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ABSTRACT 

Upon cell stimulation with hormones and other mitogens, a variety of biochemical 

and physiological responses occur within the first few minutes, including turnover of 

inositol phospholipids, activation of protein kinase C and tyrosine kinases, and 

changes in intracellular pH (pHin) and calcium ([Ca2+]in). Changes in both pHin and 

[Ca2+]in are prominent and playa major role in the signal transduction mechanism 

leading to the physiological response, i.e. secretion, neurotransmission, proliferation 

and differentiation. The intracellular pH changes that follow mitogenic activation are 

complex and may reflect several different H+ transporting mechanisms. There are at 

least three main systems involved in the regulation of pHin in eukaryotic cells: (a) the 

mitogen stimulated Na+/H+ exchange, which electroneutrally raises pH in and can be 

inhibited by amiloride and its derivatives; (b) a variety of HC03--based mechanisms 

which can alkalinize or acidify the cytosol, and can be inhibited by stilbene 

disulfonate derivatives; (c) and a plasma membrane H+ -ATPase, which represents 

the least understood mechanism of pHin regulation. Under non-pathological 

conditions, pHin regulation is generally achieved by Na+/H+ exchange and HC03"-

based mechanisms. Missexpression of a H+-ATPase in the plasma membrane can 

lead to a chronically high pHin in some tumor cells and might contribute to 

carcinogenesis. Chapter I explains the dissertation format that I have chosen and 
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explain the relationship of the manuscripts that I have included in three appendices. 

This chapter also indicates my contribution to each of these manuscripts. Chapter II 

is a summary of the most important findings in these manuscripts. Appendix I deals 

with the role of Na+/H+ exchange and CI-/HC03- exchange in the regulation of pHin. 

Appendix II deals with the role of H+ -ATPase in the maintenance of a chronically 

high pHin and its possible involvement in tumorigenesis. Although changes in pHin 

and [Ca2+]in have been observed in many systems, it is not yet clear whether these 

ionic events work independently in the activation pathway leading to a particular 

physiological response. Appendix III looks at this problem and describes a technique 

to simultaneously measure pHin and [Ca2+]in by fluorescence spectroscopy. This 

appendix also describes the application of this technique to study the role of pHin 

and Ca2+ in the regulation of cell growth and progesterone secretion. 
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CHAPTER 1. 

INTRODUCTION 
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This dissertation prospectus represents a compilation of the experimental work that 

I have been performing under the advise of Dr. Gillies, first at Colorado State 

University where I started the Ph.D. program (three manuscripts), and then at this 

University (eight manuscripts). From this total of eleven manuscripts, eight are 

already published; two are submitted for publication; and one is in preparation. My 

contribution to each manuscript in terms of the generation of ideas and the 

performance of experiments is indicated in parenthesis as % effort, and it should only 

be consider as a qualitative approximation of my involvement in each manuscript. In 

this dissertation, the first author correspond to the person that wrote the manuscript. 

For the purpose of presentation, I divided this work in three main appendices. Each 

appendix is further subdivided in sections that represent a manuscript either 

published, submitted for publication, or in preparation (vide supra). 

Appendix I deals with the interrelationship between two of the most widely accepted 

mechanisms of pHin regulation in mammalian cells, namely Na+/H+ exchange and 

HCOi/Clo exchange, and its relationship to cell proliferation. In section 1 of this 

appendix, we demonstrate that serum deprivation causes changes in the sensitivity 

of 31'3 cells to further stimulation of Na+/H+ exchange by serum (80% effort). It has 

been largely hypothesized that the activity of Na+/H+ exchanger is regulated by 
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phosphorylation of the exchanger by kinase C. Our findings in section 2 indicate that 

in some cells this is the case (i.e. human fibroblasts), but not in others (3T3 cells). 

Furthermore, inhibition of kinase C does not impair the activation of Na+JH+ 

exchange by serum. Therefore, we conclude that phosphorylation of the exchanger 

by kinase C is not the sole signal required for the activation of this exchanger (60% 

effort). In section 3, our data suggest that in some cell types, cell differentiation may 

playa role in the regulation of Na+JH+ exchange since treatment of 3T3 cells with 

dimethylsulfoxide (DMSO), a well known differentiating agent, renders these cells 

sensitive to kinase C activators (80% effort). These earlier experiments predicted 

that, under in vitro culture conditions, i.e. pH 7.4 and presence of HC03-, there 

would be no pH change upon serum or growth factor stimulation. We have further 

explored this possibility in section 4 and have found that indeed, there is no pH 

change under in vitro culture conditions however, under in vivo conditions (i.e. pH 

7.0-7.1 and presence of physiological HC03"), there is a modest pH change upon 

serum stimulation (80% effort). 

In an attempt to further clarify whether or not pH changes are needed for cell 

growth and/or tumorigenesis to occur, we explore a third, less understood mechanism 

of pHin regulation, i.e. H+-ATPases. Our results from these findings are expressed 

in Appendix II. These experiments were initiated by the finding of Perona and 

Serrano, that gene transfection of NIH 31'3 cells with the yeast H+ -ATPase renders 
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them tumorigenic (Nature, 334: 438, 1988). One of the consequences of the 

transfection of a H+ -ATPase in the plasma membrane of 3T3 cells is the 

maintenance of a high intracellular pH, a high rate of H+ extrusion and a high rate 

of glycolysis, as expressed in section 1 of this appendix (50% effort). We have further 

asked whether or not a plasma membrane H+-ATPase might be involved in 

tumorigenicity by screening for the presence of this H+ -ATPase in other rodent 

tumor and non tumor cells, using non-specific inhibitors of H+ -ATPase such as N

ethylmaleimide, suramin and fusidic acid. The results of this preliminary screening 

were disappointing due to the non-specificity of these inhibitors and probably, also 

to the selection of cell types that were not the most appropriate. These results are 

found in section 2 (60% effort). In an attempt to correct for this mistake, we have 

screened for the presence of H+ -ATPase in primary human tumor and non tumor 

cells, by using better inhibitors, such as the P type H+ -ATPase inhibitor (SCH28080), 

and the V-type H+ -ATPase inhibitor (bafilomycin). The results of these findings are 

described in section 3 (60% effort). Briefly, by using this approach we have found 

that five out of fourteen human tumor cells seems to have a bafilomycin sensitive 

H+ -ATPase. Through simultaneous measurement of endosomalnysosomal pH (pW8C) 

and cytoplasmic pH (pH')'!) by fluorescence spectroscopy, we have observed that the 

effect of bafilomycin can occur at either the endosome-lysosome membrane and/or 

at the plasma membrane. Interactions with any of these membranes would result in 

a decrease in pHin. Re-screening of human tumor cells for bafilomycin-sensitivity 
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and by measuring pHcyt and pW8C simultaneously have indicated that, one out of five 

human tumor cells clearly exhibit a bafilomycin sensitive component at the plasma 

membrane level, which suggests that missexpression of a V-type H+-ATPase at the 

plasma membrane might occur physiologicaIly and might be relevant to 

carcinogenesis. 

In an attempt to further understand the relationship between pHin and [Ca2+]in, we 

developed a technique that aIIows us to measure simultaneous changes in these two 

ions. The results of these efforts are expressed in Appendix III. In section 1 of this 

appendix, the development and application of this technique to simultaneously 

measure pHin and [Ca2+]in by using fluorescence spectroscopy are fuIly described 

(70% effort). From Appendix I we learned that kinase C was not the sole regulator 

of Na+/H+ exchanger. Our data in section 1 of Appendix III, indicate that Na+/H+ 

exchange can be regulated by Ca2+, possibly through activation of that calmodulin 

kinase. We have further applied this technique to understand the role of [Ca2+]in and 

pHin in the regulation of luteolysis in ovine corpora lutea, as a result of our 

coIIaborative work with Dr. Pat Hoyer (Dept. Physiology). These studies indicated 

that [Ca2+]in plays a major role in the regulation of progesterone secretion in large 

luteal ceIls. The mechanisms of Ca2+ regulation are distinct between smaIl and large 

luteal ceIls. Large ceIls are exquisitely sensitive to PGF2a, a major luteolytic signal in 

the ovine ovary. In contrast, small ceIIs do not increase [Ca2+]in upon stimulation with 
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this hormone. Furthermore, using kinetic analysis of the PGF2a-induced Ca2+ 

transients we were able to identify two distinct Ca2+ pools, responsible for such 

transients. We are currently investigating the nature and regulation of these 

compartments. The results of this collaborative effort are expressed in section 2 

(20% effort), section 3 (20% effort), and section 4 (20% effort). It is worthwhile to 

mention that my contribution to the work expressed in sections 2, 3, and 4 of 

appendix III has been discrete, i.e. applying my knowledge of pHin and [Ca2+]in 

regulation in 3T3 cells to the luteolysis problem; and performing some of the 

experiments involving the measurements of these ions; is most justified to say that 

for the most part, these experiments were performed by Dr. Hoyer's former grad 

student, Dr. Julie Wegner. 
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CHAPTER 2. 

PRESENT STUDY 
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The methods, results and conclusions of this study are presented in the papers 

appended in this dissertation. The following is a summary of the most important 

findings in these papers. 

SUMMARY 

During the development of the experimental work presented in this dissertation, I 

have been challenged a number of times, attempting to understand the role of pHin 

and [Ca2+]in in the regulation of cellular functions such as cell proliferation, cell 

tumorigenicity, and progesterone secretion. My involvement on the studies of pHin 

and [Ca2+]io in the regulation of cell proliferation started during the summer of 1986 

with Bob Gillies, whereas my involvement in the role of pHio and [Ca2+rn on 

progesterone secretion started as a collaborative effort with Pat Hoyer, in the fall of 

1988. During most of this time, I have been trying to understand how pHin is 

regulated and the relevance of pHin changes, if any, to the control of cell 

proliferation and cell tumorigenicity. When I started working in this field, we didn't 

know if pH was a signal for cell proliferation to ensue. At the present time we stilI 

do not have a definitive answer to this question, however, I feel that now we 

understand a little more about the mechanisms that regulate pHin in mammalian 

cells. 
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Since I do not want to repeat the conclusions already mentioned in each of the 

sections (vide supra), here I would like to recapitulate some of the main ideas and 

aspects behind the experimental work that have lead us to our present state of 

knowledge in this field. 

In our earlier studies we noticed that the magnitude of the pHin change upon serum 

stimulation to either acutely or chronically-serum deprived cells, in the presence of 

HCOl -, resulted in slight changes in pHin. Therefore, we concluded at that time that 

pH changes had only a permissive role on cell proliferation (1, 2). Many researches 

had previously observed larger pHin changes upon serum addition to serum-deprived 

cells, therefore our earlier observations that in the presence of HC03- there was 

only a small pHin change raised criticisms on the relevance of pHin changes in the 

transition from Go to G1 of the cell cycle, especially if one considers that cells 

normally grow in the presence of HCOl - (vide supra). One of the mechanisms that 

regulates pHin that has been widely studied is Na+/H+ exchanger (for a review see 

3, 4). It has been generally acknowledged that kinase C plays a key role in the 

regulation of this exchanger. Through our experiments in this regard we learned that 

the activity of Na+ /H+ exchange is not solely regulated by phosphorylation mediated 

by kinase C, but that the regulation of this exchanger is also linked to Ca2+ changes, 

possibly through CaM-kinase, thus emphasizing the need of further studies to 

understand the role of Ca2+ in the regulation of pHin (see 5, and references therein). 
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Cell differentiation can also playa role in the regulation of the activity of Na+/H+ 

exchanger, since cells that are not responsive to stimulation of Na+/H+ exchanger by 

kinase C activators, can be rendered sensitive upon treatment with cell-differentiating 

agents (see 6, and references therein). From our earlier experiments it was obvious 

that we needed a better understanding of the role of HCO; in the regulation of pHin 

and its interrelationship with the Na+/H+ exchanger. From these experiments we 

learned that, under normal culture conditions, stimulation of a quiescent cell with 

serum or growth factors does not result in changes in pHin. Furthermore, in the 

absence of HC03·, when the activity of Cl"/HC03" is absent, stimulation of quiescent 

cells with serum would result in large changes in pH in. At intermediate pHex (7.1-7.2), 

similar to that found in vivo, the pHin changes did occur, but were modest (see 7, and 

references therein). These observations predicted that under cell culture conditions 

pH changes can not be considered as a signal for cell proliferation. Furthermore, 

these data also predict that under in vivo conditions, changes in pHin might be 

important. At that point, we were satisfied with our understanding on the role of pH 

in cell proliferation, since we could safely state that pH changes played only a 

permissive role in cell proliferation. 

Our data up to date seems to indicates that the maintenance of a "critical window" 

of pHin is required for cell proliferation. Maintenance of pHin, above that predicted 

from Nernst equilibrium, is mediated by the activity of one, two, or three 
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mechanisms, including Na+/H+ exchange, HC03"-based transport mechanisms, and 

I . 
H+ -ATPase (for a review, see 8). In many normal cells, maintenance of pHID is 

achieved by the first two mechanisms. In some specialized tissue, a H+ -ATPase is 

also involved. But, what happens under pathological conditions, such as cancer? 

What if we maintain a chronically high pHin, bypassing any of the mechanisms 

regulating the activity of Na+/H+ and Cl"/HC03" transports? Our most recent data 

indicates that maintenance of a chronically high pHin leads to loss of growth control 

and tumorigenicity, even under physiological HC03" concentrations. This has been 

clearly demonstrated in NIH-3T3 cells transfected with a gene for the H+-ATPase. 

Expression of this H+-ATPase in their plasma membrane, renders these cells 

tumorigenic (9). These transfected cells maintain a high pHin and a high rate of 

glycolysis (10). In human tumor cells, we believe that a V-type H+-ATPase, which 

is normally present in endosomes/lysosomes and other intracellular organelles, is 

overexpressed in the plasma membrane and contributes to the maintenance of a high 

pHin in these cells (cf 8, 11). This finding raises the possibility that a V-type H+-

ATPase may behave as an oncogene, since this H+-pump is normally present in 

intracellular organelles where it contributes to the maintenance of the acidic 

environment of endosomes and lysosomes. However, when overexpressed and/or 

targeted to the "wrong" place, i.e. plasma membrane, it leads to a chronically high 

pHin, thereby behaves as an "oncogene". This is further supported by our observation 

that the sole presence of a H+ -ATPase in the plasma membrane can render a cell 
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tumorigenic (eI9, 10). 

Our understanding on the role of Ca2+ in the regulation of cellular functions, and its 

interrelationship to pHin is still unclear, possibly due in part to the complications in 

measuring [Ca2+]in (see 12, 13 and references therein). The development of a novel 

technique to monitor simultaneously intracellular pH and Ca2+ have increased our 

understanding on the relationship between pHin and [Ca2+]in in the regulation of cell 

growth, and progesterone secretion in ovarian cells (12, 13, 1~, 15). Our studies on 

the role of [Ca2+I]i in the regulation of progesterone secretion have indicated that 

large, but not small ovarian cells, respond with a transient increase in [Ca2+r with 

no changes in pHin in response to PGF2a
• Furthermore, kinetic analysis of these 

transients allowed us to suggest that there are at least two compartments involved 

in the regulation of these transients, i.e. a fast compartment with a low capacity, and 

a slow compartment with a large capacity (see ref 14, 15 and references therein). 

Further studies are needed to identify the nature and the regulation of these 

compartments. 

Predicting what the future research is going to be is always a difficult task, however 

at this moment it is possible for me to foresee my immediate future. It is clear from 

the enclosed data that at the present time, we have only circumstantial evidence for 

the presence of a V-type H+-ATPase in the plasma membrane of primary human 
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tumor cells. Therefore, in order to obtain an unequivocal answer to the presence of 

a H+-ATPase in the plasma membrane of those cells, the following critical 

experiments are needed: (a) to select one primary human tumor cell that express this 

bafilomycin-sensitive component (e.g. mesothelioma); (b) obtain plasma membrane 

from these cells; (c) isolate the H+-ATPase from the plasma membrane; (d) obtain 

antibodies to this enzyme to do immunocytochemistry (fluorescence and electro

immunocytochemistry); reconstitute the enzyme into Iiposomes; (e) evaluate 

sensitivity to bafilomycin. This is an ambitious proposal that could take several years 

before we can make a clear statement of the presence of a V-type H+ -ATPase in the 

plasma membrane of human tumor cells. Regarding future investigations in the area 

of progesterone secretion, although might seem too speculative for me to discuss, I 

would like to suggest several critical directions: (a) studies on the mechanisms that 

regulate pHin are lacking in these cells,! and our preliminary experiments indicate a 

role for pH in the regulation of progesterone secretion; (b) our preliminary 

experiments indicated that large cells possess a higher pHin than small ovarian cells, 

thus raising the possibility of the presence of H+-ATPases in these cells; (c) the 

development of methods to culture ovarian luteal cells in a continuous fashion, e.g. 

immortalizing ovarian cells by gene transfection such as c-myc, will avoid the 

limitations of the in vivo experimental model, and should enhance enormously our 

experimental capabilities towards the understanding of the regulation of luteal 

functions; (d) a better understanding of the interrelationship between pHin and 
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[Ca2+]in should enhance our knowledge on the role of these two ions in the 

regulation of secretory processes. 
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REGULATION OF Na+/H+ EXCHANGE AND NaHCO/HCI 
EXCHANGE AND ITS ROLE IN MAMMALIAN 

CELL PROLIFERATION. 
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SECTION 1. 

Effect of serum on the intracellular pH of BALB/c-3T3 cells: 
serum deprivation causes changes in the sensitivity 

of cells to serum. 

(1. Cell. Physio!. 136: 154-160, 1988) 
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Effect of Serum on the Intracellular pH of 
BAlB/c-3T3 Cells: Serum Deprivation Causes 

Changes in Sensitivity of Cells to Serum 
R. MARTINEZ, R.I. GILLIES" AND K.A. GIULIANO 

Department of Biochemistry, Colorado State University. Fort Collins, Colorado 80523 

One of the earliest responses of quiescent mammalian cells to the addition of 
serum is an increase in intracellular pH (pHm). This pHm change is generally 
believed to be due to an increased activity of Na "H' exchange. A number of 
investigators have observed steady· state differences In pHm between cells in the 
presence and absence of serum. However, no one has examined differences in 
pHm regulation that may exist between cells chronically exposed to, or deprived 
of serum. In this study, we investigated the effects of serum deprivation to identify 
those components of pHm regulation that were associated with quiescence. To do 
this, we examined pH,n in cells growing chronically in 10% serum as well as in 
cells that were either acutely (1.5-2 hrl or chronicallv (48 hr) deprived of serum. 
Intracellular pH was monitored using the fluorescence of intracellularly loaded 
pyranine dye. Our results indicate that the resting pHm values of chronically or 
acutely serum·deprived cells were not significantly different from each other yet. 
in both cases, were lower than those observed in cells exposed to 10% serum. 
Furthermore, we observed significant increases in pHm of both acutely or 
chronically serum·deprived cells in response to the addition of serum at various 
concentrations, in the presence of 24 mM bicarbonate. Chronically serum· 
deprived cells had slightly smaller responses and were more sensitive to lower 
concentrations of serum than were acutely deprived cells. Therefore, our data 
suggest that long·term serum deprivation affects the magnitude and sensitivity of 
pH,n to serum stimulation and causes the loss of some form of pHm regulatory 
mechanism(s). 
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Most mammalian cells in culture require serum for 
sustained proliferation CBaserga, 1985). In the absence 
of serum, BALB/c·3T3 cells become totally quiescent 
within 48 hours (e.g., Gillies et aI., 1986). One of the 
earliest events to occur upon the readdition of serum to 
Rerum·deprived cells is an increase in the activity of 
Na ·/H· exchange (for review, see Moolenaar, 19861. 
Under conditions where the cytosol is relatively acidic, 
this increased activity will lead to an increase in 
intracellular pH (pHon). A number of workers have 
observed steady·state differences between the pHon of 
cells in the presence and absence of serum (Shuldiner 
and Rozengurt, 1982; Cassel et aI., 1983; L'AlIemain et 
aI., 1984; Moolenaar et aI., 1984; Hesketh et aI., 1985; 
Bright et aI., 1987). However, none of these studies has 
examined any differences that may exist between 
acutely and chronically deprived cell popUlations un· 
der identical conditions. These studies therefore have 
not addressed the question whether there are any 
changes in the mechanism(s) of pHon regulation that 
occur to cells as a consequence of serum deprivation. In 
the present study we address this question by compar· 
ing the pHon responses of serum·stimulated cells, cells 
that are deprived of serum for 48 hours ("chronically 
deprived"), and the intermediate case of cells that have 
been deprived of serum for 1.5-2 hours ("acutely 
deprived"). 

using flow cytometric analysis of BALB/c·3T3 cells 
loaded with the pH·sensitive fluorophore, dicyanohy
droquinone (Gillies et aI., 1987). In that study, we 
observed that there were differences in the timing and 
magnitude of the pH'" response between BALB/c·3T3 
cells that were chronically deprived and those that 
were only deprived of serum for only 15 minutes. Two 
problems in this former study were the poor time 
resolution (30 sec per datum) and the fact that these 
anchorage·dependent cells were suspended in solution. 
In this communication, we examine this phenomenon 
with much higher temporal resolution and for longer 
times using the fluorescence of pyranine dye loaded 
into BALB/c·3T3 cells attached to covers lips (Giuliano 
and Gillies, 19871. The results of the present study 
indicate that the resting pHon of cells in the absence of 
serum is consistently lower than that of cells in the 
presence of 10'70 serum and that there is no significant 
difference between the resting pHi" of cells that are 
either chronically or acutely deprived of serum. Differ· 
ences do exist between acutely and chronically serum-

We recently investigated the effects of serum on pHon 
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deprived BALB/c-3T3 cells, in terms of the sensitivity 
and the magnitude of cytoplasmic alkalinization that 
occurs in response to serum addition. Furthermore, the 
present study indicates that although physiological 
levels of bicarbonate attenuates the response, they do 
not necessarily prevent serum-induced alkalinization. 

MATERIALS AND METHODS 
Cell culture 

BALB/c-3T3 mouse embryo fibroblasts were ob
tained from American Type Culture Collection (ATCC 
CCL 163). They were cultured in Dulbecco's Modified 
Eagle's Medium (DMEM; Gibco, Grand Island, NY), 
supplemented with 10% Nu-serum (Collaborative Re
search, Inc., Lexington, MA). These cells were cultured 
as described in Giuliano and Gillies (1987). For exper
iments, cells were inoculated into 90-mm petri dishes 
(Corning) at a density of 105 cells/dish in DMEM plus 
10% Nu-serum. On the following day, the growth 
medium was changed to DMEM containing 0.2% Nu
serum (chronically serum-deprived cells), or the cul
tures were scrape-loaded with pyranine dye (Molecular 
Probes, Inc.) and subsequently handled with either 
10% Nu-serum (serum-stimulated cells) or 0.2% Nu
serum (acutely serum-deprived cells). The chronically 
serum-deprived cells were incubated under 0.2% 
Nu-serum for an additional 48 hr, at which time they 
were scrape-loaded with pyranine and prepared for 
fluorometry in the presence of 0.2% Nu-serum. Previ
ous studies have shown that after 48 hr in the presence 
of 0.2% serum, cultures are fully quiescent, as moni
tored by cell number, thymidine incorporation, and 
labeled nuclei (Gillies et aI., 1986). 

Scrape-loading of pyranine dye 
Pyranine was loaded into the cells using the scrape

loading method described by McNeil et ai. (1984). 
Briefly, the cells to be loaded were washed three times 
with cell suspension buffer (CSB) containing 1.3 mM 
CaCI" 1 mM MgSO., 5.4 mM KCl, 0.44 mM KH2PO., 
110 mM NaCl, 0.35 mM Na,HPO., 24 mM NaHCOa, 5 
mM glucose, 2 mM glutamine, and 25 mM HEPES at a 
pH of 7.15 at 37°C. The cells were then mechanically 
harvested using a rubber policeman in the presence of 
1 mM pyranine in CSB at 37°C. Suspended cells were 
then washed twice with ice-cold DMEM plus the same 
concentration of Nu-serum in which the cells were 
cultured. The final cell pellet was then resuspended in 
this same wash solution at 37°C, and 300 ,...1 of this 
suspension (1-5 x 105 cells) was applied to a glass 
coverslip (9 x 22 mm). The cells were then allowed to 
attach to the coverslip for 1 hr at 37°C in a humidified, 
5'7r CO, atmosphere. After 1 hr in the incubator, two 
coverslips were put back to back and placed in a 
holder/perfusion device modeled after that of Ohkuma 
and Poole (1978), Acutely deprived cells, therefore, are 
in 0.2% serum for 1.5-2 hr prior to the beginning of 
data acquisition. 

CelI viability after scrape-loading ranged from 30% 
to 70~<, with chronically serum-deprived cells being 
more sensitive to this treatment. Similar results have 
been reported elsewhere (McNeil et aI., 1984; Gillies et 
al.. 1987). This procedure effectively separated viable 
cells, which attach to the coverslip, from dead cells, 
which do not (Giuliano and Gillies, 1987). The ability of 

the scrape loaded cells to regulate pHin has been 
studied by Giuliano and Gillies (1987), through perfus
ing BALE/c-3T3 cells with CSB containing ammonium 
chloride to induce a cytosolic alkalinization, followed 
by removal of ammonium chloride to induce an acidi
fication in the same experiment. Under these experi
mental conditions, the pHin of these cells reacidified to 
near control levels during continuous treatment with 
10 mM ammonium chloride. These cells realkalinized 
again to near-control levels, after an acute acid load 
caused by rapid removal of ammonium chloride. There
fore, these scrape-loaded cells are able to re-establish 
normal ion gradients and membrane permeabilities 
(for a review, see Roos and Boron, 1984). 

pH determinations 
Intracellular pH was determined by fluorescence of 

intracellular pyranine (Giuliano and Gillies, 1987). 
Fluorescence was monitored at 514 nm using excita
tion wavelengths of 405 nm and 465 nm. The fluores
cence induced at 415 nm is pH independent (isosbestic) 
and is persistant in this system for up to 6 hr. Fluores
cence was determined using an SLM-4800 spectrofluo
rometer outfitted with a flow-through device for sam
ple perfusion (Ohkuma and Poole, 1978). Attached cells 
were continuously perfused at 1.0 mllmin with the 
appropriate buffer solution as indicated in the text. 
Sample temperature was maintained by keeping both 
the cuvette's water jacket and the perfusion media at 
37°C. The complete technique used here is described 
elsewhere (Giuliano and Gillies, 1987). 

RESULTS 
BALB/c-3T3 cells that have been either chronically or 

acutely deprived of serum differ in their sensitivity to 
serum. This is demonstrated in figures 1 and 2, where 
the pHin of either chronically deprived (Fig. 1) or acutely 
deprived (Fig. 2) cells is shown in response to changing 
serum concentrations from 0.2% to 1% (v/v). As illus
trated in these figures, chronically deprived cells re
spond to the addition of serum by increasing their pH'" 
by approximately 0.05 pH units. The pH'" of acutely 
deprived cells, on the other hand, docs not respond to the 
addition of lO/C serum and, in fact, slightly decreases 
after serum concentration increases. Figures 1 and 2 
also illustrate that the resting pH'" is similar in both 
cell preparations. Data from a number of experiments 
similar to those shown in Figures 1 and 2 are summa
rized in Figure 3, where results are expressed as the 
pH'" change induced by the addition of different serum 
concentrations. These data show that chronically de
prived cells respond to the addition of low concentra
tions of serum with significant increases in pH"', 
whereas the pH'" of acutely deprived cells does not re
spond until serum concentrations are raised to 5'70. 

As shown in Figure 4, cells chronically exposed to. 
lOt;< Nu-serum respond to the change of serum from 
10% to 0.2<;0 with a monotonic decrease in pH"'. We 
have performed this experiment a number of times and 
have determined that it takes 1.5-2 hr for the newly 
deprived cells to reach a new resting pH"'. The new 
resting pH'" value reached after the decrease of serum 
is similar to the resting pH'" determined in either 
acutely or chronically serum-deprived cells. 
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Fig. 1. Response ofintracellular pH to serum addition in chronically 
.erum·deprived BALB/c-3T3 cells. Exponentially growing cells in 
Nu-serum 10% were placed in medium containing O.2"k Nu-serum for 
48 hr and thereafter scrape-loaded with pyranine in CSB as described 
in "Materials and Metheds." Aller 1 hr of incubation in DMEM 
contoining 0.2'" Nu-serum and 24 mill NaHCO,. cell-cantaining 
coverslips were placed into the fluorometer cuvette. Cells were 
continuously perfused with CSB containing 0.2'N Nu-serum and 24 
mM NoHCOJ . Forty·five minutes later, the medium was exchanged 
for csn containing It;;: Nu-serum nnd 2·' mM NnHC03 . The upper 
panel shows the fluorescence ot 415 nm, which is proportional to the 
concentration of intracellular pyronine. The middle panel shows the 
pHu recorded in the cuvette with microelectrodes. The lower panel 
illustrates the ratio (HI offJuorescence occurring at excitation wave
lengths of 465 and 405 nm. Conversion of R to pHIn values was 
performed using nigericin and high K' buffer, as described by 
Giuliano and Gillies 11987/. 

The average resting pHin values for BALB/c-3T3 
cells under various conditions in our study are given in 
Table 1. These data were obtained by taking the 
average of all determinations at various pH"' values 
for cells that were chronically serum deprived, acutely 
serum deprived, or continuously exposed to 10'iC serum. 
As indicated in this table, there are no significant 
differences among the average pH"' employed for the 
three conditions. There is, however, a significant dif
ference between the pHon of cells in the presence of 
serum and the pHon values of cells in the absence of 
serum for more than 1.5 hr. 

The data in Table 1 indicate that the I e are steady
state pHin differences between cells in the presence or 
absence of serum that are independent of pH"'. How
ever, both the absolute pHon and the magnitude of the 
pHon response of chronically deprived cells are very 
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Fig. 2. Response of intracellular pH to serum addition in ucutely 
ECrum-dcprived BALB/c 3T3 cells. Exponentially growing cells in the 
presence of DMEM containing lOt,;- Nu-serum were scrape loaded 
with pyronine and subsequently handled with 0.2'N Nu·serum. After 
1 hr incubation in DMEM containing NaHCO, 24 mM. as described 
under "Materials und Methods." the cells were placed into the 
nuorometer cuvette and perfused with O.2'l Nu-serum in csn con
lUining 24 mM NaHCO .•. After 60 min, the perfusion medium was 
exchllngt'<i for one containing Jf,;: Nu-serum in the same buffer (cf. 
Fig. II. 

dependent of the pH·'. In cells chronically exposed to 
10'70 serum, however, pHon was observed to be much 
less dependent on pH"'. Examples of these observa
tions arc presented in Figure 5, where pHon values arc 
expressed as a function of pH"' for cells chronically 
exposed to 10% serum (circles) and cells deprived of 
serum for 48 hours (triangles). In this figure, the 
calculated linear slopes of these data are represented 
by a dashed line for cells in 10% serum and a solid line 
for chronically deprived cells in 0.2% serum. If cells 
have no ability to regulate pHon in the face of varying 
pH"', we expect that the slope of the pHon versus pH" 
curve and the linear correlation coefficient for this 
relationship will both approach unity. On the other 
hand, if cells are fully able to maintain a constant pHon 
at various pH·' values, the slope of this relationship 
will approach O. The linear correlation coefficient in 
this case will decrease because we expect that the 
relationship between pH·n and pH"' will be bimodal (cf. 
Gillies et aI., 1982). Intermediate cases of pHon regula
tion will have slopes and correlation coefficients inter
mediate between these extremes. According to figure 5, 
the steep slope in the chronically serum-deprived case, 
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FIg 3. Sensitivity of acutely and chronically serum-deprived 
BALB/c·3T3 cells to different serum concentrations. Delta. pH'" vol
ues were determined as the difference between nnni n-lOt:i- serum) 
nnd initiallO.2r;f serum) pHIn values for every serum concentration 
shown. pHil was not siFfllificontly different between acutely (circles) 
and chronically (triangles) serum·deprived cells. Each value repre
sents the menn :!: SEM of the number of experiments indicated in 
pnrcnlhesis. Statistical analysis was done by using the Student t·tcst 
for nonpalred data (Snedecor and Cochram, 19721. 'P < .05 and"P < 
.025 for chronically scrum.dcrpived versus acutely serum-dcprivcd; 
othenvise differences ore insignificant. 

associated with a relatively large correlation coeffi
cient, suggests that these cells have little ability to 
regulate pH'" in the face of varying pHex_ On the other 
hand, the flatter slope and the lower correlation coef
ficient in the serum-stimulated case suggests that 
these cells are more able to regulate their pHon than 
are chronically serum-deprived cells. These data are 
reiterated in Table 1. Table 1 also indicates that 
acutely deprived cells are similar to serum-stimulated 
cells in their slope and correlation coefficient, suggest
ing that they too are able to regulate their pHin_ 

The results of the above experiments are sumarized 
in Table 2, which also includes data on the response 
time of pHon to serum addition_ These results indicate 
that acutely deprived cells are similar to chronically 
deprived cells in resting pHon and response time of pHon 
to serum. On the other hand, dissimilarities between 
acutely and chronically deprived cells exist in ability to 
regulate their pH'" in the face of varying pH", sensi
tivity to serum, and the magnitUde of the pHon response 
to serum. 

DISCUSSION 
In a previous study, large differences in pHon 

10.1-0.2 pH units) were observed between chronically 
and acutely deprived BALB/c-3T3 cells (Gillies et al .. 
1987). In that study, we determined that cells deprived 
of serum for 36 hr have a basal pH'" that is lower than 
that of cells deprived of serum for 20 min. Addition of 
serum to either these chronically or acutely deprived 
cells resulted in a cytosolic alkalinization, with the 
chronically deprived cells responding more slowly than 
the acutely deprived cells. In the present study, by 
using a fluorescent technique that allowed us to eva
lute pHon with a greater time resolution and for longer 
times, we determined that the resting pHon of either 
acutely or chronically deprived cells is lower than that 
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Fig. 4. Response of intracellular pH to acute serum deprivution in 
BALB:c-3T3. Exponentially growing cells in DMEM containing 10'.< 
Nu·scrum were scrape londed with pyronine and subsequently hon· 
died with 10'.< Nu-serum, as described in "Materials and Method .... 
After 1 hr of incubation in DMEM containing 101< Nu-serum and 
NaHCO, 24 mM, the cells were placed into the fluorometer cuvette 
and perfused with 10'.< Nu-serum in CSB containing NaHCOJ 24 mM. 
At the time indicated. perfusion media was exchanged to 0.2'.\
Nu-serum in CSB containing NaHCO, 24 mM. 

of cells continuously exposed to 10% serum. However, 
we did not observe any significant difference between 
chronically and acutely deprived cells in either the 
resting pHon or in the time response to the different 
serum concentrations tested in this study_ Important 
differences between the previouB study and the present 
were the length of the acute deprivation period (20 min 
previously versus 1.5-2 hr presently) as well as the 
fact that the previous study used cells that were 
suspended and not anchored to any surface_ The results 
of both studies indicate that maintenance of a higher 
pHon requires the continuous presence of serum and 
that removal of serum for as little as 20 min (previous 
study) causes the cells to have a lower pH. According to 
the present study, this drop in pH'" is maximal by 
1.5-2.0 hr, when it reaches a value similar to that 
observed in chronically deprived cells (Fig. 4), The drop 
in pH·n in response to removal of serum occurs with 
very slow kinetics, and the new resting pHin is similar 
to that observed after chronic serum deprivation. If we 
assume that Na+/H+ exchange is activated by phos
phorylation (for a review, see Moolenaar, 1986), the 
time of 1.5-2.0 hr to reach basal pH'" may be indica-
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TABLE 1. Annlysis of slope and correlation between intra- and extracellular pHI 

Parameters 

N 
pHU range 
pl-{u menn :: S,D. 
pH'n range 
pHln mean = S.D. 
Slope (mean'" S.D.I 
Intercept (mean'" S.D.) 
r 

Stimulated (10<;;-1 
15 

7.05-7.48 
7.22", 0.11 
6.82-7.20 

7.05", 0.13' 
0.57", 1.81 
2.96", 0.25 

0.497 

Acutely deprived 
20 

7.06-7.38 
7.21'" 0.09 
6.75-7.13 

6.98'" 0.11 
0.64", 1.60 
2.30", 0.22 

0.550 

Chronically deprived 
25 

6.99-7.42 
7.21 '" 0.10 
6.64-7.20 
6.97'" 0.14 
0.99", 1.52 

-0.23", 0.21 
0.700" 

IOALB/C·3T3 cells growing chronically In lO~ Nu serum (stimulated I and either acutely or chronically serum dtprived were used for this study. lntro· nnd 
extracellular pH was determined O!l descnbed under "Malenal and Methods." N npresenLs the No. of experiments, whereas "r" represenLs the correlation coefficient 
of Pennon between intra· nnd cxtnu:ellulor pH. StatlstJcnl onalysi, wos d~nt' by uSing the Student t·test for nonpnlred data . 
• p <. .05 for stimulated cells Vt'fBUII either chronically or acutely serum·deprived cells. 
··Hypoiliesis test to evaluate the Significance af"r" showed 0 P <. .05 for chronically serum-depnved cellslSnedecor and Cochram. 19721. Otherwise. differences are 
irulg1lllicant. 
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Fig. 5. Intra- versus extracellular pH of chronically serum-depnved 
(triangles) or serum-stimulated (circles I BALBlc 3T3 cells In the 
presence of 0.2<;< or 10'" Nu-serum, respectively. Each datum repre
scnts the mean of at least ten different time points taken in n period 
of60 min for both pHon and pH". Fitting of the straight line was done 
by the method of leost squares. Linear regression nnd correlation 
coefficient analysis shows an r = 0.700 for chronically deprived cells 
(triangles), and an r = 0.497 for stimulated cells (circles I. Slope for 
chronicolJy serum-deprived cells is shown 85 a continuous hne. 
whereas the discontinuous line represents the slope corresponding to 
stimulated cells. Differences between slopes nrc not stntlsttculiy 
significant (sec Table 11. 

tive of the relative activity of the phosphatase that 
dephosphorylates the Na + IH' exchange protein. 

Addition of submaximal doses of serum to serum
deprived cells shows that the response of pH'" to serum 
is a graded phenomena (Fig. 3). We have previously 
determined that the response of cells to serum stimu
lation occurs monotonically in the entire population 
and is not an all-or-none event that occurs in only 
subpopulation of cells (Gillies et aI., 1987). Thus, the 
intermediate (1-5%) serum levels that give rise to 
intermediate pHin values must do so on a per-cell basis. 
These results therefore suggest that the intermediate 
serum levels stoichiometrically activate intermediate 
numbers of Na +/H + exchangers, with half-maximal 
activation taking place in 3.7% and 1.2% Nu-serum in 
acutely and chronically deprived cells, respectively. 
This difference suggests that cells are sensitized to 
serum stimulation upon prolonged deprivation for se
rum. This becomes more interesting when compared to 
the observation that acutely or chronically deprived 

cells do not differ significantly in their response times 
to serum (Table 2). If we can assume that the kinetics 
of the pHin changes are dependent on the summed 
activity of Na' IH + exchangers, then the above data 
would suggest that acutely deprived cells have just as 
many activatable Na + lIP exchangers as do chroni
cally deprived cells. This argument further implies 
that the loss of pHln regulatory capability by chroni
cally deprived cells is not correlated to a loss in 
functional Na +IH + exchangers. and therefore must be 
coupled to loss of another pHin-regulatory pathway, 
possibly NaHC03/HCI exchange (L'Allemain et aI., 
1985; Chaillet et aI., 1986; Boron, 1986). It is not 
known at this time whether this sensitization is paral
leled by changes in the affinity of cell surface receptors 
for serum components or whether there are differences 
in the coupling between serum component receptors 
and the N a '/H + exchangers. This concl usion must be 
confirmed using another biochemical approach since it 
may have significance to the "in vivo" responsiveness 
of cells to growth-promoting agents. 

BALB/c-3T3 cells are able to regulate their pH'" 
when they are chronically exposed to 10% serum or are 
only acutely deprived of serum, The steeper slope as 
well as the higher correlation coefficient found in 
chronically deprived cells, as opposed to cells in serum, 
support the hypothesis that cells deprived of serum for 
48 hours lose their ability to regulate pH'" in response 
to variations in pH"'. The slopes of the chronically 
deprived cells and the stimulated cells are not signifi
cantly different. This is probably due to the fact that 
these data were collected over several months, with 
anticipated nonsystematic errors, as discussed below. 
However, for a given set of conditions (e.g., pH"' 7.15), 
there are significant differences, which can be mea
sured in a single preparation (Figs. 1,3). As shown in 
Figure 5, the upward trend of data with a larger slope 
obtained from chronically serum-deprived cells, as 
compared with a flatter slope found in cells chronically 
exposed to 10'70 serum, suggest that at some pH". such 
as 7.4, the slopes will coincide. We have consistently 
determined that there is no increase in pH'" in respose 
to serum addition in either acutely or chronically 
serum-deprived cells at a pH" of 7.4 (data not shown). 

A low correlation coefficient for the data in Figure 5 
and Table 1 could come from perfect nonlinear data or 
imperfect linear data. Hence, we must consider the 
possibility that the low correlation coefficient found in 
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TABLE 2. Summnry of results 

Parameters 
Resting pHIR 
Sensitivity to serum 
Mngnitude of response 
Ability to regulnte pHon 
Response time to serum 

Stimulnted 1l0~) 
High 
N.D. 
N.D. 
High 
N.D. 

Acutely deprived 
Low 
Low 
High 
High 

33", 9' 

Chronicnlly deprived 

Low 
High 
Low 
Low 

27", 10' 

I Response lime to serum was detl!nnined na the time it took lin minutes) to reac:h halCQflhe mnximol pHin change an response to changtng aerum levelll (rom 0.21".;
to lOC:;-o Values expres.ou:d represent the menn !: S.D. of at least four expcrimentll for each condition. N.D .... Not detennintd. 

the stimulated and acutely deprived populations could 
be due to a greater variability in pH,n at a given pH" 
(imperfect data), as compared to the chronically de
prived cells. We feel that this is not the case, since the 
pH'" of BALBlc-3T3 cells continuously exposed to 10% 
serum exhibits little population variability, whereas 
cells arrested in Go by serum deprivation have a 
broader range of pHin than do chronically stimulated 
cells (Gillies et aI., 1987; Bright et aI., 1987). This 
indicates that there is more heterogeneity of pHin in 
serum-deprived ~ells, as compared to stimulated cells, 
and thus supports our contention that the low correla
tion coefficient observed in Table 1 for stimulated and 
acutely deprived cells arises from a true nonlinearity of 
the data and not from a greater heterogeneity in the 
pHin of these populations. 

There is, however, a large variability in the data for 
both deprived and stimulated cells (Fig. 5). We feel that 
this is caused by nonsystematic errors inherent in the 
system and does not reflect heterogeneity of pHin 
values. The major parameters causing errors are tem
perature and calibration. As we discussed in greater 
detail in our previous report (Giuliano and Gillies, 
1987), the pK. of pyranine is temperature sensitive, 
increasing by 0.036 pH unitfC. This indicates that the 
temperature must be maintained to :t 1.5°C for pH in 
measurements to be accurate to :to.05 pH unit. Errors 
caused by calibrations are most problematic, since no 
real basis for comparison exist. We must assume that 
the nigericinihigh K + treatment completely breaks 
down the transmembrane pH gradient, that there is no 
significant Donnan potential in the presence of nigeri
cinihigh K +, that the external pH is properly mea
sured, and that the intracellular environment does not 
significantly affect the behavior of the dye. Neverthe
less, these errors arising from inaccuracies in calibra
tion and temperature are the same for all conditions 
and are not significantly different in magnitude from 
those of other methods (Roos and Boron, 1984; Nucci
telli and Deamer, 1982; Bright et aI., 1987; Gillies et 
aI., 1987). These parameters can influence the ob
served magnitude and sensitivity of the pH'" change in 
response to variations in pH"'. These errors are sys
tematic within a single experimental preparation; 
therefore, the individual data points shown in Figure 5 
will be affected by these errors, whereas the trends of 
the data, represented by the slope and correlation 
coefficient, will not. 

A difference of 0.081 pH unit exists between cells in 
the presence or absence of serum at a pH"' of 7.22. This 
difference is lower than those reported by other inves
tigators, which range from 0.13 to 0.26 pH units 
(8chuldiner and Rozengurt, 1982; Cassel et aI., 1983; 
L'Allemain et aI., 1984; Moolenaar et aI., 1984; Hes-

keth et aI., 1985; Bright et aI., 1987). A significant 
difference in these studies is that we used media 
containing 24 mM NaHCOa. Another possible explana
tion for the discrepancy is that different pH"' values 
were employed. Since we demonstrate that pHon is 
affected by pH"', reporting differences in pHon are 
meaningless without comparing the various pH"' val
ues used in those studies. In the extreme case, our data 
predict, and we have observed, that the pHin change 
will be virtually zero at pH" = 7.4. Since this pH"' is 
close to that found in culture, it raises the possibility 
that the pHon change caused by serum is physiologi
cally insignificant. 

These data also show that bicarbonate by itself does 
not necessarily prevent serum-induced alkalinization 
although it does seem to attenuate the response kinet
ics. Similar conclusions have been reached for other 
groups using 3T3 cells (Schul diner and Rozengurt, 
1982; Burns and Rozengurt, 1983; Lopez-Rivas et aI., 
1984; Hesketh et aI., 1985). However, it should be 
reiterated that the pH'" change that occurs upon mito
genic activation is strongly dependent on pHex, and that 
bicarbonate can affect the degree of this sensitivity. 

In summary, these observations indicate that pro
longed serum deprivation of BALBlc-3T3 cells has an 
effect on the magnitude and sensitivity of the pHon 
response to serum. We have also determined that 
serum-deprived cells have a consistently lower resting 
pHon than cells in the presence of 10% serum, that this 
difference in pHon is strongly dependent on pH"', and 
that there is no significant difference between the 
resting pHin of acutely or chronically serum-deprived 
cells. 
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SECTION 2. 

Sphingosine inhibits phorbol 12-myristate 13-acetate-, 
but not serum-induced activation of Na+jH+ exchange 

in mammalian cells. 

(J. Cell Physiol. 139: 125-130, 1989). 
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Sphingosine Inhibits Phorbol 12-Myristate 
13-Acetate-, but Not Serum-Induced, 
Activation of Na + IH + Exchange in 

Mammalian Cells 
ROBERT J. GILLlES,- RAUL MARTINEZ, JUDITH M. SNEIDER, AND PATRICIA B. HOYER 

DeparrmenI oi Biochemistry. Colorado 5t.lte University. F!. Coffins. Colorado 80523 

Addition of serum to quiescent mammalian cells in culture initiates a series of 
events which culminates in DNA replication and cell division. One of the earliest 
events in this sequence of events is activation of Na +/H + exchange. which can 
result in an increase in intracellular pH (pHon). The regulation of this change in 
activity is not known. Since treatment of 313 cells with activators of protein 
kinase C (kinase Cl can result in an increased pH,n. it has been hypothesized that 
serum stimulation of kinase C is responsible for activation of Na ~ IH + exchange. 
Recently. sphingolipids have been discovered to inhibit kinase C both in vitro and 
in vivo. Therefore. we undertook the present study to ask whether or not 
inhibition of kinase C using sphingolipids prevents mitogen·induced alkaliniza
tion in 313 cells. Our results indicate that activators of kinase C stimulate 
Na +/H + exchange in normal human fibroblasts (BoGi). but not in mouse embryo 
(313) cells. Addition of serum to BoGi cells. on top of saturating doses of phorbol 
12-myristale 13-acetate (PMA). results in a further cytoplasmiC alkalinization. 
Furthermore. sphingosine prevents the PMA-induced increase in pH,n in BoGi 
cells. and phosphorylation of an 80 kDa protein in 313 cells. but not the 
serum-induced alkalinization in either BoGi or 313 cells. These data indicate that 
activation of kinase C does not participate in the physiological activation of 
Na +/H + exchange in human fibroblasts or mouse embryo cells by serum. 

Most mammalian cells in culture require serum or 
B550Ciated components for sustained proliferation 
(Baserga, 1985). In the absence of serum, these cells 
will become quiescent. Re-addition of serum to these 
deprived cells initiates a sequence of events which 
culminates in DNA replication and cell division. One of 
the earliest events in this sequence is activation of 
Na+/H+ exchange, which can result in an increased 
intracellular pH (pH'n) (for review, see Moolenaar, 
1986). An elevated pH,n is necessary for some of the 
later events of the activation sequence, such as in
creased protein synthesis (Pouyssegur et aI., 1985) and 
initiation of DNA replication (Lucas et aI., 1988). 
Activation of Na + IH + exchange occurs in response to 
the addition of protein kinase C activators in a number 
of systems, but not in others <Burns and Rozengurt, 
1983; Moolenaar et al.,1984; Vara et aI., 1985; Grin
stein et aI., 1985; Paris and Pouyssegur, 1984; Hesketh 
et aI., 1985). Many researchers have hypothesized that 
kinase C is a necessary and physiological transducer of 
the mitogen-induced activation of Na +/H + exchanger 
in responsive cells (Burns and Rozengurt, 1983; 
Moolenaar et aI., 1984; Paris and Pouyssegur, 1984; 
Pouyssegur et aI., 1985; Vara et aI., 1985; Grinstein et 
aI., 1985; Hesketh et aI., 1985). Recently, sphingolipids 
have been discovered to inhibit kinase C both in vitro 
(Hannun et aI., 1986) and in vivo (Merrill et aI., 1986; 
Wilson et aI., 1986). This finding allows one the oppor-

C 1989 ALAN R. USS. INC. 

tunity to inhibit kinase C during the mitogenic re
sponse. 

We undertook the present study to ask whether or 
not inhibition of kinase C using sphingosine prevents 
the mitogen-induced alkalinization. We have deter
mined that activators of kinase C, such as phorbol 
esters, activate Na +/H + exchange in normal human 
fibroblasts <BoGi) cells, but not in mouse embryo (3T3) 
cells. Furthermore, sphingosine prevents the phorbol
ester induced increase in pHon in BoGi cells, and 
endogenous phosphorylation of an 80 kDa protein in 
3T3 cells, but not the serum-induced alkalinization in 
either BoGi or 3T3 cells. These data indicate that 
protein kinase C is not involved in the serum-induced 
stimulation of Na + /H + exchange in either cell type. 
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MATERIAL AND METHODS 
Cell culture 

BALB/c-3T3 mouse embryo fibroblasts were ob
tained from American Type Culture Collection, Rock
ville, MD (ATCC CCL 163). They were cultured in 
Dulbecco's modified Eagle's medium (DMEM-Gibco, 
Grand Island, NY) supplemented with 10% Nu-serum: 
a synthetic mixture of growth factors supplemented 
with 25% characterized calf serum (Collaborative Re
search, Bedford, MA, and Hyclone, Logan, UT). The 
initial inoculum as received were frozen in DMEM 
containing 10% dimethylsulfoxide (DMSO), and 20% 
Nu-serum, at a density of 1 x 106 cells per freezing 
ampule. The cells were recovered in 75 cm2 tissue 
culture flasks and passed biweekly at an inoculation 
density of 2 x 105 cells per 75 cm2 flask. Cells were 
subcultured for experiments in 90 mm petri dishes at 
105 cells/dish in DMEM plus 10% Nu-serum. BoGi cells 
were grown from a subcutaneous pathological speci
men obtained during minor surgery on a normal, 
healthy, good-looking, and intelligent adult male vol
unteer. Cells were grown out from the 1 g specimen in 
DMEM in 75 cm2 and have a typical fibroblast mor
phology. After this initial inoculum, cultures were 
passaged 75 times before exhaustion. Cells used in this 
study were in passage 15-24. Subsequent culture of 
BoGi cells was as described for 3T3 cells. NIH-3T3 cells 
were a gift from Dr. G. Duester (Dept. Biochem. Colo. 
St. Univ.). Swiss 3T3 cells were obtained from ATCC 
(ATCC CCL 92). 

Intracellular pH detenninations 
Intracellular pH was determined from the fluores

cence ofpyranine as described in Giuliano and Gillies 
(1987). Briefly, cultures were washed with buffer con
taining 5 mM glucose, 2 mM glutamine, 25 mM 
HE PES in HBSS, pH 7.15 (CSB); scrape-loaded with 1 
mM pyranine (McNeil et aI., 1984); and washed and 
inoculated onto coverslips. After 1.5 hours at 37'C, 
coverslips were placed in cuvette and perfused with 
media or buffer at 37'C. pH'" was determined by 
465/405 fluorescence excitation ratio at an emission of 
514 nm using a SLM 4800 fluorometer. In all experi
ments, the external pH was continuously recorded with 
micro pH electrodes (Microelectrodes, Inc., Londonerry, 
NH) in the fluorometer cuvette. 

Phosphorylation studies 

As a measure of kinase C activity we examined the 
phosphorylation of p80, which is a well-characterized 
substrate of kinase C <Rozengurt et aI., 1983; Albert et 
al.. 1986; Blackshear et aI., 1986; Isacke et aI., 1986). 
Briefly. the cultures were washed twice with CSB and 
pre-incubated for 1 hour in the presence or absence of 
10 ILM sphingosine. The cells were then incubated with 
media containing 32[Plorthophosphate (32Pi) at 200 
ILCi/100 mm petri dish at 37'C for 1 hour to label the 
endogenous ATP pool. Sphingosine-treated cells were 
maintained in 10 ILM sphingosine during 32PO. label
ling. Incubation was then continued with or without 20 
nM PMA and incubated for an additional 5 minutes 
(37'C). The reaction was stopped by placing the plates 
on ice, removing the medium, and immediately wash
ing with 4 ml ice-cold CSB. The cells were then scraped 

off the plate with a rubber policeman and washed with 
an additional 4 ml cold CSB. The cell suspension Was 
centrifuged (900 g, 4 'C) and the pellet dissolved in 200 
ILl of 0.1 M phosphate buffered saline (PBS), 2% SDS 
pH 7.0. Samples were solubilized by placing tubes in ~ 
boiling water bath for 2 minutes prior to resolution by 
gel electrophoresis. 

SDS-polyacrylamide gel 
electrophoresis and autoradiography 

Cellular proteins were separated by SOS-poly. 
acrylamide slab gel electrophoresis (SOS-PAGE) as 
previously described (Hoyer and Niswender, 1986). The 
system employed a linear gradient (8-10%) of poly. 
acrylamide with a 4% stacking gel. The gels were 
Coomassie stained, destained, fixed, and dried. Visual. 
ization of 32p incorporation was accomplished by auto. 
radiography with Kodak XAR-5 film (Eastman Kodak 
Rochester, NY). Cellular protein content was deter: 
mined by the method of Lowry et al. (1951) using 
bovine serum albumin <BSA) as a standard. 

Chemicals 
Phorbol 12 myristate 13-acetate (PMA) was obtained 

from both Calbiochem (LaJolla, CAl and from Sigma 
(St. Louis, MO). Phorbol dibutyrate (PdBu) and di. 
octanoyl glycerol (DOG) were obtained from Sigma. All 
of these compounds were solubilized to concentrations 
of 1-10 mM in 95% ethanol. Solutions were stored at 
-20'C in the dark until used and were diluted directly 
in the test media. Sphingosine was obtained from both 
Calbiochem and Sigma and prepared by solubilization 
in 95% ethanol and mixing this in a 1:1 molar ratio 
with fatty acid free BSA (Sigma) at a concentration of 
1 mM in CSB. This mixture was either stored at -20'C 
or directly diluted into the test media. Chemicals used 
for electrophoresis were purchased from Sigma. 
32[P10rthophosphate was obtained from New England 
Nuclear <Boston, MA). 

RESULTS 
Addition of serum to quiescent BALB/c-3T3 cells 

causes an increase in pH'" from 6.9 to 7.15, as illus· 
trated in Figure 1A. The magnitude of this alkaliniza
tion is dependent on a number of factors, including the 
extracellular pH. and the concentrations of both serum 
and bicarbonate (Martinez et al.. 1988 ). It is generally 
accepted that the increase in pHIn is caused by activa· 
tion of a Na+/H+ exchange mechanism (Moolenaar, 
1986). This activation is illustrated in Figure 1E-D, 
where the pH'" of BALB/c-3T3 cells is shown in re
sponse to intracellular acid loads (50 mM sodium 
acetate). Note that the kinetics of pHIn recovery arc 
much slower in the presence of serum at submitogenic 
doses (Fig. 1B), than at mitogenic doses (Fig. 1C). The 
kinetics of re-alkalinization is illustrated in Figure 10, 
where the rate of pH'" recovery is expressed as a 
function of the pHIn for cells in the presence of low and 
high concentrations of serum. These data indicate that 
serum induces a change in the Na + IH + exchange 
mechanism which makes it active at higher pH'" 
values (for a review, see Moolenaar, 1986). In addition, 
this serum-induced activation is inhibitable by 
amiloride and is dependent on external Na + (unpub
lished observations). 

Alkalinization of pH'" and/or activation of Na + IH' 
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fig. I. The effect of serum on pH" and the activity of No-/H' 
"thanger in BALB/c3T3 cells. A: Response ofpH'n to serum addition 
III <tlls deprived of serum for 2 hours (acutely deprived). Perfusion 
... begun with eSB containing Nu-serum at a concentration of 0.2% 
IO.2'l CSB) and was exchanged for eSB containing Nu-serum at 10% 
i10'l CSB) at the time indicated. B: pH,n recovery from sodium 
acetate induced acidification in acutely serum-deprived cells. Perfu· 
• ion wSB begun in 0.2% eSB and. at the time indicated. the buffer was 

exchange has been reported to occur in response to 
kinase C activators. As illustrated in Figure 2C, the 
pH'" ofBoGi cells increases in response to the addition 
ofPMA. Similar results have been obtained a number 
of times with concentrations from 1 to 500 nM PMA, 
with the maximum effect occurring at concentrations 
above 20 nM. In contrast, the data illustrated in Figure 
2B demonstrate that PMA has no effect on the pHIh of 
BALB/c-3T3 cells. This experiment has been repeated, 
with identical results, using a number of experimental 
variables. We have repeated these experiments using 
three types of 3T3 cells: BALB/c, Swiss, and NIH. We 
have repeated these experiments using PMA, PdBu, 
and DOG at concentrations ranging from 2 nM to 5 11M. 
We have added PMA and PdBu in the presence of 
agents which will raise intracellular Ca2 • levels, such 
as A23187 (Moolenaar et aI., 1986) and DEAE dextran 
(Calderwood et aI., 1986) in the expectation that the 
cellular Ca2 • levels might have been so low as to 
preclude activation of kinase C with any level of 
phorbol. We have also determined that kinase Cacti
vators have no effect on the recovery of pHIh to an acid 
load. The results of these experiments consistently 
indicate that activators of kinase C are unable to 
stimulate Na + /H + exchange in BALB/c-3T3 cells un
der a wide variety of conditions. 

Before adding sphingosine to our cells in the fluo
rometer cuvette, we first determined the effect of this 
lipid on the viability of 3T3 and BoGi cells, because it 
bas been reported to be cytotoxic to Chinese hamster 
ovary (CHO) cells (Merrill, 1983). In our hands, sphin
gosine at concentrations from 1 to 100 11M does not 
afTect cell viability during the time required for pHIh 

pHI 1~ I 1~ + 50 mM NaOAc 
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7.2 

exchanged to 0.2% eSB containing 50 mM sodium acetate (306 
mOsmiKg). e: pH" recovery in the presence of 10% Nu-serum. All 
other conditions were identical with those described (8). D: ReIBtion
ship between rate of pH,n recovery and pH,n in acutely serum· 
deprived cells (circles) and cells in 10% Nu·serum (squares). These 
dota were obtamed by plotting the derivative. of data similar to those 
shown in Figure IB.C as a function of the pH,n (see Moolenoar, 1986) . 
Lines represent linear least squares regression of the data. 

studies (up to 5 hours), as evaluated by the exclusion of 
trypan blue. However, after 48 hours under culture 
conditions, sphingosine is cytotoxic to both 3T3 and 
BoGi cells at concentrations above 2 11M (Fig. 3). The 
Km of kinase C for sphingosine is 2-4 /LM (Hannun et 
aI., 1986; Merrill et aI., 1986), suggesting that the 
effect that we are observing is mediated through inhi
bition of kinase C. We have obtained virtually identical 
data from a number of other cell types, such as CHO, 
Ehrlich ascites tumor, Swiss- and NIH-3T3 cells (data 
not shown). 

Since sphingosine is not cytotox;c within our exper
imental time frame, we next tested whether sphin
gosine inhibits activation of kinase C phosphotrans
ferase activity by PMA in 3T3 cells. This was 
determined by monitoring the kinase C-induced phos
phorylation of a polypeptide with an apparent molecu
lar weight of 80 kDa (Rozengurt et aI., 1983; Albert et 
aI., 1986; Blackshear et aI., 1986; Isacke et aI., 19861. 
Our data indicate that 10 11M sphingosine causes 
nearly complete inhibition of PMA-induced 80 kDa 
phosphorylation. Other proteins demonstrating inhibi
tion by sphingosine of PMA-stimulated phosphoryla
tion were identified with apparent molecular weights 
of 42 kDa and 23 kDa (Fig. 41. 

The PMA-induced alkalinization of BoGi cells is 
inhibited by sphingosine, as illustrated in Figure 2D. 
However, inhibition of this phorbol-sensitive alkalin
ization is not sufficient to inhibit the pH'" change 
which occurs upon subsequent addition of serum. Sim
ilarly, sphingosine has no effect on the serum-induced 
pH'" response in BALB/c-3T3 cells, as illustrated in 
Figure 2A. These experiments have been repeated with 
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Fig. 2. The effect of sphingoBine and PMA on the pH;' of BoGi and 
Balblc·3T3 cellB. A.B: BALB/c·3T3 cells. C.D: BoGi cells. A; Sphin. 
gosine doeB not inhibit the serum·induced alkalinization in BALBI 
c·31'3 cells. In this experiment. perfusion was begun in 0.2% CSB. At 
12 minutes. perfusate was changed for one containing 0.2% CSB plus 
10 ",M sphingOBine. After 40 more minutes. perfusate was changed for 
101< CSB with 10 .,oM sphingosine. B: PMA does not increase pHon in 
BALB/c·31'3 cells. Perfusion was begun in 0.2% CSB. At 15 minutes. 
perfusate was changed for 0.2% CSB containing PMA at a concentra· 
lion of 100 nM. After 30 minutes in this buffer. perfusate was 
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Fig. 3. Effect of sphingOBine on cell number. BALB/c·3T3 and BoGi 
cell. were plated in 24·.,.ell culture plates (Flow Labs) in DMEM with 
10'" Nu·serum. After 12 houn of culture. sphingosine was added to 
the wells at the concentrations indicated. After 48 hours in the 
presence of 6phingosine. the cultures were fixed. stained, and absor· 
bance was read. as described in Gillies et al. (19861. 0.0. is directly 
proportional to cell number. Data represent mean and standard 
dervIBlIon. Line. drawn represent third..,rder polynomial fit t.o dato 
ISigma Plot..landel. Inc.). 

three batches of sphingosine from two different 
sources. with concentrations as high as 100 11M. and 
with pre-incubation times of up to 5 hours. None of 
these treatments show any inhibition of either the 
serum-induced pHIn change. or the kinetics of recovery 
to an acid load. These data indicate that inhibition of 
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changed t.o 0.2% CSB containing PMA at 500 nM. After 30 minulot i. 
this buffer. perfusate was changed for 10% CSB containing PMA 8t 
500 nM. C: PMA and serum both stimulate an increase in pH" in 
BoGi cells. Conditions in this experiment were identical with those itt 
B. except that BoGi celis were used and the 100 nM PMA increlllent 
was eliminated. D: Sphingosine inhibits PMA -. but not serulll. 
induced. alkalinization in BoGi cells. In these experiments. IJlhin. 
gosine was present in all buffers. from loading t.o perfusion. at I 
concentration of 10 11M. Except for the continuous presence of .phin. 
gOBine. conditions were identical with those described in C. 
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Fig. 4. Sphingosine inhibition of 80 kDa phosphorylation after PMA 
treatment of BALB/c·31'3 cells in monolayer growth. BALBlc·3T3 
cells were plated (J x 10' celis/IOO mm petri dish) for 48 hours. Prior 
t.o the experiment. cells were washed and .phingostne tlO ~M' wSJ 
added t.o half the cultures. Following 1 hour of incubation. I 'PI po, 
(200 ",ei/plate) was added to each plate for Dn additional 1 hour. At 
that time. 20 nM PMA was added for 5 minutes. as indicated. Lane I: 
Control. Lane 2: PMA.Lane 3: Sphingosine. Lane 4: PMA pi'" 
sphingosine. Samfles were procesaed for protein separation and 
viaunlization of 3 P incorporation 85 described in Materials and 
Methods. NOTE: The amount of protein recovered in the sample 
applied t.o lane 3 was not as great as that recovered in the other 
sampJealdetermined by visual inspection ofCoomBBBie blue Btainiag. 
data not .hown). 
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k'nBse C does not affect the ability of serum to activate 
Ns +/H" exchange in either BoGi or BALB/c-3T3 cells. 

To reiterate, we have shown, by independent tests, 
at PMA activates kinase C in both 3T3 and BoGi 

~lls. We have also demonstrated that sphingosine is 
ble to inhibit the activation of kinase C in both 

svstems, yet it was not able to inhibit the serum
~nduced activation of N a + IH" exchange. 

DISCUSSION 
Activators of kinase C do not stimulate Na + IH + 

exchange in BALB/c-3T3 cells. Similar results have 
been reported in other cell lines (Magnaldo et aI., 1986; 
Mscara, 1986; Restrepo et aI., 1987). However, the 
present results are discrepant with other literature 
reports that have found an effect ofPMA on the pHon of 
3T3 cells (Paris and Pouyssegur, 1984; Grinstein et aI., 
1985; Hesketh et al.,. 19.85). There are a ~umber of 
possible reasons for thiS difference. One pOSSible reason 
is that our cells are cultured using Nu-serum, while 
other researchers have supplemented their culture 
media with fetal bovine serum. Another major differ
ence between our cultures and those from others is that 
our cells are scrape-loaded 1.5-2.0 hours prior to 
experiments. Suspension and reattachment of 3T3 cells 
has recently been shown to induce c-myc and c-fos 
(Dike and Farmer, 1987), implying that oncogene in
duction might inhibit responsiveness to kinase C. How
ever, this would not be a general phenomena, since 
Ns-/H+ exchange of similarly loaded cells (e.g., BoGi 
in this paper, DMSO-treated 3T3 in Martinez and 
Gillies, 1989) is able to respond to PMA. 

It is interesting to note that the addition of serum to 
BoGi cells, on top of saturating doses of PM A, resul ts in 
a further cytoplasmic alkalinization. This phenomenon 
is similar to an observation made by Hesketh et al. 
(1985) using 3T3 cells, although, in that case, it was 
unclear whether the level ofPMA used gave a maximal 
pH response. At the levels ofPMA that we have used in 
!his experiment, we expect the kinase C in the cell to be 
fully activated, since the Km of kinase C for PMA is 
about 7 nM (Nishizuka, 1984), and control experiments 
in our lab have indicated that the pH response of these 
cells to PMA is maximal at 20 nM. Therefore, serum 
can induce an increase in pHon above and beyond that 
which is inducible by PMA, suggesting that serum is 
able to activate Na -IH - exchange by at least one 
pathway that is distinct from that induced by PMA. 

The above data suggest that kinase C does not 
participate in the physiological activation of Na -/H
exchange by serum. This hypothesis is supported by 
\lIe observation that kinase C activators stimulate 
cytoplasmic alkalinization in BoGi cells, that this 
stimulation is not as large as that observed with 
serum, and that inhibition of kinase C with sphin
gosine does not inhibit the serum-induced alkaliniza
tion in either 3T3 or BoGi cells. 

Serum contains a number of compounds which are 
able to activate Na + /H + exchange, such as platelet
derived growth factor (PDGF) and epidermal growth 
factor IEGF). PDGF activation involves the release of 
diacylglycerol and susequent activation of kinase C, 
wHhereas EGF activation does not (Vara et aI., 1985; 

esketh et aI., 1985; Moolenaar, 1986). Hence, our 

data suggest that the serum component which acti
vates Na +/H+ exchange in these cells is EGF-like and 
not PDGF-like. Nevertheless, BoGi cells do alkalinize 
in response to PMA. We hypothesize that this may be 
the result of a promiscuous phosphorylation ofNa + IH" 
exchange by this phorbol-activatable kinase C in this 
sytem. Since, it appears from these results and those 
from others (Burns and Rozengurt, 1983; Paris and 
Pouyssegur, 1984; Moolenaar et aI., 1984; Vara et aI., 
1985; Grinstein et al.; 1985; Hesketh et aI., 1985), that 
activation of kinase C, and hence phosphorylation, has 
the potential to activate Na + IH+ exchange, it is likely 
that some kinase or kinases besides kinase C are 
physiologically active in the induction of cytoplasmic 
alkalinization by serum. Since "kinase C" is actually a 
family of enzymes, it is also possible that the kinase 
activated by serum is a PMA- and sphingo
sine-insensitive i80form of "kinase C". 
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SECTION 3. 

Dimethylsulfoxide modifies the sensitivity of BALB/c-3T3 
cells to the activation of Na+ /H+ exchange 

by phorbol esters. 

(1. Cell Physiol. 139: 131-135, 1989) 
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Dimethylsulfoxide Modifies the Sensitivity of 
BALB/C-3T3 Cells to the Activation of 
Na + IH + Exchange by Phorbol Esters 

RAUL MARTINEZ AND ROBERT J. GILLIES· 
Department of Biochemistry. Colorado State University. Fort Collins. Colorado 80523 

In a companion paper (Gillies et al.: J. Cell. Physiol. 139: 124-129. 19891 we 
show that phorbol esters (PEsl are unable to stimulate Na + /H + exchange in 
BAlB/c-3T3 cells under a wide variety of conditions. The Na + /H + exchangers of 
a number other cell types are also not responsive to PEs yet have been rendered 
responsive by treatment with agents such as dimethylsulfoxide (OMSO). We 
undertook the present study to evaluate whether or not the treatment of 
BAlB/c-3T3 cells with OMSO will induce modifications in the sensitivity of these 
cells to activation by PEs. The present study indicates that a 3-5 day exposure of 
BAlB/c-3T3 cells to 1.25% OMSO leads to changes in the sensitivity of these cells 
to the activation of Na + /H + exchanger by PEs. These changes in sensitivity were 
apparent at day 3 and maximal at day 5. Non·tumor·promoting analogues of PEs 
do not activate Na +/H + exchange, suggesting that the effect is mediated through 
kinase C. Sphingosine prevents PEe, but not serum-induced alkalinization. 
However. the half-time of the intracellular pti (pH'") response to serum was 
increased by sphingOSine. suggesting that kinase C participates in. but is not 
required for. the serum induced activation. Since OM SO does not induce any 
apparent morphological change. the change in sensitivity of Na + /H + exchange 
to PEs is not likely to be related to differentiation. but may be associated with 
structural changes in the Na + /H' exchanger and/or changes in isoforms of kinase 
C which recognize the exchanger as a substrate. 

Recent data from our lab have shown that activators 
of kinase C are unable to stimulate Na+ IH+ exchange 
in BALB/c-3T3 cells under a wide variety of conditions 
(Martinez and Gillies, 1987; Gillies et aI., 1989a). 
Similar results have been reported in other cell lines 
(Magnaldo et aI., 1986; Macara, 1986; Restrepo et aI., 
1987). However, our results are discrepant with other 
literature reports that have shown an effect of phorbol, 
12-myristate 13-acetate (PMA), on the activity of 
Na + IH + exchange of 3T3 cells (Burns and Rozengurt, 
1983; Paris and Pouyssegur, 1984; Hesketh et aI., 1985; 
Grinstein et aI., 1985; Vara et aI., 1985; Moolenaar, 
1986). Therefore, we examined conditions which might 
sensitize 3T3 cell Na+lH+ exchange to activation by 
serum. 

Na + IH + exchange in undiiTerentiated HL-60 promy
elocytic cells is not affected by PE treatment. However, 
DMSO-induced granulocytic differentiation of HL-60 
cells causes their Na + IH + exchange to become respon
sive to kinase C activators (Leftwich et aI., 1987; 
Restrepo et aI., 1987). We undertook the present study 
to evaluate whether the treatment of BALBlc-3T3 cells 
with DMSO induces a similar modification in PE
dependent activation of Na + fH+ exchange. Our pre
sent results indicate that treatment of BALBlc-3T3 
cells with DMSO for 3-5 days induces changes in the 
sensitivity of cells to PMA stimulation. The resting 
pHIO was not affected by DMSO-treatment. Inactive 
analogues of phorbol do not induce cytoplasmic alka-

<t 1989 ALAN R. LlSS. INC. 

linization, suggesting that the effect is mediated 
through kinase C. Furthermore, as we found before 
with human fibroblasts (Gillies et aI., 1989a), sphin
gosine effectively prevented the pHIO increase induced 
by PMA, but not by serum. 

MATERIALS AND METHODS 
Cell culture 

BALB/c-3T3 mouse embryo fibroblasts were cultured 
and prepared for fluorescence as described in Gillies et 
al. (1989a). DMSO-treated cells were cultured in media 
containing 1.25% dimethylsulfoxide <DMSO) (Sigma 
Chemical Co.; St. Louis, MO) for up to 7 days. At the 
times indicated, these cells were scrape-loaded with 
pyranine and prepared for fluorometry in the presence 
of 0.2% Nu-serum in cell suspension buffer (CSB) 
(Gillies et aI., 1989a). DMSO-treatment ofBALBlc-3T3 
cells does not induce any apparent morphological 
changes. On the other hand, DMSO does induce an 
arrest of cell proliferation after 48 hours and a decrease 
in cell volume (data not shown), consistent with other 
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literature reports (Zucker et aI., 1983; Costa-Canellie 
et aI., 1987). Viability was assessed by trypan blue 
exclusion and remained greater than 90%. 

pH determinations 

Intracellular pH was determined by fluorescence of 
intracellular pyranine (Giuliano and Gillies, 1987; 
Gillies et aI., 1989a). For all experiments, an external 
pH (pHex) of 7.1 was used, and was continuously 
recorded with mini-pH electrodes (Microelectrodes, 
Inc., Londonerry, NH) in the fluorometer cuvette. 

RESULTS 

Figure lA shows that untreated, acutely serum
deprived BALB/c-3T3 cells, continuously perfused with 
0.2% Nu-serum in bicarbonate-free CSB (pH 7.1), have 
a resting pHin of 6.65. Addition of 10% Nu-serum to 
these cells results in an increase in pHon which is due to 
the activation ofNa+/H+ exchange (for a review, see 
Moolenaar, 1986). As shown in Figure IB, these un
treated cells do not respond with an increase in pHon by 
adding PMA at either 10 nM or 500 nM, but they do 
respond to the addition of 10% Nu-serum within the 
same experiment. These experiments have been done a 
number of times (Martinez and Gillies, 1987; Gillies et 
aI., 1989a). In contrast, after 3 days of DMSO-treat
ment, BALB/c-3T3 cells respond to the addition of PMA 
with a slight, but significant increase in pH,n (Fig. 2A; 
Table 1). Figure 2A also shows that addition of the 
non-tumor-promoting 4-a phorbol does not result in a 
cytoplasmic alkalinization, suggesting that the effect is 
mediated by kinase C (Grinstein and Furuya, 1986). 
Furthermore, addition of Nu-serum to these cells re
sults in a further increase in pHin. Continued incuba
tion of the cells with DMSO for 5 days leads to a 
maximum response in cytoplasmic alkalinization in
duced by PMA. The increase in pHon induced by 500 nM 
PMA after 5 days of treatment was similar to that 
caused by the addition of 10'70 Nu-serum (Fig. 2B; 
Table 1). 

Cells exposed to DMSO for 1 or 2 days did not 
increase pH in in response to the addition of PMA. 
Similar results were obtained by using phorbol dibu
tyrate or dioctanoylglycerol at concentrations ranging 
from 5 nM to 1 J.LM (data not shown). In control studies, 
we observed that perfusion of either untreated or 
DMSO-treated cells with 1.25'70 DMSO in CSB plus 
0.2% Nu-serum do not result in changes in pHin, at any 
of the times tested. Comparison of the resting pHon in 
both untreated and treated cells shows no significant 
differences between these cell populations (Table 1). 

An alternative way to test for the specificity of this 
activation is shown in Figure 2C, where sphingosine, 
an inhibitor of kinase C CHannun et aI., 1986; Merrill 
et aI., 1986; Wilson et aI., 1986), prevents the increase 
in pHin induced by PMA, but not by Nu-serum in 5 day 
DMSO-treated cells. 

The kinetics of response to serum-induced alkalin
ization was about twice as slow in these sphingosine
and DMSO-treated cells, as compared to untreated 
cells (Figs. lA, 2C; Table 1). The half-time of response 
is measured as the time required for the cells to reach 
half of the new steady-state pHin in response to the 
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Fig. 1. A: Re.ponse of int~acellular fH to serum addition in un
treated BALB/c-3T3 cella. Exponential y growing cella in Nu·serum 
(l0<;[) were wa.hed three time. with CSB and subsequently scrape
loaded with pyranine in CSB Q8 described in Gillies et a!. (l989a). 
After 1 hour of incubation in CSB containing 0.21< Nu·serum. 
ccll-containing coverslips were placed into the fluorometer cuvette. 
Cells were continuou81y perfused with this media. Forty-five minute. 
later. the medium was exchanged for CSB containing 10'k Nu·serum. 
pHIn wos determined by fluorescence of intracelluJar pyranine as 
described by Giuliano and Gillies (1987'. B: PMA does not incre ... 
pHon m untreated BALB-c-3T3 cell •. Cells were prepared IlB described 
for A. Cells were placed in the fluorometer cuvette and perfused with 
CSB plus 0.2% Nu·serum. At the time. mdicated. perfusate was 
changed for 0.2'7< Nu·serum in CSB containing 10 oM PMA and 
thereaner for one containing 500 nM PMA. At 145 minute •• perfusate 
woo changed for 10% Nu-serum in CSB. 

stimulation by either serum or PMA. As shown in 
Table 1. there are no significant differences in the 
half-time of response to serum stimulation between 
these cell populations at any of the times tested. 
Therefore. DMSO treatment does not seem to modify 
the sensitivity of these cells to serum stimulation in 
terms of their response kinetics. On the other hand, the 
response time to PMA stimulation in cells treated with 
DMSO for 5 days indicates that the increase in pHon 
by PMA occurs with slower kinetics as compared with 
the fast increase in pHon induced by 10% Nu-serum 
(Table 1). 
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DISCUSSION 
The activation ofNa' lIP exchanger is illustrated in 

Figure lA, where addition of10% Nu-serum to acutely 
serum-deprived cells in the absence ofHCOa' causes an 
increase in pHon from 6.65 to 6.86. The magnitude of 
this alkalinization is dependent on a number of factors, 
including the pH· .. presence of bicarbonate, and the 
concentration of serum (Martinez, et aI., 1988; Gillies 
et aI., 1989b). The activation ofNa '!H' exchanger has 
also been observed in a number of cell types after 
activation of kinase C with phorbol ester derivatives 
<Burns and Rozengurt, 1983; Paris and Pouyssegur, 
1984; Moolenaar et aI., 1984; Grinstein et aI., 1985; 
Vara et aI., 1985; Hesketh et aI., 1985). In contrast, our 
data show that PMA has no effect on the pH,n of 
BALB/c-3T3 cells (Fig. lB) (cf. Gillies et aI., 1989a). 

However, treatment ofBALB/c-3T3 cells with DMSO 
for 3 days "sensitizes" these cells to PMA stimulation. 
The increase in pHln induced by PMA is probably due 
to an activation of kinase C, since 4-alpha phorbol 
(Grinstein and Furuya, 1986) does not affect pHin (Fig. 
2A), and sphingosine inhibits PMA induced alkaliniza· 
tion (Fig. 2C). Although sphingosine does not inhibit 
the serum-induced pH'" change, it does increase the 
half-time of the response in DMSO-treated cells. Table 
1 shows that the half-time of response to serum in 
DMSO-treated cells occurs with faster kinetics than in 
cells treated with sphingosine (Fig. lA, 2C). Sphin
gosine does not modify the time· response to serum in 
the absence ofDMSO. Therefore, it appears that treat
ment of BALB/c-3T3 cells with DMSO not only modi
fies the sensitivity of the Na'!H + exchanger to PMA 
stimulation, but also to sphingosine inhibition, and 
further supports the hypothesis that kinase C is in
volved in the regulation of Na ~ /H + exchanger in the 
DMSO-treated cells. If we assume that the Na'/H' 
exchanger can be activated through phosphorylation 
by kinase C (Moolenaar et aI., 1983; Grinstein et aI., 
1985) this relative decrease in the velocity of alkalin· 
ization caused by sphingosine may represent the pro· 
portion of the serum-activated pathway in DMSO· 
treated cells which utilizes kinase C. 

The observed changes in sensitivity of BALB/c-3T3 
cells induced by DMSO do not affect the exchanger 

Fig. 2. pH'" sensitivity or BALBlc·3T3 cells to PMA stimulatIOn 
changes with DMSO treatment. Exponentially growing cells in 
DMEM containing 10~ Nu·serum were added with 1.25~ DMSO and 
continuously exposed to thi. compound ror3 days (A), or 5 days (8, C!. 
Thereafter, cells were prepared for fluoromctric studies as described 
in Figure IA (see Materials and Methods!. A: PerfusIOn was begun 
with 0.2% Nu·serum in CSB. At the times indicated, perfusion media 
were exchanged to 0.2<:< Nu serum in CSB containing the Inactive 
phorbol analog 4·u phorbol at 2.5 I'M. At 100 minutes. perfusion 
media were exchanged to 0.2<:< Nu·serum in CSB plus 500 nM PMA. 
A further increase in pH,n was induced by exchange the perfusate to 
10<:< Nu·serum in CSB at the time indicated. B: A maximum sensi· 
tivity to PMA·induced alkalinization occurs after 5 days or DMSO 
treatment. Perfusion was begun with 0.2'k Nu·serum in CSB, and at 
40 minutes. perfusnte WWi exchangl>d to 0.2% Nu-serum containing 
PMA at 500 nM. C: Sphingosine inhibits PMA· but not serum·induced 
alkalinization in cells treated with DMSO ror 5 days. Conditions were 
identical to those described for A and n, except for the continuous 
presence or sphingosine in the buffers. from loading to perfusion ot a 
concentration or 10 I'M. Perfusion began with 0.2<:< Nu·serum in CSB, 
and at 40 minutes, perfusate was exchanged to 0.2<:< Nu·serum plus 
500 oM PMA. At 90 minutes, perfusion media were exchanged to 10''< 
Nu-serum. 
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TABLE 1. Effect of DMSO treotment on pH in response to PMA in 
BALB/c-3T3 cells ' 

pH volues 
pHn 
Resting pH'" 

Final pHln in response to
PMA 

IOtA: Nu-serum 
Respon.cw time (sec) to-

10% Nu-serum 
Serum + sphingosine 
PMA 

Untreoted 

7.08 ::: 0,04 (6) 
6.68 ::: 0.08 (6) 

6.66 ::: 0.10 (6) 

6.88 ::: 0.09"(6) 

21.7 ::: 5.99 (6) 
22.8 ::: 7.80 (6) 

N.A. 

DMSO treoted 

7.09 ::: 0.04 116)' 
6.68 ::: 0.06 116)' 

6.80 ::: 0.06 (3)'" 
6.85 ::: 0.04 (5)'''' 
6.84 ::: 0.04 (6)'''' 

23.1::: 7.20 (6)' 
42.5 ::: 8.40 (3)' .. •• 
51.4 ::: 6.90 (7)' ..... 

I Data represent the mean = S.D. or the No. of experiments shown in parenthesis. 
StatllitiCllI analysis was done by wing the Student-I. test (Snedecor and Cochrom. 
19721. N.A. '" Not applicable. Response time 18 lime from beginning of 
treatment to achieve half-mulmol re8porue valut'. 
23 day treatment. 
35 day treatment. 
4Both.3 and 5 day treatment. 
.p <0.01 vs. resting pHIh. 
•• p< 0.005 va. restmg pH'", 
... p <0,025 VI. absence of sphingosine . 
.... p <0.0005 VII. serum·stimulated.. Otherwise. differencet are not lignificant. 

under resting physiological conditions. Resting pHi" 
was similar in both treated and untreated cells (Figs. 
lA, 2A; Table 1). Moreover, measurement of pH'" 
during the period of! to 7 days ofDMSO treatment did 
not reveal any changes in either resting pHi" or in the 
sensitivity of these cells to serum stimulation (Table 1 
and data not shown). Assuming that the kinetics of the 
pHin changes are dependent on the summed activity of 
Na + IH + exchangers, then the above data would sug· 
gest that untreated cells have just as many activatable 
Na + IH + exchangers as do treated cells. 

The sensitivity of BALB/c-3T3 cells to PMA stimu· 
lation is not affected during the first 48 hours ofDMSO 
treatment. Similar observations have been made in 
HL-60 cells (Leftwich et aI., 1987; Restrepo et aI., 
1987). The mechanism(s) that lead to the functional 
and/or structural changers) induced by DMSO are 
unknown. If it is caused by some type of covalent 
modification, its delayed appearance would suggest 
that the activation of the catalyzing enzyme occurs 
after a long sequence of events. In HL·60 cells it has 
been observed that DMSO induces a threefold increase 
in kinase C activity (Zylber.Katz and Glazer, 1985; 
Lane et aI., 1986). Furthermore, Coussens et al. (986) 
have shown that there is a family of kinase C·related 
proteins. It is possible that DMSO treatment induces a 
shift from an isoform of kinase C which does not 
recognize the Na + IH + exchanger as a substrate to one 
which does. It is also possible that DMSO induces 
structural changes in the Na + IH + exchanger (Costo· 
Canellie et aI., 1987). Another interesting possibility is 
that DMSO induces a link needed to transduce kinase 
C stimulation into Na + IH + exchange activation. We 
are currently exploring whether or not this link in· 
volves the phosphorylation of kinase C or if there is a 
direct phosphorylation of the exchanger by other ki· 
nase(s). 
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SECTION 4. 

Regulation of intracellular pH in BALB/c-3T3 cells:Bicarbonate 
raises pH via NaHCOJHCI exchange and attenuates the 

activation of Na+/H+ exchange by serum. 

(J. BioI. Chern., 266: 1551-1556, 1991). 
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Regulation of Intracellular pH in BALB/c 3T3 Cells 
BICARBONATE RAISES pH VIA NaHCO,fHCI EXCHANGE AND ATIENUATES THE ACTIVATION OF Na'/W 
EXCHANGE BY SERUM" 

(Received for publication, March 12, 1990) 

Robert J. GiIlies:j: and Raul Martinez-Zaguilan 
From the Department of Biochemistry, University of Arizona Health Sciences Center, Tucson, Arizona 85724 

There is abundant evidence implicating a role ror 
intracellular pH (pH,.) in the prolirerative response or 
Dlany cells to mitogenic agents. In mammalian celIs, 
pH,. is generally regulated by two systems: Na+[H+ 
exchange and HCO, transport. Activation or Na+[H+ 
exchange is one or tbe earliest responses or mammalian 
cells to mltogens. In the ahsence or HCO" this activa
tion raises the pH, •. However, in the presence or 
HCO;;, the errect or mitogens on the pH,. is unclear. 
HCO;; regulates pH,. via mechanisms which can either 
acidiry or alkalinize the cytosol, depending on the cell 
type and tissue or origin. BALB/c 3T3 mouse embryo 
cells are employed in the present study because they 
are used extensively in investigations or mammalian 
cell prolireration. Since these cells are or indefinite 
origin, there is no way to predict which HCO, trans
porting system is operable in these cells and, hence, 
what ereect HCO, will have on the pH,. and the re
sponse or pH,. to mitogens. In the present article, we 
examine the mechanism and erfect or HCO'-based pH,. 
regulation. Our results indicate that HCO,-dependent 
pH,. regulation in BALB/c 3T3 cells occurs via Na
HCO.[HCI exchange which raises pH,. under physio
logical conditions. This activity can raise the pH,. to 
above the set point oC the activated Na+[H+ exchanger, 
consequently attenuating the mitogen-induced Na+[H+ 
exchange-mediated increases in pH, •• 

Intracellular pH (pH;.) is a highly regulated and variable 
parameter in the physiology of mammalian cells. Changes in 
pH,. have been reported to occur rapidly in response to a 
number of mitogens. such as serum or purified growth factors 
0-3). These changes have been observed in a wide variety of 
cell types. including fibroblasts. epithelia, embryonal cells. 
and lymphocytes. Generally. mammalian cells regulate their 
pH,. with two different transport activities: amiloride-inhib
itable Na"/H' exchange and stilbene-inhibitable HCO, trans
port (4. 5). Na· IH' exchange uses the Na' gradient to drive 
the extrusion of H' (6). Under basal conditions. this anti
porter acts to maintain the pH •• at a "set point" (7). Activation 
by mitogens results in an unknown modification of the trans
porter which raises its affinity for H' and hence. the set point. 
In the absence uf HCO" its activation has been reported to 
raise the pH ••• prompting many researchers to postulate that 

• This work was supponed by National Institutes of Health Grant 
GM·43046. The costs of publication of this article were defrayed in 
part by the payment of page charges. This article must therefore be 
hereby marked "culvertisement" in accordance with 18 U.S.C. Section 
1734 solely to indicate this fact. 

:t To whom correspondence should be addressed. 

the increase in pH,. is a proliferative trigger (8-10). However. 
in the presence of HCO" the effect of mitogens on the pH,. 
is equivocal 0, 2). It has been argued that HCO, raises pH,. 
above the set point of the activated Na· IH· exchanger. pre
cluding an effect of mitogens on the activity of this trans
porter. If this were true, pH,. could not be a proliferative 
trigger in vivo. Despite the importance of this problem. there 
have been no systematic studies on the effects of HCO, on 
either the activity of Na· IH· exchange or the pH,. in response 
to mitogens. This is the subject of the current article. 

Prior to such an analysis, the activity of HCO, -based pH;. 
regulation system must be partially characterized. Regulation 
of pH," via HCO, transport in mammalian cells falls into 
three general categories: CI-/HCO, exchange. electrogenic 
Na"/HCO, exchange, and NaHCO,/HCI exchange (4). CI-I 
HCOj exchange has been observed in many cell types, such 
as epithelia, Ehrlich ascites tumor cells, kidney BSC-l cells, 
vero cells, and erythrocytes. It is hypothesized to give rise to 
chronic acid loading, since the inward-directed Cl- gradient 
generally exceeds that for HCOj. These conditions favor CI
influx and, hence. HCO, efflux and acid loading of the cytosol. 
Electrogenic Na'/HCO, transport mediates the constant ef
flux of HCO, from selected epithelial tissues. by co-trans
porting 2-3 equivalents of HCO, out per Ns' in. The only 
activity reported to mediate HCO, influx under physiological 
conditions is NaHCO,/HCI exchange. This activity is repre
sentative of a family of transporters which have been observed 
in a variety of cell types. including cultured fibroblasts. A431 
carcinoma cells. vero cells. and kidney epithelial cells. There
fore. HCO, can either increase the pH, •• with NaHCO,/HCI 
exchange-mediated influx of HCO,. or decrease the pH,., with 
the CI- gradient- or electrogenically driven efflux of HCO,. 

In this article we examine the activity of the HCO, ·de
pendent pH,. regulating system in BALB/c 3T3 cells. These 
cells are phenotypically normal in that they exhibit density
dependent inhibition and require substratum attachment for 
growth. Consequently, they are commonly used in investigat
ing the regulation of mammalian cell proliferation (11. 12). 
Because these cells are of undefined origin, it is impossible to 
predict which type of HCO,-dependent activity they possess 
and hence, what effect HCO, will have on the pH,. and its 
response to mitogens. The activity of the CO,fHCO:; buffering 
system is investigated by monitoring the pH" in response to 
cytosolic acid and alkaline loads. the addition of exogenous 
HCO" and the effect of ion substitutions. The results indicate 
that HCO, crosses 3T3 cell membranes via NaHCO,/HCI 
exchange, that its effects are saturable. and that pH buffering 
by this system is extremely dynamic. Under physiological 
conditions, this system causes pH," to be higher in the pres
ence of HCO,. This higher pH,. attenuates the activity of 
Na'/H> exchange to a degree predictable by its effects on 
pH,n' 
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MATERIALS AND METHODS 

Cell Culture-BALB/c 3T3 mouse embryo fibroblasts were ob· 
tained from the American Type Culture Collection (ATCC eCL 163). 
Thev were cultured in Dulbecco's modified Eagle's medium (Gibco, 
Grand Island, NYI, supplemented with 10" Nu·serum (Collaborative 
Research Inc .. Lexington, MAl. The initial inoculum as received was 
grown to 70% can fluency in 300 em:! at which time the cells were 
frozen in Dulbecco's modified Eagle's medium supplemented with 
111':;, dimethyl sulfoxide, and 20% NU'serum, at a density of I x 10' 
cells/freezing ampule. These cells were recovered every 6 weeks in 
7.::;·em: tissue culture flasks and passed biweekly at an inoculation 
density of 2 x 10-' cells/75·cm' flask. Cells were subcultured for 2 
weeks prior to being used for experiments. For experiments, cells 
were inoculated into 90·mm Petri dishes (for pyranine experiments) 
or Petri dishes contllining 9 x 22·mm cQverslips I for experiments 
using SNARF-I)' at a density of 10' cells/dish in DullK-rro's modified 
Eagle's medium plus \0% Nu·serum. On the follOWing day, these 
cuhures were prepared for fluorescence detcrminot ion of pH\n os 
described below. 

Fluorescence Measurements-Intracellular pH wa. determined by 
lluorescence of either intracellular pyranine (8·hyd""~l'yrene-I,3,6· 
trisulfonic acid) or SNARF-I (N,N-dimethyl-I,5-(and HI·hiscarboxy
Seminapthorhodofluor) as indicated in the legend •. In pyranine ex
periments, the dye was scrape-loaded into cell. a. d .... ribed by 
McNeil et 01. (3), and subsequently treated as d ..... rih.d fully by 
Giuliano and Gillies (4). Briefly, scrape-loaded cell ... ere allowed to 
attach to 9 x 22'mm coverslips at 37·C for I h, olter which they 
were washed and allowed to settle an additional :1 h I""" to analysis. 
In HCO, experiments, attachment took place in 0 ,,', CO, at mos· 
ph ere, whereas in HCO,,-free experiments, ottochment took place in 
o modular incubator <Bel-Art plostics), equilibroted with air. In 
experiments using SNARF-I, the dye was looded inlCl cells )!rown on 
covers lips in their acetoxymethylester forms, as de ... rihed previously 
(5). Briefly, cells on covers lips were incubated for 2 h in CSB, 
followed by 30 min at 37 ·C in CSB (see belowl containing 20 ~M 
SNARF-I (AM). Following this, cells were rinsed Ihree limes with 
CSB and incubated a further 30 min to ensure complete ester hy
drolysis. Fluorescence wa. determined using either on SLM-48oo or 
SLM·8000C spectrofluorometer outfitted with a flow'lhrou)!h device 
for sample perfusion (16). Two covers lips containin)! rells were 
mounted in the holder back to back and were continuously perfused 
at I ml/min. Sample temperoture was maintained ot 3i ·C by keepin)! 
hoth the water jacket ond the perfusion media ot 3i ·C. The fluores
cenre ratio melhods used for these dyes are de,;cribed elsewhere 04, 
15). The extrocellulor pH (pH .. ) wos continuously monitored with 0 

small pH electrode in the cuvette (Microelectrodes, Inc .. London· 
derry, NH). All cells were out of serum-containing medio for 0 
minimum of 3 h prior to anolysis. Parallel studies hove shown that 3 
It is sufficient to develop complete pH,. response to mitogens (dota 
nol shown). 

Data Analysis-Half·maximal response time was determined as 
the time it takes farthe pH,. to reach half of its finol value. Beginning 
pH,. ond time were taken at the nodir, for realkalinization, or al the 
zenith, for reocidification experiments. Velocities were determined by 
least-squares fitting the recovery curve using 8 simplex least squares 
litting routine (MINSQ; MicroMalh Softwore, Soil Loke City, UTI 
nnd calculating the dpH/dt at 0 pH,. of 6.80. 

Buffers and Chemicals-Cell suspension buffer (CSBI contained 
\.:1 mM CaCl" I mM MgSO .. 5.4 mM KCI, 0.44 mM KH,PO., 110 mM 
NaCl, 0.35 mM Na,HPO., 24 mM NoHCO" 5 mM glucose, 2 mM 
)!Iulomine, and 25 mM HEPES at a pH of 7,15, ot 37 ·C. The salt 
components of this buffer were olway> prepared ot least a doy in 
ndvonce of experiments to allow for equilibrium dehydration of 
HCO;, while the organic components were alwoys added immediately 
prior to experiments, to ovoid bacteriol contamination. All buffers, 
rc~ordless of constituents, were stored in glass bottles with no heod 
>poce to prevenl equilibration of HCO,; with the atmosphere. For 
experiments last in)! longer than 3 h, perfusing buffers were overlaid 
with mineral oil, also to prevent equilibration of CO, with the atmos· 
phere. For HCO.1-free CSB, 24 mM NaCI wos substituted for the 
NoHCO, in CSB. Sodium-free CSB contained 110 mM (3 x recrys
tollized) choline CI- in lieu of NaCl, as well os K- salts of phosphate. 

'The abbreviotions used are; SNARF-I, N,N·dimethyl-I,5-(ond 
(i·j·biscarboxy-Seminopthorhodafluar; CSB, cell suspension burfer; 
HEPES, 4·(2·hydroxyethyI1-l-piperazineethanesulfonic acid; DIDS, 
4,4' -diisothiocyanostilbene-3,3' -disulfonic ocid. 

CI- -free CSB contained 100 mM No gluconat. in lieu of NaCl, 5.4 
mM K - gluconate in lieu of KCl, and 1.3 mM Ca-gluconate in lieu of 
CaCI,. DlDS-CSB contained 10 pM, 4.4' -diisothiocyanostilbene-3,3'
disulfonic acid /OIDSI (Sigmo). Both free acid ond ester forms of 
fluorescent dves were obtoined from ~.Iolecular Probes (Eugene, Or· 
egonl. All other chemicols were obtained from Sigma. Preincubation 
with DIDS for \0 min out of the cu\'ette wos nece.sa", becouse its 
fluorescence interferes with thot of pyronine. Therefore. it was un
feasible to odd it ot the same time 85 Dcetate nnd retDln some 
confidence in the determined pH,. values. However, DIDS does not 
interfere with SNARF -I fluorescence and preliminary experiments 
hove shown thot it induces 0 decrease in pHlfI' 

Sodium Measurements-The rote of sodium influx wos determined 
using 0 modificotion of the technique described by Vicentini and 
Villereal (I il. Cells were grown in 24-well plates (Flow Labs) for 24 
h, at which time their medium wo. exchanged for one contain in)! 
0.2<;; Nu·serum to induce quiescence. 36-40 h thereafter, the medium 
was removed ond replaced with one containing 0.2 or 10% Nu-serum 
and further preincuboted for 30 min in the presence or absence of 10 
mM amiloride in order to distinguish the amiloride-sensitive Na+ 
influx. No- influx was initioted by replacing this media (with or 
without amiloride ond/or Nu-serum) plus I mM ouaboin, at various 
pH., volues. Inactivation of Na+/K+-ATPase by oURboin initiates 
internal Na- looding, the rote of which is proportionol to the inward
directed Na- flux. At time points of 5, 10, and 30 min thereafter, the 
medium wa. removed, ond the cells were wo.hed four times with I 
liter of ice·cold isotonic MgCl, to remove extrocellular Na+. Cells 
were then lysed with 5% onalytical grade trichloroacetic ocid (Mol
linkrodt Chemicol Worksl which wos pre·treated with Dowex chelat· 
ing resin (Sigma). The Na- content of this extract was determined 
hy atomic obsorption spectrometry using 0 Na+/K+ lomp (Perkin· 
Elmer). Protein wo. determined in the solution remaining in the 
plate after otomic obsorption anolysis using the Lowry method 081 
WIth bovine serum olbumin as a standard. Data were expressed as 
millimoles of Na·/mg of protein. Control experiments indicated that 
10 mM amiloride was necessary to obtain consistent and significant 
inhibition of increasing cell Na+. This inhibition was probably me· 
diated through Na+/H+ exchange, since the effects were pH-depend
ent. whether or not serum was present. 

RESULTS 

Ellect 01 HCO;; or NU-5erum on Recovery 01 Cells to Cyt050lic 
Acid 1.0005-The protonated form of acetate is much more 
membrane permeable than is the deprotonated form. Thus, 
addition of acetate to cells induces an acute acid load to the 
cytoplasm. This load is rapidly removed from the cytoplasm 
by either serum-stimulated Na-/H+ exchange or by anion 
meO,,) exchange. Therefore, in the absence of Nu-serum and 
HCO

" 

both ofthese systems should be relatively inactive and 
recovery to acetate-induced acid load should be slow. This is 
illustrated in Fig. lA. Addition of 50 mM acetate induces a 
decrease of pH,n of 0.29 pH unit: from 6.92 to 6.63. The 
intracellular acid load (lHAcl .. ) can be approximated by: 150 
mM/10"H .. _ pll,.ll. In this case IHAcl,n is about 15 mM. The 

intracellular buffering capacity can be estimated to be 15/ 
0.29 = 52 mM H+ /pH unit. Results from a number of similar 
experiments are presented in Table la. Under these condi
tions, the pH,n recovery occurs with an initial velocity (V,.,,) 
of 7.3 x 10-:0 pH unit/min. The H+ extrusion rate is thereCore 
approximately 0.37 mM H+ /min, Since the activities of H+ 
transport systems are dependent on pH,n, H+ extrusion rates 
were calculated at a single pH,n value (e.g. 6.80), In the 
presence oC 24 mM HCO:i, however, the pH .. recovers much 
Caster, as shown in Fig. IB, In this case, 50 mM acetate also 
decreases pH,n by 0.28 pH unit. However, since the starting 
(and final) pH,n is higher than in the absence of HCOj. The 
finallHAcl is also higher; approximately 21 mM. The calcu
lated bufCering capacity is thereCore approximately 84 mM 
H+ /pH unit. This is consistent with the added presence oC 
HCO:; and is similar to values obtained previously (14). This 
recovery occurs in 20 min with a V .. " oC 35 x 10-' pH unit· 
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min- I fTable Ib). This corresponds to a H+ extrusion rate of 
approximately 2.94 mM H+ Imino The presence of HCo..i there
fore increases the acid recovery rate at least 5-fold. The 
activities of the major H+ extruding systems increase with 
decreasing pH, •. The effects of HCo..i arc therefore even more 
significant, since this more rapid H' extrusion is occurring at 
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FIG. I. Response of pH,. of BALBlc 3T3 cells as measured 
by the nr.:~r!):x£nce of pyrunine. Cells were prepared as described 
under "Materials and Methods,"' and fluorescence was monitored at 
465, 415. and 405 nm excitations usinf:! on SLM 4800 scanning 
fluorometer. In A-E cells were incubated either in the absence IA lor 
tbe presence fE-EI or physiolo~ic"1 concentrations of HCO;, then 
challenged with isosmotic CSB containing 50 mM acetate in lieu of 
NaCI. In F-H. cells were perfused witb HCO;-free CSB and chal
lenged with HCO.i-containing CSB. In I and J cells we .. perfu .. d 
witb eitber HCOi -free CSB If) or complete CSB IJ), then challenged 
with CSB containing 10 mM NH.CI. In all experiments. pH,. values 
were confirmed by perfusing cells with nigericin/K- buffer, pH i.05, 
at tbe end of each experiment (5). 

a higher pH,. (cf. Table I, a and b). Notice also that the 
kinetics of acidification following acetate addition are faster 
in the presence of HCOi. 

In the absence of HCo.7, the recovery rate can also b. 
stimulated by serum (19), which increases the HCo.7 -inde
pendent recovery rate about 2-fold: to 13 x 10-" pH unit· 
min- I (Table Ie). This latter stimulation is inhibited byamil
oride (see below), suggesting that it occurs via Na' /H+ ex· 
change. The higher dpH/dt, combined with the larger buff
ering capacity (see above), belies a more rapid H' extrusion 
rate in the presence of HCo.:i. 

HCOj-dependent Recovery Is Inhibited by DIDS and De
pendent on Na+ and cr -OIDS reacts with free amino group • 
through an Edman reaction. It is 0 potent and relatively 
specific inhibitor of anion exchange in vertebrate cells (20). 
As shown in Fig. Ie and Table Id, OIDS inhibits the HCo..7-
dependent recovery kinetics: decreasing \',"" from 35 to 9 x 
10-' pH unit· min-I. The dpH/dt in the presence of OIDS is 
faster than that observed in the absence of HCo.:i (cf. Table 
I, a and d). Since buffering power is higher in the OIDS 
experiment (presence of HCo.;-), the differences in dpH/dt i. 
even greater. These data suggest that a portion of the HCo.: 
transporting activity is OIOS insensitive. However, most 
HCo.; transport in these cells occurs via OIDS-inhibitable 

. anion exchange. HCo.;i -dependent pH,. recovery is also inhib· 
ited by the substitution of gluconate for CI- or choline for 
No' in the perfusion buffer. These treatments both reduce 
V .. " from 35 to about 7 and 10 x 10-' pH unit· min-I for No' 
ond CI- depletions, respectively (Fig. 1. D and E, and Table 
I, e and fl. Removal of Na- would also be expected to inhibit 
Na· /H' exchange, while CI- removal should not inhibit thi. 
process. Recovery in the obsence of Na+ then should represent 
the minimum possible rate. These data indicate that both CI
and No' participate in HCo.;- -based pH,. regulation. 

HCD;-induced Alkalinization Is Inhibited with DIDS or 
Deprivation for Na' or cr -An alternative method to evalu· 
ote the effect of HCo..i on pH,. is to add HCo., to cells which 
were at steady-state pH .. in the absence of HCo.i. Under 
these conditions, HCo.;- (and Co.,) enters the cells and estab· 
lishes a new equilibrium. This new equilibrium results in .. 
higher pH", as illustrated in Fig. IF. In this experiment. 
HCo., -depleted cells have a steady-state pH,. of about 6.88 01 

on external pH of 7.10. Addition of HCo..i causes a transient 
intracellular acidification followed by a rapid alkalinization 
to a pH,. of near 7.10. In this case, alkalinization occurs at a 
rate of 28 x 10-3 pH unit·min- I (Table Ig). The kinetics 01 

this re-equilibration in response to added HCo.; are signifi· 
cantly inhibited by OIDS or the absence of Na+ (Fig. I, Gone 

TADLE I 

Effect of HCO; on steadY'Mate and recuuerinR pH" mu.<' Ix- carried out at same pH" L'alur 

Initial condition Treatmrnt dpH,,,/dt" te.: pH .. ' pH ..... 

lol-HCO, 50 mM NaOAc 7.2 ± 3.7 33.8 ± 8.5 7.14 ± 0.03 6.8U:!: 0.08 6 
Ib) +HCO; 50mM NaOAe 34.9:!: 5.1 19.8 ± 3.i 7.15:!: 0.0:1 6.9K ± U.08 6 
(el -HCO; + serum 50 mM NaOAc 13.2:!: 5.6 18.5 ± 2.1 i.12 ± 0.03 6.96 ± 0.03 fi 
Id) +HCO; + DIDS 50 mM NoOAc 9.:1:: 0.7 51.3 ± 1r..0 i.16 ± 0.04 6.92 ± 0.2i 3 
lei +HCO; - CI- 50mM NoOAc lOA ± 0.3 52.0:!: 12.2 7.15 ± 0.04 i.02 ± 0.06 3 
(0 +HCO; - No+ 50 mM NaOAc 6.6 ± 2.9 46.8:!: 15.0 i.16 ± 0.06 i.08:!: 0.09 3 
(g) -HCO; 24 mM HCO; 28.0 ± 11.1 19.0 ± 6.5 i.11 ± 0.03 6.80 ± 0.18 3 
(h) -HCO.i + DIDS 24 mM HCO, 30.0 ± 2.4 21.7 ± 7.6 i.IO ± om 6.9:1:!: 0.10 a 
Ii) -HCO; - Na' 24 mM HCO, 22.0 ± 8.2 37.5:!: 15.5 7.12 ± 0.03 6.93:!: 0.05 4 
(j) +HCO; IOmM NH.CI 15.7 ± 0.7 11.5 ± 1.3 7.18 ± 0.04 i.16 ± 0.09 4 
ckl-HCO; IOmM NH.CI 7.5 = 0.2 12.3:!: 0.7 i.09 ± 0.08 7.12:: 0.12 oj 

• Velocity of pH" recovery (x 10-" pH unit.min- I
) calculated at pH,. in 6.80. 

"Time to half-maximal pH change (minutes) . 
• External pH ± S.D. throu~hout experiment, as measured in the fluorometer cuvette. 
d Intracellular pH ± S.D., prior to treatment. 
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H, and Table I, h and i). As shown in the figures, these 
treatments also increased the magnitude and lifetime of the 
transient acidification associated with the addition of HCOj. 
Notice that Na- removal does not completely inhibit the rate 
of HCOj -induced alkalinization. This indicates the presence 
of a No--independent transport activity, possibly involving 
transbilayer movement of H- equivalents. 

The IntraceUular pH Chonge Induced by Addition of HC()j' 
Is Mll%imal at Low Concentrations-The increases in pHin 
observed in Fig. 1, F-H, and Table I, g-i, were induced by the 
addition of 24 mM HCOj" to cells that were previously in the 
absence of HCO, . This effect of HCO, on the pH,n of HCO, -
depleted cells is concentration-dependent, as shown in Fig. 
2A. In this experiment, perfusion was begun in 0.1 mM 
HCO, and, at various times thereafter, pH = 7.00 buffer of 
increasing concentrations of HCO, were added, up to a max
imum of 25 mM. Under these conditions, each increase in 
HCO.i concentration induces a transient acidification fol
lowed by a prolonged alkalinization to a new steady-state 
pH,n' Cytoplasmic alkalinization is virtually complete after 
the addition of HCOj to 5 mM. Fig. 2B illustrates data from 
several such experiments, wherein the pH'n recovery was 
determined at various concentrations of HCOj. These data 
show that half-maximal alkalinization is achieved at 0.55 mM 
HCOj. 

Recu:idification of the Cytosol in Response to an Alkaline 
Load Occurs with Slow Kinetics-The bidirectionality of 
HCOj transport was investigated by monitoring the recovery 
of cells to an ammonium-induced alkaline load. In these 
experiments, cells were first perfused with CSB (with or 
without HCOj), followed by perfusion with CSB containing 
NH.CI, which induces a rapid alkalinization, followed by a 
reacidification. As shown in Fig. 1, I and J, and Table I, j and 
k, the kinetics of reacidification are slightly faster in the 
presence of HCOj. The pH,n recovery rates reported here are 
slower than those reported elsewhere (for reviews, see Refs. 
1-4). Notice also that, in the absence of HCOj. NH.Cl induces 
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FIG. 2. Response or BALBlc 3T3 ceUs pH to addition or 
HCO, as measured by fluorescence or pyronine. Conditions for 
A were identical to those described for Fig. IF, except that HCO; 
concentration in buffer was increased stepwise. B represents the mean 
~ S.D. from 5 similar experiments. Dotted line represents least· 
square. fit to one·component exponential. This fit indicates a half· 
maximal alkalinization at 0.55 mM. 

a slower alkalinization, to a lower final pH'n, as compared to 
cells in the presence of HCO,. 

HC()j' Attenuates the pH,. Response to Nu-Serum in a pH .. -
dependent Fashion-In Fig. 3, A-C, we illustrate the effect of 
Nu·Serum on the pHin of BALB/c 3T3 cells under three 
different conditions: high pH .. with HCOj (Fig. 3A),low PH.. 
with HCO, (Fig. 3B), and low pH.. without HCO, (Fig. 3C). 
In the cells without HCOj, the pH,n response is large; increas· 
ing by 0.4 pH unit over a period of 30 min. At the same PH.. 
in the presence of HCO" the resting pH,n is higher than in 
the absence of HCOl , and Nu-serum induces an increase in 
pHin to approximately the same value observed in HCOj -free 
buffer. In the presence of HCO, at high pH ... Nu-serum not 
only does not raise the pH,n, it causes a decrease in pH,n' Fig. 
4A illustrates the entire titration curve for these phenomena. 
In this figure, we present the data as the change in pHin 
caused by serum, as a function of the external pH in the 
presence and absence of HCOj. Note that, at high pH.. value. 
(7.6), the two curves virtually coincide, indicating no effect of 
HCO, on the pHin response. At moderate pH.. values (7.0-
7.5), the pH'n response of cells in the presence of HCOj" is 
attenuated relative to that of ceUs in the absence of HCO,. 
Also, notice that, in the presence of HCO" there is no increase 
in pHon at pH.. values above 7.3. Plotting the change in pHin 
as a function of pHin yields the curves shown in Fig. 4C. From 
pH .. 6.7 to 7.6, the effect of Nu-serum on pH'n is dependent 
only on the initial value of pH'n and is not affected by the 
presence or absence of HCO,. 

HC()j' Attenuates Activation of Na+/H+ Exchonge by Nu
Serum at High pH .. - The previous experiments indicate that 
HCO, raises pH'n and attenuates serum-induced changes in 
pHon. However, they do not directly demonstrate the involve
ment of Na+ tH- exchange in this process. To investigate this, 
we have monitored the effect of Nu·Serum on amiloride
inhibitable Na- influx in the presence of physiological 
HCO, levels. These results are shown in Fig. 4B. In these 
experiments, cells are incubated at the various pH.. values in 
the presence and absence of ouabain, amiloride, and/or Nu
serum. In the absence of ouabain, the Na+ levels are steady
state in the presence or absence of amiloride and/or Nu
serum (data not shown). Addition of ouabain prevents the 
extrusion of No- and hence, the rate of increase in intracel
lular No- is a measure of its inward-directed flux (17). In 
these experiments, we took samples at various times after the 
addition of ouabain in the presence and absence of Nu·serum 
and/or amiloride, fit the data by least squares linear regres· 
sion, and took the slope (dNa-/dt) as the flux. The difference 
between exchange activity in the presence and absence of Nu
serum (adNa+ /dt) is the rate of serum·stimulatable No
influx. As shown in Fig. 4B, this rate increases with decreasing 
pH, reaching a maximum at pH.. = 6.B. This influx is abol-
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FIG. 3. Response or cells to tbe addition or 10% Nu-eerum 
at diUerent PH.. values in tbe presence (A and B) and absence 
(e) or IICO,. as measured by pyronine. Cells were perfused under 
the conditions indicated in the presence of 0.2~ NU·8erum. At the 
tim •• indicated by the arrow!, perfusate was switched for one con
taining 10<;;, Nu-serum. 
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FIG. 4. Responses o( pH •• (A and 
C) ond net nmilorlde-inhibitable in
ward-directed No" flux (B and D) 
(allowing Nu-serum addition to 
quiescent cells. pH •• was measured by 
SNARF·l and Na+ fluxes were deter
mined as described under "Moterials and 
Melhods." A iiiustrates the pH.. re
!'ponse to cells in the absence (e) or 
presence (0) of phY5iolo~ic81 concentro· 
lions of HeO, as n function of pH ... C 
replots these same data 88 n function of 
the measured pH," prior to Nu-serum 
oddition. B iiiustrates the serum·stimu· 
lated/serum·stimulatable No- flux in 
nanumoles/min/mg of protein (inward = 
positive) as a (unction of pH .. in the 
presence (0) or absence (e) of amiloride. 
[) illustrates the difference between 
these two curves (serum-stimulatable 
Na- flux) as a function of the pH •• cal· 
culated from the relationship between 
pH •• and pH .. determined in A and C. 
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ished with amiloride. The data used to generate this Figure 
indicate that the effect of amiloride is pH-dependent (e.g. 
increasing with decreasing pH) in the presence or absence of 
serum. We take these observations to suggest that amiloride 
acts by inhibiting Na" /H" exchange. As illustrated in this 
Figure. there is no effect of Nu·serum on Na+ influx at a pH.. 
above 7.4. yet there are significant effects at pH .. values 
between 7.0 and 7.3. Notice that the effect of pH.. on serum
stimulated Na- influx coincides with its effects on serum
induced changes in pH •• (cl. Fig 4, A and B). In parallel 
experiments we observed that pH •• was approximately equal 
to pH .. under these conditions. Therefore. transformation of 
data from pH .. to pH.n involved only minor corrections. Fig. 
4D illustrates the effect of varying pH.n on the serum·stimu
lated. amiloride-inhibited Na+ influx. This curve is very sim
ilar in appearance to that shown in Fig. 4C. suggesting that 
the change in pH •• and Na' influx are related (e.g. via Na+ / 
H" exchange). 

DISCUSSION 

Anion Exchanger 01 BALB/c 3T3 Ce/Is Is Sodium-dependent 
Ct-HCo; Exchange-The accumulated data in this study 
indicate that the HCOr transport system of BALB/c 3T3 
cells appears to be a member of the NaHCO,/HCI exchange 
family. Fig. I, A and B. and Table I. a and b. illustrate that 
recovery of the cytoplasm from an acetate-induced acid load 
is significantly stimulated by the presence of HCO;-. This 
HCO.I-stimulated recovery is inhibited by DIDS and requires 
the presence of both Na' and Cl" (Fig. 1. C. D. and E. and 
Table I. d. e. and fl. HCO.i -stimulated recovery is not affected 
by amiloride. Data in the presence of HCO, and 1-10 mM 
amiloride are indistinguishable from those in Fig. 1B and 
Table lb. Data in the absence of HCOj and presence of serum 
and 10 mM amiloride are identical to those in Fig. lAo The 
data in Fig. 1. F-H. and Table I. g-i. illustrate that HCOj 
entry into these 3T3 cells increases the pH.n and this increase 
is also inhibited by DIDS and requires external Na+. These 
data support the conclusion that HCO;; buffering in BALB/c 
3T3 cells utilizes Na+ -dependent CI-/HCO;- exchange. Since 
the current data do not indicate the stoichiometry of the 
transported species. we cannot unequivocally state the exact 
nature of the transporting activity. or even whether it is 
electrogenic. 

HCcr. Buffering System in BALB/c 3T3 CeUs Is Dynamic
The effect of HCOj on the pH •• is maximal above a concen-

7.' 
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tration of 5 mM. as shown in Fig. 2. These data illustrate that 
addition of as little as 0.55 mM HCO;- can cause a significant 
intracellular alkalinization. For 0.55 mM HCOj' to have a 
measurable effect on pH; •• we believe that the HCOj' buffering 
system in these cells must involve a rapid recycling of CO, 
across the membrane. The physiological relevance of these 
rapid kinetics is impossible to assess without reliable data on 
the magnitude of intracellular acid load. 

Under conditions where the HCOj transport system is 
inhibited and only basal activity of Na· /H+ exchange is 
present. the recovery from an acid load occurs at a VI." of 8 
x 10-3 pH unit/min (Table Ia). This should be contrasted to 
the recovery raw of 35 x 10-> pH unit/min in the presence of 
active NaHCO./HCI exchange (Table Ib). This comparison 
indicates that HCO;- buffering is significantly more active 
than is unstimulated No+ /H+ exchange. 

HCo; Attenuates pH •• Response to Nu-Serum in a pH .. -
dependent Fashion-The above data consistently indicate 
that HCOj raises the pH •• of BALB/c 3T3 cells. Figs. 3 and 
4 illustrate that HCO; and/or high pH.. can raise the pH .. to 
a value high enough to preclude further alkalinization induced 
by mitogens. The pH .. value at which there is no effect of 
Nu·serum is lower in the presence of HCOj (7.3) than in its 
absence (7.5). These values are interesting. because a pH.. of 
7.3 in the presence of physiological HCOj are typical for 
culture conditions. These observations are consistent with the 
literature in that. some researchers have observed no pH •• 
response to Nu-serum or growth factor addition in the pres
ence of HCO;-. whereas others have (see Refs. 1 and 2 for 
reviews). Since most of these studies do not systematically 
report the pH .. values. the most likely explanation for this 
discrepancy is that those observing a pH •• change were work
ing at a lower pH ... The data in the range 7.0-7.3 illustrate 
that HCO;- attenuates. but does not necessarily prevent. the 
pH •• response. Under more acidic pH.. conditions. the pH.n 
response of cells in the absence of HCOj is not observed. 
whereas it is enhanced in the presence of HCOj. This is 
probably due to the inhibition of the Na' /H+ exchanger at 
more acidic pH .. values (21). Since HCOj maintains a higher 
pH... the exchanger is not inhibited at these acidic pH.. 
conditions. In all of these studies. we have used HCO;- at 
physiological concentrations. This means that, as the pH .. is 
lowered. the HCO, concentration decreases. such that. at 
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pH .. 6.B, the bicarbonate concentration is only 6 mM. How
ever, HCOi' -dependent pH,n regulation is very dynamic, with 
only 0.5 mM required to effect a significant increase in pH'n 
(see above). 

Na-/H- Exchange Is Not Activated under Culture Condi
tionB-The previous data show that the pH'n response of 3T3 
cells to Nu-serum is complex, but that it follows a pattern. A 
model for this phenomenon includes cellular alkalinization 
caused by HCOj and/or high pH ... If pH,n is above the 
activated set point of the Na-/H- exchanger, there will be no 
pH,n response to mitogens. However, the previous data do not 
address the involvement of the Na· /H- exchanger. In the 
experiments illustrated in Fig. 4, Band D, we addressed the 
involvement of the Na· /H- exchanger directly by monitoring 
the effect of Nu-serum on the rate of amiloride-inhibitable 
Na- entry. These data indicate that Na· /H" exchange is not 
activated at pH .. values above 7.3 in the presence of physio
logical HCOi' concentrations. This pH.. is similar to the 
values at which there is no effect of Nu-serum on the pH,n 
(cf. Fig. 4, A and C), suggesting that these phenomena are 
coupled. This is substantiated when the data from Fig. 4, A 
and C, are plotted as a function of pH'n Fig. 4C shows that 
the magnitude of mitogen-induced alkalinization is dependent 
solely on the initial pH,n' Comparison of Fig. 4, C and D, 
illustrates that the pH .. response in the presence of HCOj 
closely parallels the response of Na" /H· exchange. The effect 
of HCO, in attenuating the response of Na" /H" exchange is 
therefore predictable by its effects on the pH'n' 

Although the data in the present experiments illustrate a 
requirement of HCO, transport for both CI- and Na·, it does 
not readily resolve the stoichiometry of HCOj:CI-:Na·. Re
gardless of the exact identity of the HCOj exchanger, it is 
extremely active under physiological conditions. To illustrate 
this, we observed that as little as 0.55 mM HCOj can cause a 
significant intracellular alkalinization. 

The above data also indicate that HCO, attenuates the 
pH,n response of cells to Nu-serum to a degree consistent with 
its effects on pH'n' Under typical culture conditions (pH .. 
7.2-7.4, physiological HCOj), mitogenic stimulation would 
not be expected to produce a cytoplasmic alkalinization. 
Therefore, it appears that in vitro, the pH response of cells to 
mitogens cannot be a stimulus of proliferation per se. Why, 
then, have virtually all cells evolved a mechanism of stimu
lating Na" /H· exchange upon mitogenic activation? There 
are two possible answers which are not mutually exclusive: 1) 
that atimulation of Na· /H· exchange increases the apparent 
active buffering capacity of cells in anticipation of a metabolic 
acid load, or that 2) these cells evolved in tissues, which have 
lower pH.. environments than those observed in vitro. In the 
first case, mitogenic stimulation would not produce a direct 
alkalinization, but would do so indirectly by preventing an 
acidification. Indeed, pH,n decreases upon amiloride treat
ment or in response to Nu-serum at high (2:7.5) pH .. values 
Idata submitted for review). In support of the second hypoth
esis, tissue pH is in the range of 6.9-7.2, as measured using a 
variety of techniques (22). Under these conditions, mitogenic 
stimulation would be expected to produce an alkalinization, 
which might therefore be a trigger in situ. This hypothesis is 
emphasized by the recent findings of Perona and Serrano 
(23), who showed that transfection of 3T3 cells with a yeast 

H· -ATPase induced an increase in pH'n and caused these 
normal cells to be tumorigenic. 

In summary, we have described a HCO,-dependent pH'n 
regulating system in BALB/c 3T3 cells which acts in a very 
dynamic fashion to raise, but not lower, the pH'n under 
physiological conditions. This system is driven by gradients 
for HCO" H", CI-, and Na". The data in this study suggest 
that, at external pH values between 7.0 and 7.2, this exchanger 
acts to set pH,n equal to pH ... We have also defined the 
boundary conditions for the mitogenic stimulation of cyto
plasmic alkalinization under physiological (HCO, -contain
ing) conditions. Our findings indicate that No" /H· exchange 
and, hence pH'n, is not affected by mitogenic stimulation 
under culture conditions. However, cell pH may be indirectly 
affected in culture by the increased buffering capacity caused 
by modification of the Na· /H" exchanger. It is also possible 
that pH,n alkalinizes in response to mitogens in situ, and that 
this activity may have physiological significance. 
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APPENDIX II. 

POSSIBLE INVOLVEMENT OF H+-ATPases IN MAMMALIAN 
CELL TUMORIGENICITY. 



SECTION 1. 

Tumorigenic 3T3 cells maintain an alkaline intracellular pH 
under physiological conditions. 

(Proc. Natl. Acad. Sci., USA, 87: 7414-7418, 1990). 
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ABSTRACT One of the earliest events In the response of 
mammnlian ceUs to m1togens Is activation of Na+ IH+ ex
change, which Increases Intracellular pH (pHla) In the absence 
of HCO), or at external pH values below 7.2. The proliferative 
response can be blocked by preventing the pHIn Increase; yet, 
the proliferative response cannot be stimulated by artificially 
rnlslng pHIn with weak bases or high medium pH. These 
observations support the hypothesis that optimal pHIn Is a 
necessary, but not sufficient, component of the prollferative
response sequence. This hypothesis has recentiy been chal
lenged by the observation that transfection of NIH 3T3 cells 
with yeast H+ -ATPase renders them tumorigenic. Although 
previous measurements Indicated that these transfected cells 
maintain a higher pHla In the absence of HCO;, whether 
H+ -ATPase transCection raised the pHIn under physiologically 
relevant conditions was not known. The current report shows 
that these transfected cells do maintain a higher pHla than 
control cells In tbe presence oC HCO;, supporting the possl· 
bUity that elevated pHIn Is a proliCerative trigger in situ. We also 
show that these cells arc serum·lndependent for growth and 
that they g1ycolyze mucb more rapidly than phenotypically 
normal cells. 

All mammalian cells maintain a higher intracellular pH (pH in) 
than predicted from Nernst eqUilibrium (1). Maintenance of 
this pH gradient can be mediated by three transport systems: 
Na+ IH+ exchange. HCOl transport. and plasma membrane 
H+ ·ATPase. Most. ifnot all. cells contain Na' IH' exchange 
and HCO) transport activities. whereas plasma membrane 
H+·A TPase activity is generally observed only in specialized 
epithelia. such as bladder. intestine. and kidney (2). Interplay 
between these two land sometimes three) systems buffers the 
pH'" against changes in the extracellular pH (pH"') and can 
mediate changes in pH'" during certain physiological re· 
sponses. 

One of the earliest events in the response of mammalian 
cells to mitogens is activation ofNa+ IH' exchange (3. 4). In 
the absence of HCO; or at low pH", this increases pHin (5. 
6). Although it was earlier thought that elevated pH'" might 
be a second messenger in the proliferutive response (7. 8). 
current hypotheses regard elevaled pH'" as only permissive 
for proliferation (4, 5). To assign a causal role for pH in in 
proliferation, elevated pHin must be seen upon stimulation. 
inhibition of the increase in pHin must inhibit proliferalion. 
and mimicking the increase must be sufficient to stimulate 
proliferation. These conditions are not satisfied in vilro. 
Although preventing the increase in pH'" generally inhibits 
proliferation (3. 4. 9). many cells do not increase their pH'" 
at high pH" (e.g .• pH 7.4) in the presence of bicarbonate (5. 
6,10. 11). and artificially ruising pH,n with weak bases or high 

The publicalion costs of this anicle were defrayed in pan by page charge 
paymenl. This article must therefore be hereby marked "ad,·tr/isrmtnt" 
in accordance wilh 18 U.S.C. U734 .olely 10 indicale lhi. faCI. 
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pH"' is not sufficient to stimulate proliferation 02, 13). It is 
possible. however. that these conditions are satisfied in vivo. 
For instance. we and others have shown that mammalian 
cells will alkalinize upon mitogenic stimulation under condi· 
tions expected in vivo (e.g., pH 7.0-7.2) (cf. refs. S. 6. and 
14). 

Additionally. Perona and Serrano have demonstrated that 
in vivo tumorigenicity can be induced in phenotypically 
normal 3T3 mouse embryo cells by transfection with yeast 
H'·ATPase (15). These cells clone in soft agar. grow to 
higher density, and are tumorigenic in nude mice. There arc 
a number of consequences of this transfection which may be 
important to the tumorigenic response-such as elevated 
pH'". increased membrane potential (16), or increased rate of 
ATPturnover. Although the activity of the H+ -ATPase could 
be expected to increase pHin, there are two other H'· 
transporting systems in these cells (e.g .• Na+ IH+ exchange; 
Na' -dependent CI- IHCOl exchange) the activity of which 
could override effects of the H' ·ATPase. A fundamentallY 
important and unresolved question in this system is whether 
the pHIn of these tumorigenic cells is higher under physio
logically relevant conditions. 

In the present communication. we accurately measure the 
pH'" of these cells vis·a-vis normal 3T3 cells and cells 
trJnsfected with an inactive form of the H+ ·ATPase and 
report that the pH,n of the tumorigenic cells is significantly 
more alkaline than that of the normal cells under physiolog' 
ical conditions. We have also examined the effects that this 
altered pH in may have on cellular physiology that is germane 
to the transformed phenotype. These tumorigenic cells do not 
grow faster than their normal counterparts under normal 
culture conditions. However, they do grow to much higher 
densities and have lost their serum requirement for growth. 
We have also observed that these cells exhibit a rapid rate of 
aerobic glycolysis and that this increased activity cannot be 
accounted for by the elevated pH in alone. The cause of 
tumorigenicity in these cells could lie in their altered regu· 
lation of pH'", which may manifest itself through serum· 
independence. and elevated pH in may be a proliferative 
trigger in vil'o. 

MATERIALS AND METHODS 

Cells. RNla cells were produced as described (15. 16). 
Briefly. 500.000 NIH 3T3 cells were transfected using 0.1 Ilg 
of pSVlneo plasmid. 8 Ilg of carrier DNA. and 10 Ilg of 
pSVhATs plasmid. which contained the gene for the yeast 
plasma membrane H' ·ATPase (allele PMAI) under control of 
the simian virus 40 promoler. Clones were selected with G··U8 

Abbrevialions: pH'". intracellular pH; pH". extracellular pH; 
SNARF·I. N.N-dimethyl·I.S.6-biscarboxyseminaphthorhodafluor; 
BCECF. 2'.7' .bis(2·carboxyethyl)-S.6·carboxyfluorescein; CSD. 
cell suspension buffer; HDSS. Hanks' balanced salt solution. 
ITo whom reprint requests should be addressed. 
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and isolated by cylinder cloning. N-mut cells were prepared in 
the same way but contain allele pma2J3: a Glum -> Gin 
mutation that gives rise to an "uncoupled" form of the 
H' -ATPase. with 40% of the ATPase activity and 20% of the 
H'-pumping activity as compared with PMAl (16. 17). 
BALB/c 3T3 mouse embryo fibroblasts were obtained from 
American Type Culture Collection (ATCC CCL 163). NIH 
3D cells were gifts from Greg Duester (Colorado State Uni
versity. Fort Collins. CO). Although NIH 3D cells were the 
parent line for all transfectants. we also used BALB/c 3D 
cells as controls in this study because they are much better 
characterized. Previous studies in our lab have shown no 
differences in the pH in regulation between NIH and BALB/c 
cells (18). 

All cell lines were cultured in Dulbecco's modified Eagle's 
medium (DMEM; GIBCO). supplemented with 10% Nu
Serum (Collaborative Research). The initial inocula as re
ceived were grown to 70% confluency in 300 cm2• at which 
time the cells were frozen in DMEM/10% dimethyl sulfox
ide/20% Nu-Serum at a density of 1 x 10· cells per freezing 
ampule. Cells from these frozen stocks were recovered every 
6 weeks in 75-cml tissue culture flasks and passed bi-weekly 
at an inoculation density of 2 x 10' cells per 75-cml flask. 
Cells were subcultured for 2 weeks before use in experi
ments. 

For fluorescence experiments. cells were plated into Petri 
dishes containing 9 x 22 mm coverslips at a density of 10' 
cells per dish in DMEM/lO% Nu-Serum. On the following 
day. these cultures were prepared for fluorescence determi
nation of pHin as described below. For other experiments. 
cells were consistently plated at a density of 5 x 10) cells per 
cml • 

Chemicals and Buffers_ All dyes were purchased from 
Molecular Probes. Amiloride. nigericin. and valinomycin 
were all purchased from Sigma. 

CeU Suspension Buffer (CSB). CSB contained 1.3 mM 
CaCh/l mM MgSO./5.4 mM KCI/O.44 mM KHlPO./UO 
mM NaC1/0.35 mM Na1HPO./24 mM NaHCO)/5 mM 81u
cose/2 mM glutamine. The pH of CSB and media was 
maintained with 50 mM Mes/Hepes/Tricine. For HCOl-free 
CSB. 24 mM NaCI was substituted for the NaHCOl in CSB. 
Hanks' balanced salt solution (HBSS) was 138 mM NaCI/l 
mM CaClz/1 mM MgClz/5.4 mM KCI/0.35 mM NazHPO./5 
mM glucose/2 mM glutamine/O.03 mM phenol red. The salt 
components of all buffers were prepared at least a day before 
experiments to allow for equilibrium hydration of COz. 
whereas the organic components were always added imme
diately before experiments to avoid bacterial contamination. 

Measurement or pHla• Intracellular pH was determined by 
fluorescence of either N.N-dimethyl-1.5.6-biscarboxysemi
naphthorhodofluor SNARF-1 or 2' .7·-bis(2-carboxyethyl)-
5.6-carboxyfluorescein (BCECF). The dyes were loaded into 
cells grown on coverslips in their acetoxymethyl ester forms. 
as described (19). Briefly. coverslips were incubated for 30 
min at 37'C in CSB containing 20 I'M SNARF-1 or 2 I'M 
BCECF in their respective acetoxymethyl ester forms. After 
this. cells were rinsed three times with CSB and incubated 30 
more min to ensure complete ester hydrolysis. Fluorescence 
was determined with an SLM-8000C spectrofluorometer out
fitted with a flowthrough device for sample perfusion (20). 
Two covers lips containing cells were mounted in the holder 
back to back and were continuously perfused at 1 ml/min. 
Sample temperature was maintained at 37'C by keeping both 
the water jacket and the perfusion medium at 37'C. The 
fluorescence-ratio methods used for these dyes are described 
elsewhere (18. 19. 21). 

Measurement or Acid Production_ Cells were plated into 
96-well microtiter plates (Flow Laboratories) and allowed to 
grow to complete confluency (-2 days). At the time of 
experiment. medium was aspirated and wells were washed 

Proc. Notl. Acad. Sci. USA 87 (/990) 7415 

three times with unbuffered HBSS. Cells were then incubated 
in 100 1'01 of unbuffered HBSS. and the absorbance of phenol 
red was monitored at 450 nm and 490 nm for 30 min by using 
a microtiter plate reader (Bio-Tek. Burlington. VT). The ratio 
of 450/490 absorbance can be converted to pH by using the 
equation: 

pH = pK. + log [(R - Rmin)/(Rmu - RJ]. (1) 

where R is the measured ratio of absorbance at two wave
lengths. Rmu is the ratio of the anion form of dye. and Rmin 
is the ratio of the protonated dye. In the case of phenol red. 
pK. = 7.50. Rmin = 0.2. and Rmu = 2.5. The dpH/dt was 
calculated and converted to H+ equivalents by correcting for 
buffering capacities. which were 330 I'M H+ per pH unit for 
amiloride-containing solutions and 147 I'M H+ per pH unit 
for amiloride-free solutions. as determined by titration of 
stock solutions. 

Previously Described Analyses. Glucose and lactate con· 
centrations in media were monitored with an automated. 
simultaneous glucose/lactate analyzer (Yellow Springs In· 
struments). H'-ATPase protein was measured by immuno
fluorescence. and the presence of H' -ATPase DNA was 
monitored by Southern analysis (15). Cell mass was deter
mined by crystal violet staining and converted to cell number. 
as described (22). Intracellular K' was determined by atomic 
absorption spectroscopy (23). Least-squares analysis and 
simplex curve fitting were done with MINSQ (MicroMath 
Software). 

RESULTS 

Dye CaUbratlon. Measurement of absolute pHin for com
parison between different cell types is not simple. although 
the process is straightforward. The most sensitive method for 
measuring pHin in mammalian cells uses fluorescence ratios 
(21). However. dye characteristics can be affected by the 
composition of the internal milieu (24). To correct for poten
tial artifacts. the behavior of each dye must be accurately 
determined in situ for each cell type examined. Examples of 
these data are illustrated in Fig. 1 A and B. where we express 
the pH dependence of fluorescence ratios for two dyes: 
SNARF-1 and BCECF in three types of cells: RNla cells 
transfected with wild-type allele. N-mut cells transfected 
with mutant allele pma2J3. and normal BALB/c 3T3 cells. 

The pH gradients of these cells have been collapsed by 
using a combination of 147 mM KCI. 2/-1M valinomycin. and 
6.8 /-1M nigericin. The high K' is used to approximate 
intracellular K' concentration. as determined by atomic 
absorption. Valinomycin completes the collapse of the K' 
gradient without significant effects on cell volume. and 
nigericin sets the H' gradient equal to the K' gradient. 
which. in this case. is unity. As illustrated. the ratios of both 
SNARF-1 and BCECF are sensiti~e to pH. Ratios at values 
>pH 8.0 are not obtainable. as discussed (19). By using 
least-squares analysis. these data are iteratively solved for 
pKa. Rmin. and Rm .. in Eq. 1. As shown in Table 1. these 
values slightly differ between the different cell types (see 
below). 

IntmeeUular pH. The effects of external pH (pWX) on the 
pHIn of these cells are illustrated in Fig. 2. These data were 
obtained by perfusing cells with CSB containing HCOl at 
concentrations set by equilibrium with 5% COz atmosphere 
(see Fig. 2 legend). After each determination. cells were 
perfused with a buffer containing nigericin, valinomycin. and 
high K' at pH 7.2 to obtain a calibration point. These 
calibrations were used to correlate the observed ratios with 
the titration curves in Fig. 1. This procedure corrects for 
minor differences in dye loading between samples (19). In 
practice. these correction factors were consistently insignif-
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FlO. 1. Fluorescence ratio of intracellularly loaded SNARF-l 
and BCECF in 3T3 cells. the pH gradient of which has been 
collapsed. RNla. N-mut. and BALBlc 3D cells were prepared and 
loaded with dye. as described. Cells were perfused with bulTer 
containing 147 mM KCI. 2 mM CaCII. 1 mM MgSO •• 2 I'M 
valinomycin. and 6.S I'M nigericin. Data were collected with an SLM 
SOOOC spectronuorometer and are expressed as the nuorescence ratio 
produced at excitation wavelengths of5oo nm and 450 nm for BCECF 
(A,m = 529 nm) and the fluorescence ratio observed at emission 
wavelengths of 644 nm and 584 nm for SNARF-l (A" = 534 nm). 
BulTer pH was determined with a Beckman pHi 72 pH meter and a 
gel·filled combination glass electrode calibrated at3T'C to pH 7.0 and 
10.0 with commercially available solutions (VWR). Solid. dashed. 
and dOlled lines represent data fit to Eq. 1 from data in Table 1 for 
RNla. N-mut. and 3T3 cells. respectively. 

icant. As shown by the data in Fig. 2. the pH;n of the 
transfonned RN1a cells. detennined with two different dyes. 
is more alkaline than the pH;n of the phenotypically nonnal 
cells. By least-squares analysis. the pHon of all three cell types 
differs significantly to confidence levels of 90% (N-mut vs. 
3T3). 95% (N-mut vs. RN1a). and 99% (3T3 vs. RN1a). 
Notice that there are differences in Rm;n and Rna. of SNARF-
1 fluorescence between the cell types (Table 1). The data 
presented in Fig. 2 were calculated using individual values for 
each cell type. If. instead. the median (for SNARF-1) or mean 
(for BCECF) values are used. the pH;n values reported for 
N-mut and RN1a cells are lower by 0.1-0.15 pH unit. 

Proc. NaIl. Acad. Sci. USA 87 (1990) 

7.5 BCECF 
" 3T3 

c: 
';j: 

Q. 

7.5 

FlO. 2. pHon ofRNla. N·Mut. and BALBlc 3T3 cells as function 
of pH". as calculated from the nuorescence ratios of SNARF-l (A) 
and BCECF (8). Cells were prepared as described in the legend for 
Fig. 1 and perfused with HBSS without phenol red containing 50 mM 
organic bulTer and HCOj. the concentration of which is set by the 
bulTer pH using the equation: [HCOil = (1.52 mM) x [1O',H-6.24'); 
where 1.52 mM is the concentration of COl in HBSS at 37'C and 6.24 
is the pK. for the process of CO, hydration. These bulTers were 
maintained at 37'C in 5% COl atmosphere for at least 12 hr before 
experiments. Dolled lines in Fig. A represents the pH,n of BALBlc 
3T3 cells with 10% Nu-Serum (6). 

Propagating these values into the data of Fig. 2 eliminates the 
significance between N·mut and 3T3 cells; yet. both remain 
significantly different from RN1a cells to a 95% confidence 
interval. Therefore. by using two dyes and correcting for 
possible anifacts and propagating errors. we can state with 
high confidence that the pH,n of tumorigenic RN1a cells is 
significantly higher than that of their nontumorigenic coun
terparts. A remaining problem is the difference in the abso
lute pH;n detennined with the two dyes. Although both dyes 
consistently show that the pHon of RN1a cells is higher than 
that of the phenotypically nonnal cells. SNARF-1 consis
tently reports a higher pHon relative to that obtained with 
BCECF. The cause for this discrepancy between the dyes is 
unknown. 

Cell Growth and Serum Requirement. Because the pHin of 
the RN1a cells is higher than that of3T3 cells. we might also 
predict that they would grow at a faster rate because pHon 

Table 1. Parameters for estimating pH,n by using SNARF·l and BCECF in silU 

Cell type pK. Rm1n Rm.. n 

SNARF·l 
BALB/c 7.394 :; 0.109 0.442 :t 0.016' 1.837 :t 0.170 IS 
N·Mul 7.389 :t 0.131 0.456 :!: 0.008' 1.482 :; 0.150' 16 
RNla 7.358 :!: 0.156 0.310 :!: 0.0241 1.908 :; 0.307 22 

BCECF 
BALB/c 6.956 :; 0.025 1.081 :!: 0.0-12 6.884 :; 0.077 27 
RNla 6.967 :; 0.061 0.999 :!: 0.0881 6.509 :; 0.1951 27 

Numbers in boldface represent median values. Statistical analysis was done by using Student's Itesl; 
unrepor1cd differences are not significant. 
'p < 0.001 N·mut versus BALB/c. 
tp < 0.005 N-mut versus BALBlc or RNla. 
Ip < 0.0005 RNla versus BALBlc cells. 
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FIG. 3. Growth characteristics of RN la and 3T3 cells. Data for 
3T3 cells are pooled from experiments with BALB/c and NIH 3T3 
cells. Cells were grown in 24-well miniwell plates. and cell number 
was determined by crystal violet slaining as has been described. 
Medium pH was kept constant by using combinations of HCOl . 
Mes. Hepes. and Tricine: tOlal concentralion of nonvolatile buffers 
was SO mM. (A) Culture doubling time (hr ~ SO) as funclion of 
medium pH. Cell numbers were determined at various time points. 
and logarithmic·phase doubling time was determined by fitting data 
toequatian: N, = NQl.'/o. where No and N,equa) cell numbers at time 
zero and a given time point. resp~ctively. I equals time in hr. and a 
equals doubling time. (8) Cell density (00 of crystal violet) as 
function of culture time. If not shown. error bars (SO) arc smaller 
than data points. Line represents second·order polynomial fit. (e) 
Cell growth as function of serum concentration. Cells were plated at 
density indicated by dashed line and maintained for 72 hr at pH 7.2. 
after which cell mass was determined by crystal violet staining. 

correlates with growth rate in a number of cell types (25); this 
is not observed. Fig. 3A illustrates that. at low density. 3T3 
cells grow faster than RN1a cells at pH values below 6.8. 
Although they grow slower. RN 1a cells grow to much higher 
densities than do 3T3 cells. as evidenced by cell number after 
9 days in culture (Fig. 3B). The data from higher-density 
cultures compare favorably with those obtained recently by 
Perona el al. (16). 

Significantly. RN1a cells are not dependent upon serum 
supplementation for growth (Fig. 3e). The pHin measure
ments shown in Fig. 2 were made without serum. and the 
growth studies of Fig. 3 A and B were done with 10% 
Nu-Serum. Nu-Serum addition raises the pHin of 3T3 cells to 
be similarto that ofthe RNla cells at neutral pH (6). illustrated 
by the dotted line in Fig. 2A. Therefore. with serum. we would 
expect the pHtn dilTerences to be less significant. 
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FIG. 4. Acid production by RNla and 3T3 cells (both BALB/c 
and NIH). (Upptr) H' production by RNla and 3T3 cells grown in 
microtiter plates was determined by monitoring medium pH as 
function of time. as described. Values arc expressed as pmol of H
per cell per hr ~ SO In = 8). (U'K·tr) Lactate production by RNla. 
N-mut. and 3D cells grown in 24-well plates was determined by 
monitoring lactate levels with a lactate analyzer. as described. Cells 
were nil grown at pH = 7.2-7.4 until time of the experiment. when 
they were washed and incubated with media buffered at indicated pH 
values with SO mM Mes/Hepes/Tricine. Samples were analyzed at 
30. 60. and 180 min of incubation. and data were fit to a linear 
equation. Data are expressed as pmol of lactate per cell per hr ~ SD 
(n = 4 for each data point). 

Glycolysis and Acid Production. RNla cells produce much 
more acid than do 3T3 cells (Fig. 4A). Compared with 3T3 
cells. the extrusion of H+ equivalents by RN1a cells is not 
significantly inhibited by amiloride and lack of HCOl . As 
shown in Fig. 48. most of this excess acid is lactate. These 
data indicate that N-mut and RN1a cells glycolyze about 10 
times more rapidly than do the 3T3 cells. Although the 
glycolytic rate of all three cell types increases 2- to 3-fold 
between pH 6.7 and 7.3. lactate production in 3T3 cells never 
approaches the high rates seen in N-mut or RN1a cells. This 
finding suggests that the cause of the high rate of aerobic 
glycolysis lies in something other than altered pH In regula
tion. 

DISCUSSION 
Is altered pHin regulation related to tumorigenesis? Clearly. 
in this artificial construct. the H' -ATPase-transrected. tum
origenic RN1a cells have a higher pH in under physiological 
(e.g .• HeOl -containing) conditions than do their nontumor
igenic counterparts. Although there is no change in the pHin 

of normal cells in response to mitogens under culture con
ditions (e.g .• pH" 7.3-7.4). there are significant increases in 
pHIn at the lower pH" values expected in vivo (e.g .• 7.0-7.2) 
(5. 6. 15). These tumorigenic cells. therefore. have a pHIn 

without serum that is higher than that of normal cells with 
serum. Significantly. these tumor cells are also serum
independent for growth. which raises the possibility that the 
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supraphysiological pHin circumvents other mitogen-induced 
events and stimulates growth directly. 

Alkalinization might also be involved in natural tumori
genesis. Growth cessation in vivo may be induced by absence 
of growth factors or density-dependent inhibition. These data 
are consistent with a model wherein a physiological signal for 
growth cessation is loss of pHin regulation and, hence, 
intracellular acidification. H' -A TPases may be refractory to 
such regulation, allowing otherwise inhibited cells to main
tain a high pHin and, therefore, grow. 

Could H' -A TPases be involved in natural carcinogenesis? 
There is evidence for an electrogenic H' -exporting ATPase 
in Ehrlich ascites tumor (EAT) cells (26), enhanced H'
extruding activity is expressed upon transformation of Chi
nese hamster ovary cells (27), and ATP is directly required 
for pHin regulation in both A-431 tumor cells (28) and EAT 
cells (29). Plasmalemmal H' -ATPase expressed in the non
epithelial cells might be a plasma membrane type H' /K'
ATPase, or it could be a vacuolar-type. as suggested by 
Racker (30). Pathological expression of a clathrin-coated 
vesicle or vacuolar H ' -ATPase could arise from something 
as simple as increased retention time in the plasma membrane 
during recycling. Vacuolar-type H' -A TPases have been ob
served in the plasma membranes of EAT cells (30). osteo
clasts (31), and macrophages (32). Overexpression of a 
plasma membrane H' -ATPase in non epithelial cells is. there
fore. feasible. The consequences of such expression might 
lead to tumorigenesis. as evidenced by the current system. 

It must be remembered. however. that insertion of a 
H'-ATPase into the plasma membrane will induce other 
effects besides increasing the magnitude of the pH gradient. 
Because this pump is electrogenic, these cells have a mem
brane potential of about -40 mV, while the membrane 
potential of the parent cells is - 20 m V (16). Such a difference 
could cause significant changes in transport thermodynam
ics, and these changes could contribute to the transformed 
phenotype. Also. it is likely that these cells have an increased 
turnover rate of ATP. and this could lead to metabolic 
changes corresponding to transformation. 

An example of this is glycolysis, which is probably a 
consequence of high ATPase rates. High rates of glycolysis 
arc seen in both RNla and N-mut cells (Fig. 48). Both of 
these have high ATPase rates; yet, only the H'-ATPase of 
RNla cells pumps protons efficiently and, hence, gives a high 
pHin (Fig. 2 A and 8). Furthermore, the glycolytic rates arc 
relatively insensitive to changes in the extracellular and 
hence, intracellulnr, pH (Fig. 48). Glycolysis produces 1 ATP 
and 1 H+ per lactate. If (i) all ATP for the H' -ATPase is 
provided by glycolysis. (ii) all glycolytic H' is excreted by 
the ATPase. and (iii) the stoichiometry of the ATPa~e is 1 H' 
per ATP, then a futile cycle would result. The higher steady
state pH,n of the RNla cells rules out this possibility; yet, it 
does not preclude some "futile cycling" from occurring. 

In summary, this system exhibits most traits of tumorigenic 
transformation: tumorigenicity in nude mice, soft agar 
growth, high-density growth. serum-independent growth. 
and high rates of aerobic glycolysis. This phenotype is the 
result of a single transfection with an active plasma
membrane H' -ATPase. Because the primary effects of this 
transfection are known, determining the events required for 
tumorigenic transformation is a tractable problem. This sys-

Proc. Natl. Acad. Sci. USA 87 (/990) 

tem raises the possibility that H' -ATPases playa role in the 
etiology of carcinogenesis. 
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SUMMARY 

66 

Suramin is an effective anti-proliferative drug in vitro and in vivo, and is in clinical 

trials as a chemotherapeutic agent against prostate carcinoma. Its effects on 

growth are believed to be due to its inhibition of growth factor binding, yet this 

drug has a number of other activities. One of these is an inhibition of V-type H+ 

ATPase activity. This is important since expression of a plasma membrane H+

ATPase activity might be associateq with tumorigenic transformation. We 

therefore tested the effects of suramin on pHI" regulation and other metabolic 

parameters in tumorigenic and non-tumorigenic murine cell lines grown in flasks 

or in suspension. To complement these studies, we also investigated the effects 

of N-ethylmaleimide (NEM) and fusidic acid, which have also been shown to 
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inhibit H+ -ATPase activities. Our results indicate that, while these drugs may be 

effective inhibitors of the isolated V-type H+ ATPases, their effects on growth and 

pH'n in vivo can be explained by their effects on primary energy metabolism. 

Suramin stimulates 02 consumption, inhibits glycolysis and induces cytosolic 

alkalinization. Suramin was more effective in inhibiting growth in the anchorage

dependent lines, with the tumorigenic cells being more sensitive. In contrast, 

fusidic acid and NEM inhibited cell growth equally in all cell lines. NEM and 

fusidic acid also inhibited 02 consumption rates and caused acidification. These 

data clearly show that suramin has metabolic effects which are distinct from 

inhibition of growth factor binding and V-H+ ATPase inhibition, and suggest that 

caution should be exercised when interpreting mechanisms of action in vivo and 

in vitro. 
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INTRODUCTION. 

Suramin, a polysulfonated polyaromatic, is a potent and impermeant anti

trypanocidal drug known to inhibit a variety of oxidative and hydrolytic enzymes 

(Wills and Wormall, 1950; Fortes et al., 1973). It suppresses growth of a number 

of cell lines in vitro (Spiegelman et al., 1987; Moscatelli et al., 1989; Jindal et al., 

1990). There is renewed interest in this drug as a chemotherapeutic agent 

against HIV virus infectivity (Mitsuya et al., 1984) and against carcinoma of the 

prostate (Stein et al., 1986). The mechanism by which suramin exerts its anti

proliferative effects are unclear. It is commonly thought that its actions are 

mediated by its ability to bind to and inhibit the action of a variety of growth 

factors (Hosang, 1985; Coffey et al., 1987; Kopp and Pfeiffer, 1990). However, 

suramin inhibits a number of other biological activities, including Na+ + K+ ATPase 

(Fortes etal., 1973), glycolysis (Fantini etal., 1989), Ca2+-ATPases (Calcaterra 

et al., 1988), G proteins (Butler et al., 1988), DNA polymerases (Jindal et al., 

1990), and phosphoinositol and diacylglycerol kinases (Kopp et al., 1990). The 

terminal effects of this drug include not only inhibition of growth, but also 

inhibition of cell invasion (Nakajima et al., 1991) and modulation of differentiation 

(Fantini et al., 1989). This drug has also been reported to inhibit the activity of 

vacuolar proton-translocating ATPases (V-H+ ATPase) (Moriyama and Nelson, 

1988). 
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Although normally confined to endosomes and Iysosomes, V-H+ ATPases can 

also be expressed on the plasma membranes of some mammalian cells, such as 

macrophages (Swallow et al., 1990; Swallow et al., 1988), osteoclasts (Blair et al., 

1989), and tumor cells (Stone etal., 1989; Heinz etal., 1981) including primary 

human tumor cells (Martfnez-Zaguilan et al., 1992). Expression of plasmalemmal 

H+ ATPase activity could be important to tumorigenicity, since transfection of 3T3 

cells with yeast plasma membrane H+ ATPase (P-H+ ATPase) induces these 

phenotypically normal cells to be tumorigenic (Perona and Serrano, 1988). This 

is thought to occur by chronically raising the intracellular pH (pHin
) (Gillies et al., 

1990). Although a high pH in is thought to only be permissive for cell proliferation 

(Gillies et al., 1990; Gillies and Martfnez-Zaguilan, 1991; Moolenaar, 1986; 

Grinstein et al., 1989; Bierman et al., 1988; Lucas et al., 1988; Szwergold et al., 

1989), these observations argue that chronic supraphysiological pH in can induce 

a tumorigenic phenotype. We therefore hypothesized that suramin might be 

exerting its antiproliferative effects as a H+ ATPase inhibitor in those cell lines 

expressing plasmalemmal H+ ATPase activity. 

In this study, we have tested the effects of suramin on pH in regulation, cell growth, 

and energy metabolism in non-tumorigenic (3T3 and CHO) and tumorigenic (EAT 

and RN1 a cells) mammalian cells. The rationale for selecting these cell lines is 

based on the fact that 3T3 cells and CHO cells are non tumorigenic and exhibit 
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strong degree of density dependent inhibition. In contrast, EAT cells and RN1 a 

cells are highly tumorigenic and contain, respectively, V-type (Stone et a/., 1989; 

Heinz eta/., 1981) and P-type (Perona and Serrano, 1988; Gillies eta/., 1990) H+ 

ATPase activities in their plasma membranes. The 3T3 and RN1a are anchorage 

dependent for growth, whereas CHO and EAT are grown in suspension. The 

effects of suramin are compared to those of other H+ ATPase inhibitors, N-ethyl 

maleimide (NEM) and fusidic acid. 

Results indicate that suramin's effects are not mediated by inhibition of H+ 

ATPase or growth factor binding. Instead, it appears that the primary effect of this 

drug is on cellular energy metabolism. In contrast to NEM and fusidic acid, 

suramin stimulates 02 consumption in a dose-dependent fashion. No differences 

in in situ ATP content were observed between suramin treated and control cells. 

Concomitant with the increase in 02 consumption. suramin inhibits lactate 

production and hence reduces the amount of energy production from glycolysis. 

These results indicate that suramin either increases or does not change energy 

demand in cells. This is distinct from its reported activities, which indicate that the 

drug is a generalized ATPase inhibitor. The increased energy demand is met by 

an increase in respiration, which is significant in light of tumor cell metabolism. 
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MATERIAL AND METHODS. 

Fluorescence Measurements. All fluorescence measurements were performed in 

a temperature-controlled unit housed in an SlM8000C (SlM. Urbana, Ill), at 37°C 

using 4 nm slits and an external rhodamine standard as a reference. 

Culture of Cell Lines. Non tumorigenic BAlB/c-3T3 embryo fibroblasts were 

obtained from American Type Cell Culture Collection, Rockville, MD (ATCC CCl 

163). The pH in regulatory mechanisms of BAlB/c and NIH-3T3 cells are 

essentially identical. NIH 3T3 cells, transfected with yeast H+-ATPase (Le. RN1a 

cells, tumorigenic) were provided by Dr. Rosario Perona (Instituto de 

Investigaciones Biomedicas, Madrid, Spain). These cells were cultured as fully 

described in Gillies et al (1990). For pHln measurements, cells were subcultured 

on glass coverslips (9 x 22 mm), in 100 mm-dish at 5 x 104 cells/dish. 

CHO cells were generously provided by Dr. Bruce Dale (Texas A&M Univ.). These 

cells were subcultured in SMEM (Gibco, Grand Island, NY) as suspension 

cultures, supplemented with 10% Nu-serum, in a 5% CO2 atmosphere at 37°C. 

Stocks were grown in a 250 ml spinner flask, and passed bi-weekly at an 

inoculation density of 8 x 104/ml. For experiments, cells were seeded at 2 x 105 
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in a 1 l spinner flask. 

EAT cells were obtained from American Type Culture Collection (ATCC CCl 77). 

These cells were cultured in SMEM media, as suspension cultures, essentially as 

described for CHO cells, except that they were supplemented with 10% FBS 

(Hyclone) instead of 10% Nu-Serum. Control studies have shown that Nu-Serum 

is unable to support suspension growth in this cell line. For experiments they were 

handled as described for CHO cells. 

Buffers. Cell Suspension Buffer (CS8) contained: 1.3 mM CaCI2, 1 mM MgS04 , 

5.4 mM KCI, 0.44 mM KH2P04, 110 mM NaCI, 0.35 mM NaH2P04, 5 mM glucose, 

2 mM glutamine and 25 mM HEPES, at a pH of 7.15 at 37°C. High K+ buffer 

(High K+) contained: 5 mM glucose, 2 mM glutamine, 10 mM HEPES, 10 mM 

MES, 10 mM Bicine and the corresponding intracellular K+ concentration for each 

cell line (see table 1 for results on intracellular K+ and cell volume measurements). 

Culture Preparation for pH IO measurements. Subconfluent 3T3 and RN1 a cell 

cultures grown onto coverslips were loaded with 2 J.LM BCECF, as described fully 

in Gillies, et a/ (1990). Sample temperature was maintained at 37°C by keeping 

both the water jacket and the perfusion buffer at 37°C using a circulator water 
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bath (Lauda Mod. RM20, Brinkmann Instruments Co.). 

For fluorescence measurements in suspension cells (CHO and EAT cells), aliquots 

of cells growing in spinner flasks were removed as needed, and were centrifuged 

at 350 xg for 5 min at 4°C. The pellet was resuspended in the appropriate buffer. 

Aliquots of 2 x 106 cells/3.0 ml (fluorometer cuvette) were used for pHln 

measurements. Cell loading with BCECF was performed essentially as described 

for attached 3T3 cells (Gillies et al., 1990), except that after the second incubation, 

cells were washed again to remove excess dye. Fluorescence measurements 

were performed in a temperature-controlled continuously stirred cuvette. 

pHln Measurements using BCECF. Data were collected in a continuous acquisition 

mode, where the emission was set at 529 nm with excitation wavelengths of 435, 

450 and 500 nm. The fluorescence at 435 nm represents the isoexcitation point 

for this dye. This cycle lasts 3.68 seconds, and was repeated as many times as 

necessary. The ratio of fluorescence intensities at excitations at 450 and 500 nm 

was converted to pHln values using eqn. [1]. 

pH = pKa + log (S,iSb2) + log [(R - Rmln)/(Rmax - R)] 

Zaguiltm et al., 1991) 

eqn. [1] (Martlnez-
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where Robs is the observed ratio at any given pH; Rmln is the ratio obtained when 

the dye is fully protonated, and Rmax represents the ratio of fluorescence obtained 

when the dye is fully unprotonated. Sf2 and Sb2 are the fluorescence values for the 

free and bound forms of the dye, respectively, at the denominator wavelength. 

The quantities Sf2/Sb2 are used to correct for the fact that the denominator 

wavelength is ion-sensitive. 

Data were translated to ASCII format. Conversions of ratio values to pHln was 

performed with Lotus 1-2-3 (Lotus Development Corp.) by using equation [1], and 

data were plotted by using a commercial computer software (Sigmaplot, Scientific 

Graph System by Jandel, ScL). 

In Situ Calibration of BCECF. Calibration of intracellular BCECF into the cells was 

performed as described previously (Gillies et al., 1990). From these in situ 

calibration curves we obtained the Rmax, Rmln and pKa for this dye in each cell type 

(cf Martfnez-Zaguilan et al., 1991) (Table 1). 

Cell Number. Cell number was determined using a dye binding assay, as 

described in Gillies et al (1986). For these experiments we took advantage of the 

fact that, in high Ca2
+ media, both CHO and EAT cells attach to tissue culture 

plastic. This was achieved by substituting SMEM which is a low Ca2+ media, by 
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MEM which contains 1.8 mM Ca2+. Briefly, all cells used in this study were plated 

at 3 x 104 in 24-well plates (Flow Labs). Twelve hours later suramin, fusidic acid, 

and NEM were added to the media at various concentrations (10 nM - 2 mM). At 

24, 48 and 72 hours thereafter, the medium was removed, and the cells were 

washed with CSB at 37°, fixed with 1 % glutaraldehyde, and then stained with 

0.1 % crystal violet. Subsequently, the dye was solubilized in 0.2% Triton X-100. 

The absorbance at 590 nm of this Triton X-100 solution is linearly related to cell 

number. 

Oxvgen Consumption Measurements. Oxygen consumption measurements were 

performed using a Clarke-style electrode (ySI Model 5300 Biological Oxygen 

Monitor, Yellow Spring Instruments, CO. Inc.). Briefly, aliquots of EAT and CHO 

cells grown as suspension cultures were centrifuged at 350 xg for 5 min and the 

pellet was resuspended at 2x107
/ 6 ml of CSB, pHoX = 7.15. This cellular 

suspension was then placed in a thermostatted, continuous stirred cell chamber, 

at 37°C to measure O2 consumption in the presence and absence of suramin, 

NEM and fusidic acid at various concentrations. Recordings were obtained and 

the slopes (dOidt) before and after treatment were calculated by linear regression 

analysis by using a commercially available software (MINSQ, MicroMath Scientific 

Software, Salt Lake, UT.). The effect ofthe drug-treatment on O2 consumption can 

be estimated by: 
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% I or % S = [{(d02/dt)a.t..(100)/(d02/dt)b.t.)} - 100] eqn [2] 

where %1 or %5 represents the percentage of inhibition or stimulation, 

respectively; (d02/dt)b.t. represents the slope determined within the first 5 minutes 

before treatment (internal control); and (dOidt)a.t. is the slope after treatment 

(within the next 10 minutes). 

Chemicals and Drugs. Suramin was obtained from Mobay Chem. Corp. (FBA 

pharmaceuticals, Ny), and was prepared as a sterile stock solution of 0.1 M in 

deionized H20, protected from the light and stored at -20°C, until used. Fusidic 

acid, NEM and DMSO were obtained from Sigma Chemical (St. Louis, MO). 

Fusidic acid was prepared as a sterile solution of 4 M in deionized H20. NEM was 

dissolved in DMSO and protected from the light. Working solutions of Fusidic 

acid and NEM were always prepared from stock immediately before the 

experiments. BCECF was obtained from Molecular Probes (Eugene, OR). Unless 

otherwise stated, all other chemicals were obtained form Sigma Chemical. 

Statistical Analyses. Statistical significance of our data were calculated using a 

Student t-test for unpaired or paired data. The ICsa's for the effect of fusidic acid, 

NEM, and suramin on pHln
, O2 consumption and cell growth were obtained 

directly from the titration curves, by non linear least squares regression analysis 
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using a commercial software (MINSa, MicroMath Scientific Software, Salt Lake, 

UT.). 

NMR measurements. NMR spectra were acquired on a Bruker AMX 400 WB 

spectrometer, containing a 25 mm broadbanded probe, custom made to 

accommodate bioreactors (Spectrospin, Inc). Unless otherwise noted, spectra 

were obtained by applying a 30° pulse every 1.0 sec with 5 watts composite 

(WAL TZ-16) 1 H decoupling during acquisition. Spectra were accumulated for 1 

hour for 10 days prior to and six days following suramin treatment. 

The bioreactor circuits used in these experiments were similar to those described 

previously (Gillies et al., 1991). The temperature in the bioreactor was maintained 

at 36.5° ± 0.5°G throughout the experiment. The bioreactor itself was of the 

same essential design as before, except that it was modified to contain all ports 

for inlet, outlet and inoculation, at one end of the reactor. As before, the reactors 

were constructed by Microgon, Inc. (Laguna Hills, GA). 

Prior to inoculation into the bioreactor, the RN1 a cells were inoculated into gel?ltin 

beads (HyGlone, Inc) and maintained in suspension for at least two days prior to 

inoculation into the bioreactor. These and all subsequent media contained 2.5 

mM dimethylmethylphosphonic acid (DMMP) as a chemical shift reference at 36.8 



78 

ppm. 

Cells were inoculated into the bioreactor by siphoning 2 L of the cell or cell

containing bead suspensions into the reactor over a period of 1-2 hrs. Under 

these conditions, the initial inoculum contains a total of ca. 1 OQ cells in a total 

volume of 16 ml. High-quality 31 P spectra could be accumulated in 2 hours under 

these initial conditions. As the cultures grew, the time resolution increased such 

that, at maximum density, similar spectra could be accumulated in 1-2 mins. The 

initial bleed-and feed (B/F) rates in the circuit were 500 ml day'l. Thereafter, the 

B/F rate was iteratively increased so as to maintain the medium pH above 7.2. 

Initial aeration conditions were 5% CO2 / 95% air. Once global ATP levels 

reached 0.5 mM relative to DMMP at 2.5 mM, the aeration was changed to 45% 

°2 : 5% CO2 : 50% N2 • When global ATP levels reached 1.0-1.5 mM, the aeration 

mix was changed to 60% O2 : 5% CO2 : 35% N2• This steady-state was 

maintained for two days prior to the addition of suramin. Samples of the media 

were taken twice a day and analyzed for glucose and lactate concentrations using 

an automated glucose/lactate analyzer (yellow Springs Instruments model 2000). 
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RESULTS. 

Suramin inhibits vacuolar-type H+ -ATPases in vitro through inhibition of ATP 

catalysis (Moriyama and Nelson, 1989). We have tested for the effect of this drug 

on pHln regulation in tumorigenic (EAT and RN1a) and non tumorigenic (3T3 and 

CHO) mammalian cells. Our results shown that only RN1 a cells respond with 

acidification upon treatment with this drug at concentrations lower than 0.5 mM 

(Fig 1). The maximum cytosolic acidification was observed at 1 00 ~M, with an 

estimated ICso of 50 ± 12 ~M. At concentrations > 0.5 mM an alkalinization 

was observed in RN1a cells (Fig 2A). In contrast, suramin treatment in EAT, CHO 

and 3T3 cells, resulted in cytosolic alkalinization at all concentrations tested (cf 

Fig 1 and 2). The calculated ECso's for the suramin-induced alkalinization were as 

follows: EAT, 75 ± 18 ~M; CHO, 350 ± 53 ~M; and 3T3, 200 ± 

68 ~M. In contrast, the EC50 for alkalinization in RN1 a cells was considerably 

higher: 600 ± 85 ~M. Suramin concentrations < 1 00 ~M did not affect pHln 

in 3T3, CHO or EAT cells (Fig 2A,B and data not shown). 



O.25mM SURAMIN 

EAT 

!l CHO 

RN1a 

5 minutes 

FIGURE 1. EffeCt of suramin on pHln. Effect of 0.25 mMsuramin on pHin 
of3T3,RNla, CHOandEAT cells; Cells were loaded with BCECFas 
describedin Methods, and the fluorescence ratio produced at excita tioD 
wavelengths of 500 and 450 nm(koll1=529) was continuously monitored. 
3T3and RN1 a cells were continuously perfused with CSB, pHex = 7.15. 
CHOand EAT cells were used as suspension cells and werecontinuously 
stirred in the fluorometer cuvette. In all cases the buffer lacked HC03' and 
serum; The arrow indicates the change of theperfusa~eand/or direct 

. addition of.the drug into the fluorometercuvette from a concentrated stock; 
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FIGURE 2. Titrati~nor. tbe effect of soraminonpHlo in attacbed cells (A); 
..•. andsospendedcells (B)~Handlingof these cells was performed as described 
iuJegen~to Figl. b pJ;lnvvas.evah.iatedby determining the steady state 
pHln before treatment and subtracting the pHln after treatment (cf Fig 1). 

··.·Data represent' themean±S~D .. of3';5experimentspefdata point, 
.' and were obtained from a series of ex peri merits similar to those shown in 
figurest (see Materials. arid Methods). Statistical analysis was performed 
by using Student's t-test **~P< O.00053T3 versus.RN1 aand CHOversus 

·EATjotherWisedifferencesare not significant > . 
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We also evaluated the effect of fusidic acid and NEM on pHln regulation in 

tumorigenic and non tumorigenic mammalian cells. These drugs also inhibit V-H+ 

ATPase activity, albeit by different mechanisms (Moriyama and Nelson, 1988; 

Stone et al., 1989; Moriyama and Nelson, 1989; Bowman and Bowman, 1986; 

Davenport and Siayman, 1988). Fusidic acid inhibits H+ transport and uncouples 

V-H+-ATPase. At 0.25 mM this drug decreases pHln in EAT, CHO and RN1a cells 

(figure 3). In contrast, 0.25 mM fusidic acid has only a minor effect on the pH in of 

3T3 cells. In CHO, EAT and RN1 a cells, fusidic acid induced a cytosolic 

acidification at all concentrations between 50 J.LM to 2 mM, while the effects on 

3T3 cells were insignificant (Fig 4). Concentrations greater than 2 mM did not 

produce larger aCIdifications. The decrease in pHin was much greater for CHO 

and EAT cells. CHO and EAT cells have a resting pH in 0.2 pH units higher than 

that found in RN1 a cells (Table 1). The data from Figs 4A and 4B were used to 

estimate the ICso's of 175 ± 30 IJ.M for RN1 a cells; 204 ± 28 IJ.M for 

CHO cells; and 408 ± 37 J.LM for EAT cells. 
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0.25 mM FUSIDIC ACID 

5 minvte9 

FIGURE3~ Effector rusidic~cid onpH1n.EffectofO.251l1M fusidicacid on· . 
. .. pHinof 3T3, RN la, CHO and EA TcelIs~Cells were handled essen tiaUyas 
··described .in Fig 1. .. . . .. . .. 
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(A); and suspended cells (B). Handling of these cells was performed as 
described in legend to FigJ; DpH" was evaluated as described in legend 
to Fig 2 (see Materials and Methods). Statistical analysis was performed by 
using Student's (-test. 

··P<.O;053T3versusRN1 a;···P··<O.0005 3T3versusRN1 a andCHO 
versusEA L Unreported differences are not significant. 
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Figure 5 shows that 0.25 mM NEM induced an acidification in EAT, CHO and 

RN1 a cells, but not in 3T3 cells. Figures 6A and 68 summarize the results for the 

titration of the effect of NEM on pHI" in 3T3, RN1a, CHO, and EAT cells. NEM 

induces cytosolic acidification in RN1 a, CHO and EAT cells. In 3T3 cells, a slight 

acidification was observed only at 0.25 mM while higher concentrations of this 

drug tended to alkalinize. Similar pH ln increases were observed in EAT, CHO and 

RN1 a cells at concentrations greater than 1 mM (data not shown), suggesting that 

NEM has biphasic effects, i.e. it decreases pHln at lower concentrations, while at 

concentrations;:: 1. mM it increases pH ln
• The estimated ICsa values for the effect 

of NEM-induced cytosolic acidification in these cells, as determined from the data 

in Fig 6 were as follows: EAT cells, ICsa = 159 ± 36 IlM; CHO cells, IC50 = 

220 ± 85 IlM; RN1a cells, ICsa = 290 ± 51 IlM. 
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ALBic 
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5 minutes RN1a 

FIGURE 5. Effect of NEMonpHln;Effect~f 0.25 niMNEM on pHinof3T3, .• 
RN1a,CHOand EAT cells. Cells were hclDdled essentiallyas describedin Fig 
1..·· ... 
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It is possible that, at high concentrations, these drugs could have an effect on 

mitochondrial F1/Fo ATPase and that this could lead to a perturbation of pHI". We 

therefore measured the effects of these drugs on O2 consumption in the 

suspension cells used in this study (i.e. CHO and EAT cells). As shown in Fig 7A, 

suramin induced a significant increase in the rate of oxygen consumption in both 

EAT and CHO cells with an apparent ECso of 226 ± 61 J.1M and 304 ± 

84 J.1M, respectively. In contrast, both NEM and fusidic acid caused a significant 

decrease in the rate of oxygen consumption (Fig 7B, and 7C). The ICso's 

calculated from these experiments were 41 ± 11 J.1M, and 39 ± 12 

J.1M for the effect of NEM on oxygen consumption in EAT and CHO cells, 

respectively (Fig 7B). Since NEM is a general sulfhydryl reagent, it could be 

affecting a number of other mitochondrial proteins (Swallow et al., 1988; Swallow 

et al., 1990; Davenport and Siayman, 1988; Grinstein et al., 1985). For the effect 

of fusidic acid on oxygen consumption (Fig 7C), ICso values of 136 ± 32 IlM 

and 135 ± 35 lJ·M were determined in EAT and CHO cells, respectively. 

The effects of fusidic acid are probably mediated through the H+ ATPase 

(Moriyama and Nelson, 1988). 

The effects of suramin on respiration are curious. A possible explanation for the 

effects of this drug on O2 consumption is that it is altering the energetics of the 

cell by either increasing ATP demand (with no concomitant increase in glycolysis) 

or that it is inhibiting glycolysis. Figure 8 illustrates in vivo 31 P NMR spectra of 



89 

RN1 a cells before and after five days treatment with suramin. Although profound 

changes in the amount of mobile phospholipids are observed, suramin has no 

effect on the steady-state levels of ATP, even after chronic treatment. This 

suggests that, if suramin does affect cell energetics, its effects do not involve a 

change in ATP concentrations. Therefore, since oxidative A TP production is 

increased, either the ATP demand must be concomitantly increased or non

oxidative ATP production (e.g. glycolysis) must be concomitantly inhibited. As 

shown in figure 9, glycolytic ATP production in RN1 a cells is significantly inhibited 

by this drug. These data are consistent with previous reports by Fantini et al 

(1989). 
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. FIGURE 7. Effector suramin, rusidic acid and NEM on oxygen consumption. 
2 x 107 cells/6mICSB (final volume) were placed in an oxygen chamber and 
oxygen consumptioJ.1wasmeasuted using a Clark style electrode (see 
Materials and Methods). Mter the initialS minutes ofi'ecording (i.e. steady 
state O 2 consumption)~ drllgs atthe final cone en trations indicated were added 

.. into the chamber usiIlg a Hamilton syringe and the O2 consumption was 
recorded for an additional·lOminlltes. Thereafter,thedifference between the 

. steady-state O 2 consumption and thepost~steadystate02' consumption (Le . 
... after drug treatment), was. determined by using eqn [2] (see Materials and 
·Methods).Each.pointrepresentthemean±·S;D>of 7 determinations. 
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All three of these drugs inhibit growth in these cell lines. Figure 10A shows the 

effect of suramin (dotted regression line) and fusidic acid (solid regression line) 

on cell growth in anchorage-dependent cells which have a H+-ATPase, i.e. RN1a 

(solid symbols), and in their non-tumorigenic counterparts, 3T3 cells (open 

symbols). These data were obtained after 72 hours of growth in the continuous 

presence of the indicated drug. These data show that RN1 a cells are more 

susceptible to growth inhibition by suramin than are 3T3 cells, and that neither 

CHO nor EAT cells were susceptible to cell growth inhibition by this drug. 

Furthermore, we have evaluated each drug at various time points including 48, 

and 72 hours in order to obtain the ICso's for each one of the cell lines studied. 

The results of such analyses are expressed in table 2. Since no complete 

suppression of cell growth by suramin was observed in either CHO or EAT cells, 

the ICso's for such effects were not obtained (c.f Fig 10B). In fact, even at 

concentrations as high as 5 mM, less than 50% inhibition was consistently 

observed (data not shown). 

The NMR data suggest that suramin is not cytotoxic, since no decline in viable 

cell number is observed. To follow up, we monitored the reversibility of suramin 

effects on cell number in 24-well cultures. As shown in figure 11, the effects of 

suramin on cell growth are reversible, indicating that it is cytostatic, rather than 

cytotoxic. This is consistent with its effects on cell metabolism and differentiation. 
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TABLE 1. IN SITU CALIBRATION PARAMETERS AND pHin 

BALB/c RNla CHO EAT 

p~ 6.95 ± 0.02 6.96 ± 0.06 6.95 ± 0.02 7.06 ± 0.04 

Rmin 1.08 ± 0.04 0.99 ± 0.08 1.19 ± 0.04 1.12 ± 0.05 

Rmnx 6.88 ± 0.07 6.50 ± 0.19 6.19 ± 0.03 5.90 ± 0.12 

pHin 6.75 ± 0.12(42) 7.26 ± 0.12(47) 7.44 ± 0.07(39) 7.41 ± 0.11(41) 

Volin 9.34 ± 0.3 6.45 ± 0.19 6.45 ± 0.19 5.78 ± 0.91 

K+(in) 146 ± 28 140 ± 25 144 ± 20 163 ± 52 

Anchorage-dependent (BALB/c and RN1a) and suspension (CHO and EAT) cells 
were grown and handled for fluorescence measurements as described in Material and 
Methods. The in situ calibration parameters were obtained by using equation [1] (c.f. 
Material and Methods), and represent the mean ± S.D. of 35-48 independent pH 
measurements within the pH range from 6 to 8. These parameters were used to 
calculate the steady-state pHin. The resting pHin was obtained in CSB, HC03'-free 
media, at pHcx= 7.15, and represents the mean ± S.D. of the number of experiments 
indicated in parenthesis. Intracellular cell volume (Volin; nLIJ.Lg protein), and 
intracellular -1(+ measurements (K+(in); mM), were performed as described by 
Giuliano and Gillies (1987). 
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TABLE 2. ICso's OF H+-ATPase INHIBITORS ON CELL GROwrn (~M) 

CELL LINE SURAMIN FUSIDIC ACID NEM 

BALB/c 32S.2 ± 3S.3 229.3 ± 94.1 0.78 ± 0.2SOOO(c) 

RNla 108.2 ± 12.8"·(a) 62.3 ± 9.4···(b) 2.S0 ± 0.58 

CHO N.A. 238.1 ± 77.2 2.01 ± 0.72 

EAT N.A. 100.8 ± IS.So.(b) 2.0S ± 0.61 

Cells were grown in 24-miniwell plates and cell number determined by crystal violet 
as previously described (Gillies et aI., 1986). Time points at 48 and 72 hrs were 
plotted as shown in Fig. 27 and the ICso was determined from such curves (see 
Materials and Methods). Data represent the mean ± S.D. of 6 experiments. N.A. = 
not applicable, since suramin did not suppress >SO% cell growth in these cell lines 
at any of the concentrations tested ranging from 0 - S mM. Statistical analysis was 
performed by using Student's t-test (Snedecor and· Cochram, 1972). ···(a)p < O.OOOS 
RNla versus BALB/c; ···(b)P < O.OOOS RNla versus BALB/c; ··(b)p < O.OOS EAT 
versus CRO; ···(C)p < O.OOOS BALB/c versus RNla, CHO, and EAT. 
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DISCUSSION. 

There is evidence suggesting the presence of V-H+ ATPases in the plasma 

membrane of several cell types including EAT (Stone et al., 1989; Heinz et al., 

1981), hepatocytes (Ehrhardt, 1984), macrophages (Swallowetal., 1988; Swallow 

et al., 1990), osteoclasts (Blair et al., 1989), and epithelial cells (Turrini et al., 

1989). Acid secreting cells of the urinary tract contain P-type H+/K+ ATPases, 

which are not constitutively present in the plasma membrane, yet are translocated 

from an intracellular reservoir through an exocytotic process triggered by Ca2+ 

(van Adelsberg and AI-Awqati, 1986). In EAT cells, a V-H+ ATPase seems to be 

constitutively present in the plasma membrane and may playa significant role in 

maintaining a chronically alkaline pHln (Stone et al., 1989). Furthermore, 

transfection of normal 3T3 cells with a yeast P-type H+ -ATPase renders these cells 

tumorigenic (Perona and Serrano, 1988), suggesting that some mammalian cells 

might be tumorigenic by virtue of the constitutive presence .of a H+ -ATPase that 

contributes to the maintenance of a high pHln (Gillies et al., 1990). In order to test 

this hypothesis, specific inhibitors for H+ -ATPases are required. Although the 

inhibitors for these enzymes (suramin, fusidic acid, and NEM) are relatively non

specific (Moriyama and Nelson, 1988; Moriyama and Nelson, 1989 Swallow et 

al., 1988; Swallow et al., 1990; Stone et al., 1989; Bowman and Bowman, 1986; 

Davenport and Siayman, 1988; Turrini et al., 1989; Grinstein et al., 1985), we have 
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used them to ask whether we could discriminate tumorigenic from non-

tumorigenic cells on the basis of their sensitivities to these drugs. Our results 

indicate that the effects of both fusidic acid and NEM are consistent with their 

effect on cellular respiration. Inhibition of oxidative phosphorylation will invariably 

cause cellular de-energization and/or an increase in glycolytic rate. Either of 

these sequelae would lead to cytosolic acidification (Gillies et a/., 1982). 

The effects of suramin are less clear. Suramin affects pH ln in all cell lines tested. 

However, only the RN1 a cells responded with cytosolic acidification, whereas an 

increase in pHln was consistently observed in all the other cell lines (BALBc, CHO 

and EAT) (Figs. 1, 2A and 28). A cytoplasmic alkalinization was also observed 

in RN1 a cells treated with higher concentrations of suramin (Fig 2B). These 

results are curious since RN1 a cells contain a P-type H+ ATPase, and suramin is 

reported to inhibit V-type H+-ATPases (Moriyama and Nelson, 1988; Moriyama 

and Nelson, 1989). This increase in pH ln may be the result of the inhibition of 

glycolysis, which would lead to decreased metabolic H+ production. In support 

of this, we have observed that decreased medium glucose levels causes higher 

intracellular pH values in these cells (data not shown). It is interesting to note 

that, although suramin increases glucose consumption rates, concomitantly 

inhibits the production of lactate (figure 9). The increase in O2 consumption is not 

sufficient to account for the increased amount of glucose consumed. The fate of 
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the extra glucose is unknown, but may involve synthesis of phospholipids, as 

shown in the NMR spectra (Fig 8). This is similar to the activities of drugs which 

alter cytosolic redox. Therefore, our data indicate that suramin does not act as 

a V-type H+ -ATPase inhibitor in vivo, and further suggest that this drug has other, 

undefined metabolic effects. 

Our data shows that suramin addition to the culture media inhibited growth of 

RN1 a more than 3T3 cells (cf Fig 10A). This is of further relevance since this drug 

also preferentially decreased pHln in RN1 a, but triggered an alkalinization in 3T3 

cells (Fig. 1, and 2A). Similar results on the effect of suramin on suppression of 

cell growth have been reported elsewhere (Spiegelman et al., 1987; Moscatelli et 

al., 1989; Jindal et al., 1990; Hosang et al., 1985; Coffey et al., 1987; Fantini et al., 

1989). In contrast, suramin was cytostatic, as opposed to cytotoxic, in CHO and 

EAT cells (Figs 10B and 11). Nakajima et al (1991) observed that suramin 

inhibited invasiveness, but not growth, in a melanoma cell line. 

As shown in Fig. 10A and B, fusidic acid affects cell growth in both tumorigenic 

and non-tumorigenic cell lines. Importantly, the ICsa's obtained were higher for 

non-tumorigenic cell lines (Table 2). However, the concentrations required to 

inhibit cell growth are higher than those needed to decrease either pH in or O2 

consumption. It is therefore unclear whether inhibition of cell growth is mediated 
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through inhibition of H+ -ATPase or through their effects on metabolism. 

In contrast, NEM did not differentially affect cell growth in tumorigenic and non 

tumorigenic cell lines, since similar IC5Q's were obtained for all cell lines (see Table 

2). It is noteworthy to mention that the concentrations required to totally abolish 

cell growth in most cell lines was less than 5 J.LM. Therefore, the effect of NEM on 

cell growth can not be accounted by either the decrease in oxygen consumption 

(Fig. 78), or its effects on pHln since the concentrations required to affect these 

parameters are one to two orders of magnitude higher that those required to 

suppress cell growth (cf Fig. 5, 6, 10 and table 2). 

In the present study we have identified some clear differences between the 

sensitivities of tumorigenic and non-tumorigenic cells to suramin, fusidic acid and 

NEM regarding their effects on pHI", cell growth and oxygen consumption. It is 

apparent that these drugs lack the specificity required to employ them as H+ 

ATPase inhibitors. Suramin decreases pHln only in RN1a cells whereas it 

increases pHI" and O2 consumption in all the other cell types. In contrast, fusidic 

acid and NEM decrease pHln and O2 consumption in all cell lines. The correlation 

between O2 , pHln changes and cell growth is not clear. Furthermore, the biphasic 

pHln responses of 3T3 cells to NEM and RN1 a cells to suramin clearly indicate 

that these drugs are affecting different pathways. Due to the renewed clinical 
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interest in suramin as a potential anticarcinogenic drug, we feel that caution 

should be exerted when interpreting the data from these clinical trials, since the 

mechanism of action of this drug is far from being understood. 
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Involvement of a plasma membrane localized vacuolar type 
H+ -ATPase in the maintenance of a high intracellular pH 

in human tumor cells. 
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SUMMARY 

Insertion of a yeast H+ -ATPase in the plasma membrane of normal NIH-3T3 cells 

chronically raises their intracellular pH (pHln
) and renders them tumorigenic 

(Perona and Serrano, Nature, 334: 438, 1988). These observations prompted us 

to question whether H+-ATPases are present in the plasma membrane of 

naturally occurring human tumor cells. In the present study, we screened two 

normal and 14 primary human tumorigenic cell lines for the presence of 

plasmalemmal H+ -ATPase. Our results indicate that most tumorigenic cells 

maintain a higher pH in
, and a higher rate of glycolysis, compared to non-

tumorigenic cells. Bafilomycin, an inhibitor of H+ -ATPase normally found in 

endosomes (V-type), induces a significant decrease in pHln in five tumor cell lines, 

but not in other tumor or normal cells. In contrast, SCH28080, an inhibitor of 

H+ /K+ -ATPase, did not affect pHln in any of these cells. Simultaneous 

measurement of pH in cytoplasm and endosomes-Iysosomes indicates that 
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bafilomycin can differentially affect the pH of both of these compartments. This 

bafilomycin-induced cytosolic acidification at the endosomal-Iysosomal level is 

probably not caused by inhibition of H+ -ATPases at the endosomal-Iysosomal 

level, since one tumor cell line exhibited endosomal-Iysosomal alkalinization with 

no changes in cytosolic pH. Moreover, mesothelioma cells exhibited a cytosolic 

acidification with no change in endosomal-Iysosomal pH. These results suggest 

that a vacuolar type H+ -ATPase is expressed in the plasma membrane of some 

tumor cells and may contribute to their high resting pHI". Combined with the yeast 

H+-ATPase studies, these results indicate that expression of V-type H+-ATPases 

in the plasma membrane may playa role in the mechanisms of carcinogenesis. 
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INTRODUCTION. 

Several previous investigations indicate that intracellular pH (pHin
) changes may 

occur in response to mitogenic activation. These changes are complex and may 

involve several different H+ transporting mechanisms. There are at least three 

main systems involved in the regulation of pHin in eukaryotic cells: (a) mitogen

stimulated Na+ /H+ exchangers, which electroneutrally raise pH ln and can be 

inhibited by amiloride and its derivatives (19, 31); (b) Na+ -dependent or -

independent HC03" transportes which alkalinize or acidify the cytosol, respectively, 

and can be inhibited by stilbene disulfonate derivatives (4, 8); and (c) plasma 

membrane H+ -ATPases, which represent the least understood mechanism of pH ln 

regulation (5, 8, 29). Understanding the role of H+ -ATPases in pHin regulation is 

complicated by their diversity. There are at least three types: a mitochondrial 

(F1/Fo) ATPase (F-type), a vacuolar H+-ATPase (V-type) and a plasma-membrane 

H+/K+-ATPase (P-type) (3,39,44,46). 

Recently, Perona and Serrano (40) have shown that tumorigenic transformation 

can be induced by transfection of NIH-3T3 cells with gene pma-1, which codes 

for yeast plasma membrane H+ -ATPase. We have shown that the pHin of cells 

transfected with the yeast H+ -ATPase is higher than their non-tumorigenic 

counterparts under physiological conditions (14), supporting the idea that a high 
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pHln in vivo might be important to the tumorigenic phenotype. We hypothesize that 

mammalian cells which become tumorigenic may express H+ -ATPase on their cell 

surface and use it to maintain a high pHln
• 

Evidence for the presence of H+ pumps in the plasma membrane of a tumor cell 

such as Ehrlich Ascites Tumor (EAT) cells has already been presented in the 

literature (22, 26, 44). Furthermore, H+-ATPases have been observed in the 

plasma membranes of several types of normal cells including: hepatocytes (9), 

macrophages (46), osteoclasts (3, 50), epithelial cells (48) , Chinese Hamster 

ovary (CHO) cells (26), parietal cells (50), and secretory cells from the urinary 

tract (49). In most of these cases, the H+ -ATPase involved is likely to be the P

type H+ /K+ -ATPase. However, in macrophages and osteoclasts, the H+ -ATPase 

appears to be a V-type (3, 46, 50). Therefore, there is no simple correlation 

between the presence of H+ -ATPase in the plasma membrane and tumorigenesis. 

V-type H+ -ATPases are constitutively present in various endomembrane systems, 

including secretory vesicles, clathrin coated vesicles, synaptosomes, Golgi, 

endosomes and Iysosomes (6, 8, 10, 29, 33-35, 44). It is believed that the V-type 

H+ -ATPases playa significant role in the maintenance of the acidic environment 

found in endosomes and Iysosomes, i.e. early endosomes have a pH of ca. 6.5, 

late endosomes a pH of ca. 6, and Iysosomes a pH of ca. 4.5- 5.0 (10, 29, 38). 



112 

It is hypothesized that exposure of the material that is internalized by endocytosis 

to this decreasing pH is important in maintaining the orderly traffic and processing 

of receptors and ligands. It is therefore feasible that V-type H+ -ATPases may be 

present on the plasma membrane of most eukaryotic cells, due to normal 

membrane-recycling mechanisms. It has been argued that this must be the case, 

since H+ -ATPases are observed in clathrin-coated vesicles, which are derived 

from plasma membrane (E. Racker, personal communication). In some cases, 

alterations in the normal membrane-recycling mechanisms and/or other 

phenomena may lead to functional overexpression of the H+ pumps at the plasma 

membrane. We hypothesize that this overexpression can contribute to a 

tumorigenic phenotype. 

At the present time, one of the most effective means of differentiating the V

ATPase from the F- and P-ATPases is provided by bafilomycins, a family of 

macrolide antibiotics. Vacuolar H+ -ATPases are highly sensitive to Bafilomycin A1, 

whereas P- and F-ATPases are moderately sensitive or insensitive to this drug, 

respectively (6). Binding of bafilomycin to the V-type H+ -ATPase is irreversible and 

not competitive with ATP. Although the stoichiometry of binding to the H+ -ATPase 

has not been unequivocally established, a stoichiometry of 1: 1 has been 

estimated. ICsa values of < 0.5 x 10-3 j.Lmol bafilomycin/mg of protein have been 

found in vacuoles, chromaffin granules, neurosecretory granules, synaptosomes, 
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and macrophage plasma membrane (6, 33, 34, 46). One of the most selective 

inhibitors for the H+/K+-ATPase is SCH 28080 (30). It has been shown to inhibit 

H+ /K+ -ATPase by competing with K+ for binding (at the extracytosolic face) to E2P 
i 

and blocking K+ induced dephosphorylation. The apparent ~ for SCH 28080 

binding to H+/K+-ATPase increases from ca. 0.02 llM in the absence of K+ and 

acidic pH (5.5) to ca. 1.5 llM in the presence of 25 mM K+ and high pH (7.5) (30, 

51). 

There also are relatively non-specific H+ -ATPase inhibitors such as N-

ethylmaleimide, fusidic acid and suramin (32, 44). We have recently shown that 

it is possible to partially discriminate tumorigenic (RN 1 a and Ehrlich Ascites tumor 

cells) from non-tumorigenic cells (Chinese Hamster ovary cells and BALB/c) on 

the basis of the effects of these drugs on the pHi" in these cells (26). In the 

present study, we have expanded on this previous work by employing the more 

specific H+ -ATPase inhibitors, as well as, by screening several additional cell lines 

including both non-tumor and tumor murine and primary human cell lines. 

Furthermore, we have devised a technique which allows for the simultaneous 

measuremement of pH in the cytosolic (pHcyi) and endosomal/lysosomal 

compartments (pWRC) in whole cell populations. This provides a method for 

discrimination of the specific site of action of the H+ -ATPase inhibitors, i. e. plasma 

membrane versus endosomal/lysosomal membrane. 
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MATERIAL AND METHODS 

Cell Culture. NIH-3T3 mouse embryo cells were provided by Dr. Albert Liebowitz 

(Cancer Center, University of Arizona). These cells were cultured as described in 

Gillies et al. (12). Briefly, the cells were cultured in Dulbecco's modified Eagle 

media (DMEM-Gibco, Grand Island, Ny), supplemented with 10% Nu-serum 

(Collaborative Research, Bedford MA), in a 5% CO2 atmosphere at 37°C. Cells 

were grown in T-75 culture flasks and passed bi-weeklyat an inoculation density 

of 2 x 105 cells per 75 cm2 flask. For fluorescence measurement using pyranine 

as a pHln indicator, cells were inoculated into 90 mm petri dishes at a density of 

2 x 105 in DMEM plus 10% Nu-serum. Two days thereafter, these cultures were 

prepared for pHln
, measurements by fluorescence as described below. For 

fluorescence measurements using SNARF-1 , and for simultaneous measurements 

of pH in cytosolic and vacuolar compartments, cells were inoculated at 5 x 104 

cells/SO mm petri dish containing glass coverslips (9 x 22 mm). 

RN1 a cells are derived from NIH-3T3 cells transfected with yeast pma-1, which 

codes for plasma membrane H+-ATPase (40). These cells were provided by Dr. 

Rosario Perona (Instituto de Investigaciones Biomedicas, Madrid, Spain) . These 

cells were cultured in high glucose DMEM, supplemented with 10% Nu-serum. 

Culture conditions for experiments were performed as described for NIH-3T3 cells 
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and subcultured for experiments in a likewise manner. 

N-MUT cells are also derived from NIH-3T3 cells transfected with a less active 

form (allele PMA-213) of the yeast H+-ATPase (41). These cells have 40% less 

ATPase activity and 20% less H+-pumping activity than RN1a cells. These cells 

were also provided by Dr. Perona and grown under identical conditions as the 

parental NIH-3T3 cells. 

Primary human non-tumor and tumorigenic cells provided by Dr. Albert Leibowitz 

(Arizona Cancer Center), as well as, established cell lines (from American Type 

culture Collection) were used. Human primary cells included: non-tumor 

fibroblasts from esophagus and human foreskin; primary tumor cells [breast (from 

two different individuals, i.e. breast-I and breast-II), Ewing's sarcoma, giant cells, 

glioblastoma, leiomyosarcoma, melanoma (from two different individuals, i.e. 

melanoma-I and melanoma-II), mesothelioma, and carcinomas from lung, ovary, 

pancreas, and uterus]. Cells were obtained from adult volunteers undergoing 

biopsy and/or surgery for either diagnosis or as a part of their therapy, 

respectively. They were grown out as explants from 1 g of tissue in medium M 15 

(Sigma Co.) plus 10% Fetal bovine serum (Hyclone), supplemented with (in gil): 

reduced glutathion.e (0.015); catalase (0.005); methyl cellulose 15 CPS (2.0); 

polyvinylpyrrolidone-360 (1.0); sodium selenite (1.73 x 1 O-tl); 2 mercaptoethanol 
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(0.0008); orotic acid (0.015); and DL-ornithine (0.015). After the initial inoculum, 

cells were grown for 7-15 passages in this medium, and subsequently grown for 

experiments essentially as described for RN1 a cells. Cells used in this study were 

in passage 24-45. 

Established human cell lines obtained from American Type Culture Collection that 

included breast cancer (MDA-MB-231); and lung carcinoma (A549) cell lines were 

also used, and were grown as described for RN1a cells. 

Buffers. Cell Suspension Buffer (eSB) contained: 1.3 mM CaCI2 , 1 mM MgS04 , 

5.4 mM KCI, 0.44 mM KH2P04, 110 mM NaCl, 0.35 mM NaH2P04, 5 mM glucose, 

2 mM glutamine and 25 mM HEPES, at a pH of 7.15 at 37°C. High K+ buffer. 

(High K+) contained: 5 mM glucose, 2 mM glutamine, 10 mM HEPES, 10 mM 

MES, 10 mM Bicine and the corresponding intracellular K+ concentration for each 

cell line (26). 

Culture Preparation for SNARF-1 measurements. Subconfluent cell cultures grown 

onto coverslips were used for most experiments. Cells were loaded with the pH 

indicator SNARF-1 using the cell permeant acetoxymethyl ester (AM) form as 

described fully in Martinez -Zaguilan, et al. (27). Briefly, coverslips containing cells 

were washed three times with CSB. Subsequently, two coverslips were incubated 
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for 30 min at 37°C, in a 5% CO2 atmosphere with 3 ml of CSB containing 7 J.LM 
, 

SNARF-1 (AM). Cellular esterases cleave the ester groups of the acetoxymethyl 

ester form to yield the free acid which is more impermeant, and therefore, 

"trapped" within cells. After the 30 min incubation, buffer was removed by 

aspiration and the cells were washed three times with CSB containing 0.2% (v/v) 

Nu-serum (0.2% CSB), followed by a second incubation in 0.2% CSB for 30 

minutes, to allow for complete hydrolysis of the dye. After this time, two coverslips 

were placed back to back in a holder/perfusion device (38), which was 

subsequently inserted into the fluorometer cuvette. Sample temperature was 

maintained at 37°C by keeping both the water jacket and the perfusion buffer at 

37°C using a circulator water bath (Lauda Mod. RM20, Brinkmann Instruments 

Co.). 

Culture Preparation for Pyranine Measurements. Intracellular pH was also 

determined from the fluorescence of pyranine as described in Giuliano and Gillies 

(15). Briefly, cells plated onto 90 mm petri dishes cultures were washed three 

times with CSB at pH 7.15, scrape-,1oaded with 1 mM pyranine, washed by 

centrifugation at 400 xg during 5 min at 10°C, resuspended in the same buffer 

and incubated at 37°C for 1 hr, to allow the cells to recover. After the recovery 

period, cells were washed by centrifugation and the pellet resuspended in CSB 

at 2 x 106/3 ml in the fluorometer cuvette for pHln measurements. Fluorescence 
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measurements were performed in a temperature-controlled continuously stirred 

cuvette. 

Culture preparation for Simultaneous Measurement of pH in Cvtosolic (pHcyt) and 

endosomai/lysosomal (pHvllC) Compartments. For the measurement of pHcyt and 

pHvac we took advantage of the fact that 7-hydroxy Coumarin conjugated to 

dextran (Coumarin-DEX) (70,000 M.W.) has a relatively low pKa and is membrane 

impermeant but can be taken up by the cells by endocytosis. Once inside of the 

cells, this dye is not cytotoxic (data not shown). Therefore, cells were plated onto 

covers lips and, after 24 hrs in culture, the medium was exchanged by medium 

containing 5 ~g/ml Coumarin-DEX. After 3-24 hrs in the presence of Coumarin

DEX, the dye is mainly localized into acidic compartments, and therefore can be 

used to measure pHvac. For our experiments we use 12-16 hrs to load cells with 

Coumarin-DEX, after which time cells are loaded with SNARF-1 (AM), for 

measurement of pHcyt. In these experiments, cells are incubated with SNARF-1 (7 

~M) for an additional 30 min, at 37°C. Subsequent handling of these cells is as 

described above for SNARF-1 measurements. Confirmation of the exact 

subcellular localization of each indicator was performed using fluorescence 

microscopy of single cells (see Fig 8). 

pH Measurements. Fluorescence Measurements were carried out in a 
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temperature-controlled unit housed in an SLM8000C (SLM. Urbana, ILL), at 37°C 

using 4 nm slits and an external rhodamine standard as a reference. For pHln 

measurements using SNARF-1, data were collected in a continuous acquisition 

mode, where excitation was set at 534 nm and emission sequentially sampled at 

584, 600 and 644 nm. A single cycle was completed in 3.68 seconds. The 

fluorescence at 600 nm represents the isoemission point for SNARF-1 (27), 

whereas the fluorescence at 584 and 644 nm are pH sensitive. Data were 

translated to ASCII format. The ratio of sequential fluorescence intensities of 

emissions at 584 and 644 nm (R) was converted to pHln values using eqn. [1]. 

pH = pKa + log (Sf2/Sb2) + log [(R - Rmln)/(Rmax - R)] eqn. [1] 

where Rmln represents the ratio for the fully protonated dye; Rmax the ratio for the 

fully de-protonated dye; R is the ratio at any given pH, R values increases with 

increasing pH; Sf2 and Sb2 are the fluorescence values for the free and bound 

forms of the dye, at the denominator wavelength, and are used to correct for the 

fact that the denominator wavelength is ion-sensitive. 

The fluorescence of pyranine was also used to monitor cytoplasmic pH of cells 

in suspension. Although this dye is membrane-impermeant it can be internalized 

by scrape-loading (28). For pHln measurements using pyranine, data were 
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collected as described for SNARF-1 , except the dye was excited at 402, 415 and 

465 nm and its emission was collected at 514 nm. This cycle lasted 3.33 sec. and 

was continuously repeated to generate an experimental time course. The 

fluorescence at 415 nm corresponds to the isoexcitation pOint for this dye and 

can be used to evaluate the efficiency of dye-loading, and/or quenching artifacts. 

pHln was determined by 465/402 fluorescence excitation ratio using eqn [1]. 

Selective loading of the cytoplasmic (SNARF-1), and the endosomal/lysosomal 

compartments (Coumarin-DEX), provides a precise method to simultaneously 

measure pHcyt and pHvac, respectively. An important feature of Coumarin-DEX is 

that, in analogy to SNARF-1, it can report pH using ratio spectroscopy. In 

addition, the respective isoexcitation and isoemissive points for Coumarin-DEX 

and SNARF-1 , offer further advantages, not only to quantify dye concentration and 

efficiency of dye loading, but also to check for possible artifacts such as 

quenching and leakage. For simultaneous measurement of pHcyt and pHvac, the 

acquisition parameters were set as follows: excitations at 352, 370, and 402 

collecting emissions at 448 nm (Coumarin-DEX conditions); followed by excitation 

at 534 nm, collecting emissions at 584, 600, and 644 nm. A single cycle was 

completed in 13.3 seconds. Conversion of ratio values to pHcyt/pHvac were 

performed as described above, by using equation [1]. 
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In vitro pH values used for calibration were obtained with a Beckman model 71 

pH meter, using a Corning glass combination electrode. The electrode was 

calibrated at two known temperature controlled pH values using commercially 

prepared standards from VWR Scientific (San Francisco CA). 

In Situ Calibration of SNARF-1 and Pyranine. The calibration of pH dyes was 

performed as described previously (14, 27). Briefly, attached (SNARF-1 loaded) 

cells were perfused with their corresponding high K+ buffer plus 6.8 ~M of the 

K+ /H+ ionophore nigericin and 2 ~M valinomycin, which elicits equilibration of 

intra- and extracellular pH; i.e., pHln of the cells is equal to pHex. For these 

experiments, pHex was varied from pH 6.0 to 8.0. Suspension (pyranine-Ioaded) 

cells were resuspended in high K+ buffer at various known pHex values ranging 

from 5 to 8, and their spectra were recorded. From these in situ calibration curves 

one can obtain R values at each pHex studied. Equation [1] is then solved 

iteratively using non-linear analysis (MINSQ, MicroMath Scientific Software, Salt 

Lake city, Utah), yielding values of Rmai<' Rmln and pKa for the dye. Such calibration 

was carried out for each of the cell types (c.t. 27). From these in situ calibration 

curves, the following parameters were estimated for pyranine: pKa = 7.407 :!: 

0.0817; Rmln= 0.0651 :!: 0.0271, Rmax= 2.052 :!: 0.125; Sf2/Sb2= 0.745 

± 0.081. For SNARF-1, the following parameters were estimated: pKa= 
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7.378 ± 0.062; Rmln= 0.458 ± 0.120; Rmax= 1.928 ± 0.115; 
! 

S12/Sb2= 0.822 ± 0.062. In situ calibration of each dye has been performed 

in 7 out of 12 cell lines. Under our experimental conditions these calibration 

parameters are comparable within 10% error among the different cell lines. In 

order to normalize pHln calculations between the various cell types, mean values 

for each calibration parameters were computed from the in situ calibration data 

collected for all cells studied. Each of those cell lines were in situ calibrated using 

at least 15 different pH values. Similar in situ calibration parameters have been 

obtained in a variety of other cell lines, and have been reported elsewhere (14, 

27). 

pHvac was estimated from in vitro calibration curves and not from in situ calibration 

parameters due to the uncertainty of equilibration of extracellular K+ with the 

Iysosomal/endosomal compartments. From such in vitro calibration curves, the 

following parameters were estimated: Rmin = 0.0099 ± 0.002; Rmax = 6.054 

± 0.019; and PKa = 6.701 ± 0.019. 

Cell Number. Cell number was determined using a dye binding assay, as 

described by Gillies et al. (11). Briefly, cells were plated at 3 x 104 in 24-well 

plates (Flow Labs), and 12 hours thereafter various concentrations (1 nM - 1 mM) 

of bafilomycin and SCH 28080 were :added. At 24, 48 and 72 hours following 



123 

addition of H+ -ATPase inhibitors, the medium was removed, and the cells were 

washed with CSB at 37°C. This procedure allows one to stain only viable cells that 

remained attached to the plastic well. Subsequently, the cells were fixed with 1 % 

glutaraldehyde, and then stained with 0.1 % crystal violet. Subsequently, the dye 

was solubilized in 0.2% Triton X-100. The absorbance at 590 nm of this Triton x-

100 solution is linearly related to the number of viable cells (11). 

Colony Formation. The capability of tumor and non tumor cells to form colonies 

was assessed as described previously (20). Briefly, an underlayer of 0.5% Bacto 

agar (DIFCO) in DMEM medium, containing 20% Nu-serum was prepared (1 ml/35 

mm Falcon plastic Petri dish). Subsequently, cells were suspended in a plating 

layer (1 ml) of 0.3% agar in DMEM plus 20% Nu-serum at a final cell density of 

4 x 104
• After two weeks in culture, with no additional feeding, cells were stained 

with 1.97 mM p-iodc;mitrotetrazolium violet for 48 hrs. Colonies were counted using 

an automated colony counter that discriminates colonies in terms of their diameter 

(Fas-2 Omnicon image counter, Bausch and Lomb). For our experiments only 

colonies of 60 ~m of diameter or greater were considered. 

Glycolytic rate. Cells were plated into 24 mini-wells at 3 x 104
, and the glucose 

and lactate concentrations in the media were monitored periodically for up to 96 

hrs using an automated glucose/lactate analyzer (Yellow Springs Instruments 
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Model 2000). Cell number was also monitored as described above (11). 

Chemicals and Drugs. Bafilomycin was generously provided by Dr. Altendorf 

(Universitat Osnabruk, Federal Republic of Germany), and was prepared as a 

sterile stock solution of 1 mM in DMSO, protected from the light and stored at -

20°C, until used. SCH 28080 was provided by Dr. A. Barnett (Schering 

Corporation, Bloomfield, NJ), and was prepared as described for bafilomycin. 

SNARF-1, Coumarin-DEX, and pyranine were obtained from Molecular Probes 

(Eugene, OR). Unless otherwise stated, all other chemicals were obtained from 

Sigma Chemical. 
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RESULTS. 

Establishment of cell lines: colony formation correlates with tumorigenicity. 

The capability of cells to form colonies in soft agar generally correlates with 

tumorigenicity (20). The competence of the cells used in this study to form 

colonies in agar was therefore evaluated. Figure 1 shows that non tumor cells 

(NIH, N-MUT and normal esophageal cells) do not form colonies. As expected, 

all tumor cells (i.e. murine or human) are capable of forming colonies in 20% 

serum (Fig 1). This ability of the tumor cells to form colonies was also observed 

at 0.2% serum, although the number of colonies was decreased by 60 to 80% 

(data not shown). 

Tumor cells maintain a high pHI". 

The present study was undertaken to ask whether or not a H+ -ATPase(s} is(are) 

present in naturally occurring tumor cells. As shown in figure 2, the measurement 

of pH in using the fluorescence of SNARF-1 in tumor and non-tumor cells grown 

onto coverslips demonstrates that all but one of these tumor cells exhibit a higher 
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pHinthan non-tumor cells, i.e. NIH, N-MUT, and normal esophageal cells. The only 

exception was found in giant cells, where the pHin is similar than that determined 

in non tumor cells. These measurements of pHin were performed at a pHex = 7.15, 

in HC03--free CSB and the absence of serum. Under these conditions, the 

activities of Cr/HC03- exchange and Na+ /H+ exchange are reduced by the 

absence of HC03- and serum, respectively. Since the Na+ /H+ exchange is 

supposed to be inactive above a pHin of 7.25 (for a review, see 18, 31) cells with 

a steady state pHin > 7.25 must have an alternate H+ exporting mechanism, such 

as an H+ -ATPase. 

Tumor cells have a high rate of lactic acid production. 

NIH 3T3 cells transformed with the yeast pma-1 gene, which codes for plasma 

membrane H+ -ATPase, glycolyze 5-10 times more rapidly than their non 

transformed counterparts (14). As a measure of the metabolic status of the cells 

used in this study, we have monitored glucose consumption and lactic acid 

production in both tumor and non tumor cells and have found that the glycolytic 

rate is substantially higher in tumor cells. Accordingly, the rate of lactic acid 

production in the tumor cells exceeds that exhibited by non-tumor cells (Fig 3). 

The only exception to this generalization was found in the giant cells, where the 
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rate of lactic acid production is similar to that observed in non-tumor cells. The 

specific lactic acid production values were derived from lactic acid measurements 

performed over a period of 72 hrs, at intervals of 24 hrs, after correction for cell 

growth. This correction for cell growth was made within the same experiment by 

monitoring cell number as described by Gillies et al. (11). During this period of 

time, the specific rate of glucose consumption and lactic acid production is linear 

(data not shown). We have recently shown that high glycolytic rates are not 

caused by the high pHln per se, and therefore reflect another property of these 

cells, such as increased ATPase activity (14). 
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Bafilomycin (a H+·ATPase Inhibitor) but not SCH 28080 (a H+/K+·ATPase 

inhibitor), decreases pHI" in tumor cells. 

We have screened for the presence of H+ -ATPases in both tumorigenic and non 

tumorigenic cells by using a specific V-type H+ -ATPase inhibitor, Bafilomycin (6, 

46), and an specific H+ /K+ -ATPase inhibitor, SCH 28080 (30). Figure 4 shows that 

addition of 1.0 ~M bafilomycin to cells known to contain a H+-ATPase in their 

plasma membrane such as RN1 a cells, results in a decrease in pHI" of ca. 0.22 

pH units (Fig 4A). In contrast, addition of 1.0 ~M bafilomycin to the parental cell 

line, NIH-3T3 induces only a minor decrease in pHI" of ca. 0.04 pH units (Fig 4B). 

Addition of 1.0 ~M bafilomycin to human leiomyosarcoma cells results in a 

dramatic decrease in pHI" from a resting pHI"= 7.47 to pHI" = 7.36. This effect is 

concentration dependent, since addition of 1 0 ~M bafilomycin to these cells 

induces a further decrease in pHI" to 7.14 (Fig 4C). In contrast, addition of 1.0 ~M 

bafilomycin to normal human esophageal cells does not affect pH in
, and 

subsequent addition of 1 0 ~M bafilomycin results in only a minor decrease in pHin 

of < 0.03 pH unit (Fig 4D). Similar experiments have been performed with a 

variety of tumor cell lines. These data are shown in Fig 5A, and illustrate that 1 .0 

~M bafilomycin decreases pHln in most cells, but that some cells are more 

strongly affected that others. We have titrated the effect of this drug on pHln in a 

variety of cell lines and have observed that the sensitivity and magnitude of the 
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pH in decrease is cell-type dependent. For instance, the pH in of RN1 a, 

leiomyosarcoma, mesothelioma, breast carcinoma and a melanoma cell line, are 

all significantly decreased by bafilomycin, while the pHin of all other cells does not 

decrease by more than 0.05 pH unit. Although these "effects were highly 

reproducible, it is likely that changes of pH in < 0.05 pH unit are not significant in 

the present study. The acidification observed in the RN1 a cells is likely due to 

inhibition of the yeast H+ -ATPase by bafilomycin (D. Perlin, personal 

communication). 
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We have also tested for the presence of H+ /K+ -ATPase in tumor and non tumor 

cells. Figure 6 shows that 1.0 llM SCH 28080 induces a pH in decrease of ca. 0.2 

pH units in NIH-3T3 cells (Fig 6A). Similar results were observed in N-MUT cells 

(data not shown). Addition of 1 llM SCH 28080 to normal human esophageal 

cells results in a decrease in pHin of 0.04 pH units (Fig 68). Neither of these cell 

lines are tumorigenic. In contrast, addition of SCH 28080 at concentrations as 

high as 50 or 100 llM did not affect pH in in the tumorigenic RN1 a (Fig 6C), or 

leiomyosarcoma (Fig 6D) cells. No significant effect of SCH 28080 on pHin was 

observed in any of the other cells as shown in figure 58. 
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Simultaneous measurement of Intracellular pH (pHI") and 

endosomal/lysosomal pH (pHVIIC
). 

The data presented above suggest that some tumor cells express a bafilomycin 

sensitive (e.g. V-type) H+-ATPase in their plasma membrane. This same enzyme 

contributes to the maintenance of the acidic interior of Iysosomes and endosomal 

vacuoles (10, 29, 38). Therefore, the possibility exists that bafilomycin might have 

specifically inhibited a H+ -ATPase at the level of the endosome/lysosome if it 

permeates the cell membrane. Inhibition of such a system may result in 

acidification of the cytosol, associated with an alkalinization of the 

endosomal/lysosomal compartment. Therefore, in order to accurately evaluate our 

findings it was critical to demonstrate that inhibition of the H+ -ATPase occurs at 

the plasma membrane level, and not at the vacuolar level. We examined this by 

simultaneously measuring the endosomal/lysosomal and cytoplasmic pH using 

the fluorescence of Coumarin-DEX and SNARF-1, respectively. A primary 

assumption of this simultaneous measurement is that there is no fluorescence 

energy transfer between the two fluoroprobes. Fluorescence energy transfer 

results primarily from dipole-dipole interactions between fluorophores (Le. the 

donor and the acceptor), and is therefore affected by both the relative orientation 

and the relative distance between them (usually < 100 A.) (25). Furthermore, 



138 

energy transfer is maximal when the emission spectrum of one fluoroprobe 

overlaps the excitation spectrum of the other. Figure 7 illustrates that there is little 

spectral overlap between the excitation and emission spectra of these probes, 

suggesting that there would be little or no energy transfer between SNARF-1 and 

DEX-Coumarin. We have also measured both SNARF-1 and Coumarin-DEX 

fluorescence and have determined that the presence of the other dye has no 

effect on the quantum yield, the pKa, Rm1n nor Rmax of these two pH indicators (data 

not shown). Therefore, accurate simultaneous measurement of pHcyt and pHV!lC 

can be made using Coumarin-DEX and SNARF-1. 

An additional problem in simultaneous measurement of pH in two different 

compartments within the same cell is the specific localization of each dye. 

Fortunately, the cytoplasmic and endosomaljlysosomal compartments differ 

dramatically in terms of their intrinsic pH, and therefore, it is possible to assess 

the distribution of ,these dyes based on their fluorescence spectra. We also 

utilized forms of the dyes which differed in their membrane-permeability. 

Coumarin-DEX is a membrane-impermeable compound with a high molecular 

weight, and consequently should be taken up by the cells by endocytosis and 

hence trapped into acidic compartments. On the other hand, SNARF-1 (AM) is a 

membrane permeable dye and is trapped into the cytosol upon cleavage of the 

acetoxymethyl ester form by non-specific esterases. However, the ability of 
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SNARF-1 (AM) and deesterified SNARF-1 to localize within the acidic 

compartment is unclear. The respective subcellular distributions of the dyes were 

directly analyzed using digital imaging microscopy of single cells. As shown in 

figure 8, SNARF-1 is uniformly distributed in the cytoplasm of NIH-3T3 cells, 

whereas Coumarin-DEX is compartmentalized into endosomes/lysosomes (cf. Fig 

8A, 8B). Coumarin-DEX (to label endosomes/lysosomes) was also co-loaded with 

vital dyes to specific subcellular organelles. Figure 8C shows a cell co-loaded with 

Coumarin-DEX and rhodamine-123 to label mitochondria. Clearly, Coumarin-DEX 

and rhodamine-123 are in distinct subcellular compartments. These data support 

our contention that Coumarin-DEX compartmentalizes into endosomes/lysosomes 

and not in other organelles. 
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Simultaneous measurement of pHln and pHv8c indicates that bafilomycin 

interacts with plasma membrane H+ -ATPases In tumor cells. 

Figure 9 illustrates simultaneous measurement of pHcyt and pHvac in human tumor 

and non tumor cells. Notice the differences in resting pHcyt and pHvac, which 

corresponds to the expected pH values in these compartments, i.e. > 7.0 and 

< 6.5, respectively. This endosomal/lysosomal pH is slightly higher than 

expected, and may reflect some dye leakage into the cytosol or a mean measure 

of acidic and less ,differentiated endosomes. However, the signal remains stable 

for longer periods of time, indicating that the dye is evenly distributed in a single 

"acidic" compartment. If the dye were consistently leaking out to the cytoplasm, 

then one would expect to see an increase in fluorescence ratio, and eventually 

would report pHvac equal to pHcyt. As shown in figures 9 and 10, this is not the 

case. Therefore we must assume that the dye is trapped into the 

endosome/lysosome compartment. A test of the utility of Coumarin-DEX and 

SNARF-1 to measure endosomal/lysosomal and cytosolic pH independently was 

performed by acid loading experiments. Incubation of cells with NH4CI results in 

elevation of NH4 dU,e to free diffusion of NH3 across the plasmalemma. As shown 

in Fig 10, NH4CI treatment resulted in simultaneous increase in pHcyt and pHvac in 

NIH-3T3 cells that is due to the entrance of the uncharged NH3 specie, which 

rapidly crosses both the plasma and the lysosomal membranes, raising pHcyt and 
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pHvac. Removal of NH4CI resulted in acidification followed by pHcyt and pWnc 

recovery with different kinetics. This provides further support for the assertion that 

the dyes are located within different compartments. 

Perfusion of cells with 1 J.l.M bafilomycin resulted in a variety of cell-dependent 

responses (Fig 9). Human foreskin fibroblasts (normal) are not affected by 

bafilomycin, indicating that there are not V-type H+ -ATPases at the plasma 

membrane, or that the drug is not crossing the plasma membrane, and therefore, 

does not interact with H+-ATPases at the vacuole (c.f. Fig 9A). Bafilomycin 

treatment resulted in an alkalinization in endosome/lysosomal compartments in 
I 

breast carcinoma cells (Fig. 9B). In contrast, lung carcinoma cells responded with 

a decrease in pHcvt and an increase of pHvac, indicating an effect of bafilomycin 

at both the plasma membrane and at the endosome/lysosome membrane (Fig 

9D). Addition of bafilomycin to mesothelioma cells resulted in a dramatic decrease 

in pHcyt with only slight changes in pHvac, suggesting that bafilomycin is interacting 

at the plasma membrane and not the vacuole. In parallel experiments, we also 

observed that addition of 10 J.l.M bafilomycin to mesothelioma cells results in a 

large decrease of ca. 0.4 pH unit at the cytoplasmic level, associated with a minor 

increase in endosomal/lysosomal pH (data not shown). This apparently high 

concentration of bafilomycin would correspond to approximately 0.01 llmol/mg 

of cell protein, a concentration that does not affect the activity of F- or P-ATPases, 
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but inhibits V-ATPases with high specificity (6). We also tested for the effect of 

bafilomycin on F-ATPase by monitoring oxygen consumption and found no effect 

at concentrations as high as 10 J.LM (data not shown). These results support our 

contention that the decrease in pHln observed upon bafilomycin treatment in 

mesothelioma cells is due to inhibition of a V- H+ -ATPase located at the plasma 

membrane and not at the acidic vacuole or by inhibition of respiration (F type H+

ATPases). 

During the course of these simultaneous pHcyt and pHvac measurements, we 

observed that pHVIIC values found in tumor cells are at least 0.3 - 1.0 pH units 

higher than jn non;-tumor cells. This could be the result of a real difference in 

pHVIlC or may reflect differences in the ratio and/or proportion of 

endosome/lysosome between tumor and non-tumor cells. Suggestions of a high 

lysosomal pH has been observed upon transformation of murine and human 

fibroblasts with either v-K-ras or T24 H-ras oncogenes, respectively (24). 

The effect of bafilomycin and SCH 28080 on cell growth in non tumor and tumor 

cells was also evaluated. Our results indicated that SCH 28080 does not affect 

cell growth for up to 72 hrs, in a range of concentrations from 10 nM to 100 J.LM 

(data not shown). In contrast, bafilomycin suppresses cell growth in both non 

tumor and tumor cells. Within the first 24 hrs < 50% inhibition of cell growth was 
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achieved at the concentrations used in this study. Complete suppression of cell 

growth was observed at 48 and 72 hrs. The calculated ~'s at 48 and 72 hrs were 

similar for all cell lines (ranging from 80 to 150 J.LM). Thus, it is likely that at high 

concentrations, bafilomycin has effects on cell physiology distinct from its effects 

on plasmalemmal V- H+ ·ATPase. It is important to note also, that the 

concentrations of bafilomycin used in the above pH studies were not toxic during 

the time frame of our pH measurements. 
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TABLE I. SUMMARY OF RESULTS 

EFFECT OF BAFILOMYCIN ON CYTOPLASMIC pH (pHcyt) AND 
ENDOSOMAL/L YSOSOMAL pH (pHVj 

NON-TUMORIGENIC CELLS 

Esophagus 
Human Foreskin Fibroblasts 

TUMOR CELLS 

Breast (I) 
Breast (II) 
Breast (Mb:239 ATCC) 
Ewing's sarcoma 
Giant 
Glioblastoma 
Leiomyosarcoma 
Lung 
Lung (A549 ATCC) 
Melanoma (I) 
Melanoma (II) 
Mesothelioma 
Ovarian 
Pancreas 
Uterus 

+ 

+ 
+ 

+ 

+ 

N.D. 
+ 
+ 
N.D. 

+ 
+ 

N.D. 

N.D. 

Data was obtained from at least 9 independent simultaneous pHcyt and pHVQC 

measurement using the fluorescence of SNARF-1 and Coumarin-DEX. A minus 
sign indicates that no effect or < 0.05 pH unit change was observed upon 1 lJoM 
bafilomycin treatment. A plus sign indicates that a > 0.05 pH unit change was 
observed upon 1 lJoM bafilomycin treatment. N.D. = not measured. 
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DISCUSSION. 

It has been suggested that changes in pHln are important for cell proliferation (23, 

43). However, others have suggested that a high pHln plays only a permissive role 

on cell growth since pHln changes are not associated with mitogenesis in vitro 

(31). Furthermore, we and others have shown that, upon mitogenic stimulation 

under cell culture conditions there is no mitogen-increase in pHln (2, 13, 47). 

Recently, Perona and Serrano (40) showed that transfection of NIH-3T3 cells with 

the gene for yeast H+ -ATPase renders them tumorigenic; and these cells maintain 

a high pHln under physiological conditions (14). Therefore, at least in this artificial 

construct, it seems clear that the presence of a H+ -ATPase in the plasma 

membrane .is responsible not only for the high pHln
, but also for the 

tumorigenicity. It should be noted that, in this system, the H+ -ATPase is 

electrogenic and also hyperpolarizes the plasma membrane potential (41). 

The present study was undertaken to determine whether H+ -ATPases are present 

in the plasma membrane of naturally occurring human tumor cells. The tumor 

cells used in this study form colonies in soft agar (Fig 1). Furthermore, all but one 

of these tumor cells maintain a higher pHln than non-tumor cells, with the only 

exception being th~ giant cells (Fig 2). Additionally, some tumor cells maintain a 
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pHln > pHox. Similar results of a higher pHln than pHllx in tumor cells have been 
:1 

reported elsewhere (7, 14,26,36,37,40). To our knowledge, only in few cases 

a high pHln has been observed in naturally occurring tumors (21, 37). The pHln 

measurements in Fig 2 were performed using the membrane-permeable dye, 

SNARF-1 (AM) in cells attached to coverslips . We have also measured pHln in 

these tumor and non-tumor cells in suspension using the dye pyranine (12, 15). 

and have obtained similar results, i.e. a higher pHln in tumor than in non-tumor 

cells. These pHln measurements were performed under conditions that minimize 

the activity of CI"/HC03- and Na+ /H+ exchanger, i.e. absence of HC03- and serum, 

respectively. Since· the Na+/H+ exchange is generally inactive at pHln values> 

7.25 (for a review, see 18, 31), we consider that the maintenance of a pHln > 7.25 

in these cells must be due to the presence of another proton transporter, such as 

a H+ -ATPase or another Na + /H+ exchange with a more alkaline "set point" (17, 

18). 

If a H+ -ATPase is involved in the maintenance of a high pHln in naturally occurring 

tumor cells, we might expect that these cells would have a high metabolic rate. 

in analogy to our observations made in the artificial construct.containing yeast H+-

ATPase (14). Indeed, the tumor cells studied here have a high rate of glycolysis 

when compared to non-tumor cells (Fig 3). These data are in agreement with 

those reported in the literature (42, 45). The only exception to this generalization 
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was found in the giant cell line, where the rate of lactic acid production is similar 

to that found in non tumorigenic cells '(c.f. Fig 3). It is worthwhile to mention that 

the pHin in this particular cell line is also comparable to the one observed in non

tumor cells (vide supra). 

Previous studies in our lab, using non-specific H+ -ATPase inhibitors have 

suggested that a vacuolar type H+ -ATPase is responsible for the maintenance of 

a high pHln in some tumor cells (26). In the present study, we have screened for 

the presence of H+ -ATPases in both tumorigenic and non-tumorigenic cells by 

using inhibitors with high specificity: Bafilomycin is a V-type H+ -ATPase inhibitor 

(6, 46), and SCH 28080 is a P-type H+/K+-ATPase inhibitor (30). The decrease in 

pHln observed upon bafilomycin treatment in mesothelioma and RN1 a cells shown 

in Fig 4A and 4C, suggests that a V-type H+ -ATPase is involved in maintaining the 

high pHln in these cells. The effect of this drug on pHln in these cells is 

concentration-dependent (Fig 5A). Similar results were obtained in five out of 

fifteen human tumor cell lines studied (Fig 5A, table 1). In contrast, the pHin of non 

tumorigenic NIH, N-MUT, human foreskin fibroblasts, and normal esophageal cells 

are not affected by this drug (c.f. Fig 4B, Fig 4D, Fig 5A, table 1). 

For the purpose of analysis, let us consider that pH changes < 0.05 pH unit are 

insignificant, both technically and biologically. Therefore, there are only a few 
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instances where the pHcyt was significantly affected by these drugs. 8afilomycin 

affected pH regulation in only the RN1 a, mesothelioma, leiomyosarcoma, lung 

carcinoma, breast-I cancer, and melanoma-I cells (c.f. Fig SA, table 1). In the case 

of SCH 28080, only NIH and N-MUT cells were affected (c.f. Fig 58). We interpret 

these data to suggest that the mouse cells generally have a SCH 28080-sensitive 

H+ -ATPase at their plasma membrane. However, the presence of an additional 

(yeast) H+-ATPase in RN1a "masks" the effects of SCH 28080 in these cells. On 

the other hand, none of the human cell lines tested appear to contain SCH 28080-

sensitive activity. Importantly, five out of fifteen human tumor cell lines 

(mesothelioma, leiomyosarconma, lung carcinoma, breast-I cancer, and 

melanoma-I cells) are bafilomycin-sensitive, suggesting that a V-type H+ -ATPase 

in their plasma membrane might be responsible for their tumorigenicity, . 

In mammalian cells, V-type H+-ATPases have been demonstrated in the 

membrane of several intracellular organelles, i.e. Iysosomes, secretory granules, 

synaptosomas, and the cisternae of the Golgi apparatus (29, 33, 34). These H+

ATPases that normally pump H+ from the cytoplasm into the lumen of the 

organelle are also inhibitable by bafilomycin (5, 33, 34). Thus, it is possible that 

the cytoplasmic acidification in the bafilomycin sensitive cells could result from 

inhibiting the translocation of H+ into intracellular organelles mediated by H+

ATPases in vacuoles, rather than at the plasma membrane. If bafilomycin were 
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eliciting acidification of the cytosol by inhibiting H+ -ATPase at the vacuole, then 

it should also lead to vacuolar alkalinization. We have examined this possibility by 

using measuring pHcyt and pHVBC simultaneously and have found that bafilomycin 

has a variety of effects on these compartments. For example, there is no effect on 

either pHcyt nor pHVIlC in human normal foreskin fibroblasts (c.f. Fig. 9A). On the 

other hand, lung carcinoma cells respond to bafilomycin with a decrease in pHcyt 

and an increase in pHVBC. There are two possible explanations for these data: 

bafilomycin inhibits H+ transport at both the plasma membrane and the vacuole; 

or (2) H+ released by inhibition of V-H+ -ATPase at the endosome alone causes 

acidification of the cytosol of these cells. Unlike the lung cells, breast-II cancer 

cells (from a different patient than that shown in Fig 98, table 1), exhibit a large 

alkalinization in the endosome/lysosome compartment with no effect at the 

cytoplasmic compartment. Since pHcyt is not decreased in the breast-II cells, even 

though the pHvOC increased, it is not likely that inhibition of V-H+ -ATPase at the 

endosome/lysosome is responsible by itself for acidification of pHcyt in the lung 

carcinoma cells. Acidification of the cytosol by release of vacuolar H+ also would 

imply a very large difference in the buffering capacity of these two compartments, 

given their relative volumes (Fig. 98, and C). Analysis of the buffering capacities 

on these compartments is technically' difficult. To date, only mesothelioma cells 

have shown a clear inhibition at the plasma membrane, with little or no effect at 

the endosome/lysosome compartments (Fig 9D, table 1). In this particular case 
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the observed effect would strongly argue against inhibition of a H+ -ATPase at the 
. 

endosomal/lysosomal membrane as being responsible for the pH ln decreases 

observed upon bafilomycin treatment. We currently hypothesize that V-type H+-

ATPases are functionally expressed in the plasma membrane because of 

missorting of normal cellular constituents. This missorting could result from 

alterations in the cytoskeleton, a leader sequence, or in a "chaperon". Recently, 

Goldstein et aI., (16) demonstrated that the transforming protein E5 of bovine 

papilloma virus selectively binds to the 16K subunit of the V-type H+ -ATPase. It 

is not known whether this interaction alters the subcellular distribution of these 

H+ -pumps. We are currently addressing this question. 

SUMMARY 

All but one of the tumor cells studied have a higher pHln and a higher rate of lactic 

acid production than the non-tumor cells. Because these measurements were 

performed in the absence of HCO:; and serum, it can be argued that the high pHln 

cannot arise from Na+ /H+ exchange or HCO:;-mediated mechanisms alone. 

Furthermore, our data suggest that bafilomycin selectively affects pH ln in a subset 

of these tumor cells. Five out of fifteen human tumor cells studied responded to 

bafilomycin, . a vacuolar type H+ -ATPase inhibitor, with decreases in pHcyt. We 

propose that this is the V-type H+ -ATPase which is responsible for maintaining the 
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high pHln observed in these cells. This assertion is further supported by the 

simultaneous measurement of cytoplasmic and endosomal/lysosomal pH, where 

addition of bafilomycin to these cells resulted in decreases in pHcyt associated 

with either increases or no changes in pHvoc
• On the other hand, it is clear that 

other factors are involved in maintenance of high pHcyt in the other tumorigenic 

cell types. It is worthwhile to mention that our assertion of the presence of a 

plasmalemmal (V-type) H+ -ATPase in mesothelioma cells, relies solely on the 

activity of a drug whose spectrum of activities is not well characterized. "Th ere is 

nothing as specific as an uncharacterized drug" (E. Racker) Therefore, more direct 

evidence will be required before the presence of (V-type) H+-ATPase in the 

plasma membrane of these cells can be firmly established. Utilization of H+

ATPase specific antibodies to study qistinct subcellular localization may help to 

resolve this issue. Combined with the observations from yeast H+ -ATPase 

transformed cells, our results indicate that a plasma membrane V-type H+ -ATPase 

may playa role in the mechanisms of tumorigenesis in certain specific cell types. 
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SECTION 1. 

Simultaneous measurement of intracellular pH and Ca2
+ 

using the fluorescence of SNARF-1 and Fura-2. 

(Am. J. Physiol., 260: C297-C307). 
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Simultaneous measurement of intracellular pH and Ca2+ 

using the fluorescence of SNARF-l and fura-2 

RAUL MARTiNEZ.ZAGUILAN, GLORIA M. MARTINEZ, 
FRANK LATTANZIO. AND ROBERT J. GILLIES 
Department of Biochemistry, University of Arizona College of Medicine, Arizona Health Sciences Center. 
Tucson, Arizona 85724; and Department of Pharmacology, Ea.~tern Virginia Medical School, 
Norfolk, Virginia 23501·1980 

MARTiNEZ,ZAGUlLAN, RAUL. GLORIA M. MARTiNEZ, FRANK 
LATTANZIO, AND ROBERT J. GILLIES. Simultaneou< measure· 
ment of intracellular pH and Ca" u<ing the fluorescence of 
SNARF·1 and fura·2. Am. J. Physio!. 260 (Cell Physio!. 29): 
C297-C307, 1991.-Upon cell stimulation with hormones and 
other mitogens, a variety of biochemical and physiological 
responses occur within the first few minutes. Changes in both 
intracellular pH (pH .. ) and intracellular Ca" concentration 
([Ca"],n) are prominent and playa major role in the signal 
transduction mechanism leading to the physiological response, 
i.e., secretion, neurotransmission, proliferation, or differentia· 
tion. However, it is not clear whether these ions work inde· 
pendently in the activation pathway leading to a particular 
physiological response. The fluorescence characteristics of most 
Ca" indicators are pH sensitive, and quantitative estimates of 
[Ca"] .. cannot he made without knowledge of pH.n. Thus it is 
desirable to have a technique to simultaneously monitor these 
two ions with relatively high time resolution. Here we have 
developed experimental conditions that allow us to use opti· 
mum emission conditions for a pH fluorescent indicator 
SNARF·1 and optimum excitation conditions for the Ca" 
indicator fura·2. The fluorescence spectra of these compounds 
are sufficiently different to allow simultaneous measurement 
of pH and Ca" both in vitro and in situ. We have observed 
simultaneous changes in both pH .. and [Ca"],n in BALB/c 3T3 
cells on treatment with the non fluorescent Ca" ionophore 4· 
bromo·A23187. This temporal relationship between pHn and 
Ca" !!ives further credence to the interrelationship between 
these two second messengers in the expression of physiological 
responses. 

BALB/c 3T3 cells; sodium· hydrogen exchanger; 4·bromo· 
A23187 

RESPONSES TO A VARIETY of hormones and mitogenic 
agents include turnover of inositol phospholipids (2, 33), 
activation of protein kinase C (25) and tyrosine kinases 
(34), and changes in intracellular pH (pHin ) (3,24) and 
intracellular calcium concentration ([Ca")in) (4,27). AI· 
though changes in pHin and [Ca'+]in have been observed 
in many systems, it is not yet clear whether these ionic 
events work independently in the activation pathway 
leading to a particular physiological response. One of the 
fundamental problems in studying these ionic events is 
the relationship between pHin and (Ca'+) .. (2-4. 24, 27, 
33, 34). It is therefore desirable to have a technique that 
allows concomitant monitoring of these two ions with a 
high time resolution. 

With the exception of pH measurement by nuclear 
magnetic resonance spectroscopy (8), fluorescence spec
troscopy is one of the least biologically disruptive tech
niques to measure pHin and [Ca'+).n. It also permits very 
fast tracking of changes in intracellular ions, even at 
millisecond sampling rates. There are several fluorescent 
indicators for measuring pHin and Ca'+ (11, 32). Most of 
these are commercially available in acetoxymethyl ester 
(AM) forms, allowing passive loading of cells without the 
need for microinjection, scrape loading, glass bead load· 
ing, or electroporation. These latter manipulations arc 
capable of disrupting the cell physiology (22). Recently, 
a new family of pH fluorescent indicators has been 
developed (32). SNARF·l is an example; it has dual 
emission wavelengths, a clear isoemissive point, and a 
good in situ acid dissociation constant (pK.), tested in 
the present study. Even with its documented pitfalls, the 
most informative Ca'+ fluorescent probe is still furn·2 
(32). Some of the problems in using this dye are incom
plete hydrolysis of the AM form (28), compartmentali
zation into organelles (20), photobleaching (1), and ex
trusion from the cell by anion transport mechanisms 
(21). Notwithstanding these problems, with the use of 
appropriate controls, quantitative measurements using 
furn-2 can be made (32). 

To simultaneously monitor pH .. and [CaH
] .. , the 

probes should have distinct excitation or emission char
acteristics. A further requirement is that the probes have 
at least two excitation or emission wavelengths sensitive 
to the ion of interest and a third (isoexcitation or iso· 
emission) wavelength that is insensitive. An isoexcita· 
tion or isoemissive point is grently desirable, since it 
allows one to simultaneously determine efficiency of dye 
loading, dye leaking, and quenching effects. Ratioing the 
sensitive wavelengths should give unique values at any 
ion concentration. In addition, these probes should have 
apparent dissociation constants [Kdl • p",] in the physio· 
logical range, have a high quantum efficiency, and should 
be specific for the ion of interest. 

In the present study, we have developed experimental 
conditions that allow us to use optimum emission con
ditions for a pH fluorescent indicator, SNARF-l, and 
optimum excitation conditions for the Ca" indicator 
fura-2. The fluorescence spectra of these compounds are 
sufficientlv different to allow simultaneous measurement 
of pH and Ca'+ both in vitro and in vivo. We show thnt 
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the fluorescence ratio of SNARF-l is unaffected by CaH
, 

the presence of fura-2 in the samples, or by dye concen
tration. Although the fluorescence ratio of fura-2 is in
sensitive to the presence of SNARF-l, it is slightly 
affected by pH and dye concentration: We h.ave per
formed in situ calibration curves to obtain the K'li'pp' and 
pK. values for fura·2 and SNARF-1, respe~tively. Fu.r
thermore we have observed simultaneous Increases In 
hoth [Cal·l", and pHon in BALB/~.3:r3 cells on stimula
tion with the non fluorescent Ca- lonophore 4-bromo
A23187 (4-BrA23187), providing support to the i".terre
lationship between these two ions in the expressIOn of 
physiological responses. 

MATERIALS AND METHODS 

Fluorescence measurements. All in vitro fluorescence 
measurements were performed in a temperature-con
trolled stirred cuvette unit housed in an SLM8000C 
(SLM, Urbana. IL) at 37'C. using 4-nm bandpass slits 
and an external rhodamine standard as a reference. 

Cell culture. BALB/c 3T3 mouse embryo fibroblasts 
were obtained from American Type Culture Collection. 
Rockville. MD (ATCC CCL 163). These cells were cul
tured as described by Gillies et al. (9). Briefly. the cells 
were cultured in Dulbecco's modified Eagle's medium 
IDMEM, GIBCO, Grand Island. NY), supplemented 
with 10% Nu-serum (Collaborative Research, Bedford. 
MA), in a 5% CO, atmosphere at 37'C. Cells were grown 
in T-75 culture flasks and passed biweekly at an inocu
lation density of 2 x 10' cells/75-cm~ flask. Cells were 
subcultured for experiments onto glass cover slips (9 x 
22 mm) in a 100-mm dish at 5 x lO' cells/dish. 

EP08A7A6F12 (EPO) hybridoma cells were gener
ously donated by Amgen (Boulder, CO). These cells were 
cultured in RPMI 1640 (Sigma Chemical, St. Louis, MO) 
as suspension cultures, supplemented with 10% Nu
serum. in a 5% CO" atmosphere at 37'C. Stocks were 
grown in a 250-ml spinner flask and passed biweekly at 
an inoculation density of 8 x lO·/ml. For experiments. 
cells were seeded at 2 x 10" cells/l.O·liter spinner flask. 
As needed, cells were centrifuged at 400 g for 5 min at 
4 'C. The pellet was resuspended in the appropriate 
buffer. Aliquots of 2 x 10" cells/3.0 ml (fluorometer 
cuvette) were used for Ca'· or pH measurements. Fluo
rescence measurements were performed in a tempera
ture·controlled continuously stirred cuvette. 

Small luteal ovine cells were obtained from superovu
lated Western range ewes and separated by elutriation 
as described elsewhere (15). For experiments. cells were 
handled under similar conditions as described for EPO 
cells at a final cell density of 2 x lOG cells/3.0 ml of the 
appropriate buffer. 

Primary buman leiomyosarcoma cells were provided 
by Dr. Albert Liebowitz (UA Cancer Center). These cells 
were grown for experiments, essentially as described for 
BALB/c-3T3 cells, except that the glucose concentration 
in the medium was 23 mM. 

Chemicals. Fluoroprobes were obtained from Molecu
lar Probes (Eugene, OR). For all fluorescence measure
ments, a fresh batch of dye was used. Unless otherwise 
stated, all other chemicals were obtained from Sigma 
Chemical. 

Buffers. Cell suspension buffer (CSB) contained 
(in mM) l.3 CaCl", 1 MgSO., 5.4 KCl. 0.44 ~H"PO •. 
110 NaCI. 0.35 NaH,PO., 5 glucose, 2 glutamine, a".d 
25 N_2_hydroxyethylpiperazine-N' -2-ethanesulfon.~~ 
acid (HEPES), at a pH of 7.15 at 37'C. The O-Ca
buffer (KEGTA) contained (in mM) 110 KCl, 20 3-(N
morpholino)propanesulfonic acid (MOPS). 20 NaCI. and 
10 mM K"H,ethylene glycol-bis(p-aminoethyl ether)
N.N.N' .N' -tetraacetic acid (EGTA). Calcium-saturated 
buffer (CaEGTA) contained (in mM) 110 KCI. 20 MOPS. 
20 NaC!, and 10 K,CaEGTA. High K· buffer contained 
(in mM) 146 KCI, 5 !:lucose, 2 glutamine. 10 HEPES. 10 
2-(N-morpholino)ethanesulfonic acid (MES), and 10 bi
cine. 

Culture preparation. Subconfluent 3T3 cell cultures 
grown on cover slips were used for most of these experi
ments. These cells were washed three times with CSB. 
Subsequently, two cover slips (containing cells) were 
incubated for 30 min at 37'C in a 5% CO! atmosphere 
with 3 ml of CSB containing 20 /1M SNARF-l/AM and 
2 /1M fura-2/ AM. The AM forms of these dyes are 
lipophilic and cell permeant. Cellular esterases cleave the 
ester groups of these AMs to yield the free acids. which 
are more impermeant and therefore "trapped" within 
cells (32). After the 30-min incubation, buffer was re
moved by aspiration and the cells were washed three 
times with CSB containing 0.2% (vol/vol) Nu-serum 
(0.2% CSB), followed by a second incubation in 0.2% 
CSB for 30 min to allow for the complete hydrolysis of 
these dyes. After this time, two cover slips were placed 
back to back in a holder/perfusion device, which was 
subsequently inserted into the fluorometer cuvette (10). 
Sample temperature was maintained at 37'C by keeping 
both the water jacket and the perfusion buffer at 37'C 
using a circulator water bath (Lauda model RM20. 
Brinkmann Instruments. Westbury, NY). All fluores
cence measurements in cells were performed under am
bient CO,. 

Ratio method. In the ratio method. ion-sensitive exci
tation or emission wavelengths are selected that increase 
or decrease on cation binding. After correction for auto
fluorescence, the ratio of the fluorescence at these two 
wavelengths can be used to determine the extent of dye 
bound and hence the free ion concentration (7, 12) by 

pH = pK. + 10g(Sr~/Sld 
(1) 

+ 10g[(R - R""n)/(Rmu - Rl] 

[Ca~·l = Kd(SriS .. J[(R - Rmin)/(R", .. - R)] (2) 

where R, Rmin, and Rmo> are the measured minimum and 
maximum ratios, respectively, and Sr~ and Sh2 are the 
fluoresence values for the free and bound forms of the 
dye, respectively, at the denominator wavelength. In the 
case of SNARF-l, R increases with deprotonation, so 
Rm .. represents the ratio of fully deprotonated dye, 
whereas Rmon is the ratio for fully protonated dye. In the 
case of fura-2. R increases with increasing Ca" .. so Rm,n 
represents fully free fura-2. whereas Rrnu represents the 
Ca'· -fura-2 chelate. The quantities of Sr~/Sb' are used to 
correct for the fact that the denominator wavelength is 
ion sensitive. 

pH measurements. The fluorescence of SNARF-! was 
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excited at 534 nm and monitored using emission wave
lengths of 584, 600, and 644 nm. The fluorescence at 600 
nm (isoemissive point) is proportional to the total 
amount of intracellular SNARF-l. The ratio of fluores
cence intensities at emissions of 644 and 584 nm was 
converted to pHon values using Eq. I. In vitro pH values 
used for calibration were obtained with a Beckman model 
71 pH meter, using a Beckman gel-filled combination 
electrode. The electrode was calibrated at two known pH 
values using commercially prepared standards from 
VWR Scientific (San Francisco, CAl. 

Intracellular Ca2+ determinations. Fluorescence of 
fura-2 was excited alternately at 340, 360, and 380 nm at 
a constant emission wavelength of 510 nm. Fluorescence 
at 360 nm (isoexcitation point) is proportional to the 
total amount of intracellular fura-2 and can be used to 
evaluate possible quenching. [CaH

] was calculated from 
the ratio of intensities at excitations of 340 and 380 nm 
(Eq. 2). In vitro calibration curves with fura-2 were 
performed either by using Ca2

• -EGTA buffers of defined 
compositions (13) or by varying [CaH

] using Chelex 
(Sigma Chemical) in the presence of trace '''Ca, as de
scribed by Lattanzio (19). Corrections of Ca2+:EGTA 
association constants for pH, temperature, and ionic 
strength were performed as described by Harrison and 
Bers (14). 

In situ calibration of SNARF-I. Calibration of intra
cellular SNARF-1 in the cells was performed as described 
previously for pyranine (10). Briefly, SNARF-I-Ioaded 
cells were perfused with high-K+ buffer plus 6.8 JIM of 
the K+ -H+ ionophore nigericin. Under these conditions, 
pHin of the cells was equal to the extracellular pH (pH,,). 
By varying pH .. between pH 6.0 and 8.0, one can obtain 
the pK. of SNARF-l from these in situ calibration 
curves. The K+ concentration in high K+ buffer is equal 
to that present in BALB/c 3T3 cells (10). 

In situ calibration of fura-2. For calibration of intra
cellular fura-2, we used the nonfluorescent analogue of 
the Ca2+ ionophore A23187, 4-BrA23187 (Molecular 
Probes), to collapse the Ca2+ gradient (6). Fura-2-loaded 
3T3 cells were perfused w:th Ca2+-EGTA buffer at var
ious pHs with variable free Ca2+ concentrations ranging 
from 0 to 250 JIM and were treated with 2 JIM of 4-
BrA23187. Alternately, fura-2-loaded 3T3 cells were in
cubated for 10 min in the presence of 2 JIM 4-BrA23187 
and 6.8 JIM of nigericin in high-K+ buffer with selected 
Ca2+ concentrations. Suhsequently, cover slips contain
ing cells were transferred to the fluorometer cuvette and 
perfused continuously with their respective high-K+/ 
CaEGTA buffer containing 4-BrA23187 with or without 
nigericin. Control studies wherein 4-BrA23187 was se
quentially increased in concentration showed that 2 JIM 
was sufficient to provoke the maximum increase in flu
orescence ratio. Under these conditions (e.g., in the pres
ence of nigericin) the Ca2+ changes imposed by A23187 
were continuous and not transient (see Fig. SA ). 

Fluorometric data collection and data anal.ysis. For si
multaneous pH and Ca"+ measurements, data were col
lected in a continuous acquisition mode where the emis
sion and excitation modes were alternated as follows: 
emission at 510 nm with excitation wavelengths of 340, 
360, and 380 nm (fura-2 conditions) followed by excita-

tion at 534 nm with acquisitions of the emissions at 584, 
600, and 644 nm (SNARF-l conditions). This cycle lasts 
0.266 min and was repeated as many times as necessary. 
Data were translated to ASCII format for manipulation 
and analysis. 

Absorbance measurements and inner filter corrections. 
In in vitro experiments, absorbance spectra were ob
tained under the same experimental conditions used for 
fluorescence measurements, in a final volume of 3.0 ml, 
using a pathlength of 1 cm (Spectronic 2000, Bausch & 
Lomb). These values were used to correct for inner filter 
effects according to 

Fco" = (Foh,) lantilog[(A.. + A.m)/2]1 (3) 

where Fc"" is the corrected fluorescence value, Foh• is the 
fluorescence obtained at the particular wavelength of 
interest, and A •• and A.m are the absorbances at excita
tion and emission wavelengths, respectively (18). From 
absorbance data, extinction coefficients for both fura-2 
and SNARF-1 were generated at a variety of wavelengths 
at different jJHs and Ca2+ levels (Table 1). 

Data analysis. Conversions of ratio values to both pH", 
and Ca2+ were performed with Lotus 1-2-3 (Lotus De
velopment) by using Eqs. 1 and 2 and were plotted using 
commercial computer software (Sigmaplot Scientific 
Graph System, Jandel Scientific). Analysis of hoth in 
vitro and in situ calibration CUNes, as well as the esti-

TABLE 1. Extinction coefficients of fura-2 
and SNARF-I 

pH 6.5H-1 

OnM 19.282±102 2B.298±!l9 
599 nM :I0.642±180 17.657±63 
1.76 pM 28.600±498 13.6S8±2S() 
3.01 pM :I~.725±1l5 15.358±123 

pll 7.//J5 

OnM 20.322±I52 30.01!.1±IBO 
35.3 nM 23.940±174 2.>.241 ± 100 
104 nM 2i,4i:J±230 21.8.'i3±S4 
177 nM 2B.O·IO±434 17,448:3:15 

pll7.470 

UnM 22.16:J±105 29.49i±2HO 
8.:ln:\1 21.452±80 29.016±46 
24.:1 nM 23.017±ISI 26.!l40±·19 
41.7 nM 24,706±25i 26.93:l±IG9 

23.7:lB±111 
6.099±1l1 
2..196=89 
1.947±IS0 

24.5:IB±IB9 
li.fi4H±B4 
12,'!:J2±9;, 
6,956±182 

21.8:!H7:13 
22.618±62 
19.7(};';!:47 
1B.9BU±8!1 

Extinction coefficlentr;: SNAHF·J. M·1·cm'l 
pH 

~ .. " A ... ...... >.. •• 

fi.58 23/102:412 1I.G7:1±IB5 4.01l7±137 :!iO±li 
6.76 25.490±277 11.47:1:145 5,85:I±S2 421:2:1 
7.18 25.949±315 11l.080±201l 10,242:!:12!', H85±:1R 
7.47 2:1.493±491 22.489±6:11 13.2B!!±347 1!~7±84 

Values are m~ans ::t SD; n = :1 experiments. Onto were ohtained 
from 0 set of curves similar to thuse shown in Fig. 4. A and B. and wen' 
calculated from absorbance values. Datu were fitted by least-squares 
,.grossion annlysis using computer software (MINSQ. MicroMath Sci· 
entific Software. Salt Lake City. UTl. Ahsorbance was measured under 
Sllml' experimental conditions used for fluorescence measurements, in 
u final volume of :1.0 ml, u5ing l1 spectrophotometer fSpectronic :W(}O, 
Bausch & Lomh). Extinction coefficient. for furn·2 at 510 nm were 
consi,tently < 60 M-' ·cm-' at all Ca'· and pH values. 
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mation of the pK.s and Rm .. and Rmin values for SNARF-
1 and fura-2, were performed using Eqs. 1 and 2 to fit 
the experimental R values at various pHs and [Ca"+], 
respectively, by the simplex method and by least-squares 
regression analysis (MINSQ, MicroMath Scientific Soft
ware, Salt Lake City, UT). 

RESULTS 

Effect of pH on spectrum of SNARF-I. SNARF-1 in its 
free acid form was dissolved in high-K+ buffer without 
nigericin, pH was varied between 6.0 and 8.0, and emis
sion spectra were recorded at various excitation wave
lengths. Although SNARF-1 offers a wide variety of 
possible combinations of excitation or emission wave
lengths, the largest dynamic range for pH measurement 
was obtained at an excitation wavelength of 534 nm, 
with emission wavelengths of 584 and 644 nm. The 
prominent features of these spectra are the isoemissive 
point at 600 nm and the peaks at 584 and 644 nm that 
decrease and increase, respectively, as the solution pH is 
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increased (Fig. 1A). The in vitro spectra of SNARF-l 
are not significantly different than those obtained in situ 
after deesterification of SNARF-1/AM (Fig. 18). 

Effect of Co"· on spectrum of fura-2. Fura-2 in its free 
acid form was dissolved in CaH -EGTA buffers at various 
free CaH concentrations at pH 7.1. The highest dynamic 
range for Ca2+ measurement was obtained by measuring 
the ratio of the excitation wavelengths at 340 and 380 
nm, using an emission wavelength of 510 nm (Fig. lC). 
The slight shoulder at 392 nm is generally thought to be 
a contaminant of the free acid; however, it is sometimes 
observed in the in situ de esterified fura-2/AM solutions 
(Fig. 1D). These data are shown primarily to illustrate 
the nonoverlap of the SNARF-1 and fura-2 spectra and 
the relative effects of varying pH and ea"" respectively. 
From these and similar in situ data, we estimate the 
intracellular concentrations to be -0.5 mM for fura-2 
and 0.1 mM for SNARF-1. These calculations were made 
assuming 10 nl/Jlg protein and 300 Jig protein/sample. 

Ratio mea.~urements. The ratio of intensities at 644/ 
584 nm of the SNARF-1 fluorescence, as well as the 340/ 
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fI(:. 1. II: in vitro nuorescence emission spectra of SNARF·l in high·K- buffer ot varillus JlH values. SNARF·l 12 
101M: free ocidl wos disbolved in hil!h·K· buffer ot various pH valUCfi. Emission spectru wen.' collected u~inl-! an 
excitation wavelength of 5:14 nm. Note isoemissive point lAo.) ut GOO nm and peaks at Sf!.! and GH nm that decrease 
and increase, respectively, os solution pH increases. R: in vivo fluorescence emission spectrum of SNAHF·l in 
BALB/c 3Ta cells. Cells were loaded with SNARF·l/AM, as described in MATEIlIAI.S AND METIIOIIS, and spectrum 
was accumulated immediately nfter insertion of periusion cell into cuvette. C: in vitro Huorescence excitation spectra 
01 fura·2 at vurious concentrations of free Ca'-. Fura·2 11 ~M: free acidl was di.solved in Ca"·EGTA buffer at the 
indicated frl't' Co-:· concentrations (oM) at pH:;:: 7.10. Excitation spectrll were collected using on embsion wavelen~h 
01510 nm. Hemarkable features are isoexcitation point IA,.,) at 360 nm and peaks ut :140 and :JHO nm that increa.e 
nnd decreufic, respectively. as COl. increaseI'. lJ: in vivo fluorescence emission spectrum of fura·2 in 13ALD/c :rra 
cells. Cells were loaded with fura·2/AM, as described in MATERIALS ANI! METIIODS, and spectrum was accumulated 
immediately ofter insertion of perfusion cell into cuvette. 
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FIG. 2. A: effect of SNARF·) on furn·2 nuorescence ratio. Fura·2 
() ~M; free acid) was dissolved in Ca"·EGTA buffer. of defined Co" 
composition (pH = i.lO) (see MATERIALS AND METIIODS) in either 
presenct.> or absence of:.! IJM SNARF-l. and excitotion spectra were 
recorded. lJ: effect of fura·2 on SNARF·) ratio. SNARF·) (2 IlM; free 
ncidJ was dissolved in high-K· buffer at vorious pH values, and its 
emission spectra were obtained in both pre~ence and absenc(" of furn-2 
(I ~M). 
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Fin. 3. Effect of pH on K<l,.pr' of Cn".!· binding to furn-:.? Kd •• pp . \'olues 
of calibration curves were obtained by fittin~ data to Eq. 2. Each point 
represents mean ± SD of 9-11 different Cn l

• concentrations at indi
clltcd pH \'olue. H· nnd Cu~· association constants for EGTA were 
calculated as described in MATERIALS ANI! METIIODS. 

380 nm ratio of fura·2 fluorescence, can be used to 
generate calibration curves for pH and Ca~" respectively. 
The excitation wavelength at 360 nm (isoexcitati0n 
point) for fura-2 and the emission wavelength at 600 nm 
(isoemissive point) for SNARF-l can be used to monitor 
for efficiency of cell loading, possible quenching effects, 
and/or artifacts. 

Dye selectiuity. We next tested the effects of fura·2 on 
pH measurement by SNARF-l and for the effects of 
SNARF-l on Ca2+ measurement by fura-2. As illustrated 
in Fig. 2A, SNARF-l does not affect the fluorescence 
ratio of fura·2 at Ca2+ concentrations ranging from 0 to 
250 I'M (Fig. 2A; data not shown). In a likewise manner, 
fura·2 does not affect the fluorescence ratio of SNARF-
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FIG. 4. A: effect of fura·2 concentralion on 340/38U·nm nuorescence 
ratio at different frel'·Ca1

+ concentrations at pH 7.4;. Fura.:! (frel' 
acid) was dissolved at various concenlrations in Ca"·EGTA huffers at 
indicated free·Ca·- concentrations, and their fluorescence and absorb· 
once t;peClra were recorded. Onto were fitted to Eq. ,'I to correct (or 
inner filter (lS), and ratio of corrected (.) fluoreficpnce !lif,!nais were 
plotted. lJ: erfecl of SNARF·) concenlration on.644/584·nm fluores· 
cence ratio 01 difrerenl pHs. SNARF·) was dissolved at indicated dye 
concentrations in hil!h·K - buffer at vorious pHs. nnd their corrected 
(.) fluorescence spectra were recorded as descrihed for A. 

1 at pHs between 6.0 and 8.0 (Fig. 28; data not shown). 
From these in vitro calibration curves we obtained the 
RmTn , Rmau and Kdlappl for SNARF·l and fura-2. For 
SNARF-l, these parameters are RmTn = 0.44, Rm .. = 1.86, 
and pKa = 7.30. For fura-2, these parameters are not 
constant, since they are somewhat affected by pH. 

Effect of pH on fura-2. Because H+ and Ca2+ are 
presumably competitive, pH has effects on the fluores· 
cent properties of fura-2. The effect of pH on the Kdlal'PI 
of FURA·2 is shown in Fig. 3. In Fig. 3, the calculated 
Kd,appl of fura-2 for CaH is shown as a function of pH. 
The solid line in this figure represents the best fit of the 
data to the relationship 

Kdl • pp, pU eorr) 

= [Kd.m .. + lO,pll .• -pK,I.Kd.mlnl/[10,pll .. -"",1 + 1] (4) 

where K,liapp.pll ,orrl is the pH·corrected KdlapPI and K.t.mn 
and Kd. m;n are the maximum and minumum Kd , respec· 
tively. Our best fit (f' = 0.957) to these data resulted in 
a pK. = 5.12, Kd.mn = 3,586 nM, and Kd. m;n = U6 n~. 

During the course of our experiments, we receive a 
number of batches of fura·2 that had "shoulders" of 
fluorescence at 392 nm excitation. We observed a very 
strong correlation between the magnitude of this shoul
der and the pH dependency of the Kd, with larger shoul· 
ders having higher pKas for the effect. The chemical 
nature of the compound giving rise to the shoulder is 
unknown. However, its fluorescence is sensitive to both 
Ca2

+ and pH in the physiological range (unpublished 
observations). 
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recordings of SNARF·l nuor~sccnce in presence uf lurl1·2 at single cmi!'sion wavelcnJ;1hs of fiR4. GOO, nnd 644 nm 
usill~ an excitntion wnvel.n~'lh of 514 nm. SNAHF·I (2 pl\!) plus fura·2 11 pMI were di.solved in Ca"·EGTA huffer 
(Cn::· == 0), and pH of solution WlIS varied in 0 continuoUl,ly stirred cuvette at :J7·C. R: same data os 10 A but now 
showin~ H44/fi84·nm ratio for SNARF·\. C: recordings of furu·2 fluor.scence in pre.ence of SNAHF·I at .ingle 
excitation point. of a41!. :160. and aSI! nm u,ing an emi .. ion wavclcnJ:lh of filO nm IpH = 7.101. Fura·2 II pMI and 
SNARF·I (2 pMI were dissolved in Ca"·EGTA huffe .. ofvariou. Cn" compo,ition nt a pH of '.W.D: corresponding 
fluorescence ratio a40/:180 nm for fu .. ·2. 

Effect of dye concentration. To correct for inner filter 
effects. extinction coefficients were determined for both 
fura-2 and SNARF-1 (Table 1). As shown in Table I, 
the extinction coefficients of fura·2 at 340 nm tend to 
increase with increasing Ca~+ concentration. In contrast, 
the extinction coefficients of fura-2 at 360 and 380 nm 
decreased with increasing Ca'+ concentration. This phe· 
nomenon was observed at all pH values tested. In the 
case of SNARF -I, increases in the extinction coefficients 
with increasing pH were observed at 584, 600, and 644 
nm. No effect of pH on the extinction coefficient at 534 
nm was observed, nor were there any effects of CaH on 
the extinction coefficients at any wavelength (Table 1; 
data not shown). 

As shown in Fig. 4A, the ratio for fura·2 at high ICaH
) 

decreases with increasing dye concentration. whereas the 
ratio in the absence of Ca"+ is relatively unaffected. This 
phenomenon is observed at all pH values (data not 
shown). As a consequence, the dynamic range for CaH 

measurements decreases with increasing dye concentra
tion. The values in Fig. 4A are corrected for inner filter 
effects using data in Table 1. In contrast. SNARF·l 
fluorescence ratio is not affected by dye concentration 
once fluorescence is corrected for inner filter (Fig. 48). 

Simultaneou.~ measurements in vitro. Figure 5 shows 
the important features of SNARF·l and fura·2 fluores· 
cence as they are used in simultaneous pH and CaH 

measurements. Figure 5A illustrates that the isoemissive 
point (X.m = 600 nm) for SNARF-1 is not significantly 
affected by varying pH (Fig. 5A) in the presence of 2 I'M 
fura·2, whereas the fluorescence at emission wavelengths 
of 584 and 644 nm decreases and increases. respectively, 
with increasing pH. These data can be expressed in terms 
of ratio. as shown in Fig. 58. Likewise, the isoexcitation 
point (A .. = 360 nm) of fura·2 is not affected by varying 
CaH in the presence of 3 I'M SNARF·l at a constant pH 
(i.e., 7.10) (Fig. 5C), whereas fluorescence emissions at 
340 and 380 nm increase and decrease, respectively, with 
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vnryinj:: pH. Dnto WCfe collected in continuous acquisitiun und ore 
plotll'd as their respective pH· nnd Co':· .. sensitive rotios for turn-:! 
C:I4Il/:IRIJ nm) and SNAHF·l (644/5R4 nm). Fura·2 nnd SNAHF·' W,'f(' 
dissolvcd in Ca:".,EGTA huffers of various fre€.' Co ... • concentnllilln ... 
that were held at 0 cunstont pH (G.61. At 2:l min. wht'n conr(lntrnllo" 
flf fru Ca" r".ched ~.4:1 ~I\I. huffer wag exchanged by high·K· hull,'r. 
nnd pH was raised in fluorometer eU\'cUe os indicated. 

increasing [Ca'+]. This causes an increase in the 340/ 
380·nm ratio (Fig. 5D). The behavior of both of these 
dyes is therefore unaffected by the presence of the other 
dye in the same in vitro system. 

Figure 6 summarizes our in vitro results using simul· 
taneous measurements of pH and Ca"+ in a sulution 
containing 2 I'M fura·2 and 3 I'M SNARF·l in Ca""· 
EGTA buffer at various free Ca"~ concentrations at a 
single pH and at various pH values in high·K+ Ca""-free 
buffer. The changes in the 644/584·nm ratio observed 
hetween different Ca"+ concentrations are due to slight 
differences in pH of the different Ca"+ -EGTA buffers 
used to generate these data and do not reflect an effect 
of Ca'+ on fluorescence ratio of SNARF·1. However. the 
340/380·nm fluorescence ratio for fura·2 consistentl\' 
decreases as pH is increased. This decrease is consistent 
with the effects of pH on FURA fluoresence and ahsorb· 
ance (e.g., increasing inner filter). 

Calibration of dyes in situ. In situ calibration of 
SNARF·l in 3T3 cells was performed as described by 
Giuliano and Gillies (10) for pyranine, using nigericin to 
set pHon = pH" (Fig. 7A). From such calibration curves 
we determined that pK. = 7.34, R,n", = 0.437, and Ron .. 
= 1.859. These values are not significantly different than 
those determined in vitro. One of the drawbacks of 
SNARF·l when compared with other pH fluorescent 
dyes, such as pyranine or 2',7'·bis·(2·carboxyethyl)· 
5(·6lcarboxyfluorescein (BCECF). is the difficulty on 
obtaining reliable in situ calibration points at pH > 7.5. 
The reasons for this anomalous behavior of the dye in 
situ, but not in vitro, are not immediately apparent. 

We have used 4·BrA23187, II non fluorescent CaH 

ionophore. in combination with nigericin and high K+ 
to generate physiologically relevant calibration curves 
for intracellularly trapped fura·2. Addition of 2 I'M 
4-BrA23187 to 3T3 cells continuously perfused with 
Ca"-EGTA buffers of various Ca'+ concentrations reo 
suIts in a rapid increase in the fluorescence of fura·2, 
which is proportional to the Ca'+ concentration being 
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FIG. i. A: in situ calibration ofSNAHF·l in :IT:l cells. BALB/c aTa 
l·ell. ~rown on cover .Iip. were loaded with 2() ~I\I of SNAHF·l/AM, 
[i!o described in MATEHIAI.S ANO Mt..iUOllS. Subsequently. 2 cover slips 
c()nt8inin~ cells wert' washed:J times with cell suspension huffer <CSBI 
lind transferred to fluorometer cuvette nnd perfused with hj~h·K· 
huffer plus nj~ericin 16.8 J.,IM I 01 various pHs. nnd their fluorescence 
~pl'c(ru wert' recorded. Data were fitted usinJ: c'C!. I.IJ: in situ calibration 
III furu·~ in aT:l cells. BALB/c 3T:J cells ~rown on cover slips were 
loaded with 2 ~M furo·2/AlI1, as descrihed in MATF.I!IAJ.S ANI> MF.TII· 
UIIS. Suhsequently, covcr slips ('ontaininJ! cells were washed =~ time,!; 
wif h O.:!':'; eBB nnd incuhated for 10 min with various free·Cn J

• 

concentrations I:! cO\'t!r slips for each Cn',!· concentration) at pH = 'i,Ofi 
in prestmce of:! lAM ·1·HrA:!:US7 and fU~ lAM of nigcricin. Theft-after. 
:.! l'Over slips hark to hack wrre inserted into fluorometer cuvettt' usin~ 
II holder dl'\'ic(' flO), Hnd their fluorescencl' spectra were recorded. Dutn 
were fitted usin!! E:q. 2. 

tested. A concentration of 2.0 I'M 4·BrA23187 is suffi
cient to induce the maximum change in fura·2 fluores· 
cence (data not shown). With the variance of external 
Ca1

+ and pH in the presence of these ionophores, the 
K.lIOPP' values of the fura·2·CaH complexes were deter· 
mined (Fig. 7 B). Use of nigericin is essential in clllibrat
ing fura-2 in situ, since in many cells varying Ca'+ levels 
can affect the pH, which in turn also affects fura·2 
fluorescence (cf. Fig. 8A). We have used similar experi
mental protocols for the in situ calibration of fura·2 in 
other cell lines and have determined similar behavior 
regarding Kd,.pp' values. For instance. in EPO cells, Kd,.pp' 
= 196 ± 18 nM at pH .. = 7.20. In small ovine luteal cells, 
Kd,.pp, = 177 ± 21 nM lit pH .. = 7.15. 

Toxicity. Because effects of AM dyes on cell toxicity 
cannot be discarded, we have evaluated their effect on 
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both cell viability and cell proliferation. Cell viability (as 
evidenced by trypan blue exclusion) was not altered with 
concentrations up to 100 j.tM SNARF,l/AM for periods 
of up to 4 h, which was the approximate time frame of 
our experiments. However. the presence of this dye for 
as little as the normal time required for cell loading (i.e., 
30 min at 37'C) at concentrations as low as 1 j.tM, 
followed by washout of the dye, results in an arrest of 
the cell proliferation within the first 24 h (data not 
shown). The mechanisms of such cytotoxicity are not 

apparent hut may be related to ATP depletion or to 
aldehyde formation on cleavage of the AM form of these 
dyes (31). Further studies a.re required to understand the 
molecular mechanisms that underlie the cytotoxicity of 
these dyes. 

Simultaneous measurements in situ. We tested the 
usefulness of this system to simultaneously monitor 
changes in pH in and (CaH)in in a variety of cell lines. 
Figure 8, A and B, shows the effect of 4-BrA23187 on 
pHin and (Ca2+) .. in serum-deprived quiescent 3T3 cells. 
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.'1(;, 9. Simultaneous evaluation of effect of varyinJ! pH on fura·~ 
l1uorescencl' in primory leiomyo!\nrcoma cells. Leiomyosarcoma cells 
were g-rown on cover slips. us described in MATERIAI.S ANU METIIOOS. 
Ilnd loaded with 2 ~M furu·2 and 7 ~I\I SNAHF-l. Suhsequent hnndling 
was us descrihed for BALBlc :lTa cells I.ee Fig. 8A). Perfusion was 
he~un with n solution containing 10 mM NH,CI in CSM. At time 
indicated. medium was exchanged for NH,CI·free (,SB. Fifteen minutes 
thereafter. medium wo~ exchHn~ed for CSB conlaininj:! 5 J.I~1 4·Br
A~:!1!l7. 

The treatment of these cells with ionophore in bicarbon· 
ate-free CSB at a pH" of 7.10 results in simultaneous 
and transient increases in fura-2 and SNARF·l ratios 
(Fig. BA). The [Ca"+];n calculated directly from these 
ratios using literature values of K.llnrr' = 224 nM (13) are 
illustrated by the dotted line. In nominally Ca"+ -free 
medium, addition of 4-8rA231B7 induces a transient 
decrease in SNARF-J ratio and a continuous increase in 
the ratio of fura-2 (dotted line. Fig. BB). The solid lines 
in Fig. B. A and B, represent the [Ca"+] ... calculated using 
pH-corrected Kdlarp, values (see DISCUSSION). Figure B, 
e and D, shows that 4-8rA231B7 or prostaglandin F"" 
induces permanent increases in Ca"' in EPO and ovine 
large luteal cells, respectively, with no concomitant 
changes in pH,n. Figure 9A illustrates the effect of per
turbing pH", on fura-2 fluorescence. In these experi
ments, primary human leiomyosarcoma cells were pre
treated with 10 mM NH.CI. Washout of NH.Cl induces 
a rapid acidification. This treatment also results in an 
increase in apparent ICa'+]'n levels (dotted line, Fig. 9B). 
However. on correcting for the pH dependency of fura-
2, the calculated [Ca"+]on levels are not affected by the 
changes in pHon (solid line, Fig. 9B). 

DISCUSSION 

The current literature is replete with studies demon
strating that the first responses of cells to stimulation 
by hormones or other agents are reflected in early ionic 
events, involving not only changes in pHon and [Ca'·lon 
but also in other physiologically important ions, i.e., K+, 
Na\ Mi-, and Cl- (2-4, 24, 25, 27, 33), Therefore a 

major effort in different laboratories has been the devel
opment of efficient techniques to measure the physiolog
ical relevance of such changes and their interrelatedness, 
if any, since simultaneous changes in more than one of 
these parameters are expected. 

Attempts to simultaneously measure pH,n and [Ca2+] .. 
by fluorescence spectroscopy have been made by Simp
son and Rink (30), using human platelets co loaded with 
fura-2 and 8CECF. We now report the simultaneous 
measurement of pHon and Ca"· by using the fluorescence 
of SNARF·l and fura·2 (Fig. 1). The versatility of dif
ferent excitation and emission wavelengths offered by 
SNARF-lallowed us to specifically select those excita
tion and emission wavelengths far away from those of 
fura-2, minimizing the possibility of fluorescence "cross
talk." Figure 2 summarizes the results of such analysis 
and allows us to conclude that, under our experimental 
conditions, fura-2 does not interfere with the fluores
cence of SNARF-l or vice-versa (Fig. 2, A and B). 
Furthermore, the present method offers additional ad
vantages, since it exemplifies not only the use of ratio 
measurements for both pH and Ca" but also emphasizes 
the need to continuously monitor the fluorescence at 
both ion-sensitive and -insensitive wavelengths. These 
latter ion-insensitive wavelengths can be useful to check 
for possible artifacts, such as quenching. 

Effect of dye concentration. It is commonly assumed 
that a fluorescence ratio corrects for variations in dve 
concentrations. Our data indicate that this mav be ~n 
oversimplification, since self-quenching and/or i~ner fil
ter phenomena may affect the fluorescence signal. Inner 
filter effects can be corrected and are generally not 
significant when working in situ, since the path length 
t.hrough cells is so small. In the case of fura-2, however, 
inner filter corrections do not totallv account for the 
decrease in the fluorescence ratio of fura-2 with increas
ing dye concentrations (Fig. 4A). Furthermore, the effect 
of dye concentration on the ratio is also dependent on 
[eaH

]. Therefore quantitative statements regarding 
changes in CaH levels require knowledge of the dye 
concentration, which may be gathered by fluorescence 
values at the ion-insensitive wavelength. In contrast, the 
fluorescence ratio of SNARF -1 is not affected by dye 
concentration (Fig. 4B). 

Effect of pH on fura-2. Although most Ca"+ fluoro
probes are pH sensitive, these effects are usually confined 
to relatively acidic pH values (5, 1:1, 19, 23, 26; Fig. 3). 
The effect of pH on the ](d,ar,"' of fura-2 can be predicted 
by Eq. 4 with the fitting parameters discussed above. 
With the use of these equations with simultaneous meas· 
urement of pH,n, the K.liar,"' of fura-2 can be calculated 
at any pH and at any time and used to calculate 
[Ca"+]on. If [Ca"+]'n measurements are to be made under 
conditions where pHon is >7.0, the pH·dependent correc
tions are minor (see Fig. B, A-D). However, if pHon falls 
to <7.0, pH-dependent corrections can have a significant 
effect on the quantitative, as well as the qualitative, data 
(Figs. BB and 9). 

We and others have observed the presence of fura-2-
derived compounds with unusual pH sensitivity in vitro, 
using certain batches of fura·2 tetrapotassium salt, which 
contain compounds with similar spectral properties such 
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as the ester form of the dye. Because the nature of these 
pH·sensitive by·products is unknown, it would be most 
prudent to assume that they can also be formed in situ. 
Therefore whenever a change in fura·2 fluorescence is 
observed concomitant with changes in pH;", the pH 
dependency of the dye in situ must be corrected before 
the fluorescence changes can be ascribed to a change in 
[Ca2+)",. 

Calibration in situ. We have used 4·BrA23187 for in 
situ calibration of 3T3 cells (6; Fig. 7 B). Because 1("I'PPI 
of fura·2 can be affected by pH and Ca2+ levels can affect 
pH;" in some cell types, it may be anticipated that cali· 
bration of those "A23187·responsive" cells is not a trivial 
matter. Indeed, we have observed that it is very straight· 
forward to calibrate cells in situ that do not increase pH;" 
on 4·BrA23187 treatment, such as small ovine luteal 
cells and a hybridoma cell line (EPOF87) (16; Fig. 8, C 
and D). In contrast, the calibration of 3T3 cells, which 
do respond with an increase in pH;" on A23187 treatment 
(Fig. M), is extremely difficult. A solution to this prob· 
lem is to set both pH .. = pH", and [CaH

)" = [CaH
)", by 

using both nigericin and 4·BrA23187 to obtain an in situ 
Kdl • pp , for fura·2 at various pHs. We have used this 
approach to calibrate fura·2 fluorescence in situ (Fig. 7). 

Simultaneous measurements in situ. Treatment of 3T3 
cells with 4·BrA23187 results in simultaneous increases 
in pH;" and [CaH

)", (Fig. 8). Increases in both pH;" and 
Ca2+ have been reported in the literature in different cell 
types, including 3T3 cells, through nonsimultaneous 
analysis of pH;" and CaH (12, 17, 29, 33). Although 
changes in both pH;" and [Ca2+);" have been reported in 
n variety of cell types (for reviews, see Refs. 2-4, 24, 27, 
33), most of those studies provide only circumstantial 
evidence for the relatedness of such changes. Therefore 
simultaneous measurements of these parameters are nee· 
essary if one wants to understand the temporal relation· 
ship, if any, between pH;n and [Ca2+);n changes. 
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SECTION 2. 

Prostaglandin F2a-induced calcium transient in ovine large luteal 
cells: I. Alterations in cytosolic-free calcium 

levels and calcium flux. 

(Endocrinology, 127: 3029-3037). 
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Prostaglandin F 2a-Induced Calcium Transient in Ovine 
Large Luteal Cells: I. Alterations in Cytosolic-Free 
Calcium Levels and Calcium Flux* 
.1. A. WEGNER, R. MARTINEZ-ZAGUILAN, M. E. WISE, R. J. GILLIES, AND P. B. 
HOYER 

Departments of Physiology (J.A. W., P.B.H., R.J.G., M.E. W.), Biochemistry fR.M.-Z., R.J.G.), Radiology 
(R.J.G.), and Animal Sciences (M.E. W.), Uniuersity of Arizona, Tucson, Arizona 85724 

ABSTRACT, The effect of prostaglandin F .. (PGF •• ) on cy· 
tasolic calcium homeostasi8 was studied in Buspensions of ovine 
large or smallluteol cells from ouperovulowd ewes. In lorge cells 
loaded with fura·2 (AM), resting cytosolic·free calcium ([Co'·).) 
wos 62 ± 5 nM monks' medium, pH 7.15), and PGF •• (0.5 ~M) 
induced a rapid transient increase in ICa'·I, to 152 ± 6 nM, 
which then decreased to 97 ± 6 nM within 3 min and remained 
at this level for the remainder of the treatment period (10-20 
min). PGF .. did not alwr intracellular pH (pH,) in cells loaded 
with onorf·1 (AM) (pH. indicator). The transient noture of the 
ICa"I, increose was due. at leost in port, to the obility of PGF,. 
to stimulate (P < 0.05) "Co'· efflux. In oman cells, resting 
ICa"I, was 57 ± 5 nM, and no chonge in ICa"I, levels or pH. 
occurred with the oddition of PGF ... PGF •• 01.0 did not affect 

T HE CORPUS lute urn is responsible for the produc
tion of progesterone, which is absolutely required 

for the maintenance of pregnancy. This endocrine gland 
is transiently formed on the ovary following ovulation 
und undergoes regression if pregnancy does not occur. 
Luteal regression is associated with decreased secretion 
of progesterone and subsequent demise of the tissue, The 
signal for regression (i.e. luteolysis) in many species, 
including the ewe, is prostaglandin F'a (PGF.a ) (1). 

There is evidence to support a mechanism of direct 
inhibition of secretion of progesterone at the level of the 
luteal cell by PGF.o • High affinity receptors for PGF.u 

have been measured on ovine large luteal cells (2, 3). In 
addition, PGF2u has been shown to induce structural 
alterations (4, 5) and initiate biochemical responses in 
luteal cells from a variety of species (6-12). 

Two morphologically and functionally distinct steroi
dogenic cells, designated small (12-22 I'm diameter) and 
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4.~C6"+ efflux in small cells. Calcium uptake was not Bignificantly 
altered by PGF .. in large or small cells. Dota from kinetic 
analysis of the co~!ium transient was best fit to 0 two·comport· 
ment model consisting of 0 rapidly effluxing compartment and 
a slowly effluxing comportment. The size and rote constants 
were 62 ± 10 nM and 3.6 ± I min-', respectively, for the rapidly 
effluxing comportment and 140 ± 9 nM ond 0.02 ± 0.002 min-', 
respectively, for the slowly effluxing comportment. These results 
provide evidence for a direct effect of PGF,. spccificolly on the 
ovine large luteal cell thot involves alterntion. in ICo"I. ond 
calcium flux. This effect i. likely to be involved in introcellular 
mediation of the signol for luteol regres.ion. (Endocrinology 
127: 3029-3037, 1990) 

large (>22 I'm diameter), have been identified in the 
corpus luteum of many species, including the ewe (3, 13, 
14). Both cell types secrete progesterone, but differ in 
hormonal regulation of steroidogenesis. Small cells ap
pear to mediate the luteotropic effects of LH in the ovine 
corpus luteum because they contain a significant number 
of receptors for LH and few for PGF.o (2,3). In addition, 
LH stimulates progesterone secretion in small cells via 
a cAMP-dependent second-messenger pathway (14, 15). 

Basal secretion of progesterone is 5 to 10 times greater 
in large cells than in small cells on a per cell basis (3, 15, 
161. It has been suggested that the basal rate of proges
terone production in large cells is at or near maximal 
capacity (14), and that large cells provide the major 
amount of progesterone produced by the corpus luteum 
on day 10 in the ewe (171. 

Ovine large luteal cells contain the greatest number of 
high affinity receptors for PGF.u (2, 3); therefore, the 
large cell is likely to mediate luteolytic effects of PGF.o 

in the corpus luteum. Evidence suggests that calcium
mediated pathways may be involved in this luteolytic 
event. Inositol-l,4,5·trisphosphate (lP,) and protein ki
nase C (PKCI are involved in two branches of a calcium
mediated second-messenger pathway found in many tis-
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sues (I8). PGF,. has been shown to stimulate the pro· 
duction of IP, in bovine (6, 19) and ovine (8) luteal 
tissue. PGF,. also stimulates the translocation of PKC 
to the plasma membrane in rat (9) and swine (10) luteal 
cells. Activation of the PKC pathway by phorbol estero 
mimics a putative luteolytic effect of PGF,. in rat (20) 
and ovine (21, 22) luteal cells. Furthermore, endogenous 
protein substrates for calcium-dependent protein kinases 
were demonstrated in soluble fractions of ovine large 
luteal cells (23). Several recent studies have demon
strated that PGF,. initiates a transient increase in cy
tosolic-free calcium ([Ca2+].) followed by a sustained 
elevation of [Ca2+]. in suspensions of rat (24) and bovine 
large (25) luteal cells. A PGF,.-induced increase in 
ICaH]. was also observed by computer-assisted micro
scopic imaging offura-2 fluorescence in single ovine large 
luteal cells collected from cyclic ewes (26). 

The fura-2 spectrofluorescence technique permits con
tinuous measurement of changes in cytosolic-free cal
cium levels in cell suspensions, but does not provide 
information about alterations in transmembrane calcium 
flux or exchangeable calcium. PGF2• increased calcium 
efflux in cultured swine granulosa cells (27). However, 
the effect of PGF,. on calcium uptake or efflux has not 
been studied in isolated luteal cells. A comparison of 
alterations in calcium fluxes with changes in [Ca2+]. 
could provide more detailed information about calcium 
compartments and transport mechanisms involved in a 
PGF2.-mediated mechanism. Therefore, the objectives of 
the present study are 1) to describe the effect of PGF2• 

on [Ca2+]. in suspensions of large and small luteal cells 
from superovulated ewes, 2) to determine whether ··Ca'+ 
fluxes are affected by PGF,. in these cells, and 3) to 
describe a compartmental model of calcium distribution 
in large luteal cells based on kinetic analysis of PGF,.
induced ICaH]i response and calcium flux data. 

Materials and Methods 

Animals 

Western Range ewes were synchronized with injections of 
PGF .. (im, 10 mg, Lutalyse; Upjohn Company, Kalamazoo, 
MI) on days -12 and -3. Follicular development was induced 
with a subcutaneous injection of PMS (1000 IU, sc, day -3) 
followed on day 0) with an injection of human CG (hCG) (750 
IU, iv, Sigma Chemical Co., St. Louis, MO). The experiments 
to be performed require large numbers of separated fractions 
of small and large luteal cells. Therefore, this treatment pro· 
tocol was used to induce multiple ovulations so that sufficient 
numbers of cells could be recovered (28). 

Tissue collection 

Corpora lutea were surgically collected on day 10 from su· 
perovulated Western Range ewes as described by Hild·Petito 

.t 01. (28). Corpora lutea were pooled and placed in sterile 
medium 199 (Gibeo Laboratories, Grand Island, NY) supple
mented with (grams per liter) : 0.35 NaHCO" 4.7 HEPES, 1.0 
BSA, 0.079 penicillin G, 0.1 streptomycin sulfate, 0.05 neomy· 
cin sulfate, pH 7.35, for transport to the laboratory. 

Tissue preparation 

Corpora lutea were decapsulated, sliced, and enzymatically 
dissociated into single-cell suspensions [0.4% collagenase 
(Worthington Biochemical, Malvern, PA); 0.0025% DNAse 
(Sigma); complete Hanks' solution, pH 7.35] (22). Dissociation 
proceeded by incubation, 3 to 5 h, in a shaking water bath at 
37 C until visible clumps disappeared. Single·cell suspensions 
were separated into large and small cell fractions by elutriation 
OR previously described (28). Typically, the small cell fraction 
(12-22 I'm) was free of large cells, and the large cell fraction 
(>22 I'm) contained 10 to 20% small cells by number. 

Intracellular calcium measurements 

Aliquots of large (5 x 10'/3 ml) or small (1 X 106/3 ml) cells 
were washed once with Hanks' medium (0.1% BSA, pH 7.15, 
37 C) and incubated (30 min at 37 C in 5% CO, atmosphere) 
in 3·ml Hanks' medium containing 2 I'M fura-2 (AM). In 
experiments involving simultaneous [Ca"), and pH measure· 
ments, cells were preloaded with both 2 I'M fura·2 (AM) and 
20 I'M snarf-1 (AM). In experiments involving chelation of 
Ca''', cells were preloaded with both 2 I'M fura-2 (AM) and 5 
or 20 I'M BAPTA·AM [5,5' ·dimethyl bis·(o-aminophen· 
oxy)ethane-N,N,N' N' -tetraacetic acid). At the end of dye load· 
ing, cells were washed, resuspended (5 ml Hanks' solution), and 
reincubated (30 min, 37 C) to allow complete hydrolysis of fura-
2 (AM). After the second incubation, cells were waqhed. resus· 
pended (3-ml Hanks' solution), and transferred to a tempera· 
ture·controlled, stirring cuvette unit housed in an SLM8000C 
spectrofluorometer (SLM, Urbana, IL). All experiments were 
performed at 37 C (29). 

Fluorescence measurements were collected using a continuo 
ous acquisition mode (emission at 510 nm. excitation at 340, 
360, and 380 nm); each cycle lasted 0.064 min. The data
acquisition cycle during simultaneous measurement of [Ca'·), 
and pH. lasted 0.266 min [emission at 510 nm, excitation at 
340,360, and 380 nm (fura-2 conditions), followed by excitation 
at 534 nm and emission at 584, 600, and 644 nm (snarf-l 
conditions). The 360 nm and 600 nm wavelengths represent 
the isoexcitation and isoemission points for fura·2 and snarf· 
I, respectively. The fluorescence at the isoexcitntion or isoem· 
iss ion point is proportional to the total amount of intracellular 
dye, and can be used to evaluate possible quenching or other 
artifacts. Steady state conditions were measured for 10 min 
before the addition of PGF,. (0.5 I'M, suspended in dimethyl 
sulfoxide) followed by measurements for an additional 10 min. 
At the end of the measurement period, 1 I'M 4Br·A23187 
(nonfluorescent analog of the Ca" ionophore A23187; Molec
ular Probes, Eugene, OR) was added to determine the maximum 
response of the system (data not shown). Data were translated 
to ASCII format and converted to [Ca"), using Lotus 1-2·3 
(Lotus Development Corp., Cambridge, MA). Cytosolic·free 
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calcium levels were calculated using the method described by 
Grynkiewicz et al. (30). and corrected for pH effects on fura-2 
dissociation constant (Kd ) (29) using: 

[Cn'·]. = K... • «R - R.. .. )/(R",., - R)) (I) 

where K... is the apparent dissociation constant of fura-2 for 
Ca'· (140.9 nM); R.. .. is determined when fura-2 is completely 
quenched (0.4783). and represents the minimum fluorescence 
340/380 nm ratio; Rm .. is the 340/380'nm ratio when fura-2 is 
saturated with Ca'> (S.079); and R is the meosured fluorescence 
340/380·nm ratio. The pH·corrected values for K.... R...n. and 
R.. .. were determined by in situ calibration of small luteal cells. 
One difficulty in using cell suspensions is the leakage of fura·2 
into the medium. which may be misinterpreted as a steady 
increase in [Ca'·]. (31. 32). However. because dye leakage wos 
constant in each cell preparation. the increase in [Ca'>]. due to 
dye leakage was subtracted from the actual [Ca'·]. values. and 
the corrected [Ca'·]. values were reported. Changes in intracel· 
lular pH were monitored by the ratio of fluorescence intensities 
at emissions 644 and S84 nm (29). 

Calcium flw:es 

"Ca'· efflux. Large (2 x 10' cells/O.S ml) or small (1 x 10' 
cells/0.5 ml) cells were preloaded to isotopic equilibrium with 
5 "Ci/ml "Co'· (17.2 mCi/mg; New England Nuclear. Boston. 
MA) in Honks' medium (90 min. 37 C. pH 7.1S) with continuous 
shaking (New Brunswick metabolic shaker). After loading. cells 
were collected in precooled plastic tubes. centrifuged for 1 min 
at 100 x g. washed in 3·ml Hanks' buffer (4 C). and centrifuged 
(1 min). Cells were resuspended in an appropriate volume of 
Hanks' buffer at 37 C. A 20·,,1 aliquot of the cell suspension 
was immediately added to 0.5-ml Hanks' medium (control) for 
determination of "Ca'> content at time zero. Remaining cells 
were aliquoted to tubes containing 0.5·ml Hanks' ± PGF,. (0.5 
"M) and incubated (duplicates) for the specified time periods 
(3-30 min). The reaction was stopped. according to the method 
of Williams et al. (33). by diluting the O,S'ml cell suspension in 
10 ml of ice· cold wash solution (154 mM NaCI. 4 C). followed 
by rapid filtration through Nucleopore filters (2S "m). Filters 
were rinsed once with lO·ml wash solution (4 C) and placed in 
4·ml scintillation fluid. and the samples counted. Data were 
calculated as percent radioactivity remaining in cells compared 
with radioactivity pre.,mt at time zero (33). 

"Ca'· uptake. Calcium uptake was initiated by the addition (20 
"I) of large (2 x 10' cells/0.5 ml) or small (1 x 10' cells/O.S ml) 
cells to tubes (duplicates) containing 0.5·ml Hanks' medium 
(pH 7.1S. 37 C) with "Ca" (5 "Ci/m\) with or without PGF, .. 
(0.5 "M). Incubation was stopped at the specified times (0-30 
min). and samples were processed by rapid filtration as de· 
scribed above. Uptake data were calculated as nanomoles Co'> / 
20.000 cells corrected for specific activity of the incubation 
media (33). 

Progesterone determinations 

Suspensions of large (1 x 10'/ml) or small (5 x 10'/ml) cells 
were incubated in glass culture tubes (12 x 75 mm) containing 

l-ml complete Hanks' buffer (0.1 % BSA. pH 7.1S. 37 C) under 
atmospheric conditions (triplicates). Cells were incubated (37 
C. 2 h) with continuous shaking (New Brunswick metabolic 
shaker). At the end of incubation. media were collected by 
centrifugation (900 x g. 4 min. 22 C). and the progesterone 
content of the media was determined by RIA (28). Cells pelle. 
tized after completion of the incubation period were immedi· 
ately resuspended in medium 199. and cellular viabilities were 
assessed by trypan blue dye exclusion. 

Statistical analysis 

Corporalutea from one to three animals were pooled in each 
tissue preparation. Each experiment (n) represents a different 
tissue preparation. Data are expressed as mean ± BE. Statistical 
significance between multiple treatments was determined by 
analysis of variance. followed. where appropriate. by Student· 
Newrnan·Keuls multiple·range testing. Differences between 
two means were determined by Student's t test for paired data. 
Significance was assigned at the O.OS level. 

Data from the recovery phose of the PGF,.·induced [Co'>]. 
transient and "Ca'· efflux curves were fit to compartmental 
models using nonlinear regression techniques. The number. 
size. and rate constants of the defined comportments were 
estimated using the Simplex method (MINSQ. Micromath 
Scientific Software. Salt Lake City. UT). 

Chemicals 

All chemicals were purchased from Sigma Chemical. Fluo· 
roprobes were obtained from Molecular Probes. ['H]Progester' 
one and "Ca" were purchased from New England Nuclear. 
The antibody to progesterone was GDN·337. which was kindly 
provided by Dr. G. D. Niswender. 

Results 

The Kda of fura·2 is sensitive to pH in the physiological 
.range (29). Therefore, an in situ calibration of fura-2 was 
performed using Buspensions of small luteal cells (Fig. 
1). The non fluorescent analog of the calcium ionophore 
A23I87. 4Br·A23I87 (Molecular Probes). was used to 
collapse the Ca'" gradient (34). Fura·2 loaded cells were 
resuspended in Ca ... ·EGTA buffer. pH 7.15. treated with 
1 I'M 4Br-A23I87. and variable free CaH concentrations 
(0-3 I'M). Estimates of Kda• Rm•n• and Rm .. values were 
determined using the Simplex method (MINSQ). These 
values were used to calculate [Ca"')1 for both large and 
small luteal cells. 

The effect of PGF.n on [Ca·")i was measured in large 
and small cells using the Ca'" indicator. fura·2 (Fig. 2). 
Steady state [CaH)i was similar in large and small cells 
suspended in Hanks' solution (62 ± 5 nM. n = 5. and 61 
± 5. n = 3. respectively). PGF,,, (0.5 I'M) initiated a 
transient increase in [CaH)i in large cells. Cytosolic·free 
calcium levels were initially increased (P < 0.05) to 152 
± 6 nM (n = 5) within 23 ± 2 s (n = 5) after addition of 
PGF"" to large cells. Calcium levels returned to a higher 
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FIG. 1. In situ calibration of fura·2 in ovine small luteal cell •. SUBpen· 
siaM of small cell. were loaded with 2 I'M fura·2 as described in 
Materioo and Methods. Separate aliquots of .mall cell. (1 X 10' ceU./ 
3 mil were incubated for 10 min with various free Ca" concentrations 
at pH 7.15 in the preaence of 1 I'M 4Br·A23187. The fluore.cence 
spectrum (or each aliquot was recorded as described in Materials and 
Methods. The re.ulting 340/380·nm ratio P .... = 510 nm) W88 plotted 
sgain.t (Ca"J. Data were fit to Eq I; K.... R..... and R.... were calculated 
u.ing Simplex and nonlinear least square. regression analysis (see 
Materials and Methods). 
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FIG. 2. Effect of PGF .. on cytosolic·free calcium concentrations in 
large and small luteal cells. Suspension. of large (5 x 10'/3 ml) or 
• mall (1 X 10'/3 mll luteal cell. were loaded with 2 I'M fura·2. Fluore.· 
cence W88 recorded as described in Mattrials and Methods. Where 
indicated. PGF .. (0.5 I'M) waa added to the cell .u,pen.ion •. Data 
presented are representative of three experiments with large and smnll 
cells isolated from the Bame ti88ue preparation. 

JeveJ of 97 ± 6 nM (47 ± 6% above resting steady state 
levels, n = 5). The higher level was attained within 2 ± 
1 min (n = 5) and remained elevated (P < 0.05) through· 
out the remainder of the measurement period (10 min). 
Addition of a lower concentration of PGF2a (0.05 /lM, n 
= 1) increased [Ca2+)i to 107 nM and returned to 84 nM 
(45% above steady state levels; data not shown). No 
change in [Ca2+)i was induced in small cells incubated 
with PGF2a (Fig. 2). 

During the course of our experiments, it was noticed 
that both untreated large and small cells consistently 
exhibited a gradual increase in the 340/380·nm ratio 
with time. To determine if the sloping baseline observed 
in Fig. 2 was a gradual increase in [Ca2+)i or due to 
leakage of fura·2 from the cells, probenecid (2.5 mM), an 
anion transport inhibitor, was added to the cells at the 
beginning of the measurement period (Fig. 3). The slope 
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FIG. 3. Effect of probenecid an fura·2 fluorescence. Large (5 X 10'/3 
ml) luteal cells were loaded with fura·2 .. described in MalerinlJ and 
Methods. Alter the finnl waah. cells were incubated with or without 
probenecid (2.5 mM). and fluorescence W88 monitored for 5 min. One 
representative experiment is shown. 
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FIG. 4. Effect of BAPTA on the PGF .. ·induced calcium responae in 
large luteal cells. Large cell. (5 X 10'/3 mt) were loaded with 2 I'M fura· 
2 in the preaence of 0, 5. or 20 I'M BAPTA as described in Materials 
and Methods. Fura·2 fluorescence was recorded 88 described in Mate· 
rials and Methods. Where indicated. PGF .. (0.5 I'M) W88 added to the 
cell suspensions. Oata preaented are repreaentative of two experiments . 

was eliminated in the presence of probenecid. 
To establish that the increase in fluorescence observed 

with PGF2• treatment was due to a true increase in 
[CaH) .. several control experiments were performed. In· 
cubation of large cells with 5 or 20 /lM BAPTA (intra
cellular calcium chelator) decreased (P < 0.05) basal 
[Ca2+), to 43 ± 6 nM (n = 2) and eliminated the PGF2a• 

induced calcium transient (Fig. 4). Because the .K!. of 
fura·2 is sensitive to pH, an apparent change in [Ca2+)i 
might be the result of a change in intracellular pH (pHi) 
rather than a real change in [Ca2+)i (29). Therefore, pH, 
and [CaH), were simultaneously measured usmg the flu· 
orescent dyes snarf-1 and fura-2, respectively. Under 
these conditions, it was observed that PGF2n induced a 
transient increase in [CaH), with no effect on pHi in 
large cells (Fig. 5). No effect of PGF2• on [CaH)1 or pHI 
was observed in small cells (data not shown). 

The effect of LH (100 ng/ml) on [CaH)1 was also 
monitored in large and small luteal cells. No change in 
[Ca2+)i was observed with LH in either large or small 
cells (data not shown). 
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FIG. 5. Effect of PGF,. on cytosolic·free calcium concentration. and 
pH, in large luteal cell •. Large (5 x 10'/3 ml) cells were coloaded with 
fura·2(AM) and snarf·l(AM). Fluorescence was simultaneously moni
tored as described in MatuiiJls and Metlwds. The y axis represents 
nuorescence ratios of fura-2 (340/380 nm lCa'<],) and snnrf-I (644/ 
564, pH,I. Data presented are representative of a total of four experi· 
menta. 

The radioactive tracer "Ca2+ was used to monitor 
calcium efflux and uptake in response to PGF2• treat
ment in large and small cells. Calcium efflux was stim
ulated (P < 0.05) at 3, 6, and 9 min in large cells 
incubated with 0.5 pM PGF2• (Fig. 6A). In contrast, there 
was no effect of PGF2• on calcium efflux in small luteal 
cells (Fig. 6B). PGF2• decreased (P < 0.05) calcium 
uptake at the I5-min time point in large cells (Fig. 7A), 
but did not affect calcium uptake in small cells (Fig. 7B). 

Kinetic analysis of the recovery phase of the PGF2.

induced calcium transient, monitored by fura-2 fluores
cence, and "Ca2+ efflux data in large cells can provide 
information about potential calcium compartments that 
contribute to alterations in (Ca2+], in response to PGF20• 

The kinetic parameters of the PGF2.-induced calcium 
transient and the calcium efflux curve are presented in 
Table 1. The recovery phase of the PGF2 .. -induced 
[Ca2+]. transient and calcium efflux data was best de
scribed by a two-compartment model; 

y = A exp[(-kl)(t)] + B exp[(-k2)(t)] (II) 

where A and B = size of the fast and slow compartment 
(nM), respectively, and kl and k2 = rate constant (min-I) 
for the fast and slow compartment, respectively. 

The effect of PGF2• on secretion of progesterone was 
measured in large and small luteal cell suspensions (Fig. 
8). Basal secretion of progesterone was similar at pH 
7.35 and 7.15 in both cell types (data not shown). At pH 
7.35, secretion of progesterone was not affected by PGF2 .. 

(0.5 pM; 92 ± 3% control, n = 6). However, PGF2u 

significantly decreased progesterone secretion (83 ± 4 % 
control, n = 6) in incubations of large cells when the pH 
of the medium was reduced to 7.15. Secretion of proges
terone was not affected by PGF2• in small cells at either 
pH. Cellular viability was not affected in either cell type 
by addition of PGF2• (data not shown). 
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FIG. 6. Effect of PGF,. on calcium .mux in luteal cells. Large (2 x 
10'/0.5 ml) (A) or small (! x 10'/0.5 ml) (H) luteal cells were preincu· 
bated in control (0-0) medium containing "Co" (5 pCi/ml) for 90 
min. At the end of the incubation period, tbe cells were aliquoted to 
tubes (duplicates) containing medium ± 0.5;.1M PGF,. (0-0). Ernux 
was measured at different time points 88 described in Materials and 
Metlwds. Ernux is ploUed as percent "Ca" remaining in tbe cells at 
eacb time point compared witb the cellular content of "Ca'< at t m 0 
min. Tbe data are expressed as mean ± BE, n = 3 (large) and n = 2 
(omall). " different from control (P < 0.05). 

Discussion 

A PGF ... -induced transient increase in [CaH]i has been 
demonstrated in mixed suspensions of rat (24) and sus
pended bovine large (25) luteal cells. Wiltbank et al. (26) 
demonstrated a PGF2,,-induced increase in (CaH]. in 
ovine large luteal cells from cyclic ewes using imaging of 
single cells. Although a transient increase in [CaH

]. was 
demonstrated, the limited time frame of sample record
ing in the later study may have reduced the ability to 
visualize the full extent of the transient increase in 
[Ca2+] •. 

The objective of the present study was to observe the 
effects of PGF2• on redistribution (cytosolic increases 
and fluxes) of calcium in suspensions of ovine large or 
small luteal cells from superovulated ewes. A second 
objective was to demonstrate the existence of cellular 
compartments that might contribute to these redistri
butions. In large cells, PGF .. (0.5 pM) induced an in
crease in [Ca"]; that peaked rapidly and then declined 



183 

3034 CYTOSOLIC CALCIUM AND CALCIUM FLUX IN LUTEAL CELLS Endo·l990 
Vol 177-NoG 

LARGE CELLS 

0.25 0-0 Control 

.-. PGr2a • 7!';?0.20 ~o 
~~ . 
}~O.'S .~' 
8~0"0)~~ . 
on E 
.. ":"0.05 A 

o.ooli-----<>---+---o----+----< o e 0 12 15 

time (min) 

SMALL CELLS 

0.2S 0-0 Control 
• -. PGr2a _6 

~ r·20 i=:===-----=--=---I 
8"*°·15 !~. 

;!; ~0"0)1/ ",8 ~ • 
.. 5 0.0S B 

0.00 .. __ 0--_-+ __ _+_ ____ --< 

o e 12 15 

time (min) 

FIG. 7. Effect of PGF .. on calcium uptake in luteal cells. Large (2 x 
10'/0.5 ml) (A) or small (1 x 10'/0.6 ml) (B) luteal cells were preincu· 
bated for 10 min and aliquoted to tubes (duplicates) containing "Ca" 
(5 ~Ci/ml) ± PGF .. (0.5 ~M). At each time point, the "Ca" content of 
the ceUs was measured as described in Materials and Mctlwds. The 
data are expressed mean ± SE, n = 2 (large and small). '. different 
from control (P < 0.05); 0-0, control; e-e, PGF ... 

to a sustained elevated level. Decreasing the concentra
tion of PGF2• to 0.05 I'M reduced the height of the 
calcium transient, but not the sustained increase in 
steady state [Ca2.) •• These results support the hypothesis 
that PGF'n produces a direct'cellular effect via stimula
tion of calcium-mediated pathways in ovine large luteal 
cells. 

Leakage of fura-2 from loaded cells to the extracellular 

medium could be misinterpreted as a steady increase in 
[Ca2+); (31,32). Fura-2 dye leakage has been reported in 
a variety of cell types including mouse macrophages (32) 
and rat peritoneal mast cells (35). Leakage of fura-2 
varies with cell type and occurs in intact, viable cells (31, 
36)_ Efflux of the membrane impermeant form of fura-2 
occurs via an organic anion transporter because the 
leakage can be inhibited by probenecid, an organic anion 
transport inhibitor (32, 37). In the present study, a steady 
increase in the fura-2 340/380-nm fluorescence ratio was 
observed in both large and small cells in all experimenta. 
Probenecid (2.5 mM) abolished the steady increase in 
fluorescence; therefore, the steady rise in fura-2 fluores
cence was attributed to dye leakage. All reported values 
of [Ca'·). have been corrected for the increase in [Ca'·). 
due to dye leakage . 

Large luteal cells were pre incubated with the intracel
lular calcium chelator, BAPTA, to further provide evi
dence that the increase in fluorescence with PGF2• was 
due to a true increase in [Ca2.) •• Steady state [Ca2+), and 
the PGF •• -induced calcium transient were reported to be 
blunted by incubation with 10 I'M BAPTA in rat luteal 
cells (24). In the present experiments, incubation with 
BAPTA reduced steady state [Ca2+); and inhibited the 
PGF2u-induced calcium transient in a dose-dependent 
manner. These results further support the hypothesis 
that PGF2• triggers an increase in [Ca2.), in large luteal 
cells. 

Changes in transmembrane calcium flux might con
tribute to alterations in [Ca2

.), or might result from 
release of Ca'''' from intracellular compartments. To ex
amine the effect of PGF2• on calcium flux, steady state 
"Ca" efflux and uptake studies were performed. PGF.u 

stimulated '~Ca2+ efflux in large luteal cells at the 3, 6, 
and 9 min time points. As indicated above, [Ca2+)1 levels 
were also elevated during this period. Whether the stim
ulation of calcium efflux is the result of a direct effect of 
PGF2• on plasma membrane calcium transport mecha
nisms or due to increased [Ca'·). cannot be determined 
from these experiments. No previous studies have re-

TABLE I. Kinetic analysis of PGF .. ·induced calcium tran.ient and calcium efflux in large luteal cells 

A <ICo"I, 
nM) 

PGF .. (0.5 ~M) 62 ± 10 

Control 38 ± 7 
PGF .. 10.5 ~M) 49 ± 8 

KI (I/min) n <ICo"I, 
nM) 

Furo·2 

3.6 ± 0.7 140 ± 9 

.aC02+ efflux 

0.417 ± 0.07 59 ± 24 
0.352 ± 0.08 43 ± 9 

K2 (I/min) 

0.02 ± 0.002 

0.023 ± om 
0.022 ± 0.01 

No. of separate ex· 
periments 

3 
:I 

Values are expressed as mean ± BE. A and B represent the size and KI and K2 the rate constont of a rapidly and slowly exch.ngin~ compartment, 
respectively. The volu •• were calculated by fitting the data Crom the recovery phll80 of the PGF .. -induced calcium transient or from the efflux 
data into Eq II as described in Materiat. and Metlwds. 
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FIG. 8. Effect of PGF .. on progesterone .. crelion in Honks' medium 
at pH 7.35 (0) and 7.15 (II). Progesterone was measured in the medium 
after a 2·h incubation of large (1 X 10'/mll or 8moll (5 X 10'/mll cells 
(triplicates) 88 described in Itfaterials and Methods. Data represent the 
mean ± 5E of 8ix experiments. " different from control (P < 0.05); +, 
different from pH 7.35 (P < 0.05). 

ported the effect of PGF2• on calcium efflux in isolated 
luteal cells. In intact rat corpus luteum. PGF2• did not 
alter calcium efflux (38). In cultured swine granulosa 
cells. PGF2a increased the size of both a rapidly exchang
ing and a slowly exchanging calcium compartment with
out altering the rate constants of these compartments 
(27). The increase in compartment size was similar to 
the effect demonstrated by inhibitors of calcium-mag
nesium-dependent ATPase; thus. the author (27) sug
gested that an initial action of PGF2 .. may be to inhibit 
calcium-magnesium-dependent ATPase. 

Although PGF2a increased [Ca2+). and stimulated cal
cium efflux in large cells. calcium uptake was not in
creased. Uptake of 4~Ca2+ is dependent on the rate of 
exchange and size of the cellular pools with which 4~CaH 
exchanges (39). Because 4'Ca2+ uptake is dependent on 
more than just calcium influx. a lack of an observed 
increase in 4'CaH uptake does not necessarily suggest 
that calcium influx was not altered. An increase in cal
cium influx could be masked by an increase in calcium 
efflux observed during this same time period. Alterna
tively. a brief initial period of stimulated calcium influx 
would not be detectable by the method used in these 
experiments. Calcium from intracellular stores. rather 
than extracellular calcium. appears to be involved in the 
PGF2.-induced calcium transient in these cells (Wegner. 
S. A .• R. Martinez-Zaguilan. R. J. Gillies. and P. B. 
Hoyer. unpublished results). Thus. if the contribution of 
extracellular calcium to the PGF2.-induced calcium tran
sient is small or nonexistent, an increase in calcium 
influx or 4~CaH uptake would not be expected. The 
posttransient steady state elevation of [Ca2+). appears to 
be dependent on extracellular calcium. (Wegner. J. A .• 
R. Martinez-Zaguilan. R. J. Gillies. and P. B. Hoyer. 
unpublished results). Steady state [CaH). levels are at
tained when calcium influx equals efflux; therefore. a 
stimulation of calcium influx could not be detectable 

during the new steady state phase of the PGF2.-induced 
response. 

Cellular content of 4'Ca2+ was decreased in the pres
ence of PGF2n in large cells at 15 min. a time during 
which [Ca2+). levels were elevated but at steady state. 
Steady state [CaH

); levels result when calcium influx 
and efflux are equal; however. alterations in 4'Ca2+ up
take could result from a change in the calcium gradient 
across the membrane. a redistribution of intracellular 
calcium. or alterations in the size of exchangeable cal
cium pools. More detailed calcium flux studies are re
quired to determine the specific nature of the effect of 
PGF2• on calcium compartments in large cells. 

Nonlinear curve-fitting analyses of the recovery phase 
of the PGF2n-induced calcium transient and calcium 
efflux data were performed to describe a model of the 
PGF2a-sensitive calcium pools in ovine large luteal cells. 
If one assumes that recovery after an increase in [CaH). 
is due to redistribution of Ca'+ to multiple compartments 
(i.e. extracellular space. endoplasmic reticulum. calcio
some. and mitochondria). then the recovery phase would 
be analogous to ion redistribution into cellular compart
ments by one or more calcium transport mechanisms 
and could be analyzed using the following equation: 

y = A exp[(-k,)(t») + B exp[(-k2)(t») 
+ ... + N exp[(-kn)(t») (III) 

Data from the recovery phase of the PGF2.-induced 
[CaH

); transient in large cells best fit a two-compartment 
model consisting of a rapidly exchanging compartment 
and a slowly exchanging compartment. which could in
clude a one-compartment model with two calcium trans
port mechanisms: a slow and a fast calcium transporter 
(Eq II and Table 1). The distinction between two com
partments or two calcium transporters cannot be made 
from the results of this study. Calcium efflux data were 
also best described by a two·compartment/two-calcium 
transporter model. However. the size of the calcium 
compartments described from the fura-2 ([Ca2+),) and 
45Ca2+ flux data was different. These differences could 
be attributed to technical differences in the calcium 
compartments detectable by fura-2 (cytosolic-free cal
cium) as opposed to those detectable by "Ca2+ (ex
changeable calcium). Nonetheless, the results of these 
kinetic analyses suggest that PGF2n interacts with at 
least two calcium compartments in large cells. The spe
cific identities of these compartments are currently being 
investigated. 

Hormonal regulation can involve alterations in pH .. 
which in turn can affect metabolic pathways and [CaH). 
(40, 41). A Na+-H+ exchanger has been postulated to 
regulate intracellular pH •. In addition. the activity of the 
Na+ -H+ exchanger may affect [CaH

). levels by increasing 
or decressing the activity of the Na+ -Ca2' exchanger 
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(42). Thus, alterations in [Ca'+). might be due to altera
tions in pH •. The maintenance of constant pH; with 
addition ofPGF2 .. to ovine large luteal cells demonstrates 
that the initial cellular events of PGF .a-induced luteo· 
lysis are not associated with a change in pH •. 

Administration of PGF'n in vivo produces a rapid, 
significant decrease in circulating levels of progesterone 
in ewes (43). However, the effect of PGF'n on progester
one production with in vitro incubations of luteal tissues 
has been quite variable. Such results include no effect 
(44, 45), increased production (46), or inhibition after 6 
h of incubation (47). In the present study, there was no 
effect of PGF2a on secretion of progesterone in cells 
incubated with PGF2n (0.5 /lM) at pH 7.35. However, 
there was a small but consistent and significant decrease 
in secretion of progesterone in large cells incubated at 
pH 7.15. PGF2a has been shown to bind optimally to 
receptors at pH 6.3 (2). Thus, PGF.n-receptor binding 
and, hence, the luteolytic effect of PG F 2a on progesterone 
secretion may be enhanced by an acidic environment. 
Such a condition could result from PGF2a-induced vaso· 
constriction during luteolysis, an event widely proposed 
to be a mechanism of action for PGF2n·induced luteal 
regression (48). 

PGF2a had no effect on [Ca2+), levels, pH" "'CaH 

fluxes, or secretion of progesterone in small luteal cells. 
The lack of any type of response may be related to the 
inability to measure high affinity receptors for PGF:z., in 
small cells from superovulated ewes (2). Additionally, no 
change in [Ca'+). was observed with LH (100 ng/m!) at 
a concentration previously reported to stimulate (P < 
0.05) progesterone secretion in small cells from supero
vulated or cyclic ewes (28). Wiltbank et al. (26) reported 
no change in [Ca'+); with LH in single small cells from 
cyclic ewes. These findings are contrary to those observed 
in bovine small luteal cells, in which LH initiated a 
transient and sustained increase in [Ca2+); in small as 
well as suspensions of mixed bovine luteal cells (25, 49). 
The variability in the response of [Ca2+), to LH in small 
cells likely results from differences between the two 
species. Because neither PGF'a nor LH altered [CaH

);, 

it appears that on intracellular pathway mediated by 
changes in [Ca'+), is not involved in regulation of pro
gesterone secretion by these hormones in ovine small 
luteal cells. 

The results of this study demonstrate that PGF2n 
interacts with ovine large, but not small luteal cells, to 
induce a transient peak followed by a sustained steady 
state increase in [Ca2+) •. Associated with the PGF,,,
induced alterations in [Ca2+); was a stimulation of cal
cium efflux and an inhibition of calcium uptake. Whereas 
PGF'n demonstrated an enhanced inhibitory effect on 
progesterone secretion at a lower external pH (pH 7.15), 
it did not produce a change in intracellular pH as part 

of its initial mechanism of action. These results provide 
evidence for a direct effect of PGF'n specifically on the 
ovine large luteal cell that involves alterations in concen
tration and flux of cytosolic-free calcium. At least two 
PGF.n-sensitive calcium pools contribute to these alter
ations, and the effect is likely to be involved in intracel
lular transduction of the signal for luteal regression. 

Future studies will more rigorously investigate the 
effect of extracellular pH on PGF2n-induced inhibition 
of secretion of progesterone in large cells to determine 
the role of changes in extracellular pH in the physiolog
ical regulation of luteolysis. 
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SECTION 3a 

PGF 2a-induced calcium transient in ovine large luteal cells: II 
Modulation of the transient and resting cytosolic free calcium 

alters progesterone secretion. 

(Endocrinology, 128: 929-936). 
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Prostaglandin F2a-Induced Calcium Transient in Ovine 
Large Luteal Cells: II. Modulation of the Transient and 
Resting Cytosolic Free Calcium Alters Progesterone 
Secretion* 
J. A. WEGNER, R. MARTINEZ-ZAGUILAN, R. J. GILLIES, AND P. B. HOYER 

Departments of Physiology M.A. W., P.B.H., R.J.G.J, Biochemistry (R.M·Z., R.J.G.J, and Radiology (R.J.G.J, 
Uniuersity of Arizona, Tucson, Arizona 85724 

ABSTRACT. A previous study demonstrated thot prostoglon· 
din F .. (PGF,.) stimulotes a transient increose in cytosolic free 
Co" levels ([Co"I,) in ovine large luteol cells. In the present 
study, the magnitude of the PGF •• (0.5 ~M)·induced calcium 
transient in Hanks' medium (87 ± 2 nM increase above resting 
levels) was reduced (P < 0.05) but nat completely eliminated in 
furo·2 loaded large luteal cells incubated in Co" ·free or phos· 
phate· and corbonate·free medium (10 ± 1 nM, 32 ± 6 nM, above 
resting levels; respectively). Preincubation for 2 min with 1 mM 
LaCI, (calcium antagonist) eliminated the PGF .. -induced cal
cium transient. The inhibitory effect of PGF .. on aecretion of 
progesterone was reduced in Co2+·(ree medium or medium plus 
LaC 1,. Resting ICa"I, levels and bosolaecretion of progesterone 
were both reduced (P < 0.05) in large cells incubated in Co"
free medium (27 ± 4 nM; 70 ± 6% control, respectively) or with 
5 ~M 5.5' -dimethyl bis-(O-aminopheno.y)ethane-N,N,N' N'-

L UTEOL YSIS signals the demise of the corpus lu
teum at the end of the luteal phase and involves 

decreased production of progesterone (1). It has been 
known for some time that, in the cyclic ewe, as well as 
many other species, luteolysis is physiologically induced 
hy prostaglandin F •• (PGF ... ) (2). Agents known to in
crease [Ca'·); simulate the inhibitory action of PGF •• on 
basal progesterone secretion in ovine large luteal cells (3, 
4) and LH-stimulated cAMP accumulation in rat luteal 
cells (5, 6). It was previously demonstrated that PGF ... 
initiates a transient increase in [Ca2+), followed by a 
sustained elevation of [CaH

); in ovine large, but not 
small, luteal cells (7, 8). Kinetic analysis of the [Cah

); 

transient and ··Ca'· efflux data suggested the PGF •• -
induced calcium response in large cells involves at least 
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tetraocetic acid (40 ± 2 nM; 49 ± 1% control; respectively). In 
addition, ,",cretion of progesterone was inhibited (P < 0.05) 
by conditions that increased (P < 0.05) ICa"I,; that is LaCI. 
((Ca"I" 120 ± 17 nM; progesterone, 82 ± 8% control) and PGF,. 
((Cu"I" 102 ± 10 nM; progesterone, 82 ± 3% control). In am all 
luteal cells. resting [Ca"I, levels and secretion of progesterone 
were reduced by incubation in Co" -free Honks (ICo"l" 28 ± 2 
OM; progesterone, 71 ± 6% control), however, neither LoCJ" nor 
PGF,. increased [Ca"I, levels or inhibited secretion of proges· 
terone. The findings presented here provide evidence thot e.tro
cellular as well as intracellular calcium contribute to the PGF .. -
induced ICa"I, transient in large cells. Furthermore, whereo. an 
adequate level of ICa"I, ia required to support progesterone 
production in both small and large cells, optimal progesterone 
production in large cells depends upon on appropriate window 
of ICo"I .. (Endocrinology 126: 929-936, 1991) 

two calcium compartments (7). Thus, it appears that 
activation of intracellular calcium-mediated pathways 
are involved in direct cellular actions of PGF •• in the 
corpus lute urn. 

In most tissues maintenance of calcium homeostasis 
is important for basic cellular function and optimal re
sponsiveness to hormonal stimulation. A transient in
crease in [Ca2+);, induced by hormonal stimulation, can 
activate cellular enzymes, change membrane permeabil
ity and stimulate proce8ses such as contraction or secre
tion. PGF •• has been shown to induce both an initial 
transient and sustained post transient increase in 
[Ca'·); in luteal cells (7-10). However the relationship 
between alterations in direct measurements of [CaH !; 
and cellular events associated with luteolY8is, such as 
secretion of progesterone, has not been demonstrated. 

Studies in myocardial cells (11, 12) and hepatocytes 
(13) have demonstrated that a large increase in [Ca"+!;, 
if sustained, will decrease cellular function and ulti
mately lead to cell death. Since the end result of luteal 
regression is demise of the corpus luteum, the sustained 
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increase in rCa2+). initiated by PGF2n in ovinc large luteal 
cells might be one mechanism responsible for decreased 
secretion of progesterone and cell degeneration associ
ated with luteolysis. 

The prcsent study was conducted to further investigate 
the characteristics of the PGF2a-induced calcium tran
sicnt with respect to possible calcium stores that may 
contribute to the transient. A second objective of the 
study was to determine if a relationship exists between 
the PGF2n-induced calcium transient and inhibition of 
secretion of progesterone in day-lO ovinc large luteal 
cells. Finally, the relationship bctween steady state 
rCa2+). and basal progesterone secretion was examined 
in both large and small luteal cells. 

Materials and Methods 

Animals 

Western range ewes were superovulated according to our 
previously reported method (14). 

Tissue collection 

Day-l0 corpora lutea were surgically collected. pooled, and 
placed in sterile Medium 199 (G1BCO Laboratories, Grand 
Island. NY) supplemented with (g/liter):0.35 NaHCO,. 4.7 
HEPES. 1.0% BSA. 0.079 penicillin G. 0.1 streptomycin sulfate. 
and 0.05 neomycin sulfate. pH 7.35 for transport to the labo
ratory. 

Tissue preparation 

Corpora lutea were decapsulated. sliced. enzymatically dis· 
sociated into single cell suspensions (0.4% collogenase: Wor
thington Biochemical. Malvern. PA; 0.0025% DNAse: Sigma; 
complete Honks; pH 7.35) and separated into large and small 
cell fractions by elutriation as reported by Hild·Petito et al. 
(14). The small cell fraction (12-22 I'm) was free of large cells 
and greater than 90% viable as assessed by trypan blue dye 
exclusion. The large cell fraction (>22 I'm) contained 10-20% 
small cells (by number) and demonstrated greater than 75% 
viability after elutriation. 

Intracellular calcium measurements 

Aliquots of large cells (5 x 10'/3 mD were washed once with 
complete Honks' medium (0.1 % BSA. 10 mM HEPES. pH 7.15. 
37 C) and incubated for 30 min at 37 C in 5% CO, atmosphere 
with 3 ml Honks' Medium containing 2 I'M fura-2 (AM). When 
LoCI, was used. a modified medium was used in which 
NaH,PO,. NoH CO,. and MgSO, were omitted (modified 
Honks' medium. MH medium. 10 mM HEPES. pH 7.15. 37 C) 
to prevent formation of a precipitate. At the end of the initial 
incubation period the cells were washed. resuspended. and 
reincubated (30 min) to allow complete hydrolysis of fura-2 
(AM). After the second incubation the cells were washed and 
resuspended in 3 ml appropriate medium. The cell suspension 
was transferred to a temperature-controlled stirring cuvette 

unit housed in on SLM8000C spectrofluorometer (SLM. Ur
bano. IL). All experiments were performed at 37 C. 

Fluorescence measurements were collected using a continu
ous acquisition mode where emission at 510 nm was alternated 
with excitation at 340. 360. and 380 nm. Each cycle lasted 0.064 
min. Steady stote conditions were measured for 10 min before 
addition of PGF,. (0.5 I'M. suspended in dimethyl sulfoxide) or 
LoCh (1 mM). At the end of the measurement period 1 I'M 4Br
A23187 (non fluorescent anolog of the Co'· ionophore A23187; 
Molecular Probes. Eugene. OR) was added to determine the 
maximum response of the cells (data not shown). The data 
were translated to ASCII format and converted to [Co"). using 
Lotus 1-2-3 (Lotus Development Corp .• Cambridge. MA). 
[Co'·), was calculated using the method described by Grynkiew
icz et al. (15) and corrected for pH effects on KDA of fura-2 as 
described by Martinez-Zaguilan et al. (16) using the formula: 

ICnhl, = RD,· ((R - R.. •• )/(R.... - R)) (I) 

where KDA is the apparent dissociation constont of fura-2 for 
Co'· (140 nM). P""n is determined when fura-2 is completely 
quenched (0.4783) and represents the minimum fluorescence 
340/380 nm ratio; R.n .. is the 340/380 nm ratio when fura-2 is 
saturated with Co'· (5.079). and R is the measured fluorescence 
340/380 nm ratio. The KDA (140 nM). R.n .. (5.079). and R.n •• 
(0.4783) were determined from in situ calibration of fura·2 as 
described previously (7). 

Cell incubations for progesterone determination 

Suspensions of large cells (1 x 1O'/ml) or smnll cells (5 x 
10'/m)) were aliquoted to gloss culture tubes (12 x 75 mm) 
containing 1 ml Honks' or MH medium (0.1% BSA. pH 7.15. 
37 C) ± treatments [PGF,. (0.5 I'M). LoCI, (1 mM»). The cells 
were incubated in triplicate at 37 C for 2 h under atmospheric 
conditions with continuous shaking. After incubation. cells 
were pelle ted by centrifugation (900 x C. 4 min. 22 C) and 
media were collected for measurement of progesterone content 
by RIA (14). The pelleted cells were immediately resuspended 
in Medium 199 for determination of cellular viability as as· 
sessed by Trypan blue dye exclusion. 

Statistical analysis 

Corpora lutea from one to three animals were pooled for 
preparation of cells. Each experiment (n) represents a different 
tissue prepnration. Data are expressed in the text as the mean 
± SE. Statistical significance between multiple treatments were 
determined by analysis of variance followed. where appropriate. 
by Student-Newman-Kuels multiple range testing. Differences 
between two means were determined by Student's t test for 
paired data. Significance was assigned at the 0.05 level. 

Data from the recovery phose of the PGF,,,-induced [Ca'·). 
transient were fit ta compartmental models using nonlinear 
regression techniques. The number. size. and rate constants of 
the defined comportments were estimated using the Simplex 
method as previously described (7; MINSQ. Micromath Sci
entific Software. Salt Lake City. UTI. 
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Chemicals 

All chemicals were purchased from Sigma Chemical Com
pany (St. Louis. MO). Fluoroprobes were obtoined from Molec
ular Probes (Eugene, OR). ['HI Progesterone was obtoined from 
New England Nuclear Research Products (Boston, MA). The 
antibody to progesterone, GDN-337, was kindly provided by 
Dr. G. D. Niswender. 

Results 

The dependence of the PGF.n-induced calcium tran
sient on extracellular calcium was examined by incuba
tion of large cells in Ca'+-free Hanks' medium (plus or 
minus 1 mM EGTA). A ten-min exposure of large cells 
to Ca'+ -free Hanks' (plus EGTA) reduced (P < 0.05) 
steady state (Ca'+]1 (Table 1, Fig. 1)_ Subsequent addition 
of PGF'n (0.5 /1M) initiated a transient increase in 
(Ca'+]h the magnitude of which was reduced (P < 0.05) 
compared to the transient observed in complete Hanks' 
medium (Table 1 and Fig. 1). In addition, unlike incu
bations in complete Hanks', the (Ca2+]1 levels returned 
to basal levels within 3 min (Table 1 and Fig. 1). 

Incubation of large cells in Ca'+-free Hanks' (-EGTA) 
did not significantly dccrease resting (Ca2+]. levels. The 
size of the PGF.n-induced transient was reduced (P < 
0.05) compared with that in complete Hanks', however 
it was greater (P < 0.05) than the transient in Ca'+-free 
(+EGTA; Table 1 and Fig. 1). In addition, unlike incu
bations in complete Hanks', (Ca2+]1 levels returned 
to pretreatment (Ca2+]. levels within 3 min (Table 1, 
Fig. 1). 

Resting (Ca'+h levels in large cells were reduced by 
incubation in medium in which NaH2PO., NaHCOJ , and 
MgSO. were removed from complete Hanks (modified 
Hanks, MH medium). Modified Hanks' medium (buf
fered with HEPES) was used as the incubation medium 

whenever LaCIa was added since a precipitate formed 
when LaC!, was added to complete Hanks'. Basal secre
tion of progesterone and cellular viability were not mod
ified by incubation in MH medium (data not shown). 
However, resting (Ca2+]. levels and the PGF.n-induced 
calcium transient were reduced (P < 0.05) in MH me
dium compared to complete Hanks' (Table 1, Fig. 2, and 
see Fig. Sa). 

The recovery phase of the PGF.a-induced calcium 
transient was best described by a two compartment 
model under all incubation conditions used in the present 
study_ The size of the rapidly exchanging compartment 
was reduced (P < 0.05) in Ca2+-free Hanks (+ or 
-EGTA) and MH medium (Table 1). Whereas, incuba
tion in Ca'+-free medium (plus EGTA) was the only 
condition that reduced the size of the slowly exchanging 
compartment. The rate constant of the rapidly exchang
ing compartment was reduced (P < 0.05) in Ca'+-free 
medium (plus EGTA) and the rate constant of the slowly 
exchanging compartment was increased (P < 0.05) in 
Ca'+-free medium (+ or -EGTA; Table 1). Modified 
Hanks' medium (which contained calcium) did not affect 
the rate constants of either compartment. 

Prolonged incubation (10 min) of large cells in 1 mM 
LaCIa resulted in an increase (P < 0.05) in resting 
(Ca'+],levels (see Fig. Sa). Addition of 0.5 /1M PGF2a also 
produced a sustained elevation (P < 0.05) of (Ca'+]. (102 
± 10 nM, n = 5, Fig. 1, and see Fig. 50). Lanthanum 
affected the response oflarge cells to PGF'a in two ways. 
First, preincubation of large cells with LoCh (2 min) 
completely prevented the PGF.n-induced calcium tran
sient (data not shown). Whereas, simultaneous addition 
of PGF'a and LaC!, resulted in a rapid and marked 
increase in (Ca'+]1 that was sustained throughout the 
remainder of the measurement period (Fig. 3)_ 

The inhibitory effect of PGF'n on sccretion of proges-

TAULE l. Comparison ofPGF,.-induced calcium transient parameters in complete Hanks us. Ca"-free (±EGTA) Hanks' and Modified Hanks' 

Complete Modified Cah ~free Ca"-free 
Hanks' Hanks' (-EGTA) (+EGTA) 

Steady state ICo'"), (nM) 62 ± 5 (5) 50 = 2 (12)' 50 ± 4 (2) 27 ± 4 (4)' 
Size of PGF,. calcium transient 

(nM increase) 87 ± 2 (5)' 32 = 6 (4)" 29±5 (2)" 10= 1 (4)" 
Post transient ICa"), 

(nM above steady state ICa'"),) 37: 2 (5)' 9 ± 3 (4)' 6 ± 1 (2)' 2: 1 (4)' 
Rapidly exchanging companment 

Size (nM) 62: 10(4) 22 = 4 (3)' 21 = 3 (2)' 13 ± 3 (5)' 
Rate constant (1/min) 3.6 = 0.7 6.6: 3 4.6 ± 0.4 l.8: 0.1' 

Slowly exchanging companment 
Size (nM) 140 = 9 167 = 40 109: 19 47: 11' 
Rate constant (I/min) 0.017 ± 0.002 0.023 = 0.02 0.047 ... 0.002' 0.037 ± 0.01' 

Data ore expressed as mean ± SE; (n) = number of experiment8. The values were calculated by fitting data from the recovery phase of the 
PGF ... -induced (Co'·), transient. as described in Materials and Methods. 

'Different from complete Hanks'. 
'Different from steady state ICn"), (P < 0.05). 
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FIG. 1. Effect of extroceUular Ca" on PGF,.·induced calcium tron· 
aient in large luteal ceUs. Large luteal ceUs (5 x 10' ceUs/3 mU loaded 
with fura·2 were incubated in (A) complete Honks medium (1.67 mM 
CoCI,), (8) Co"·free Honka' (-EGTA), or (C) Ca"·free Honks' (plus 
I mM EGTA) for 10-30 min before addition of PGF,. (0.5 ~M). 
Fluorescence W8B continuously recorded and the resulting 340/380 nm 
rati08 were lit to Eq. III (aee MateriaU and M€lhcd8). Presented data 
is representntive of three e.zperiments. 
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FIG. 2. Effect of medium composition on PGF .. -induced calcium tron· 
aient in large luteal ceUs. Large luteal ceUs (5 x 10' ceUs/3 mU were 
loaded with 2 ~M furo·2, resuspended in complete Honks' or modilied 
Hanks' medium (MH, phosphate· ond carbonate·free). Addition of 
PGF .. (0.5 pM) followed recording of .teody state fluorescence os 
described in Fig. 1 (aee Materials and Methcd8). Presented data is 
representative of five experiments. 

terone in large cells was reduced or eliminated by incu
bation of large cells in media that significantly reduced 
or eliminated the PGF.a-induced calcium transient, 
namely Ca2+-free (plus EGTA) or MH plus LaCIa (Fig. 
4). Incubation conditions that decreased steady state 
[Ca'+];, namely Ca"-free Hanks' (plus EGTA) and 5 11M 

5,5' -dimethyl bis-(Q-aminophenoxy )ethane-N,N,N' ,N'
tetraacetic acid (BAPTA), significantly decreased pro
gesterone secretion (Fig. 5a). Secretion of progesterone 
was also decreased (P < 0.05) by treatments that resulted 
in a sustained increase in [Ca'+]I, namely LaCh and 
PGF.a. Large cell viability was not affected by any of the 
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FIG. 3. Effect of aimultaneous addition of PGF,. and LaC!, on the 
PGF .. ·inducedcalcium response. PGF,. (0.5 pM) and LaCI, were added 
simultaneously to a suspension of large luteal ceUs (5 x 10' ceUs/3 mI). 
Fluorescence was continuously recorded and [Co"I, calculated 08 de· 
scribed in Materials and Methods. Presented data is representative of 
three experiments. 

incuhation conditions (data nut shown). 
The on[y condition that significantly altered [Ca'+]1 in 

small cells was incubation in Ca'+-free Hanks' (p[us 
EGTA) which resulted in reduced (P < 0.05) resting 
[Ca2+]1 levels (Fig. 5c). In addition, in one experiment, 
incubation of small cells with 5 11M BAPTA also appeared 
to reduce resting [Ca'+]; levels (Fig. 5c). Incubation in 
MH medium. LaCla, or PGF'a did not alter [Ca.+]1 in 
small cells (Fig. 5c). Secretion of progesterone was inhib
ited (P < 0.05) in small cells incubated in Ca'+ -free 
Hanks' (plus EGTA) and appeared to be reduced in the 
one experiment with 5 11M BAPTA (Fig. 5d). Secretion 
of progesterone by small cells was not altered by Ca2+
free medium (-EGTA), LaCIa. or PGF'a (Fig. 5d). Small 
cell viability was not affected by any of the incubation 
conditions used (data not shown). 

Discussion 

The contribution of extracellular calcium to the 
PGF2a-induced calcium response was investigated by in
cubation of ovine large cells in Ca" -free medium (+ or 
-1 mM EGTA). Incubation of large luteal cells in Ca"
free medium (+EGTA) reduced basal [Ca"]; and the 
PGF.a-induced transient increase in [CaH

];. This obser
vation provides evidence that both extracellular and 
intracellular calcium contribute to the PGF2 .. -induced 
transient increase in [Ca'+]1 in ovine large cells. A PGF.,.
induced calcium transient has been observed in several 
types of luteal cells, however a contribution of extracel
lular Ca" to the response has not been consistently 
observed. In Ca"-free medium. the PGF ... -induced tran
sient increase in [Ca"]; was not affected in suspensions 
of rat luteal cells (9), was attenuated in bovine large 
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FIG.4. Effect of PGF", on secretion of 
120 

progesterone under different incubation a 
conditions. Media content of progester· -
one was measured following 2 h incuba· e 100 b 
tions of large cells (! x 10' cells/ml) os ..... • c: 
described in Material.o and Metlwda. Vol· 0 

80 ues ore expressed os meon ± SE % can· U 
~ trol (control: 1.67 mM CaCI" no treat- '-" 

ment). (n) - number of separate experi- Q) 60 menta (each performed in triplicate) for c: 
eoch treatment condition. Statistical e 
analysis was performed using the abaa- Q) 

lute progesterone values. All treatments 
..... 40 III 

were performed in Honks' medium ex- Q) 

cept when LoCI, was used (MH me· CI 
0 

dium) .• , Different from control in thot L. 20 
medium (P < 0.05). Significant differ· a. 
ences (P < 0.05) from the unstimulated 
control values (complete Hanks') are 0 
designated by different superacripts. Hanka 

(13) 

luteal cells (17), and was completely eliminated in single 
ovine large luteal cells (8). The reasons for the differing 
results are not clear. In addition to possible species 
differences, the length of exposure of the cells to CaH_ 
free conditions and differing methods of measuring 
[Ca2+]1 may have contributed to these varied results. 

An attenuated PGF.a-induced calcium transient pro
duced by cells incubated under Ca2+ -free conditions sug
gests a direct contribution of extracellular calcium to the 
transient. However, an alternative explanation may be 
that exposure of the cells to Ca'+ -free medium depletes 
intracellular calcium stores. This depletion would de
crease the amount of intracellular calcium available for 
release by PGF.a. This appeared to be the case in rat 
luteal cells in which addition of EGTA just before addi
tion of PGF ... did not alter the PGF.a-induced calcium 
transient, whereas preincubation of the cells with EGTA 
and ionomycin completely eliminated the PGF.a-induced 
transient (9). In the present study, large cells preincu
bated in Ca2+-free medium (+EGTA) for 10 min dem
onstrated a reduction in resting [Ca'+]i and the size of 
both the rapidly- and slowly exchanging calcium com
partments. These reductions suggest a depletion of intra
cellular calcium stores. In addition to distinct Ca'+ con
taining compartments the rapidly and slowly exchanging 
compartments could also reflect two calcium transport 
mechanisms acting on one calcium compartment. Thus, 
changes in the sizes of the rapidly and slowly exchanging 
compartments could be due to changes in the capacities 
of transport mechanisms that work to maintain calcium 
homeostasis. The distinction between two compartments 
or two transporters could not be made in these studies. 

Incubation of large cells in Ca2+ -free medium without 

Hanks 

a,b 

b b b 

&:sg Control 

~ PGF2a 

Modified Hanks 

a 

b 

UH UH + LaCI3 
(7) (7) 

EGTA did not reduce steady state [Ca'+]i levels. How
ever, the PGF.a-induced calcium transient was atten
uated and the size of the rapidly exchanging calcium 
compartment was reduced. Taken together, the results 
of incubations of cells in CaH-free medium (+ or 
-EGTA) suggest that mobilization of Ca2+ from intra
cellular stores is primarily responsible for the PGF.a-
induced calcium transient, and the magnitude of the 
transient appears to be dependent on the amount of 
calcium available in the rapidly exchanging calcium pool. 

The PGF.a-induced calcium transient was modified by 
removal of phosphate and carbonate compounds from 
Hanks' medium (MH medium). Although CaCh (1.67 
mM) was present in MH medium, steady state [Ca'+]i, 
the PGF.a-induced calcium transient and the rapidly 
exchanging calcium compartment were reduced com
pared to complete Hanks. These results suggest that 
extracellular phosphate modulates resting [Ca'+]io how
ever the mechanism of this interaction is not known. 

The contribution of extracellular calcium to the 
PGF •• -induced calcium transient was further investi
gated with the inorganic calcium antagonist, LaCI,. Lan
thanum displaces calcium from binding sites on the 
external surface of the plasma membrane and inhibits 
calcium efflux and influx in many cell types (18-20), 
including large and small ovine luteal cells (Wegner, J_ 
A., R. Martinez-Zaguilan, R. J. Gillies, and P. B. Hoyer, 
submitted for publication). Preincubation with LaCb 
completely inhibited the PGF.a-induced calcium tran
sient (data not shown). This observation suggests an 
absolute requirement of calcium influx for the PGF •• -
induced calcium transient. However, this finding is not 
entirely consistent with the results obtained from the 
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140 

120 
FIG. 5. Effect of incubation medium on 
steady state ICa"), and basal secretion ! 100 

of progesterone in ovine lorge (A, B) and 110 

small (C, D) luteal cells. Suspensions of ~ 10 
large (5 X 10' cells/3 mil or small (1 X 1 40 10' cells/3 mil cells were loaded with 
furo-2 ond its fluorescence was recorded. 20 

ICa"), was calculated using Eq II) as 
described in Materials and Method.. 
Steady state ICa"), levels were deter· 
mined from the fluorescence after a 10· 
min eJ:p08ure to the treatment condition. 
The data OfC expressed os meon ± SE, 

(n) = number of separate experiments 
for each treatment c~mdition. Progester· 

140 one W08 measured in the medium nfter 0 

2·h incubation of large (1 X 10' cellB/mll 120 

or small (5 X 10' celis/mil cells as de-

! 
100 

scribed in Materials and Method.. The 
10 data are expressed 88 meon ± BE % can· ~ trol (1.67 mM CaCl" no treatment) and 1 
110 

values of each (n) represent mean of 40 
triplicate incubations. Statistical analy· 

III sis was performed uBing the absolute pro· 
lUI. 

gesterone values. All treatments, except 
(l) 

thoBe containing LoCh (MH medium), 
were performed in Honks' medium. N.D. 
= Not determined. " Different from 
treatment control value (P < 0.05). 

Ca2+-free medium (+EGTA). Thus, a LaCb-displaceable 
calcium pool may be required to initiate the PGF2o -

induced calcium transient in large luteal cells. Attenua
tion of a hormone-induced calcium transient by LaCb 
has been reported in rat pancreatic acini (18). That result 
prompted the authors to propose that mobilization of 
intracellular calcium may partly depend on the availa
bility of a La" -sensitive pool of cell surface calcium. 

Other possible explanations for the elimination of the 
PGF2.-induced transient by preincubation with LaCI:. 
include 1) an interference of LaCb with the binding of 
PGF •• to the receptor, 2) an inhibitory effect of LaCb, 
either directly or indirectly, on membrane bound reac
tions associated with the PGF2• response, such as the 
generation of inositol trisphosphate and/or 3) influx of 
LaCb into the cell which inhibits calcium release from 
intracellular calcium stores. Interference of LaCb with 
the binding of PGF2n to its receptor or generation of 
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l!ZlI15pUBAPTA 
~ IoIHmedlum 

[ZJ o.15pU PCF2ct 
CO 1 mU LaCIJ 

. . 

B 

o 

inositol trisphosphate seems unlikely since when PGF2 .. 

and LaCb were added simultaneously, a rapid increase 
in [Ca'+];, similar to the increase observed with PGF,. 
alone, was demonstrated. Although LaCb acts primarily 
at the external surface of the plasma membrane, LaCb 
has been shown to enter cultured myocardial cells after 
prolonged incubation (>60 min; 21) or after sarcolemma 
damage due to ischemia (22). In the present study the 
PGF,.-induced calcium transient was eliminated after 
only a 2-min exposure to LaCb. In addition, previous 
experiments with ovine large and small luteal cells in
cubated with LaCb strongly suggest that LaCb does not 
cross the plasma membrane within the time frame of the 
experiments performed (Wegner, J. A., R. Martinez
Zaguilan, R. J. Gillies, and P. B. Hoyer, submitted for 
publication). Alterations of intracellular calcium com
partments due to changes in a La"+ -sensitive pool of cell 
surface calcium cannot be ruled out in the present 
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experiments. 
In summary, the transient response of PGF2a was 

altered in luteal cells incubated in Ca2+ -free medium 
(plus or minus EGTA) and MH medium. After the 
PGF2.-induced increase, [Ca2+]. returned to 7%, 12%, 
18%, and 60% above steady state in Ca2+-free (plus 
EGTA), Ca2+-free (-EGTA), MH, and complete Hanks' 
medium, respectively. Since the slowly exchanging com
partment was not significantly reduced in Ca2+ -free me
dium (-EGTA) or in MH medium, it appears that main
tenance of the sustained elevation in [CaH

]; in response 
to PGF2a, is dependent upon extracellular calcium and/ 
or the size of the rapidly exchanging compartment. Thus, 
a second contribution of extracellular Ca2+ to the PGF 2.

induced calcium response may be to supply calcium 
during the posttransient phase of the PGF2.-induced 
calcium response. A dependence of the sustained increase 
in [Ca2+]. levels on extracellular calcium has also been 
demonstrated in rat and bovine luteal cells (9, 17). 

A relationship between the ability of PGF2a to induce 
an increase in [Ca2+]. and an inhibition of secretion of 
progesterone was demonstrated in this study. The inhib
itory effect of PGF 2n on secretion of progesterone was 
reduced under conditions that reduced the magnitude of 
the PGF2o-induced calcium transient. A more detailed 
experimental design and an improved understanding of 
cellular events regulating progesterone synthesis are re
quired before a quantitative correlation between the 
PGF2a-induced calcium transient and progesterone se· 
cretion can be demonstrated. 

The effect of steady state [Ca2+]. levels on secretion of 
progesterone in large and small cells was also examined. 
Secretion of progesterone and steady state [Ca2+). were 
reduced by incubation of large and small luteal cells in 
Ca2+-free medium (+EGTA) or 5 /1M BAPTA. These 
results suggest that a minimum [Ca2+). level is required 
to maintain basal secretion of progesterone in both cell 
types. Removal of extracellular calcium did not decreuse 
busal progesterone secretion or cAMP levels in rat luteal 
cells (6, 23). However, LH-stimulated secretion of pro
gesterone was inhibited in calcium-free medium obtained 
from perfused ovine luteal slices (24). Since [Ca2+). levels 
were not directly measured in those studies, the extent 
of reduction in steady state [CaH

]. is not known. Cyto· 
solie-free calcium levels were reduced by BAPTA in rat 
luteal cells, but the effect of BAPTA on basal secretion 
of progesterone was not reported (9). 

In the present study, [Ca2+]. was increased in ovine 
large, but not small luteal cells, by incubation with LoCI, 
and PGF2a• In addition, both LoCI, and PGF2" inhibited 
secretion of progesterone in large, but not small cells. 
Thus, there appears to be a relationship between sus· 
tained elevations of [Ca2+]. and inhibition of progester· 
one secretion in large cells. This relationship is further 

supported by studies using the calcium ionophore 
A23187 (1 /1M), in which it was shown to inhibit basai 
progest~ro~e.sec~etion in large, but not small luteal cells 
(3). A disslmllallty between ovine large and small I t I 

II ' I' [C 2+ U ea ce s III regu atmg a). levels is suggested in a st d 
by Wiltbank et al. (8) in which [Ca'+). readily retur~e~ 
to basal levels within 3 min after the addition of 1 I'M 

A23187 in small cells, but resulted in a sustained (up to 
5 min) elevation of [Ca2+]; in large. The tendency of 
small cells to return to steady state [CaH

). levels may 
explain why inhibition of progesterone secretion by 
A23187 was not observed in sm'all cells under conditions 
that caused inhibition in large (3). It has also been 
proposed that a critical level of [Ca2+]. may be required 
for inhibition of LH-stimulated progesterone secretion 
in bovine large luteal cells (10). 

Basal secretion of progesterone was inhibited by a 
sustained decrease or increase in [Ca2+). in ovine large 
luteal cells. This provides evidence that optimal secretion 
of progesterone may require a specific range of [CaH

]. 

within these cells. Key enzymes in the progesterone 
synthetic pathway may not be adequately stimulated at 
reduced [CaH

]. levels, whereas sustained elevations in 
[CaH

). levels may inhibit secretion of progesterone due 
to cytotoxic effects of calcium on a variety of cellular 
reactions. A sustained elevation of [eaH

]. has been 
shown to have deleterious effects in myocardial cells 
(11, 12) and hepatocytes (13). Sustained elevations in 
[Ca2+]. may result in redistribution of calcium within 
intracellular compartments and/or alter membrane 
properties. Such alterations could subsequently inhibit 
cell function and/or cell viability. In the luteal cell, high 
levels of [Ca2+); may negatively affect progesterone se
cretion by inhibiting delivery of cholesterol to the mito
chondria (25). Furthermore, elevated [Ca2+]. may result 
in increased mitochondrial free Ca2+ that may interfere 
with ATP production (6) and/or cholesterol to pregnen
olone conversion (26, 27). A decrease in membrane flu· 
idity of regressing rat luteal cells has been attributed to 
stimulation of a Ca2+ -mediated pathway (28). Structural 
changes in cell membranes may alter calcium transport 
and alter the ability of cells to regulate [CaH

]. (11, 12). 
Maintenance of sustained elevations in [CaH

]. levels may 
also be involved in biochemical reactions initiated by a 
transient increase in calcium, such as activation of pro
tein kinase C. Phorbol ester stimulated protein kinase C 
activity and inhibited progesterone secretion in ovine 
large luteal cells (3, 29). Thus, maintenance of elevated 
[Ca2+]; level may playa role in activation of second 
messenger pathways for mediating intracellular indue· 
tion of luteal regression. 

The results presented here suggest that a critical range 
of [Ca2+). may regulate progesterone production in ovine 
large luteal cells. This range may represent an optimal 



196 

936 MODIFIED CYTOSOLIC FREE CALCIUM LEVELS AND LUTEAL FUNCTION Endoel991 
Vol12S e No2 

window of calcium concentration that is required for 
maintenance of proper luteal function before initiation 
of luteolysis. Exceeding this range, by stimulation with 
PGF,., may trigger events involved in functional as well 
as structural phases of luteolysis. 

In summary, the results of this study demonstrated 
that the PGF,.-induced calcium transient can be modi
fied by alterations in the availability of extracellular 
calcium. More specifically, a reduction in the size of a 
rapidly exchanging calcium compartment appears to be 
responsible for attenuation of the PGF2.-induced cal
cium transient. Although the rapidly exchanging com
partment was not specifically identified, the size of the 
compartment appears to be dependent upon extracellular 
calcium and/or the presence of phosphate and carbonate 
compounds in the medium. Additionally, a relationship 
between the ability of PG F ,. to produce an increase in 
I Ca2+)1 and an inhibition of progesterone secretion in 
large cells was observed. These results provide further 
evidence that in the ewe the luteolytic effects of PGF2n 

are mediated in the large cell by the ability of this 
hormone to produce elevations in cytosolic-free calcium. 
Future studies will determine the role of calcium-de
pendent second messenger pathways in this induction of 
luteal regression. 
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DIFFERING EFFECTS OF LaCI3 ON CYTOSOLIC FREE CALCIUM LEVELS IN 

OVINE LARGE AND SMALL LUTEAL CELLS 

Julie A.Wegner\ Raul Martrnez-Zaguilan2, Robert J. Glllies1
,2,3, 

and Patricia B. Hoyer1 

1Departments of Physiology, 2Siochemistry, and 3Radiology 

University of Arizona. Tucson, AZ 85724. 

SUMMARY 

The effect of the calcium antagonist, LaCI3 , on cytosolic free calcium levels 

([Ca2+]i) in ovine large and small luteal cells was examined. Calcium (45Ca2+) 

efflux and uptake were both inhibited (P < 0.05) by LaCI3 in large and small cells. 

Addition of 1 mM LaCI3 to a suspension of large cells loaded with FURA-2 caused 

a gradual increase in [Ca2
+]I' which was 79 ± 19 nM (n=4; P < 0.05) 

above steady state levels after a 10 min incubation. However, [Ca2
+]1 levels 

were not altered at any time in small cells incubated with LaCI3• Control studies 

were conducted to determine whether the La3+ -induced increase in fluorescence 
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in large cells was due to a direct interaction of La3+ with FURA-2 rather than a true 

increase in [Ca2+]i' Those results support that was not the case. Therefore the 

results presented here suggest that ovine large and small luteal cells differ in the 

regulation of cytosolic free calcium levels. 
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INTRODUCTION. 

The corpus luteum produces the steroid hormone progesterone, which is 

absolutely required for successful reproduction. During the estrous cycle the 

corpus luteum is formed on the ovary and undergoes regression at the end of the 

luteal phase if pregnancy does not occur. The signal for regression (Le. 

luteolysis) in many species, including the ewe, is prostaglandin F2a (PGF2a; 

McCracken et aL, 1970). 

Two morphologically and functionally distinct steroidogenic cell types, designated 

small (12-22 ~m diameter) and large (> 22 ~m diameter), have been identified in 

the corpus luteum of many species, including the ewe (Fitz et aL, 1982; Rodgers 

and O'Shea, 1982;· Rodgers et aL, 1985). 80th cell types secrete progesterone, 

but differ in many aspects of hormonal regulation of steroidogenesis (Hoyer and 

Niswender, 1985). Recent evidence suggests that in the ewe, direct cellular 

effects of PGF2a are mediated by large, rather than small cells (8alapure et aI., 

1989). Initiation of regression at the cellular level appears to result from a 

PGF2a-induced increase in ([Ca2+]I) followed by a sustained elevation of [Ca2+]1 

which is specifically observed in large cells (Hoyer et aI., 1990a,b; Wiltbank et aI., 

1989; Wegner et aI., 1990). These findings suggest that PGF2a-induced luteal 

regression is mediated by intracellular Ca2+ -dependent pathway(s). 
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In most tissues maintenance of calcium homeostasis is important for basic cellular 

function and optimal responsiveness to hormonal stimulation. The role of 

extracellular calcium in regulating calcium homeostasis can be assessed by 

removal of extracellular calcium or inhibition of transmembrane calcium flux by 

calcium antagonists such as LaCI3 • Lanthanum (La3+) is similar in size to that of 

the calcium ion (CaN) and displaces cell surface CaN without causing structural 

modifications (Weiss, 1974). Lanthanum has been demonstrated to be confined 

to the extracellular space in healthy cells (Kwan and Putney, 1990; Weiss, 1974). 

Thus, La3+ is a valuable tool for studying calcium metabolism, especially with 

respect to the study of transmembrane movement of calcium in cells. 

Since La3+ competes for Ca2+ binding sites, it might be expected to interfere with 

the measurement of [Ca2+]1 by FURA-2, a fluorescent dye that complexes with 

Ca2+. Displacement of FURA-2-bound Ca2+ by La3+ might either quench FURA-2 

fluorescence or cause fluorescent changes similar to those produced by Ca2
+ 

binding. In view of the ability of PGF 2a to induce a sustained increase in [Ca2+]1 

in large, but not small cells, the present study was designed to compare the effect 

of LaCI3 on steady state [Ca2+]1 levels in the two cell types. Determining this 

required a careful investigation of whether the observed changes in [Ca2+]1 levels 

with LaCI3 treatment are due to increases in [Ca2+]1 or to direct interactions of La3
+ 

with FURA-2. 
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MATERIALS AND METHODS. 

Animals. Western range ewes were synchronized with injections of PGF2a (Lm., 

10 mg, Lutalyse; Upjohn Company, Kalamazoo, MI, USA) on days -12 and -3. 

Follicular development was induced with a subcutaneous injection of pregnant 

mares' serum (1000 IU, s.c., Day -3) followed (day 0) with an injection of human 

chorionic gonadotropin (750 IU, Lv., Sigma Chemical Co., St. Louis, MO, USA). 

The experiments to be performed required large numbers of separated fractions 

of small and large luteal cells. Therefore, this treatment protocol was utilized to 

induce multiple ovulations so that sufficient numbers of cells could be recovered 

(Hild-Petito et aI., 1987). 

Tissue collection. Corpora lutea were surgically collected on day 10 from 

superovulated western range ewes lilS described by Hild-Petito et al. (1987). 

Corpora lutea were pooled and placed in sterile Medium 199 (Gibco Laboratories, 

Grand Island, NY, USA) supplemented with (g/I) : 0.35 NaHC03, 4.7 Hepes, 1.0 

BSA, 0.079 penicillin G, 0.1 streptomycin sulphate, 0.05 neomycin sulphate, pH 

7.35 for transport to the laboratory. 

Tissue preparation. Corpora lutea were decapsulated, sliced and enzymatically 

dissociated into single cell suspensions (0.4% collagenase : Worthington 
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Biochemical, Malvern, PA, USA; 0.0025% DNAse: Sigma; complete Hanks; pH 

7.35, Hild-Petitio et aI., 1987). Dissociation proceeded by incubation, 3-5 hr, in 

a shaking water bath at 37°C until visible clumps disappeared. Single cell 
I 

suspensions were separated into large and small cell fractions by elutriation as 

previously described (Hild-Petitio et aI., 1987). Typically the small cell fraction 

(12-22 J,lm) was free of large cells and the large cell fraction (> 22 J.1m) contained 

10-20% small cells by number. Following elutriation, viability was determined by 

trypan blue dye exclusion and typically found to be >90% in small cells and 

> 75% in large. Cellular viability was not altered in small or large cells following 

2 hrs incubation with LaCI3 • Furthermore, viability was maintained during 

incubation (30 min) of both cell types with FURA-2 and LaCI3 (1 mM). 

Intracellular calcium measurements. Aliquots of large (5 x 105/3 ml) or small (1 x 

106/3 ml) cells were washed once with modified Hanks medium (MH medium: 

140 mM NaCI, 5 mM KCI, 1.67 mM CaCI2, 10 mM Hepes, 0.8 mM MgCI2, 0.1 % 

BSA, 1 mM glucose, pH 7.15, 3rC) and incubated (30 min at 37°C in 5% CO2 

atmosphere) in 3 ml MH medium containing 2 J.1M FURA-2 (AM). In experiments 

involving simultaneous [Ca2+]i and pH measurements, cells were preloaded with 

both 2 J.1M FURA-2 (AM) and 20 J.1M SNARF-1 (AM). In experiments involving 

chelation of [Ca2+]i' cells were preloaded with both 2 11M FURA-2 (AM) and 20 J.1M 

BAPTA(AM) (5,5'-dimethylbis-(0-aminophenoxy)ethane-N,N,N 'N'-tetraaceticacid). 

At the end of dye loading, cells were washed, resuspended (5 ml MH medium), 
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and re-incubated (30 min, 37°G) to allow complete hydrolysis of FURA-2 (AM). 

After the second incubation, cells were washed, resuspended (3 ml MH medium), 

and transferred to a temperature-controlled, stirring cuvette unit housed in an 

SLM8000G spectrofluorometer (SLM. Urbana, IL). All experiments were 

performed at 37°G (Martfnez-Zaguilan et aI., 1991). Microscopic examination 

demonstrated that the intracellular pattern of FURA-2 distribution in both cell types 

was diffuse rather than punctate. 

Fluorescence measurements from cell suspensions were collected using a 

continuous acquisition mode (emission at 51 0 nm, excitation at 340,360 and 380 

nm) with each cycle lasting 3.8 sec. The data acquisition cycle during 

simultaneous measurement of [Ga2
+]1 and pHln lasted 16 sec (emission at 51 0 nm, 

excitation at 340,360 and 380 nm (FURA-2 conditions); followed by excitation at 

534 nm and emission at 584,600, and 644 nm (SNARF-1 conditions)). The 360 

nm and 600 nm wavelengths represent the isoexcitation and isoemission points 

for FURA-2 and SNARF-1, respectively. The isoexcitation or isoemission point is 

proportional to the total amount of intracellular dye and can be used to evaluate 

possible quenching and/or other artifacts. Steady state conditions were 

measured for 10 min before addition of LaCI3 (1 mM) followed by measurements 

for an additional 15 min. At the end of the measurement period 1 llM 4Br-A23187 

(non-fluorescent analog of the Ca2
+ ionophore A23187; Molecular Probes, 
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Eugene, OR, USA) was added to determine the sensitivity of the cell suspension 

to increased [Ca2+]I' Data were translated to ASCII format and converted to 

[Ca2+]1 using Lotus 1-2-3 (Lotus Development Corp.). Cytosolic-free calcium 
I 

levels were calculated using the method described by Grynkiewicz et aL (1985), 

and corrected for pH effects on FURA-2 Kda (Martfnez-Zaguilan et aL, 1991) using 

equation [1] 

where Kda is the apparent dissociation constant of FURA-2 for Ca2+, Sf2/Sb2 is the 

ratio of fluorescence intensity at 380 nr)1 at high and low [Ca2+]; Rmln is determined 

when FURA-2 is completely free of Ca2+ and represents the minimum 

fluorescence 340/380 nm ratio; Rmax is the 340/380 nm ratio when FURA-2 is 

saturated with Ca2+, and R is the measured fluorescence 340/380 nm ratio. All 

the R values were corrected for autofluorescence. The pH-corrected values for 

Kda, Amln and Rmax were determin~d by in situ calibration of small luteal cells 

(Wegner et aL, 1990). 

Calcium fluxes. 45Ca2+ efflux: Large (2 x 104 cells/0.5 ml) or small (1 x 105 

cells/0.5 ml) cells were preloaded to isotopic equilibrium with 5lJ.Ci/ml 45Ca2+ 

(17.2 mCi/mg, New England Nuclear, Boston, MA) in MH medium (90 min, 37°C, 
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pH 7.15) with continuous shaking (New Brunswick metabolic shaker). After 

loading, cells were collected in pre-cooled plastic tubes, centrifuged for 1 min at 

100 x g, washed in 3 ml MH buffer (4°C) and centrifuged (1 min). Cells were 

resuspended in an appropriate volume of MH buffer at 37°C. A 20 jJ.1 aliquot of 

the cell suspension was immediately added to 0.5 ml MH medium (control) for 

determination of 45Ca2+ content at time O. Remaining cells were aliquoted to 

tubes containing 0.5 ml MH medium ± LaC 13 (1 mM) and incubated 

(duplicates) for the specified time periods (3-15 min). The reaction was stopped 

by diluting the 0.5 ml cell suspension in 10 ml of wash solution (154 mM NaCI, 

4°C), followed by rapid filtration through Nucleopore filters (25 jJ.m). Filters were 

rinsed once with 10 ml wash solution (4°C) and placed in 4 ml scintillation fluid 

and the samples counted. Data were calculated as percent radioactivity 

remaining in cells compared with radioactivity present at time 0 (Williams et aI., 

1978). 

45Ca2+ uptake: Calcium uptake was initiated by addition (20 jJ.1) of large (2 x 104 

cells/0.5 ml) or small (1 x 105 cells/0.5 ml) cells to tubes (duplicates) containing 

0.5 ml MH medium (pH 7.15, 37°C) with 45Ca2+ (5 jJ.Ci/ml) with or without LaCI3 

(1 mM). Incubation was stopped at the specified times (0-30 min) and samples 

were proce!=;sed as described above. Uptake data were calculated as nmol 

Ca2+ /20,000 cells corrected for specific activity of the incubation media (Williams 

et aI., 1978). 
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Statistical analysis. Corpora lutea from 1-3 animals were pooled in each tissue 

preparation. Each experiment (n) represents a separate tissue preparation. Data 

are expressed as mean ± SE. Statistical significance between multiple 

treatments were determined by analysis of variance followed, where appropriate, 

by Student-Newman-Kuels multiple range testing. Differences between two 

means were determined by Student's Hest for paired data. Significance was 

assigned at the 0.05 level. 

Chemicals. All chemicals were purchased from Sigma Chemical Company (St. 

Louis, MO, USA). Fluoroprobes were obtained from Molecular Probes (Eugene, 

OR, USA). 45Ca2+ was purchased from New England Nuclear Research Products 

(Boston, MA, USA). 
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RESULTS. 

Calcium concentrations and flux. The importance of extracellular Ca2+ on luteal 

function (i.e. secretion of progesterone) was initially assessed using the inorganic 

calcium antagonist, cobalt chloride, CoCI2• Cobalt (4 mM) inhibited (P < 0.05) 

progesterone secretion in large (65 ± 7% Control, n=7) and small (79 

± 5% Control, n=6) luteal cells. However, CoCI2 was observed to quench 

FURA-2 fluorescence (data not shown; Kwan and Putney, 1990). Thus, another 

calcium antagonist, LaCI3 was selected. Lanthanum inhibited progesterone 

production in large cells (65 ± 3% Control, n = 13) to the same extent as 

CoCI2 and did not appear to cause Significant quenching of intracellular FURA-2 

fluorescence. 

The addition of LaCI3 to Hanks medium resulted in the formation of a precipitate. 

Thus, the use of LaCI3 required removal of phosphate and carbonate compounds 

from Hanks medium (modified Hanks medium, MH medium). Resting [Ca2+]i 

levels were reduced in large cells incubated in MH medium, however there was 

no significant effect of the medium on basal or PGF 2a -inhibited progesterone 

production (Wegner et aI., 1991). Addition of LaCI3 (1 mM) to suspensions of 

large cells loaded with FURA-2 caused a gradual increase in FURA-2 fluorescence 

apparently due to an increase in [Ca2+]i (Figure 1A, Table 1). Initially [Ca2+]i was 
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increased 9 ± 3 nM (n=4) above steady state levels. After 10 min, [Ca2+], 

levels were increased (P < 0.05) to 79 ± 19 nM (n=4) above pre-treatment 

levels. Both 45Ca2+ uptake and efflux were inhibited by LaCI3 in large cells (Figure 

2A, 2B). Although LaCI3 also inhibited 45Ca2+ uptake and efflux in small cells 

(Figure 3A, 3B), no increase in [Ca2+], was observed in small cells (Figure 1 C, 

Table 1). 

Control studies. Lanthanum antagonizes the action of Ca2+ by displacement of 

Ca2+ from Ca2+ binding sites(Langer and Frank, 1972). There was, therefore, a 

possibility that the apparent increase in [Ca2+], in large cells was due to La3+ 

binding directly to FURA-2 with subsequent alteration of FURA-2 fluorescence. 

To determine the effect of LaCI3 on FURA-2 fluorescence, the free acid form of 

FURA-2, FURA-2(FA), was dissolved (1 JlM)in Ca2+ -free MH medium without cells. 

Addition of 1 JlM LaCI3 , in the absence of cells, resulted in an immediate increase 

in the 340/380 nm fluorescence ratio (Figure 4A). Examination of the individual 

excitation wavelengths (340, 380 and 360 nm) showed thatthe increased 340/380 

nm ratio was due to an increase in 340 fluorescence and a decrease in 380 nm 

fluorescence (Figure 4B). Furthermore, lanthanum decreased fluorescence 

intensity at 360 nm, the isoexcitation wavelength of FURA-2. This demonstrates 

a quenching effect of LaCI3 on FURA-2 fluorescence. These results provide 

evidence that La3+ significantly affects FURA-2 fluorescence in Ca2+ -free medium 
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at all excitation wavelengths critical to the measurement of [Ca2+]. 

A direct interaction of La3+ with FURA-2 can therefore be observed by monitoring 

360 nm fluorescence, since fluoresence at this isoexcitation point is unaffected by 

Ca2+ binding. Figures 1 B and 10 show that flouresence at 360nm was not 

significantly altered throughout the experimental period with addition of 1 mM 

LaCI3 to either large or small cells. Importantly, fluorescence at 340 and 380 

increase and decrease, respectively in large, but not in small cells. Addition of 

the calcium ionophore, A23187 (1 or 10 11M), resulted in an increase in 340/380 

nm fluorescence, without changing the fluorescence at 360 nm. These data 

support our contention that LaCI3 causes a real increase in [Ca2
+]1 in large cells. 

Additional control experiments were performed to establish that the increase in 

fluorescence in large cells treated with LaCI3 was due to a true increase in [Ca2
+]I' 

In large cells loaded with FURA-2 and the intracellular calcium chelator, 

BAPTA.AM (20 ~M), the effect of LaCI3 was eliminated (Figure 5). In large cells 

loaded with FURA-2 and SNARF-1 (pHln
), LaCI3 induced a gradual increase in 

[Ca2
+]1 with no effect on pHln in large cells (Figure 6). No effect of LaCI3 on [Ca2

+]1 

or pH ln was observed in small cells (data not shown). 

Lanthanum acts primarily at the external surface of the plasma membrane and 
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under most circumstances does not enter the cell. Thus, LaCI3 would not be 

expected to interact with intracellular FURA-2. However, incubation of FURA-2 

(AM) loaded large and small cells consistently exhibited a gradual increase in the 

340/380 nm ratio with time (Figure 1). The steady rise in FURA-2 fluorescence 

was attributed to leakage of FURA-2, since addition of probenecid, an anion 

transporter inhibitor, abolished the increase (McDonough and Burton, 1989; 

Wegner et aI., 1990). Large cells were preincubated with probenecid (2.5 mM) 

to determine whether the observed La3+ -induced increase in the 340/380 nm ratio 

was due to a direct interaction of LaCI3 with extracellular FURA-2. Probenecid 

eliminated the gradual increase in fluorescence, however, subsequent addition of 

LaCI3 caused a gradual increase ( [Ca2+)/ t = 5.S ± 2 nM/min, n=2) in the 

fluorescent ratio. This value is not different (p>O.OS) from that observed in cells 

incubated without probenecid ( [Ca2+]/ t = 8.2 ± 2 nM/min, n=4; Figure 

7). 
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DISCUSSION. 

Addition of the calcium antagonist, LaCI3, to ovine large luteal cells resulted in a 

gradual increase in [Ca2+], (Figure 1 A, B; Table 1). Such an increase in [Ca2+], 

could be achieved by an increase in calcium influx, a decrease in calcium efflux, 

a release of calcium from intracellular pools, and/or a redistribution of calcium 

between intracellular compartments. 

Lanthanum inhibits transmembrane calcium flux in several cell types, including 

myocardial cells, hepatocytes, and rat pancreatic acini (Korc and Schoni, 1987; 

Langer and Frank, 1972). As demonstrated in Figure 2A and B, 45Ca2+ efflux and 

uptake were both inhibited (P < 0.05) by LaCI3 in large cells. The observed 

increase in [Ca2+], , therefore, was not due to a net increase in calcium influx into 

the large cell. However, inhibition of calcium efflux could effectively trap Ca2+ in 

the cytosol, if intracellular calcium stores were unable to effectively buffer changes 

in cytosolic calcium. 

A change in [Ca2+]i was not observed in small luteal cells incubated with LaCI3 

(Figure 1C,D; Table 1), even though both calcium efflux and uptake were 

significantly inhibited (Figures 3A and 3B). No change in [Ca2+],levels with LaCI3 

treatment was also reported in mouse lacrimal acinar cells (Kwan and Putney, 
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1990) and rat pancreatic acini (Korc and Schoni, 1987). Since it was 

demonstrated that LaCI3 inhibits transmembrane calcium fluxes in both large and 

small cells, the results provide evidence that the two cell types differ in their ability 

to regulate or buffer cytosolic [Ca2+]i' 

Because La3+ displaces Ca2+ from Ca2+ binding sites, the possibility exists that 

the La3+ -induced apparent increase in [Ca2+]i in large cells was due to a direct 

interaction of La3 + with FURA-2. Thus, a detailed series of control experiments 

were performed to eliminate this possibility. Fluorescence at 360 nm 

(isoexcitation point) is proportional to the total amount of intracellular FURA-2 and 

can be used to evaluate possible quenching effects. Lanthanum decreased the 

fluorescence at 360 nm in nominally Ca2+ -free medium, under cell-free conditions 

(Figure 4B). This suggests that La3+ quenches the FURA-2 fluorescence. Binding 

of Ca2+ to FURA-2 results in an increase in the 340/380 nm fluorescence ratio 

which can be transformed to changes in [Ca2+]i using equation [1] (Grynkiewcz 

et aI., 1985). In a nominally Ca2+4ree, cell-free buffer, it was demonstrated that 

LaCI3 alters FURA-2 (FA) fluorescence in a manner similar to the interaction of 

Ca2+ with FURA-2 (Le. an increase in the 340/380 nm ratio; Figure 3A, 3B). A 

similar effect of LaCI3 on FURA-2 fluorescence was observed by Kwan and Putney 

(1990). Conversly, when FURA-2 was fully saturated with Ca2+, addition of LaCI3 

did not affect FURA-2 (FA) fluorescence (Yamaguchi et al.,1987, unpublished 
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data). This suggests that Ca2+ competes more readily for FURA-2 than does La3+. 

In summary, the above results demonstrate that La3+ can directly interact with 

FURA-2 and alter the fluorescence at the three excitation wavelengths used for 

measurement of [Ca2+]. 

Under conditions in which cellular viability is maintained, the action of La3
+ 

appears to be confined to the extracellular space (Kwan and Putney, 1990; Langer 

and Frank, 1972; Weiss, 1974; Wendt-Gallitelli and Isenberg, 1985). Within the 

time frame of the present experiments, cellular viability was maintained and La3+ 

would not be expected to enter the cell. The following results suggest that the 

observed increase in 340/380 nm ratio with addition of LaCI3 in large cells was 

due to a true increase in [Ca2+]i rather than a direct interaction of La3+ with 

intracellular FURA-2. First, 360 nm fluorescence was not appreciably affected by 

addition of LaCI3 in large or small cells (Ca2+ -replete medium, Figure 1 Band 1 D). 

Second, addition of the calcium ionophore A23187 (1 IlM) at the end of the 

incubation period had no additional effect on 360 nm fluorescence, even though 

the 340/380,nm ratio was markedly increased. This result suggests that La3+ , 

does not have access to the intracellular compartment even under conditions of 

increased permeability to calcium. And third, unlike large cells, no change in 

340/380 nm ratio was observed in small (Figure 1 C and 1 D, Table 1). It may be 

that large cells are more IIleakyli to L9
3

+ than small. In IIleakyli cells, La3
+ would 
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have a greater opportunity to bind to intracellular FURA-2. Membrane 

permeability to La3+ was not measured in these studies, however, if La3+ was 

"Ieaking" into large cells, it is unlikely that 45Ca2+ uptake and efflux would have 

been so markedly inhibited by LaCI3 • 

The La3
+ -induced increase in [Ca2

+]1 was inhibited in cells loaded with the 

intracellular calcium chelator, BAPTA (Figure 5). Due to the ability of LaCI3 to 

displace calcium, the possibility exists that BAPTA also chelates La3+. If this were 

the case, cytosolic-free La3+ would compete with cytosolic-free Ca2+ for binding 

to BAPTA and more [Ca2
+]1 would be available to and produce an increase in the 

340/380 fluorescence ratio of FURA-2. The ability of BAPTA to block the 

La3+ -induced increase in fluorescence suggests that the increase in 340/380 nm 

fluorescence was due to a true increase in [Ca2+]I' Taken together, all of the 

above results support that the increase in 340/380 nm ratio in large cells is due 

to an increase in [Ca2
+]I' 

The Kdll of FURA-2 exhibits a sensitivity to pH (Ganz et aI., 1990; 

Martfnez-Zaguilfm et aI., 1991). Thus, a La3
+ - induced change in pHln might cause 

a change in the 340/380 nm ratio independent of changes in [Ca2+]I' due to a 

change in the Kdll• No change in pHln was observed with addition of La3+ in large 

or small cells (Figure 6), therefore, this was not the case. 
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Continuous leakage of FURA-2 has been previously demonstrated in untreated 

large and small luteal cells. Furthermore, this leakage could be blocked by the 

anion transport inhibitor, probenecid (McDonough and Burton, 1989). If FURA-2 

was leaking from the cell, then the gradual increase in 340/380 nm ratio could be 

due to the interaction of La3+ with extracellular FURA-2. However, in large cells 

incubated with probenecid, the La3
+ -induced increase in [Ca2

+]1 was still observed, 

and the increase was similar to that in large cells incubated in the absence of 

probenecid (Figure 7). The rate of dye leakage from small cells was similar to 

large cells (Figure 1A and 1C), but a change in the 340/380 nm ratio was not 

observed in small c.ells. Taken together, these observations suggest that in large 

cells, the increase in 340/380 ratio in response to LaCI3 is not due to a direct 

interaction of La3 + with FURA-2 that has leaked from the cells. Finally, a 

quenching effect of La3+ on FURA-2f1uorescence was observed in this study. 

However, evidence from a series of control experiments strongly suggests that the 

increase in the 340/380 nm ratio observed only in large cells, was due to a true 

increase in [Ca2
+]I' 

In summary, the results of this study provide evidence that large, as compared 

with small luteal cells, have a reduced ability to regulate or buffer [Ca2
+]1 by 

intracellular mechanisms. A dependence on calcium efflux as a primary 

mechanism to handle a calcium load, a reduced concentration of intracellular 
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calcium buffers, or a reduced ability to sequester cytosolic-free calcium into 

intracellular calcium compartments in large as compared with small cells could 

explain the differences in [Ca2+]1 response between the two cell types. Such a 

reduced ability may predispose large cells to cytotoxic effects of sustained 

increases in [Ca2+]I' known to be induced in these cells by PGF2a• The reduced 

ability to regulate [Ca2+]1 may therefore relate to the apparent specificity with 

which large cells respond to a PGF2a-induced signal for luteal regression. To 

further test this possibility, future studies will investigate differences between large 

and small cells in mechanisms that regulate Ca2+'efflux and in the calcium uptake 

capacity of various intracellular organelles known to sequester calcium. 
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ABBREVIATIONS USED 

pH ln, intracellular pH; pHcvt, cytoplasmic pH; pHvac, endosomal/lysosomal pH; 

pH"X, extracellular pH; [Ca2
+]ln, intracellular calcium; R, ratio; Rmox' maximum ratio; 

Rmln, minimum ratio; CHO cells, Chinese Hamster Ovary cells; EAT cells, Ehrlich 

ascites tumor cells; NEM, N-ethylmaleimide [1-ethyl-1 H-pyrrole-2,5-dione]; 

Suramin, [Hexasodium sym-bis(m-aminobenzyl-m-amino-p-methylbenzoyl-1-

naphtylamino-4,6,8-trisulfonate)carbamide]; Fusldlc acid, [16-(Acetyloxy)-3,11-

dihydroxy-29-dammara-17(20),24-dien-21-oic acid]; SCH 28080, [2-methyl-8-

(phenylmethoxy)-imidazole [1,2-a]pyridine-3-acetonitrile] DMSO, dimethyl 

sulfoxide; Pyranlne, 8-hydroxypyrene-1,3,6-trisulfonic acid; BCECF, 2',7'-bis-(2-

carboxyethyl)-5(and-6)carboxyfluorescein; SNARF-1, Carboxy

Seminaphtorhodafluor; FURA-2, 5-oxazolecarboxylic acid, 2-(6-

(bis(carboxymethy~mino)-5-(2-(2-bis(9arboxymethyl)amino)-5-methylphenoxy-2-

benzofuranyl); BAPTA, bis-( o-aminophenoxy)-ethane-N, N, N' ,N' -tetraacetic acid X

AM, acetoxymethylester form of fluoroprobe X; HEPES, N-2-

hydroxyethylpiperazine-N'-2-ethanesulfonic acid; MES, 2-(N

morpholino)ethanesulfonic acid; MOPS = 3-(N-morpholino)propanesulfonic acid; 

EGTA, ethylene glycol-bis(b-aminoethyl ether) -N,N,N',N',-tetraacetic acid. 


