding that
acidosis was protective by preventing calcium-dependent in-
jury on the thick ascending limb of Henle (61). If, however,
during preconditioning, the vacuolar proton pump is responsi-
ble for proton extrusion (at least until ATP stores are more
severely depleted), then less sodium (and consequently less
calcium) will accumulate. Consistent with this mechanism,
blockade of Na*/H" exchange during ischemia does not result
in any change in the intracellular pH (23, 25, 29, 37), indicating
that the VPATPase and other mechanisms are able to com-
pensate for the increased H* load. When myocardium is pre-
conditioned, the protective effect of Na*/H™ blockade is signif-
icantly enhanced as would be expected from the proposed
interaction in Fig. 9 (32). When both Na*/H* exchange and
VPATPase are blocked, the beneficial effect on cell survival of
NHE-1 blockade is lost. In contrast to these studies where ex-
tracellular acidosis is beneficial for survival, intracellular aci-



dosis reduces stunning after nonlethal injury by undefined
mechanisms (62).

The deleterious effects of elevated intracellular calcium are
well documented and include activation of phospholipases,
proteases, endonucleases, and disruption of mitochondrial func-
tion and cytoskeletal architecture (28, 29). However, the abrupt
rise in pH precipitated by reperfusion appears to be injurious,
independent of calcium influx in studies of neonatal cardio-
myocytes subjected to 3 h of metabolic inhibition (25). Bond et
al. have suggested that acidosis attenuates the activity of pro-
teases and other degradative enzymes which have pH optima
above 7.0. Calcium release from mitochondria via the mito-
chondrial permeability transition pore would also be attenu-
ated in settings in which the matrix pH drops below 7.0 (63,
64). In contrast, there is evidence that acidosis induces delayed
cell death (65), and we have shown that prevention or attenua-
tion of acidosis protects cells from apoptosis (15, 43). This may
relate to the fact that there are a number of enzymes impli-
cated in the process of apoptosis that have pH optima well be-
low 7.0 including the acid endonuclease (66, 67), acidic sphin-
gomyelinase (68), tissue transglutaminase (69), and gelsolin
(70). Thus the short-term protection observed by Bond et al.
might prevent immediate cell death (necrosis?) but may not
ameliorate delayed cell death (apoptosis?).

Our results by no means exclude other mechanisms of pre-
conditioning. For example, reduction in anaerobic glycolysis is
recognized as an effect of preconditioning which can reduce
H™ production. After longer periods of MI or during in vivo is-
chemia, other mechanisms of cell injury counteracted by pre-
conditioning may well be active that play only a minor role in
our model system.

Apoptosis occurs during myocardial ischemia and reperfu-
sion (20) and during hypoxia/reoxygenation (21), and must be
considered along with necrosis. Although these two forms of
cell death involve different pathophysiologic mechanisms, both
may proceed in a single cell. Our finding of reduced DNA
nicking when preconditioning precedes metabolic inhibition
suggests that apoptosis was reduced. However, the reduced
DNA damage was present in both round and rod-shaped cells.
Rod-shaped cells would be considered viable using the cell
shape criteria established and validated by tetrazolium stain-
ing, these cells probably go on to late cell death. Round cells
suggest loss of membrane integrity and necrotic cell death. In
our studies of in vivo ischemia and reperfusion in the rabbit
heart, we also found that the nick translation assay can be pos-
itive for DNA damage in cells that appear by other criteria to
have undergone necrosis. The finding that Z-VAD-fmk re-
duced cell death after MI/R helps to confirm that apoptosis
contributes to injury after MI/R. Z-VAD-fmk is a potent in-
hibitor of ICE and related proteases critically involved in apop-
tosis (42). Thus, one may not be able to distinctly differentiate
between necrosis and apoptosis during ischemia and reperfu-
sion because both cell death pathways may be involved (Fig. 9).
However, protection by preconditioning indicates that regard-
less of nomenclature, cell death consequent to MI/R is prevent-
able, and that this is critically dependent on ion homeostasis.

Acknowledgments

We thank Bernard Babior, M.D., Ph.D., for helpful advice, and Sally
Michael for manuscript preparation.
This work was supported by Department of Veterans Affairs Re-

search Service, Washington, DC and USPHS K08 AI/CA 01345 (to
R.A. Gottlieb).

References

1. Murry, C.E., V.J. Richard, K.A. Reimer, and R.B. Jennings. 1990. Is-
chemic preconditioning slows energy metabolism and delays ultrastructural
damage during a sustained ischemic episode. Circ. Res. 66:913-931.

2. Ikonomidis, J.S., L.C. Tumiati, R.D. Weisel, D.A. G. Mickle, and R.-K.
Li. 1994. Preconditioning human ventricular cardiomyocytes with brief periods
of simulated ischaemia. Cardiovasc. Res. 28:1285-1291.

3. Yellon, D., A. Alkhulaifi, and W. Pugsley. 1993. Preconditioning the hu-
man myocardium. Lancet. 342:276-277.

4. Downey, J.M., G.S. Liu, and J.D. Thornton. 1993. Adenosine and the
anti-infarct effects of preconditioning. Cardiovasc. Res. 27:3-8.

5. Liu, G.S., S.C. Richards, R.A. Olsson, K. Mullane, R.S. Walsh, and J.M.
Downey. 1994. Evidence that the adenosine A3 receptor may mediate the pro-
tection afforded by preconditioning in the isolated rabbit heart. Cardiovasc.
Res. 28:1057-1061.

6. Yao, Z., and G.J. Gross. 1993. Acetylcholine mimics ischemic precondi-
tioning via a glibenclamide-sensitive mechanism in dogs. Am. J. Physiol. 264:
H2221-H2225.

7. Yao, Z., and G.J. Gross. 1993. Role of nitric oxide, muscarinic receptors,
and the ATP-sensitive K* channel in mediating the effects of acetylcholine to
mimic preconditioning in dogs. Circ. Res. 73:1193-1201.

8. Kitakaze, M., M. Hori, and T. Kamada. 1993. Role of adenosine and its
interaction with alpha adrenoreceptor activity in ischaemic and reperfusion in-
jury of the myocardium. Cardiovasc. Res. 27:18-27.

9. Ytrehus, K., Y. Liu, and J.M. Downey. 1994. Preconditioning protects is-
chemic rabbit heart by protein kinase C activation. Am. J. Physiol. 35(34):
H1145-H1152.

10. Asimakis, G.K., K. Inners-McBride, G. Medellin, and V.R. Conti. 1992.
Ischemic preconditioning attenuates acidosis and postischemic dysfunction in
isolated rat heart. Am. J. Physiol. 263:H887-H894.

11. Wolfe, C.L., R.E. Sievers, F.L.J. Visseren, and T.J. Donnelly. 1993. Loss
of myocardial protection after preconditioning correlates with the time course
of glycogen recovery within the preconditioned segment. Circulation. 87(3):
881-892.

12. Steenbergen, C., M.E. Perlman, R.E. London, and E. Murphy. 1993.
Mechanism of preconditioning. Ionic alterations. Circ. Res. 72:112-125.

13. deAlbuquerque, C.P., G. Gerstenblith, and R.G. Weiss. 1994. Impor-
tance of metabolic inhibition and cellular pH in mediating preconditioning con-
tractile and metabolic effects in rat hearts. Circ. Res. 74:139-150.

14. Vuorinen, K., K. Ylitalo, B.M, K. Peuhkurinen, P. Raatikainen, A. Ala-
Rami, and I.LE. Hassinen. 1995. Mechanisms of ischemic preconditioning in rat
myocardium. Roles of adenosine, cellular energy state, and mitochondrial flfo-
ATPase. Circulation. 91:2810-2818.

15. Gottlieb, R.A., H.A. Giesing, J.Y. Zhu, R.L. Engler, and B.M. Babior.
1995. Cell acidification in apoptosis: granulocyte colony-stimulating factor de-
lays programed cell death in neutrophils by up-regulating the vacuolar
H+-ATPase. Proc. Natl. Acad. Sci. USA. 92:5965-5968.

16. Rajotte, D., P. Haddad, A. Haman, E.J. Cragoe, J., and T. Hoang. 1992.
Role of protein kinase C and the Na+/H+ antiporter in suppression of apop-
tosis by granulocyte macrophage colony-stimulating factor. J. Biol. Chem. 267:
9980-9987.

17. Caceres-Cortes, J., D. Rajotte, J. Dumouchel, P. Haddad, and T. Hoang.
1994. Product of the Steel locus suppresses apoptosis in hemopoietic cells.
Comparison with pathways activated by granulocyte macrophage colony-stimu-
lating factor. J. Biol. Chem. 269:12084-12091.

18. Nordstrom, T., S. Grinstein, G.F. Brisseau, M.F. Manolson, and O.D.
Rotstein. 1994. Protein kinase C activation accelerates proton extrusion by vac-
uolar-type H(+)-ATPases in murine peritoneal macrophages. FEBS Lett. 350:
82-86.

19. Nanda, A., A. Gukovskaya, J. Tseng, and S. Grinstein. 1992. Activation
of vacuolar-type proton pumps by protein kinase C. Role in neutrophil pH reg-
ulation. J. Biol. Chem. 267:22740-22746.

20. Gottlieb, R.A., K.O. Burleson, R.A. Kloner, B.M. Babior, and R.L. Eng-
ler. 1994. Reperfusion injury induces apoptosis in rabbit cardiomyocytes. J.
Clin. Invest. 94:1621-1628.

21. Tanaka, M., H. Ito, S. Adachi, H. Akimoto, T. Nishikawa, T. Kasajima,
F. Marumo, and M. Hiroe. 1994. Hypoxia induces apoptosis with enhanced ex-
pression of Fas antigen messenger RNA in cultured neonatal rat cardiomyo-
cytes. Circ. Res. 75:426-433.

22. Meng, H., and G.N. Pierce. 1990. Protective effects of 5-(N,N-dimethyl)
amiloride on ischemia-reperfusion injury in hearts. Am. J. Physiol. 27:H1615—
H1619.

23. Murphy, E., M. Perlman, R.E. London, and C. Steenbergen. 1991.
Anmiloride delays the ischemia induced rise in cytosolic free calcium. Circ. Res.
68:1250-1258.

24. Haigney, M.C.P., H. Miyata, E.G. Lakatta, M.D. Stern, and H.S. Silver-
man. 1992. Dependence of hypoxic cellular calcium loading on sodium-calcium

Preconditioned Myocytes, pH Regulation, and Apoptosis ~ 2397



exchange. Circ. Res. 71:547-557.

25.Bond, J.M., E. Chacon, B. Herman, and J.J. Lemasters. 1993. Intracellu-
lar pH and Ca2+ homeostasis in the pH paradox of reperfusion injury to neo-
natal rat cardiac myocytes. Am. J. Physiol. 265:C129-C137.

26. Cornelis, V.H., V.J. A. Schouten, A. Muller, V.D. Meulen, E.T, and G.
Elzinga. 1995. Exposure of energy-depleted rat trabeculae to low pH improves
contractile recovery: role of calcium. Heart Circ. Physiol. 37:H1510-H1520.

27. Silverman, H.S., and M.D. Stern. 1994. Ionic basis of ischaemic cardiac
injury: insights from cellular studies. Cardiovasc. Res. 28:581-597.

28. Atsma, D.E., E.M. LarsBatiaanse, A. Jerzewski, L.VanderValk, J.M,
and A. VanderLaarse. 1995. Role of calcium-activated neutral protease
(calpain) in cell death in cultured neonatal rat cardiomyocytes during metabolic
inhibition. Circ. Res. 76:1071-1078.

29. Satoh, H., H. Hayashi, H. Katoh, H. Terada, and A. Kobayashi. 1995.
Na+/H+ and Na+/Ca2+ exchange in regulation of [Na+]i and [Ca2+]i during
metabolic inhibition. Am. J. Physiol. 268:H1239-H1248.

30. Yasutake, M., C. Ibuki, D J. Hearse, and M. Avkiran. 1994. Na+/H+
exchange and reperfusion arrhythmias: protection by intracoronary infusion of
a novel inhibitor. Am. J. Physiol. 36(4):H2430-H2440.

31. Meng, H.P., T.G. Maddaford, and G.N. Pierce. 1993. Effect of amiloride
and selected analogues on postischemic recovery of cardiac contractile func-
tion. Am. J. Physiol. 264:H1831-H1835.

32. Bugge, E., and K.Ytrehus. 1995. Inhibition of sodium-hydrogen ex-
change reduces infarct size in the isolated rat heart: a protective additive to is-
chaemic preconditioning. Cardiovasc. Res. 29:269-274.

33. Scholz, W., U. Albus, L. Counillon, H. Gogelein, H.J. Lang, W. Linz, A.
Weichert, and B.A. Scholkens. 1995. Protective effects of HOE642, a selective
sodium-hydrogen exchange subtype 1 inhibitor, on cardiac ischaemia and re-
perfusion. Cardiovasc. Res. 29:260-268.

34. Navon, G., J.G. Werrmann, R. Maron, and S.M. Cohen. 1994. 31 P
NMR and triple quantum filtered 23 Na NMR studies of the effects of inhibi-
tion of Na+/H+ exchange on intracellular sodium and pH in working and is-
chemic hearts. Magn. Reson. Med. 32:556-564.

35. Pike, M.M., C.S. Luo, M.D. Clark, K.K.A, M. Kitakaze, M.C. Madden,
E.J. Cragoe, Jr., and G.M. Pohost. 1993. NMR measurements of Na+ and cellu-
lar energy in ischemic rats heartirole of Na(+)-H+exchange. Am. J. Physiol.
265:H2017-H2026.

36. Hendrikx, M., K. Mubagwa, F. Verdonck, K. Overloop, P. VanHecke,
F. Vanstapel, A. VanLommel, E. Verbeken, J. Lauweryns, and W. Flameng.
1994. New Na(+)-H+-exchange inhibitor HOE 694 improves postischemic
function and high-energy phosphate resynthesis and reduces Ca2+ overload in
isolated perfused rabbit heart. Circulation. 89:2787-2798.

37. Imai, S., A.Y. Shi, T. Ishibashi, and M. Nakazawa. 1991. Na+/H+ ex-
change is not operative under low-flow ischemic conditions. J. Mol. Cell. Car-
diol. 23:505-517.

38. Pierce, G.N., W.C. Cole, K. Liu, H. Massaaeli, T.G. Maddaford, Y.J.
Chen, C.D. McPherson, S. Jain, and D. Sontag. 1993. Modulation of cardiac
performance by amiloride and several selected derivatives of amiloride. J.
Pharm. Exp. Ther. 265:1280-1291.

39. Drose, S., K.U. Bindseil, E.J. Bowman, S. Siebers, A. Zeeck, and K. Al-
tendorf. 1993. Inhibitory effect of modified bafilomycins and concanamycins on
P- and V-type adenosinetriphosphatases. Biochemistry 32:3902-9206.

40. Bronk, S.F., and G.J. Gores. 1991. Efflux of protons from acidic vesicles
contributes to cytosolic acidification of hepatocytes during ATP depletion.
Hepatology. 14:626-633.

41. Crider, B., X.S. Xie, and D.K. Stone. 1994. Bafilomycin inhibits proton
flow through the H+ channel of vacuolar proton pumps. J. Biol. Chem. 269:
17379-17381.

42. Fearnhead, H.O., D. Dinsdale, and G.M. Cohen. 1995. An interleukin-1
beta-converting enzyme-like protease is a common mediator of apoptosis in
thymocytes. FEBS Lett. 375:283-288.

43. Gottlieb, R.A., J. Nordberg, E. Skowronski, and B.M. Babior. 1995.
Apoptosis induced in Jurkat cells by several agents is preceded by intracellular
acidification. Proc. Natl. Acad. Sci. USA. 93:654-658.

44. Barry, M.A., J.E. Reynolds, and A. Eastman. 1993. Etoposide-induced
apoptosis in human HL-60 cells is associated with intracellular acidification.
Cancer Res. 53:2349-2357.

45. Li, J., and E. Eastman. 1995. Apoptosis in an interleukin-2-dependent
cytotoxic T lymphocyte cell line is associated with intracellular acidification. J.
Biol. Chem. 270:3203-3211.

46. Perez-Sala, D., D. Collado-Escobar, and F. Mollinedo. 1995. Intracellu-
lar alkalinization suppresses lovastatin-induced apoptosis in HL-60 cells
through the inactivation of a pH-dependent endonuclease. J. Biol. Chem. 270:
6235-6242.

47. Rebollo, A.,J. Gomez, A. Martinez-de Aragon, P. Lastres, A. Silva, and
D. Perez-Sala. 1995. Apoptosis induced by IL-2 withdrawal is associated with

2398  Gottlieb et al.

an intracellular acidification. Exp. Cell Res. 218:581-585.

48. Nishihara, T., S. Akifusa, T. Koseki, S. Kato, M. Muro, and N. Hanada.
1995. Specific inhibitors of vacuolar type H(+)-ATPases induce apoptotic cell
death. Biochem. Biophys. Res. Commun. 212:255-262.

49. Flesser, A., V. Marshansky, M. Duplain, J. Noel, A. Hoang, A. Tejedor,
and P. Vinay. 1995. Cross-talk between the Na(+)-K(+)-ATPase and the
H(+)-ATPase in proximal tubules in suspension. Renal Physiol. Biochem. 18:
140-152.

50. Bidani, A., S.E. Brown, and T.A. Heming. 1994. pHi regulation in alve-
olar macrophages: relative roles of Na(+)-H+ antiport and H(+)-ATPase.
Am. J. Physiol. 266:L681-L688.

51. Lepier, A., M. Azuma, W.R. Harvey, and H. Wieczorek. 1994. K+/H+
antiport in the tobacco hornworm midgut: the K(+)-transporting component of
the K+ pump. J. Exp. Biol. 196:361-373.

52. Hayashi, H., K. Arai, O. Sato, A. Shimaya, Y. Sai, and S. Ohkuma. 1992.
Three types of membranous ATPase on rat liver lysosomes. Chem. Pharm.
Bull. 40:2783-2786.

53. Mattsson, J.P., K.Vaananen, B. Wallmark, and P. Lorentzon. 1991.
Omeparazole and bafilomycin, two proton pump inhibitors: differentiation of
their effects on gastric, kidney and bone H(+) translocating ATPases. Biochim.
Biophys. Acta. 1065:261-268.

54. Bidani, A., and S.E. Brown. 1990. ATP-dependent pHi recovery in lung
macrophages: evidence for plasma membrane H(+)-ATPase. Am. J. Physiol.
259:C586—C598.

55. Swallow, C.J., S. Grinstein, R.A. Sudsbury, and O.D. Rotstein. 1993.
Relative roles of Na+/H+ exchange and vacuolar-type H+ ATPases in regu-
lating cytoplasmic pH and function in murine peritoneal macrophages. J. Cell
Physiol. 157:453-460.

56. Martinez-Zaguilan, R., RM. Lynch, G.M. Martinez, and R.J. Gillies.
1993. Vacuolar-type H(+)-ATPases are functionally expressed in plasma mem-
branes of human tumor cells. Am. J. Physiol. 265:C1015-C1029.

57. Novotny, W.F., O. Chassande, M. Baker, M. Lazdunski, and P. Barbry.
1994. Diamine oxidase is the amiloride-binding protein and is inhibited by
amiloride analogues. J. Biol. Chem. 269:9921-9925.

58. Presek, P., and C. Reuter. 1987. Amiloride inhibits the protein tyrosine
kinases associated with the cellular and the transforming SRC-gene products.
Biochem. Pharmacol. 36:2821-2826.

59. Vanhaesebroeck, B., E.J. Cragoe, Jr., J. Pouyssegur, R. Beyaert, F. Van-
Roy, and W. Fiers. 1990. Cytotoxic activity of tumor necrosis factor is inhibited
by amiloride derivatives without involvement of the Na+/H+ antiporter. FEBS
Lett. 261:319-322.

60. Hori, M., M. Kitakaze, H. Sato, S. Takashima, K. Iwakura, M. Inoue, A.
Kitabatake, and T. Kamada. 1991. Staged reperfusion attenuates myocardial
stunning in dogs. Role of transient acidosis during early reperfusion. Circula-
tion. 84(5):2135-2145.

61. Shanley, P.F., and G.C. Johnson. 1991. Calcium and acidosis in renal hy-
poxia. Lab. Invest. 65:298-305.

62. Kitakaze, M., M.L. Weisfeldt, and E. Marban. 1988. Acidosis during
early reperfusion prevents myocardial stunning in perfused ferret hearts. J.
Clin. Invest. 82:920-927.

63. Halestrap, A.P. 1991. Calcium-dependent opening of a non-specific
pore in the mitochondrial inner membrane is inhibited at pH values below 7.
Biochem. J. 278:715-719.

64. Nicholli, A., V. Petronilli, and P. Bernardi. 1993. Modulation of the mi-
tochondrial cyclosporin A-sensitive permeability transition pore by matrix pH.
Evidence that the pore open-closed probability is regulated by reversible histi-
dine protonation. Biochemistry. 32:4461-4465.

65. Shen, H., J. Chan, 1.S. Kass, and P.J. Bergold. 1995. Transient acidosis
induces delayed neurotoxicity on cultured hippocampal slices. Neurosci. Lett.
185:115-118.

66. Gottlieb, R.A., H.A. Giesing, R.L. Engler, and B. Babior. 2414. The
acid deoxyribonuclease of neutrophils: a possible participation in apoptosis-
associated genome destruction. Blood. 86:2414-2418.

67. Barry, M.A., and A. Eastman. 1993. Identification of deoxyribonuclease
II as an endonuclease involved in apoptosis. Arch. Biochem. Biophys. 300:440—
448.

68. Kanfer, J.N., O.M. Young, D. Shapiro, and R.O. Brady. 1966. The me-
tabolism of sphingomyelin I purification and properties of a sphingomyelin-
cleaving enzyme from rat liver tissue. J. Biol. Chem. 241:1081-1084.

69. Folk, J.E., and P.W. Cole. 1966. Transglutaminase: mechanistic features
of the active site as determined by kinetic and inhibitor studies. Biochim. Bio-
phys. Acta. 122:244-264.

70. Lamb, J.A., P.G. Allen, B.Y. Tuan, and P.A. Janmey. 1993. Modulation
of gelsolin function: activation at low pH overrides Ca2+ requirement. J. Biol.
Chem. 268:8999-9004.



