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If you think you are beaten, you are. 
If you think you dare not, you don't. 

If you d like to win, but you think you can't, 
It is almost a cinch you won't. 

If you think you'll lose, you're lost. 
For out in the world we find 

Success begins with a fellow's will. 
It's all in the state of mind. 

If you think you're outclassed, you are. 
You've got to think high to rise. 

You've got to be sure of yourself before 
You can ever win a prize. 

Life's battle doesn't always go 
To the smarter or wiser man, 

But sooner or later the man who wins 
Is the man who thinks he can. 

Anonymous 
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INTRODUCTION 

A. Statement of the Problem 

The replication of many viruses in cell cultures is associated with 

alterations in cellular cation levels {Carrasco and Smith, 1976; Francoeur and 

Stanners, 1978; Garr_y et.al., 1979; Nair eta/., 1979; Nair, 1981; Ramabhadran 

and Thach, 1981; Egberts et al., 1982; Norrie .eta/., 1982). In Hela cells 

infected with poliovirus, these changes first appear around 3 h postinfection 

(Pl) and are characteriz~d.by Na+ accumulation and K+·leakage, resulting in 

part from the inhibition of Na+/K+ ATPase activity and in part from increased 

permeability of the plasma membrane (Nair et al., 1979; Nair, 1981; Schaefer 

eta/., 1982). In this system, inhibition of Na+/Kt ATPase activity is preceded 

by its stimulation at 1-1.5 h infection. This stimulation occurs when cellular 

Na+/K+ levels are unaltered and in the absence of any increase in ATP 

content {Nair et al., 1979; Schaefer et al., 1982). In suspension cultures of 

Hela 53 cells, this stimulation of Na +/K+ ATPase activity is associated with a 

small decrease in cellular volume {Schaefer et al., 1982). It appeared possible 

that cell shrinkage could indirectly trigger Na+ /K+ ATPase activity via the 

following sequence of events: A decrease in cellular volume could stimulate 

the plasma membrane protein Na+ /H + exchanger (Cala, 1980; Grinstein et 

al., 1983; Whiteley et al., 1984) which is present in Hela cells (Moolenaar et 

al., 1984). Under physiological conditions, activation of the exchanger will 

result in Na+ influx and H + efflux. An increase in intracellular Na+ level will 

in turn activate Na+ /K + ATPase (Moolenaar et al., 1984; Vara et al., 1985) 

and lead to the restoration of normal intracellular Na+ concentration. 
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The validity of the above explanation for Na+ /K+ ATPase activation in 

poliovirus-infected He La cells could be established by showing that Na+ /H + 

exchanger activation occurs in association with Na+ /K + ATPase activation. 

Activation of Na+ /H + exchanger could be detected in terms of its well 

established characteristics, namely, cytoplasmic alkalinization, sensitivity to 

amiloride compounds and dependence on a Na+ gradient. 

2 

The purpose of this study was to examine whether or not intracellular 

alkalinization occurs in association with Na+/K+ ATPase activation in 

poliovirus-infected He La cells and if so, whether such alkalinization could be 

attributed to the activation of Na+ /H+ anti port. 

B. Review of Related Literature 

1. Poliovirus 

a. Poliomyelitis 

Poliovirus, the agent of poliomyelitis, enters the host usually via 

ingestion of contaminated food, water, or milk. Initially, the virus multiplies 

in the nasopharynx and the mucosa of the small intestine. From these sites 

the virus reaches the central nervous system via the blood stream (viremia) 

and produces either non paralytic or paralytic poliomyelitis after an 

incubation period of about ten to fifteen days. In non paralytic poliomyelitis, 

the most common outcome, the symptoms will subside in a few days and the 

host will recover completely. On the other hand, paralysis occurs in about 

one percent of the cases and results from the invasion of and injury to the 

central nervous system. It is most often manifested in the anterior horn cells 

of the spinal cord. The viru's may als9 infect the posterior horn and dorsal 

root ganglia. The killing of motor neurons in which the virus multiplies 

_iesult~ in muscle atrophy. Full or-partial restoration of mus~le function 

depends totally on the number of uninjured neurons. 



b. Structure 

Poliovirus, a picornavirus, is one of the best understood viruses 

and the most completely studied RNA virus. On the basis of antigenic 

specificity, three types of poliovirus have been recognized. The virion is a . . 

relatively simple naked sphere, 27 nm in diamete·r possessing icosahedral 
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.. symmetry, with a particle weight of 7.7 x 106 dalto.ns. The virion consists of 

an RNA core and an icosahedral protein coat made up of60 identical 

subunits or protomers. The poliovirion is relatively resistant to acid pH, heat, 

and proteases. Its RNA genome has a molecular weight of 2 x 106 daltons. 
' . 

The single stranded RNA genome is positive-sense, meaning the genome 

serves as its own messenger-RNA. The genome-RNA possesses a 

polyadenylated 3' terminus and an uncapped 5' terminus covalently linked to 

a very small protein called VPg (virion protein, genome) through a 

phosphodiester linkage of the 5' terminal uridylic acid to the phenolic 

hydroxyl group of a tyrosine residue of VPg (Wimmer, 1982). VPg appears to 

play an important role in the initiation of picornaviral RNA synthesis by 

acting as a primer for replication. In 1981, the genome of poliovirus type-1 

was completely sequenced and was found to contain 7433 nucleotides 

(Kitamura et al., 1981; Racaniello et al., 1981 ). This sequence encodes for 

several polypeptides that are derived from a large precursor protein. These 

polypeptides are 1) four structural proteins responsible for the formation of 

the capsid which protects the viral genome from nucleases; 2) an RNA 

dependent-RNA polymerase (RNA replicase) which copies the viral genome 

RNA; 3) a protease that is required for the cleavage of viral precursor 

proteins; 4) a second protease involved in selective suppression of host cell's 

protein synthesis; 5) a terminal protein that gives rise to VPg, which is 



probably necessary for initiating RNA synthesis, and 6) two other 

polypeptides whose functions are not well established. 

' c. Replication 

4 

In order to initiate infection and produce disease viruses must 

enter the host and interact with susceptible tissues. Poliovirus initiates 

infection of host cells by attaching to specific receptors on the cell surface. 

Attachment sites on the virion are located at each vertices of the icosahedral 

virion. The explanation for the affinity of poliovirus for its target tissues may 

be that only the targettissues possess poliovirus-specific receptors. The 

receptors for poliovirus are protein, or contain protein, because the 

treatment of cells with proteolytic enzymes destroys receptor activity. 

Recently, using monoclonal antibody techniques, a 100 kDa membrane 

protein unique to Hela cells and human spinal cord was identified to be 

associated with poliovirus attachment. This protein was not detected in 

mouse spinal cord, mouse L cells, and human kidney homogenates. These 

results suggest that the 100 kDa membrane protein serves as the receptor for 

poliovirus attachment in Hela cells and spinal cord (Shepley eta/., 1988). In 

addition to poliovirus specific cellular receptors, other factors are also 

involved in virus attachment. It is facilitclt!!d by temperature (Lon berg-Holm 
' . ·. . 

and Ko rant, 1972) and by the presence of monovalent c~tions (Holland and 
. . 

Mcla~en, 1959) but is independent of pH (Crowell and Landau, 1983). 

It has been claimed that_poliovirus enters the cell by receptor

mediated endocytosis (Holland, 1962; Mandel, 1962; Zajac and Crowell, 

1969), but there is also evidence that the·virus may enter the host by direct 

penetration of the plasma membrane (Dunnebacke eta/:, 1969). At this 

time, little is known about the mechanism which releases the viral genome 
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from the capsid. However, the interaction of the virus with the plasma 
' 

membrane appears to initiate this process which is known as uncoating. 

Upon entry into the cell, poliovirus replicates in the cytoplasm in 

association with cellular membranes. The viral genome (plus-strand RNA) is 

translated and an RNA replicase (RNA-dependent-RNA polymerase) is 

produced as one of the products. This RNAreplicase is responsible for the 

synthesis of minus-strand RNA whose main function is to serve as a template 

for the synthesis of plus-strand RNA. Copying of the minus-strand begins at 

the 3' terminus. Initiation of the synthesis of a second plus-strand does not 

await completion of the first strand and usually five plus-strands are 

simultaneously copied from one minus strand, resulting in a multibranched 

replicative intermediate. The functions of these plus-strands are 1) to serve 

as templates for further synthesis of minus strands; 2) to serve as virio·n RNA 

for progeny virions; or 3) to serve as mRNA for the synthesis of viral proteins. 

It is believed that viral RNA synthesis and viral protein synthesis 

are associated with the smooth endoplasmic reticulum and rough 

endoplasmic reticulum, respectively. The formation of poliovirus specific 

proteins (Figure 1) involves the parental genome itself directing the synthesis 

of one very long polypeptide chain (polyprotein) using ribosomes and other 

components of the protein synthesizing machinery of the host cell. This 

polyprotein is cleaved into precursor proteins P1, P2, and P3 which are 

further cleaved into four, three, and four end products, respectively. Protein 

precursor P1, located at the aminoterminal, is a structural protein and is 

cleaved into proteins 1A, 1 B, 1C, and 1 D (VP4, VP2, VP3, VP1) which are capsid 

proteins (Maize!, 1964). Protein precursor P2, a mid-piece protein, gives rise 

to end products 2A, 2B, and 2C. While 2A, a protease, is involved in 

inhibition of cellular macromolecular synthesis, very little is known about 
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the exact functions of 2B and 2C. However, it is believed that protein 2C may 

be involved in RNA synthesis (Anderson-Sillman et al., 1984), and protein 2B 

may be associated with virus-host specificity (Yin and Lomax, 1983). Protein 

precursor P3 is located at the carboxyterminal and gives rise to end products 

3A, 3B, 3C, and 3D. End product 3C is a protease, which mediates most, but 

not all, of the cleavages in the polyprotein (Pal men berg et al., 1979; Svitkin 

et al., 1979). End product 3B is VPg (Pallansch et al., 1980; Semler et al., 

1981), whose function was mentioned earlier and end product 3D is the viral 

RNA polymerase, an enzyme capable of elongating nascent RNA chains from 

the viral genome (Lundquist et al., 1974; Flanegan et al., 1977; Das Gupta et 

al., 1980; Van Dyke and Flanegan, 1980; Baron and Baltimore, 1982; . ; . . 
Crawford and B.altimore,-1983). In some cases,. when protein precursorP3 is 

cleaved end products 3C' and 3D' are produced inst~ad·pf 3C and 3D. The 

_ purpose of this cleavage and the functions of end products 3C' and 3D' are 

unknown (Doel et al., 1978). 

Upon synthesis of the necessary viral enzymes and structural . . . 

components, prog~ny'viriohs are asse~bled (encapsidation of the nucleic . . 

acid). The mechanism by which the nucleic acid is encapsidated remains a 

problem in picornaviral morphogenesis. It is believed that RNA synthesis 

might provide the driving energy necessary for inserting RNA into the capsid. 

The progeny virions.accumulate in the cell after they are assembled until all 

of the new viruses have been assembled. By this time, the plasma membrane 

begins to disintegrate and the progeny vir.ions are released from the cell over 

a relatively short period of time. 

d. Dependence on Host Functions 

The host cell functions required for poliovirus replication have 

been studied for many years, but are not fully understood. In addition to 
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cellular receptors and protein synthesizing machinery, other host cell factors 

have been shown to be involved in replication. It has been documented that 

poliovirus RNA polymerase requires a terminal uridylyltransferase unique to 

the host cell in order to initiate RNA synthesis (Andrews and Baltimore, 

1986). This protein was purified from He La cells and was shown to be 

responsible for the addition of uridine residues to the 3' polyadenylated end 

of the virion RNA; thus forming a hairpin structure which serves as a primer 

for the viral polymerase. More recently, cells resistant to poliovirus infection 

were generated via cotransfection of cells with poliovirion RNA and 

poliovirus subgenomic RNA containing capsid region deletions (Racaniello et 

a/., 1989). It was observed that one cell line resisted poliovirus infection by 

inhibiting viral entry and causing an intracellular block to viral replication. 

Likewise, another cell line also revealed an intracellular block to viral replica

tion, along with delayed cytopathic effects and low virus yield. It will be of 

interest to determine which factor(s) are absent from these mutant cells as 

opposed to poliovirus0 infected parental type HeLa cells, thus allowing the 

identification of host factor(s) required for poliovirus replication. 

e. Effects on Host Functions 

Cells infected with lytic viruses, such as poliovirus, undergo 

morphological and biochemical alterations during viral replication. In 1954, 

Enders coined the expression cytopathic effects (CPE) to describe the · . - . . ' 

alterations induced by poliovirus in cultured cells:·These effects describe the 

inhibition of the synthesis of macromolecules in the cell (commonly known as 

host cell shutoff), and morphological changes, such as apparent cellular 
C 

shrinkage, rounding, and the release of cells growing as monolayers. 

Cytopathic effecti{~f viral-in.fected cells have been studied, in hope of 



understanding how viruses cause cell killing. However, very little is known 

about the mechanisms involved in producing these effects. 
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The best understood cytopathic effect of poliovirus infected 

cells is host shutoff, which reveals a selective decline in the synthesis of 

cellular macromolecules. The proposed mechanism for host shutoff in Hela 

cells infected with poliovirus is based on the finding that poliovirus RNA is 

uncapped (Hewlett et a/., 1976), unlike most eucaryotic cellular mRNAs. It is 

known that the.cap structure required for effective translation of the 

eu~aryotic mRNAs must interact with cap-binding proteins (elF-4F) forttie 

initiation of translation (Shatkin, 1985; Sonenberg et al., 1987). Since 

poliovirus RNA is naturally uncapped, it may bypass the requirements needed 

for the initiation of translation, unlike cellular mRNAs. It has been suggested 

that host shutoff in poliovirus infected Hela cells may occur as a result of the 

inactivation of a protein that is specific for the cap structure and is required 

for the initiation of translation of cellular mRNA's but not poliovirus RNA. 

Recent evidence favors poliovirus inactivation of the eucaryotic initiation 

factor complex elF-4F, which is required for the binding of cellular mRNA's 

for the initiation of translation (Etchison eta/., 1984). This complex is 

composed of a 24-kDa polypeptide, a 50-kDa polypeptide, and a 220-kDa 

polypeptide. The exact mechanism for the inactivation of the elF-4F complex 

by poliovirus is thought to involve proteolytic cleavage of the 220 kDa 

polypeptide (Krausslich et al., 1987) by the viral 2A protease (Lloyd et a/., 

1986). While this mechanism may be involved in poliovirus induced-shutoff, 

there is evidence that the inactivation of the 220 kDa polypeptide is not 

enough to bring about the nearly complete inhibition of cellular protein 

synthesis that occurs in infected cells (Bonneau and Sonenberg, 1987). 

Therefore, a second poliovirus mediated event appears likely, in addition to 



cleavage of the 220 kDa component to completely inhibit cellular protein 

synthesis. 
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Host shutoff may be a major cause of cell-death, but it alone 

cannot explain the morphological alterations associated with cell-killing. 

Actinomycin D and cycloheximide are inhibitors of transcription and 

translation, respectively. These two potent inhibitors of macromolecular 

synthesis do not cause morphological changes resembling those induced by 

poliovirus or cause cell-death as rapidly as poliovirus does. This means that 

mechanisms other than host shutoff must be involved in virus cell-killing and 

associated morphological changes. 

There is evidence that alterations in the structure and functions 

of the cell membrane occur during the course of viral infection. For instance, 

the fluidity of the plasma membrane increases as a result of viral infection 

(Lyles and Landsberger, 1977; Levanon and Kohn, 1978; Levanon et al., 1979; 

Moore et al., 1979). Changes in membrane.permeability have also been 

observed, as evidenced by the passage of normally excluded substances 

across the plasma membrane of viral-infected cells (Gauri and Albrecht, 

1973; Contrearas and Carrasco, 1979; Koch et al., 1982). A reduction in the 

transport of uridine (Gentry, 1975), thymidine (Hand, 1976), and amino acids 

(Koch, 1982) by viral infected cells have also been reported. Earlier studies 

showed that poliovirus infected He La cells accumulate Na+ and lose K+ 

during the later stages of infection. This was found not to be due mainly to 

viral inhibition of Na +/K+ ATPase activity, since virus specific Na+ accumula

tion could be observed even in the presence of ouabain (Nair et al., 1979). 

From this study it was concluded that Na+ accumulation must result from an 

increase in membrane permeability caused by viral infection. These results 

were confirmed by others (Schaefer et al., 1982; Lopez-Rivas et al., 1987) who 
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have also shown that Na+ /K + changes are associated with depolarization 

and leakiness of the plasma membrane. In 1986, the first direct evidence of 

membrane structural changes in cells infected with a picornavirus (Coxsackie 

virus'B3)_ was demonstrated using_dual immunofluorescence techniques 

(Lutton and Guantt, 1986). A membrane functional change observed in 

previous studies was that around. 1.5 h after infection with poliovirus, He La 

cell Na+ /K + ATPase activity is stimulated (Nair et al., 1979; Schaefer et al., 

1982). There is no increase in cellular Na+ or ATP content during this period 
. '-

and the mechanis~ or.the significance of this phenomenon is not 

understood. 

2. Regulation of Intracellular pH 

a. Na+/H+ Antiport 

In recent years, a close relationship between Na+/H+ antiport 

and the maintenance of cellular homeostasis has been reported. The 

activation of the anti port has been linked to three crucial roles. First, the 

anti port has been shown to be the primary mechanism whereby intracellular 

pH is regulated in eucaryotic cells (Grinstein and Furuya, 1986); second, the 

anti port is involved in the regulation of cellular volume (Cal a, 1980; Spring 

and Ericson, 1982; Grinstein et al., 1983); and third, it is linked to the 

regulation of cell growth and proliferation (Pouyssegur et al., 1982; Macara, 

1985; Mahnensmith and Aronson, 1985). 

Na+ /H + anti porter (exchanger), a plasma membrane protein, is 

found in a variety of cell types (Grinstein and Rothstein, 1986), including 

He La cells (Moolenaar et al., 1984). The stoichiometry of the Na+ /H + 

anti port process is the electrically neutral exchange of one Na+ for one H + 

across the plasma membrane. It is a secondarily active transport mechanism 

which under physiological conditions is driven by the inward Na+ gradient. 
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In addition to Na+ and H • exchange, the anti port also displays affinity for 

other cations, such as Li• and NH4 +, but not for K +, Rb+, and Cs+ (Aronson, 

1985). Na+ /H • anti port is reversible and sensitive to amiloride, a K +-sparing 

diuretic, and its analogues (Benos, 1982; Aronson, 1985). Inhibition is 

generally competitive with extracellular Na+ and therefore believed to result 

from binding to the external transport site. In high concentrations, 

amiloride produces nonspecific effects, including the inhibition of cellular 

protein synthesis (Lubin et al., 1982; Beste rm an et al., 1984). The anti port is 

also sensitive to guanochlor, a guanidinium derivative (Frelin et al., 1986) 

and the cationic alkaloids, quinidine and harmaline (Kinsella and Aronson, 

1980; Parker, 19~3). 

At normal intracellular pH (pH;), the exch?nger is quiescent, but 
. . 

. . 

is activated by a lowering of pH;. The f~ct that its activitythresnold or set 

point happens to coincide with normal physiological pH; of the cells, is 

consistent with a central role of the exchanger in pH; homeostasis. When pH; 

decreases, as in ll)etabolic acidosi~, _th~,exchanger is activated only to become 

inactive again once the pH; is restored to its normal value via proton 

extrusion (Cohn et al., 1983; Kinsella et al., 1984). The exchanger can be 

activated also by various other agents (Grinstein and Rothstein, 1986). 

Unlike activation by low pH;, activation by these agents (mitogens) results in 

cytoplasmic alkalinization causing an increase in pH; of. 1 to .3 units. These 

agents include serum, insulin, epidermal growth factor, vasopressin, phorbol 

esters, diacylglycerol, interleukin 2, prolactin, and vanadate. Osmotic 

shrinkage has also been linked to Na+ /H + anti porter activation (Cal a, 1983; 

Grinstein et al., 1983; Parker, 1983; Spring, 1985). The exact mechanism 

whereby the anti port is regulated by the above agents and osmotic 

shrinkage remains a mystery, but the biological functions of most of 
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the agents that activate the anti porter are known to be mediated by protein 

kinases (Grinstein and Rothstein, 1986). It is not known that the Na+ /H + 

anti port mechanism is in any way affected as a result of infection of cells with 

cytotoxic viruses. 

b. cI·/HC03· Exchange 

Even though Na+ /H + exchange is considered to be the 

predominant mechanism responsible for the regulation of pHi in mammalian 

cells, a cation-independent CI-/HCQ3- exchange and Na +-dependent 

C1-/HCQ3- exchange also participate in pH; h?meostasis. 

The cation-independent cI-1HCQ3- e)\change transfers anions 

a~ross the cell membrane. The exc~ange of Cl-for HCQ3- is ~lectroneutral 

because of its 1: 1 stoichiometry. Besides transporting cI-, the anti port is also 

capable of exchanging other halides such as Br-, F-, 1-, or larger anions like 

sulfate and phosphate (Cabantchick et al., 1978; Je_nnings, 1985). cI-1HCQ3-

exchange is reversible and sensitive to 4,4-diisothibcyanostilbene-2,2' -

disulfonate (DIDS) or 4-acetamido-4' -isoth iocyanostilbene-2,2' -disulfonate 

(SITS) (Cabantchick et at_, 1978). These inhibitors are also capable for 

blocking the Na +-dependent Cl·/HCQ3· exchanger. However, the compound 

ethacrynic acid is specific for the cation-independent exchange and does not 

affect the Na +-dependent exchange (Madshus and Olsnes, 1987). The 

magnitude of the gradients for Cl· and HCQ3-determines the direction of 

anion exchange by the Na +-independent cI-1HCQ3- exchanger_ Under 

physiological conditions, the inward gradient of cI- is often greater than that 

of HCQ3-_ In this case, cI- influx and HCQ3- efflux will occur, leading to 

cytoplasmic acidification. This protein can mediate cytoplasmic alkaliniza

tion only under conditions of low pH; or low extracellular cI-. For this reason, 

it is believed that the cation-independent cI-1HC03: exchanger may play an 



important role iri cytoplasmic alkaline-loaded cells at pHi values where 

Na+ /H + anti porter or Na +-dependent Cl·1HC03· exchanger are inactive (AI

Awqati, 1986; Chaillet et al., 1986; Olsnes et al., 1986; Cassel, 1987; 

Tonnessen et al., 1987). 
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The Na +-dependent c1·/HC03· exchange normally exchanges 

extracellular Na• and HC03· for intracellular Cl· and possibly H +. The 

stoichiometry of the exchange is 1: 1 :2 for Na• /Cl·/acid base equivalents 

(Roos and Boron, 1981). Four possible modes of acid extrusion are 

compatible with electroneutral stoichiometry. However, the precise 

mechanism of HC03·-dependent acid extrusion in eucaryotic cells remains 

unknown. As stated above, the Na •-dependent Cl·/HC03· exchange can also 

be inhibited by DIDS and SITS. It can also be selectively blocked by picryl

sulfonic acid (Madshus and Olsnes, 1987). The Na+-dependent Cl·/HC03· 

anti port, like the Na• /H + anti port is quiescent at normal pHi and is activated 

when pHi falls below the threshold value. Even though both anti ports are 

Na +-dependent, the Cl·/HC03· system is not inhibitable by amiloride 

(Grinstein et al., 1989) and its activation appears not to require mitogens 

(Rothenberg eta/., 1983; L'Allemain etal., 1985). Due to the Na+ gradient 

being inward, the Na •-dependent Cl·/HC03· system is thermodynamically 

balanced to extrude acid. For this reason, this antiport acts as an acid 

extrusion mechanism and is very important in pHi regulation. 



MATERIALS AND METHODS 

Materials 

Adenosine 5' -triphosphate (disodium salt), 4,4' -diisothiocyanostilbene-

2,2' -disulfonic acid, dL-dithiothrei~ol, 3-0-methyl-D-glucopyranose, N-2-

hydroxyethylpiperazine-N-3-ethanesulfonic acid (HEPES), nigericin, ouabain, 

phloretin, sodium azide, and 2,4-dinitrophenol were purchased from Sigma 

Chemical Co. Ethylisoproylamiloride (3-amino-5-ethylisoproylamino-6-chloro

N-(diaminomethylene) pyrazine-carboamide) was a gift from Dr. Edward J. 

Cragoe of Merck, Sharp, and Dome Research Laboratories, West Point, 

Pennsylvania. Agar Noble was obtained from Difeo Laboratories, Detroit, 

Michigan. All other reagents used in this study were of reagent grade and 

purchased from Sigma Chemical Co. 

[
14C]-DMO (5,5-dimethyl[2-14C]oxazolidine-2,4-dione) (specific activity: 

43.2 mCi/mmol), [methyl-3H]-3-0-methyl-D-glucose (specific activity: 

79.0 Ci/mmol), [3H]-water (specific activity: 1 mCi/gram), [carboxyl-14(]-inulin 

(specific activity: 2.6 mCi/gram) and carrier-free 22NaCI (specific activity: 

200 µCi/ml) were obtained from New England Nuclear-Dupont. Alpha[1-14C]

methylaminoisobutyric acid was from.N~w England Nuclear-Dupont (specific 

activity: 48.4. mCi/mmol) and was a.gift from Dr. V. Ganapathy, Department of 

Cell and Molecular 
0

B iology, Medical College of Georgia, Augusta, Ga. L-[4,5-
. . 

3H]-Leucine (specific activity: 59 Ci/nimol) was obtained from Schwarz/Mann 

Chemical Co. Scintillation cocktail (ScintiVerse BD) was purchased from Fisher 

Scientific. 
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Eagle's Minimal Essential Medium a'nd cal
0

f serum were obtained from 

Hazelton Biologics, Inc. Antibiotics were purchased from Grand Island 

Biological Co. and tissue culture plates, flasks, and disposable pipets were 

obtained from Corning and Falcon plastics. Polyvalent antiserum against 

poliovirus type 2 was obtained from the Research Resources Branch of the 

National Institutes of Health. 

Methods 

Cells and Virus 
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He La cells (He La Ohio) and poliovirus type 2 were used throughout this 

research. The cells were grown as monolayers at 37° in Eagle's Minimal 

Essential Medium (MEM) containing 10% calf serum, 100 units of penicillin, 

0.25 µg of Fungizone and 100 units of streptomycin per ml (growth medium). 

Preparation of Virus Stocks 

Confluent monolayer cultures of Hela cells were infected with virus at a 

multiplicity of infection of 0.01 plaque forming units per cell and incubated at 

37°C with MEM containing 5% calf serum and antibiotics overnight. When 

infection was complete, the virus was harvested and purified according to the 

procedure described by Nair and Owens (1973). In short, the virus was 

released from cells by three rounds of freeze-thawing in MEM. The lysate was 

partially purified by low speed centrifugation at 10,000 Xg for 10 min. The 

supernatant was forced through a 26-gauge syringe needle, distributed in 

small volumes, and frozen at-70°C for use as seed virus. 

Preparation of High Titer Virus 

Alternatively, the supernatant obtained after low speed centrifugation 

was subjected to high speed centrifugation at 100,000 Xg for four hours at4°C 

to pellet the virus. The pellet was suspended in an appropriate volume of 

growth medium. The suspension was homogenized by forcing it through a 



17 

J 

26-gauge syringe needle and stored at-70°C until used in experiments. Purity 

of each batch of virus was tested by neutralization with specific polyvalent 

antiserum and the virus titer was determined by plaque assay. 

Plaque Assay 

A modification of the procedure used by Nair and Lenberg-Holm (1971) 

was used for determining virus titers. Serial 10-fold dilutions of virus was 
-

made in growth medium. Duplicate .35 ml aliquots of the appropriate 

dilutions were added to Hela cell monolayer cultures in 60 mm culture dishes, 

which were incubated for 30 min at room temperature. Unabsorbed virus was 

removed and an overlay containing MEM (5 percent calf serum) and 0.4 

percent agar was added to each dish. The infected cultures were incubated at 

37°C for 36 h to develop plaques. Plaques were visualized by staining the 

monolayers with 1 % crystal violet in 20% ethanol. 

Infection of Cells 

Replicate monolayer cultures containing 2-3 x 106 cells were grown in 

35 mm culture dishes. The cultures were infected with a suspension of 

poliovirus at a multiplicity of infection of 100-200 plaque forming units per 

cell. Adsorption of virus to cell was allowed to occur by rocking the dishes for 

30 min at room temperature. The unabsorbed virus was removed using a 

sterile Pasteur pi pet and when the objective of the experiment was to 

quantitate virus yield, the cultures were washed extensively with phosphate 

buffered saline (137 mM NaCl, 2.68 mM KCI, 8.1 mM Na2HPO4, 1.4 mM 

KH2PO4), pH 7.2 to remove unattached virions. The infected cultures were 

incubated at 36°C with HEPES-MEM (MEM containing 25 mM HEPES in place 

of sodium bicarbonate) with or without 2.5% calf serum as explained under 

results. 



Na+/K+ ATPaseAssay 

Na +/K+ ATPase activity was determined as described by Schaefer et al. 

(1982) with minor modifications. Briefly, replicate monolayer cultures 

containing 1.0-1.2 x 107 cells were grown in 100 mm culture dishes. The 

cultures were infected with poliovirus as described above. Infected and 

uninfected cultures were incubated at 36°C with serum-free HEPES-MEM, 
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pH 7 .3. At the times-indicated, the cultures were washed twice with ice-cold 

phosphate buffered saline and twice with ice-cold reticulocyte saline buffer 

(10 mM Tris, 10 mM NaCl, 1.S mM MgCl2), pH 7.2. The cells were detached 

from the monolayers by scraping with a rubber spatula and suspended in 

2.0 ml of reticulocyte saline buffer containing 10 mM dithiothreitol. 

Following incubation for 10 min at 4°C, the cells were disrupted by Dounce 

homogenization. The nuclei were removed by low speed centrifugation 

(10,000 Xg) for 10 min and Na+/K+ ATPase activity was determined by 

incubating samples of the homogenate at 37°C in a reaction mixture (pH 7.5) 

containing 100 mM NaCl, 4 mM MgCl2, 10 mM KCI, 33 mM Tris, and 4.4 mM 

Na2ATP in the absence and presence of 2 mM ouabain for 15 min. The 

reaction was terminated by adding trichloroacetic acid to a final concentra

tion of 25% (w/v). Inorganic phosphate liberated in the reaction mixtures was 

measured as described by Fiske and Subbarow (1925). Ouabain-sensitive 

hydrolysis of ATP by the homogenates was taken as a measure of Na+/K+ 

ATPase activity. 

Monitoring Intracellular pH Changes 

Intracellular pH (pHi) was monitored from the uptake of the weak acid 

5,5-dimethyl[2-14C]oxazolidine-2,4-dione (DMO). Briefly, DMO uptake was 

carried out in a warm room at 36°C. Infected and co'ntrol cultures were . - - . 

incubated with 1.0 ml of serum-free HEPES-MEM . At the time points to be 
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studied, the medium was replaced with radioactive medium containing 

.3 µCi/ml of [14C]DMO. Following incubation for 10 min, the cultures were 

rapidly washed (22 ± 2 s) four times with ice-cold phosphate buffered saline 

(2.5 ml/wash). In some experiments, the cultures were washed more rapidly 

(6 ± 2 s) by sequentially dipping each culture, in four 200 ml portions of ice

cold phosphate buffered saline. The monolayers were then solubilized with 

1.0 ml of .33 N NaOH. The radioactivity was measured using a liquid 

scintillation spectrometer. 

Measurement of Intracellular Water Space 

Method A: 3H2O Partitioning Procedure 

Intracellular water space was measured by a modification of the 

procedure described by Rothenberg (1979). In short, poliovirus infected and 

control cultures were incubated with serum-free HEPES-MEM, pH 7.3. At the 

intervals of interest, the medium was removed by aspiration, and the cultures 

were washed rapidly with 1.0 ml of .1 % trypsin containing .5 mM ethylene

diaminetetraacetate (EDTA). Then, 1.0 ml of serum-free HEPES-MEM, pH 7.3, 

containing a mixture of 14C-inulin and 3H2O in which the [3H]CPM was >10 

times as high as [14C]CPM was added to each culture. Following incubation for 

10 min, the monolayers were gently dispersed with a pi pet and .5 ml of the 

suspension was transferred into a 1.5 ml microfuge tube containing dibutyl

phthalate. 

The cells were then pelleted using a Beckman microfuge for 45 sand the 

microfuge tubes were rinsed four times with .5 ml of MEM (each rinse was 

followed by centrifugation for 30 s). Following the final rinse, the dibutyl

phthalate was removed and the pellet was digested with .2 ml of 1 N NaOH 

overnight. Then, 0.1 ml of 1 N NaOH and 0.6 ml of water were added to each 

tube and mixed thoroughly using a micropipet. The suspension was 
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transferred into a scintillation vial, neutralized with 0.1 ml of 3 N HCl and the 

radioactivity was measured with a Beckman LS-230 liquid scintillation 

spectrometer, using split [14C] and [3H] channel settings. 

Method B: 3-0-Methyl-D-Glucose Uptake Procedure 

Intracellular water space was measured from the equilibrium uptake of 3-

0-[methyl-3H]-D-glucose ([3H]-3MG) as described by Kletzien et al. (1975). 

Briefly, poliovirus infected and uninfected cultures were incubated for various 

time periods with serum-free HEPES-MEM, pH 7.3. Before measuring uptake, 

the cultures were washed twice with glucose-free HEPES-MEM, pH 7.3 and 

incubated with 1.0 ml of the same medium containing 10 mM [3H]-3MG 

(2.5 µCi/ml). After 15-30 min, the medium was removed and the cultures were 

washed four times with warm phosphate buffered saline (2.5 ml/wash) 

containing .5 mM phloretin (phloretin, an inhibitor of sugar transport, 

prevents leakage of 3-0-methyl-D-glucose during washing). The cultures were 

then solubilized with .33 M NaOH and radioactivity was measured by 

scintillation spectrometry. 

Na+JH+ ExchangeAssay 

Na+ /H + exchanger activity was measured as amiloride sensitive Na+ 

uptake from medium containing physiological [Na+] or from Na +-free 

medium as follows: Replicate infected and control cultures were incubated 

with serum-free HEPES medium, pH 7.3. At 1.75 h postinfection, the medium 

from one-half of the cultures was replaced with the same medium containing 

1 µCi/ml of 22NaCl and 2 mM ouabain in the presence or absence of SO µM 

ethylisopropylamiloride (E(PA) and the cultures were incubated·for 2 min. The 

remaining cultures were washed twice and incubated witti Na+-free HEPES

MEM, pH 7 .3 for 10 ·min. The medium was then removed and the cultures 

were incubated for 2 more minutes with the same medium containing 
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1 µCi/ml of 22NaCI and 2 mM ouabain in the presence or absence of EIPA. The 

radioactive medium from both sets of cultures was removed by aspiration and 

the cultures were washed rapidly four times with ice-cold phosphate buffered 

saline. The cells were then solubilized with .33 M NaOH and 22Na uptake was 

measured by scintillation spectrometry. 

Determination of Protein Concentration 

Protein concentration was determined by the method of Lowry et al. 

(1951) using bovine serum albumin as the standard. 

Analysis of Data 

All assays were carried out in replicate, and all experiments were 

repeated to confirm the findings. The data were statistically analyzed by the 

Student's t-test. Differences between control values and test values were 

considered significant if the P values were < .05. 



RESULTS 

A. Na+ /K + ATPase Activity in Poliovirus Infected and Control HeLa Cells 

According to.previous reports, in poliovirus infected Hela cells incubated 

with bicarbonate buffered MEM, Na+ /K+ ATPase activity is stimulated around 

1 .5 h postinfection (Nair et al., 1979; Schaefer et al., 1982). In the current 

experiments the cell cultures were incubated with HEPES-buffered MEM in 

the absence of bicarbonate. To reproduce the earlier observation under the 

new experimental conditions, Na+ /K + ATPase activity was assayed in 

poliovirus infected and control Hela cells incubated with HEPES-MEM. 

Ouabain-sensitive hydrolysis of ATP by cell homogenates was considered a 

measure of Na+ /K + ATPase activity. The results (Figure 2) show that around 

1.5 h postinfection, Na+/K+ ATPase activation occurs also under the new 

experimental conditions. However, the extent of activation observed here is 

much greater (125%) than that previously reported (.r30%). 

B. Evidence for Virus-induced pH Increase in Infected Cells 

1. {14CjDMO Uptake into Poliovirus Infected and Control Hela Cells 

In cultured fibroblasts, the_stimulation of Na+ /K + ATPase is triggered 

by the activation of Na+/H + anti porter by mitogens (Moolenaar eta/., 1984). 

Na+ /H + anti porter activation under physiological conditions, results in cyto

plasmic alkaliniz~tion, 'Therefore, a pH increase could be indicative of 

Na+/H+ anti porter activation which.in tu_rn could explain Na+/K+ ATPase 

activation·. To determine whether _cytoplasmic alkali~ization occurs during 

infection, poliovirus-infected and:control Hela cells were incubated with 

serum-free HEPES-MEM. To monitor pHi, the uptake of the weak organic acid 
; 



Figure 2. Na+ /K+ ATPase Activity in Polio virus Infected and Control HeLa 
Cells 

Poliovirus infected and control Hela cells were incubated at 36°C in 
serum-free HEPES-MEM, pH 7.3. At the times indicated, the 
cultures were washed twice with ice-cold phosphate buffered 
saline and twice with reticulocyte saline buffer. The cells were 
gently detached from the monolayers and incubated for 10 
minutes at 4°C in reticulocyte saline buffer containing 10 mM 
dithiothreitol and disrupted by Dounce homogenization. 
Ouabain-sensitive hydrolysis of ATP by the homogenates was 
determined as described under methods. The protein content of a 
replicate culture was determined by the Lowry method. The data 
are mean values± S.E. of triplicate determinations of inorganic 
phosphate liberated by infected cell homogenates expressed as 
percent of control values. The actual values ranged from .19 to 
.38 µmols (infected cell homogenates) and .07 to .55 µmols (control 
cell homogenates) of Pi liberated/mg of cell protein. 
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DMO was studied at intervals. The use of DMO to measure pHi is well-
. . 

docum~nted (11\Jaddell and Butler, 1959;.Hoeck, 1980; Mellars and 

Hammerman, 1986; Lopez-Rivas et a/.,-1987). Figure 3 shows that when a 
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10 min uptake of [14C]DMO was measurE)d at intervals after incubation, the 

uptake into both the infected and the control cells increased with incubation 

time from Oto 2.5 h. However, at 2 _h and 2.5 h the ·uptake of DMO by infected 
' - . - . . 

cells was significantly higher than that by control cells. While increased DMO 

uptake by infected cells was consistently observed at 2 hand 2.5 h, it was 

evident at 1.5 h postinfection in some experiments. In several experiments the 

extent of maximum increase in DMO uptake ranged from about 20% to 30%. 

From 3 h postinfection, the uptake by infected cells was p_rogressively less than 

that by control cells (results not shown). This was probably due to the 

leakiness of the plasma membrane which becomes evident around 3 h 

postinfection and increases thereafter (Lopez-Rivas et al., 1987). 

2. Cumulative Uptake of [14C]DMO 

The movement of unionized DMO across the plasma membrane is 

very rapid. Therefore, exposure to DMO for 10 min in the above experiments 

ought to have produced equilibrium conditions of uptake. Nevertheless, the 

uptake was measured by an alternate procedure in which [1 4C]DMO was 

present from the start of incubation and its cumulative uptake was measured 

at intervals. This procedure allowed measurement of uptake over longer 

periods and eliminated the need to replace medium in the culture dishes with 

radioactive medium at intervals (medium replacement appeared to cause cell 

loss in some experiments). The results (Figure 4) show that at 1.5 hand 2.5 h 

postinfection, a significant increase in DMO uptake by the infected cultures 

was evident by this procedure as well. 



Figure 3. Uptake of 5,5-Dimethyloxazolidine-2,4-dione by Poliovirus 
Infected and Control HeLa Cells 

To determine the DMO uptake, virus-infected and control cell 
cultures were incubated in serum-free HEPES-MEM, pH 7.3. At .5, 
1.0, 1.5, 2.0, or 2.5 hours postinfection, the medium was replaced 
with radioactive medium containing .3 µCi/ml of [14C]DMO. 
Following a 10 minute incubation, the cultures were rapidly 
washed four times with ice-cold phqsphate buffered saline and 
digest~d with alkali. The radioactivity in.the digests was measured 

· _by scintillation counting. The data are averages of triplicate 
determinations. At 2 and 2.5 h, the uptake by infected cultures(•) 
is significantly higher (P.<0.05) than that by control cultures (o). 

' . . 
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Figure 4. Cumulative Uptake of 5,5-Dimethyloxazolidine-i,4:dione by Poliovirus Infected and Control HeLa 
Cells · · · 

To determine the cumulative (long incubation) uptake of DMO, virus-infected and control cell 
cultures were incubated with serum-frE1e HEPES-MEM, pH 7.3, containing .3 µCi/ml of [14C]DMO. At 
the time points indicated, the medium was removed and the cultures were rapidly washed four 
times with ice-cold phosphate buffered saline, and digested with alkali. The radioactivity in the 
digests was determined by scintillation counting. The data· are the means± S.E. of triplicate 
determinations. At 1.5 hand 2.5 h the uptake oy infected cultures (hatched bars) is significantly 
higher (P<0.05) than that by control cultu·res (open bars). · -
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3. [1 4CjDMO Uptake from Bicarbonate Buffered Medium 

The possibility that the increased uptake observed could be an 

artifact of incubating the cultures with HEPES-buffered medium was studied. 

Poliovirus-infected and control cultures were incubated in a 5% CO2 

atmosphere, with ~icarbonate buffered MEM in the presence of [14C]DMO, for 
. . 

various time intervals and cumulative uptake at each interval was measured. 

The ~esults in Table I reveal that DMO uptake by infected cells at 2.5 h 

·postinfection was significantly_ higher than that by control cells and that the 

· phenomenon was not an artifact of incubation of cultures with HEPES-MEM. 

4. {1 4C]DMO Uptake Measured After Rapid Washing 

· ·The washing procedure employed in this study (four washes with 
. . . 

2.5 ml/wash of ice-cold phosphate· buffered saline) required 22 ± 2 s to wash 

each culture. A more rapid washing procedure (.r7 s) has been described by 

other investigators (Schuldiner and Rozengurt, 1982; Grinstein et al., 1983; 

Pouyssegur et al., 1985; Lopez-Rivas et al., 1987). This procedure involves 

sequential dipping of cultures in large volumes of buffer. The possibility that 

increased DMO uptake by infected cells was an artifact of the washing 

procedure employed in the present experiments was examined. Table II 

indicates that increased DMO uptake by infected cells could be observed with 

the rapid washing procedure also, although the magnitude of the increase 

was only 16%. 

5. Efflux of [14C]DMO 

The efflux of [14C]DMO from poliovirus-infected and control Hela 

cells was studied to determine whether decreased rate of leakage from 

infected cells during washing could have resulted in an apparent increase in 

uptake by infected cells. The results (Figure 5) show that the loss of DMO 

from infected and control cells was similar after washing for 10 and 20 



Table I. DMO Uptake by Poliovirus Infected and Control HeLa Cells, from Bicarbonate Buffered Mediu!fl 

Virus infected and uninfected cell cultures were incubated with serum-free MEM containing .3 µCi/ml of 
[1 4C]-DMO. At the time points indicated, the medium was removed and the cultures were rapidly washed 
four times with ice-cold phqsphate buffered saline and digested with alkali. The radioactivity was 
determined by scintillation counting. The data are means± S.E. of triplicates. 

' ' ' 



Table I 

DMO Uptake by Poliovirus Infected and Control Hela Cells, from Bicarbonate Buffered Medium 

Incubation Time 

Experiment 1 
DMO uptake 

(cpm/mg protein) 

Control Infected 

.5 h 1142.9± 162 1208.6± 198 

1.5 h 2151.8±35 2213.5±70 

2.5 h 2257.0 ± 137 2708.8± 145 

*Significant at the 93% confidence level (P = .069) 
t Significant at the 98% confidence level (P = .02) 

% 
I/C 

103 

103 

120* 

... 
Experiment-2 
DMO uptake 

% (cpm/mg p·rotein) 
1/C 

Control Infected 

N.D. N.D. -
N.D. N.D. -

1560.4±44 1818.9 ± 56 117t 

"" 00 



Table II. DMO Uptake by Poliovirus-lnfected and Control HeLa Cells Measured After Rapid Washing by Sequentfal 
Dipping in the Rinse Buffer · . : . 

Virus_ infected a~d uninfected cultur_es were incubate~ with sen:ln:,-free HE_PES-MEM,J>H 7.3. At 2 h _and 
20 mm, the medium was replaced with the same medium contammg .3 µC1/ml of [14C]DMO. Following · 
incubation for 10 min, the medium was removed by aspiration and the cultures were rapidly washed 
(7 ± 1s) by sequentially dipping each culture dish in four 200 ml portions of ice-cold phosphate buffered 
saline. The cells were then digested with alkali and the radioactivity in the digests was measured by 
scintillation counting. The data are means± S.E. of triplicate determinations. 



Table II 

DMD Uptake by Poliovirus-lnfected and Control HeLa Cells Measured 
After Rapid Washing by Sequential Dipping in the Rinse Buffer 

.. 

DMO Uptake 

Experiment Time cpm/mg protein 
Postinfection 

Control lnfecte-d . 

1 2.5 h · 1451.7 ±-43 1679.6±45 

2 2.5 h 2098~1 ± 80_ 2441.6 ±93 

*Significant at the 98% confidence level (P = .02) 
t Significant at the 97% confidence level (P = .03) 

% I/C 

116* 

116t 

N 
ID 
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Figure 5. Efflux of [ 14C]DMO from Polio virus Infected and Control HeLa 
Cells 

Virus infected ~) and control (D) He La cell cultures were 
incubated with serum-free HEPES-MEM, pH 7.3 for 2 hand 
20 min, and then with the same medium containing .3 µCi/ml of 
[1 4C]DMO. Following incubation for 10 min, the radioactive 
medium was replaced with ice-cold nonradioactive HEPES-MEM 
and the cultures were placed on ice. At 10, 20, or 30 sec, aliquots 
of the rinse medium were removed for counting radioactivity 
and the remaining medium in the dishes was removed by 
aspiration. To determine extracellular volume, parallel cultures 
were rinsed with HEPES-MEM containing a known concentration 
of [14C]-inulin (impermeant marker) and the medium was 
removed by aspiration. All cultures were solubilized with alkali 
and total radioactivity in the dishes was measured by scintillation 
counting. Intracellular cpm due to [14C]DMO at each rinse 
interval was obtained by subtracting from total radioactivity, 
extracellular radioactivity calculated from inulin counts. Each 
point on the efflux curve represents mean± S.E. of triplicate 
determinations. 
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seconds. By 30 seconds there was more leakage from infected cells than from 

control cells. Therefore, it is unlikely that a difference in efflux rates will 

explain increased DMO uptake by infected cells. 

C. Determinaticm ot"lntraceli1.Jlar Water Space in P~liovirus Infected and 

Control Hela Cells 

.1. ' 3H2O Partitioning Procedure 

The above results suggested·that·poliovirus-infection may cause 

cytoplasmic alkalinization. It was important to rule out that incubation of 

cells with serum-free HEPES0M~M medium ·was causing them to swell and 

thereby to take up more DMO. 3H2O partitioning procedure has been used to 

measure intracellular water space of poliovirus-infected Hela S3 cells growing 

as suspension cultures (Schaefer et al., 1982). This procedure was adapted to 

measure intracellular water space in infected and control monolayer cultures. 

Table !If shows a drastic reduction in the water volume of infected cells. At 

1 h, 45 min and 2 h, 30 min, the intracellular water space of infected cells was 

only about a third of the control cell water space. If this was the case, the 

actual uptake of DMO by the infected cultures would be about 3 times as 

large as observed in this study. However, since a similar large decrease in 

volume due to infection has not been reported (Nair, 1981; Schaefer et a/., 

1982), it was suspected that trypsinization of the monolayer cultures (a step in 

the procedure) somehow altered cellular volume. 

2. 3-0-Methyl-D-Glucose (3-MG) Uptake Procedure 

Therefore, intracellular water space was measured by the equilibrium 

uptake of [3H]-3MG, a nonmetabolizable hexose. The suitability of this 

procedure for measuring the intracellular water space of nionolayer cultures 

has been reported (Kletzien et al., 1975). However, first it had to be deter

mined that 3-MG entered Hela cells by facilitated diffusion. 



Table Ill. Determination of Intracellular Water Space in Poliovirus Infected 
and Control HeLa Cells by l3H20]Partitioning 

Briefly, the cultures were incubated with serum free HEPES-MEM, 
pH 7.3. At 1 h, 35 minutes or 2 h, 20 min postinfection, the medium 
was removed and the cultures were rinsed with. 1 percent trypsin 
containing .5 mM EDTA, and incubated with 1.0 ml of HEPES-MEM 
containing a mixture of 14C-inulin and 3H20. Following incubation 
for 1 o minutes the cultures were gently dispersed with a Pasteur 
pi pet and the cells were pelleted through dibutylphthalate by 
centrifugation. The pellets were digested with alkali and the 
digests were neutralized with HCI. The radioactivity was measured 
by scintillation counting. The data are means± S.E. of quadrupli
cates. 



Table Ill 

Determination of Intracellular Water Space in Polio virus 
Infected and Control HeLa Cells by [3H20]Partitioning 

Intracellular Water Volume 

Time Postinfection 
µI/mg protein 

Control Infected 

1 h 45 (min) 1.83 ± .12 .45 ±.23 

2 h 30 (min) 2.23 ± .25 .83 ± .24 

32 
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a. Time course uptake of [3Hj-3MG 

To determine the time interval required for the uptake of [3H]-

3MG to reach equilibrium, Hela cell cultures were incubated with HEPES-MEM 

containing 10 mM [3H]-3MG for various intervals. The results (Figure 6) show 

that the uptake of [3H]-3MG by Hela cells reached equilibrium by about 

15 min of incubation at 36°C. 

b. Evidence for uptake of 3-MG by facilitated diffusion 

Hexoses are transported into mammalian cells by facilitated 

diffusion which will effect the net transport of the sugar into the cell until 

intracellular and extracellular concentrations are equal. To obtain evidence 

for a diffusional mode of 3-MG uptake, the concentration dependence of 

uptake was studied. Hela cell cultures were incubated for 30 min with HEPES

MEM containing various concentrations of [3H]-3MG. Figure 7 shows that the 

uptake of the sugar increased linearly with its concentration, in agreement 

with a diffusional mode of entry. 

Cellular uptake of a compound by diffusion does not require 

input of energy and ceases to increase once the intracellular and extracellular 

concentrations of the compound become equal. Active uptake, on the other 

hand, consumes energy and causes intracellular ac~umulation of the 
. . . 

compound against its concentration gradient'. ;ro show that the uptake of 
' ' 

[3H]-3MG ·is not by an energy-dep~ndent mechanism, the :ff_ect of energy 
, 

poisons on [3H]-3MG uptake was studied. Hela cell cultu·res '!Vere incubated 

with HEPES-MEM in the absence and presence of the energy poisons, sodium 

azide and dini~rop_henol. The results (Table IV) indicate that the addition of . . . . 

sodium azide and dinitrophenol had no effect on the uptake of [3H]-3MG. 

However, the uptake of alpha-methylaminoisobutyric acid, a 



Figure 6. Time Course of 3-0-Methyl-D-Glucose Uptake by HeLa Cells 

Hela cell cultures were washed twice with glucose-free HEPES
MEM, pH 7.3 and incubated in the same medium containing 10 mM 
3-O-methyl-[3H]-D-glucose. Following incubation for 5, 15, 30, or 
60 minutes, the medium was removed and the cultures were 
washed four times with warm phosphate buffered saline 
containing .5 mM phloretin (phloretin, an inhibitor of sugar 
transport, prevents leakage of 3-0-CH3-D-glucose during washing). 
The cells were digested with alkali and radioactivity was measured 
by scintillation counting. The means of duplicate values are 
plotted and the range of duplicate variation at each time interval is 
indicated. 
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Figure 7. Uptake of 3-0-Methyl-D-Glucose by HeLa Cells: Concentration 
Dependence 

Hela cell cultures were washed twice with glucose-free HEPES
MEM, pH 7.3 and incubated in the same medium containing 1 .0, 
2.5, 5, or 10 mM 3-O-methyl-[3H]-D-glucose (2.5 µCi/ml). After 30 
minutes of incubation, the medium was removed and the cultures 
were washed four times with 2.5 ml of warm phosphate buffered 
saline containing phloretin, and dissolved with 1 .0 ml of .33 M 
NaOH. • Radioactivity was determined by liquid scintillation 
spectrometry. Each point represents the mean of triplicate 
determinations. The standard error in all cases is less than two 
percent of the mean values. 
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Table IV. The Effect of Energy Poisons on 3-0-Methyl-D-Glucose and Alpha-Methylaminoisobutyric Acid Uptake by 
HeLa Cells · · 

Hela cell cultures w1?re fncubated:with serum-free HEPES-MEM in the absence or presence of 0.1 mM 
sodium azide and 0.1 mM dinitrophenol for 1 hour. The medium was removed and the cultures were 
washed twice with glucose;free HEPES-MEM. HEPES-MEM containing 10 mM 3-0-methyl[3H]-D-glucose or 
25 µM alpha[14C]-methylaminoisobutyric acid was added to the cultures and incubation continued in the 
absence or presence. of the energy poisons for 2 hours. Then the medium was removed and the cultures 
incubated with [3H]-3MG were washed four times with warm phosphate buffered saline containing 
phloretin, while the cultures incubated with alpha[14C]-methylaminoisobutyric acid were washed with ice
cold phosphate buffered saline. All .cultures were solubilized with alkali and radioactivity was determined 
by scintillatio,n counting. The data are means± S.E. of triplicates. 



Table IV 

The Effect of Energy Poisons on 3-0-Methyl-D-Glucose and 
Alpha-Methylaminoisobutyric Acid Uptake by HeLa Cells 

Substrate 
Absence of Energy Poisons Presence of Energy Poisons 

cpm/mg protein cpm/mg protein 

3-0-Methyl-D-Glucose 10629.2 ± 129 11476.~ ± 335 

Methylaminoisobutyric Acid 226928.9 ± 2994 110855.5 ± 2797 

w 
en 



nonmetabolizable amino acid whose uptake is energy dependent was 

significantly inhibited. 
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During washing, the equilibrium conditions of [3H]-3MG will be 

disturbed, thus, causing a rapid efflux of [3H]-3MG from the cells, making it 

necessary to establish conditions by which the sugar could be trapped within 

the cells. Phloretin is a potent inhibitor of sugar transport in eucaryotic cells 

(LeFevre, 1961). To show that [3H]-3MG could be trapped within the cell, cell 

cultures were incubated with HEPES-MEM containing 10 mM [3H]~3MG and 

washed with phosphate buffered saline in the absence or presence of .5 mM 

phloretin. It was observed that the cultures washed in the absence of 

phloretin retained only about 50% as much radioactivity as the cultures 

washed in the presence of phloretin (results not shown}. 

c. Measurement of Intracellular Water Volume 

The above results indicated that 3-MG entered Hela cells by 

facilitated diffusion and that its leakage from.the cells could be prevented. 

Theref9re; this~ompolind was considered a suitable marker for determining 

iritracellular water space in Hela cells and its equilibrium uptake by poliovirus 

infected and control cell cultures was determined. Figure 8 shows that there 

was no evidence for a significant difference in cellular water volume between 

infected and, control cultures duri,ng the first 3.0 h after infection. Thus, the 

infected cell water space was 95'%, 103%, 102%, 103%, and 102% of the 

control cell water space at .5, 1.0, 1.5, 2.5, and 3.0 h, respectively. The actual 

intracellular water space ranged between 3.4-3.8 µI/mg protein at the various 

time points. 

D. Calibration of Intracellular pH vs DMO Uptake 

DMO is taken up into cells in a pH-dependent manner. To show that 

DMO uptake by Hela cells is linearly related to pHi, the relationship between 



Figure 8. Intracellular Water Volume in Polio virus Infected HeLa Cells as 
Determined from the Equilibrium Uptake of 3-MG 

Poliovirus-infected and control cell cultures were incubated with 
HEPES-MEM, pH 7.3. At .5, 1.0, 1.5, 2.5, or 3.0 hours postinfection, 
the cultures were washed twice with glucose-free HEPES-MEM, 
pH 7.3 and incubated with the same medium containing 10 mM 
[3H]-3MG (2.5 µCi/ml). After 30 min, the medium was removed and 
the cultures were washed four times with warm phosphate 
buffered saline containing phloretin. The cultures were then 
solubilized with alkali and the radioactivity was measured by 
scintillation spectrometry. Mean values± S.E. (less than 5 percent 
in all cases) of triplicate determinations of uptake by infected 
cultures are expressed as% of uptake by control cultures. 

' 
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... 
pHi a_nd DMO uptake was studied. To manipulate intra~~llul_ar pH and . 
measure DMO uptake at each pHi, control Hela cell cultures were_.incubated 

with high K •-HEPES-MEM (100 mM K+, 50 mM Na+) varying in pH from 6.8to 

7.8 in the presence of 14[C]-DMO and 5 µM nigericin. (Nigericin will equalize 

pHi and external ·pH througb K• /H + exchange:) Under these conditions, when .. 
' ...... •' ' 

the uptake has reached equilibrium the amount of radioactive DMO in all 

cultures will be the same even though the proportion of ionized DMO will 

increase with pHj. After incubation, each culture was rapidly washed with the 

respective uptake medium lacking radioactivity. During this step, it was 

expected that the pHi will not be disturbed and that only undissociated DMO 

will leak out of the cells. The residual radioactivity in the cultures representing 

intracellularly trapped DMO will reflect pHi. In parallel, DMO uptake by virus

infected and control cells, from pH 7.3 medium lacking nigericin was also 

measured. Figure 9 shows that DMO uptake and pHi were linearly related. 

From this plot, the pH; value corresponding to DMO uptake by virus-infected 

cells (2.5 h postinfection) and that by control cells were estimated to be 7.72 

and 7.38, respectively, a 0.34 unit increase. 

E. [Na •]-Dependence of Poliovirus Induced Alkalinization and Virus 

Replication 

The above results suggested that the increase in DMO uptake indicated a 

true increase in pH;. pH; in eucaryotic cells is regulated primarily by the 

plasma membrane protein Na+ /H + anti porter (Roos and Boron, 1981; Boron, 

1983). Exchanger-mediated Na+ /H + anti port is [Na +]-dependent and 

inhibited by amiloride (Schuldiner and Rozengurt, 1982; Benos, 1982). To 

obtain evidence for the involvement of Na+ /H + anti porter in pH increase in. 

infected cells, the [Na•]-dependence of virus-induced alkalinization was ' 

studied. Figure 10a indicates that increased DMO uptake by infected cells was 



Figure 9. Calibration of Intracellular pH vs DMO uptake 

Controi HeLa cell cultures were incubated at 36?C for 10 min with 
serum-free, high K+-HEPES medium (100 mM K+, 50 mM Na+) 
varying in pH from 6.8 to 7.8 in the presence of 5 µM nigericin and 
.3 µCi/ml of [14C]DMO. DMO uptake was measured by rapidly 
washing each culture four times with the respective nonradioactive 
ice-cold incubation medium, digesting with alkali and counting 
radioactivity in the digests by scintillation spectrometry. The data 
are the means of triplicate determinations. The standard error is 
less than 10% of the mean in all cases. 
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observed only when the concentration of Na+ in the medium approached its 

physiological concentration. The replacement of Na+ with choline chloride 

(Figure 10b) did not produce virus-specific increase in DMO uptake. In this 

case, as expected, DMO uptake by both infected and control cells was 

drastically reduced due to c}'.toplas~ic acidification. This acidification was due 

to the reversible activation of Na+/H + anti port, which occurs in the absence of 

extracellular Na+ or when intracellular Na+ concentrations exceed extra

cellular Na+ concentrations. Next, the effect of [Na+] in the medium on viral 

replication was studied to determine whether viral replication was [Na+]

dependent. Infected cultures were incubated with HEPES-MEM containing 

12.S, 25, 50 or 120 mM Na·+.and virus yields were determined. Table V shows 

that, like alkalinization, replication also was dependent on [Na+] in the 

medium. As [Na+] decreased from 120 mM to 12.5 mM, viral replication was 

significantly inhibited. 

F. Effect of Ethylisopropylamiloride (EIPA) on Viral Induced Alkalinization 

and Viral Replication 

As mentioned above, Na+ /H + antiporter activation is amiloride sensitive. 

To obtain further evidence for Na+ /H + anti porter activation in virus-induced 

pH increase, the effect of EIPA on virus-induced alkalinization and viral 

replication was determined. Table VI shows that in the presence of 120 mM 

Na+ in the medium, 20-30 µM EIPA abolished virus-specific alkalinization. 

Likewise, Table VII indicates that 20-30 µM EIPA significantly inhibited viral 

replication. The inhibition, though modest, was reproducibly observed in four 

different experiments (range 70-86%). 

G. Effect of EIPA on Cellular Protein Synthesis 

Inhibition of cellular protein synthesis is a well known nonspecific effect 

of amilorides (Lubin et al., 1982; Besterman et al., 1984). To show that EIPA 



Figure 10. [Na+ ]-Dependence of Polio virus Induced lntracel/ul~r Alkalinization 

Virus-infected and control cell cultures·were incubated with HEPES-MEM, pH 7.3, containing 30, 
60, or 120 mM sodium chloride or choline chloride.· Sucrose was used to restore the osmotic 
balance of media containing 30 or 60 mM sodium chlorid~ or choline chloride. At 2 h 
postinfection, the above media were replaced with medium containing 120 mM Na and .3 µCi/ml 
of [14C)DMO. Following incubation for 10 min, the medium was removed and the cultures were 
washed quickly four times with ice-cold phosphate buffered saline and digested with alkali. The 
radioactivity was determined by scintillation spectrometry. The data are means± S.E. of triplicate 
determinations. - · 



~ ..... 
Ql 

..µ 
0 
~ 
0. 

b.O s 
.......... 

CN 
I 
0 
T-i 
~ 

s 
0. 

0 

A 

25 

20 

15 

10 

5 

30 60 

· mM NaCl 

8 

120 30 60 120 

mM CholineCI 

.I>, 

"' 



Table V. Effect of {Na• Jin the Medium on Poliovirus Replication 

The cultures were infected with virus and unattached virus was 
removed by washing the cultures thoroughly several times with 
phosphate buffered saline. The cultures were then incubated with 
HEPES-MEM containing 12.5, 25, 50, or 120 mM Na and 2.5% calf 
serum until the control culture appeared completely infected. 
After three cycles of freeze-thawing and homogenization, virus 
yield was determined by plaque titration. Results are averages of 
duplicate determinations. 
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TableV 

Effect of {Na+ J in the Medium on Poliovirus Replication 

[Na+] in Medium Virus Yield 
% (plaque forming units/culture) 

120 mM (control) 5.6 X 108 100 

50mM 3.1 X 108 55 

25mM 9.3 X 107 17 

12.5 mM 1.9 X 107 3 



Table VI. Inhibition of Polio virus Induced Intracellular Alkalinization by Ethylisopropylami/oride 

Virus-infected and control cell cultures were incubated with serum-free HEPES-MEM, pH 7.3. At 2.0 hours 
postinfection, 10 µI of EIPA stock solution in dimethylsulfoxide (DMSO) were added to the respective 
dishes to obtain the final concentrations indicated. The uninfected control culture received 10 µI DMSO. 
After 30 minutes of incubation, the medium was replaced with medium containing .3 µCi/ml of [14C)DMO. 
Following incubation for 10 more minutes, the medium was aspirated and the cultures were washed 
rapidly with ice-cold phosphate buffered saline, solubilized with alkali and the radioactivity was assayed. 
The difference between infected cultures and control cultures in their DMO uptake in the absence of EIPA 
indicates virus-induced alkalinization. The data are means± S.E. of triplicates. 



Table VI 

Inhibition of Poliovirus Induced Intracellular Alkalinization by Ethylisopropylamiloride 

Treatment of Culture DMO Uptake (cpm/culture) DMO Uptake (cpm/culture) 
Experiment 1 Experiment 2 

Uninfected, 0 µM EIPA 2449±71 2913±36 

Infected, 0. µM EIPA 2730 ± 34 3484±20 

Infected, 10 µM EIPA 2713 ± 53 3302 ±50 

Infected, 20 µM EIPA 2615±58 2945 ±25 

Infected, 25 µM EIPA N.D. 2865 ± 52 

Infected, 30 µM EIPA 2106±123 2774±95 

Infected, 40 µM EIPA 1559 ± 57 N.D. 

Infected, 50 µM EIPA 1476 ± 100 N.D. 

N.D.: notdetermined 

t 



Table VII. Inhibition of Poliovirus Replication by Ethylisopropylamiloride 

The cultures were infected with virus and unattached virions were removed by extensive washing 
with phosphate buffered saline. Then the cultures were incubated with HEPES-MEM containing a 
final concentration of 10, 20, 30, 40, or 50 µM of EIPA and 2.5% calf serum. At 6 h postinfection, 
when the control culture appeared completely infected, all cultures were frozen at -20°C. After 
freeze-thawing and homogenization, virus yield in the cultures was determined by plaque assay. 
The data are averages of duplicate determinations. . 

'· 



Table VII 

Inhibition of Polio virus Replication by Ethylisopropylamiloride 

Virus Yield Virus Yield 
Treatment of Culture (plaque forming units/culture) % (plaque forming units/culture) 

Experiment 1 Experiment 2 

Infected, 0 µM EIPA 7.9 X 107 100 7.4X108 

Infected, 10 µM EIPA 2.0 X 107 25 5.1 X 108 

Infected, 20 µM EIPA 1.1 i<107 14 2.2 X 108 

Infected, 30 µM EIPA 8.4 X 106 11 2.3 X 108 

Infected, 40 µM EIPA 3.4x106 4 1.2 X 108 

Infected, 50 µM EIPA . 1.1 X 106 1 1.1x108 

% 

100 

69 

30 

32 

16 
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did not inhibit viral replication nonspecifically by inhibiting cellular protein 

synthesis, protein synthesis by uninfected HeLa cell cultures was measured as 

incorporation of radio labeled leucine into acid precipitable material. The 

results (Table VIII) show that with 20 µM EIPA, significant inhibition of cellular 

protein synthesis could not be demonstrated. Incubation of HeLa cells for 3 h 

in the presence of SO µM EIPA produced only 20% inhibition in the overall 

rate of protein synthesis. Thus, EIPA did not appear to have inhibited virus

specific alkalinization and viral replication by blocking cellular protein 

synthesis. However, it is possible that yet another nonspecific effect of 

amiloride, such as the inhibition of protein phosphorylation by various kinases 

(Holland et al., 1983; Davis and Czech, 1985) may have caused the inhibition 

of viral replication and alkalinization. 

H. Effect of Time of Addition of EIPA on Viral Replication 

Poliovirus replication comprises of several intracellular events. Soon after 

viral entry into the cell, the genome RNA is released through uncoating. By 

1 h after viral entry, the genome RNA is translated and transcribed to produce 

the replicative intermediate RNA. By 2 h after infection, significant amounts 

of virus-specific proteins and progeny viral RNA appear. The rates of virus

specific macromolecular synthesis peak by about 3 h. To determine the 

approximate interval after infection when the El PA-sensitive event occurs, 

EIPA was added at 0, 1, 2 or 3 h after infection, and virus yields were deter

mined. Table IX shows that replication was EIPA-sensii:ive during the early 

period until about 2 h after infection. Significant inhibition of viral 

replication occurred when EIPA was added as late as 2 h after infection, but 

not when added 3 h after infection. 



Table VIII. Effect of Ethylisopropylamiloride on Cellular Protein Synthesis 

The cultures were incubated with HEPES-MEM containing 20 or 
SO µM EIPA. To obtain the desired EIPA concentration, a stock 
solution of EIPA in DMSO was added to the medium. The control 
cultures received an equivalent amount of DMSO. After 3 hours 
of incubation, the medium was replaced with medium containing 
2.5 µCi/ml of 3H-leucine. Following a 10 minute incubation, the 
medium was removed and the cultures were washed with ice-cold 
phosphate-buffered saline four times. The monolayers were 
extracted twice with 10% trichloroacetic acid and the extracts 
were combined and saved. The acid insoluble material was then 
digested with alkali and radioactivity in the acid-soluble extracts 
a.nd in the digests was determined by liquid scintillation spectrom-

.. etry. The radioactivity in-the acid-soluble extracts (not shown in 
the table) was similar in the presence or absence of 20 µM EIPA, 
but higher (12%) in the preJ;ence·than in the absence of 50 µM 
EIPA. The data are means± S.E. of triplicates. 
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Table VIII 

Effect of Ethylisopropylamiloride on Cellular Protein Synthesis 

Treatment of Cultures 
3H-Leucine Incorporated 

(nmoles/mg protein) % 

Control .97±.03 100 

20 µM EIPA .91 ± .02 94 

Control 1.13 ± .03 100 

50 µM EIPA .93 ±.02 82 



Table IX. Effect of Time of Addition of Ethylisopropylamiloride on Polio virus Replication 

Cell cultures were infected with poliovirus, washed several times with phosphate buffered saline, and 
incubated with HEPES-MEM containing 2.5% calf serum. At 0, 1, 2, or 3 hours postinfection, a stock 
solution of EIPA in DMSO was added to each culture. The. control culture received an equivalent amount 
of DMSO at zero time. When the control culture appeared to be completely infected (around 6 hours 
postinfection), all cultures were frozen at-20°C. Virus yield in the cultures was determined by plaque 
titration after freeze-thawing and homogenization. Results are averages of duplicate determinations. 



Table IX 

Effect of Time of Addition of Ethylisopropylamiloride on Polio virus Replication 

Time EIPA Added Virus Yield % (plaque forming units/culture) 

Control 2.9 X 108 100 

Oh 3.8x106 13 

1 h 4.9 X 107 17 

2h 1.0 X 108 35 

3h 1.4x 108 48 

~ 
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I. Na+ /H + Exchange Assay 

[Na •]-dependence and EIPA sensitivity of virus-induced intracellular 

alkalinization suggested that it may have been mediated by Na•tH• 

exchanger activation. If so, it should be possible to demonstrate EIPA

sensitive Na• uptake in association with this phenomenon. Activatio_n of 

Na• /H • exchanger will be reflected in amiloride sensitive proton efflux 

{cytoplasmic alkalinization) and Na• influx. To strengthen the evidence for 

this mechanism, El PA-sensitive Na• uptake by virus-infected and control cells 

was compared at 1.75 h Pl, before and after activation of cellular Na• /H • 

anti port by preincubation with Na •-free medium. The findings {Table X) did 

not indicate any increase in El PA-sensitive Na• uptake by infected cells during 

this period under either condition. EIPA acts by competing with Na• for 

binding to the external Na+ binding site on the exchanger. The high concen

tration of EIPA {SO µM) employed in these experiments would have signifi

cantly inhibited Na• /H • exchanger mediated Na+ transport even in the 

presence of 120 mM Na+ {the concentration of Na• in HEPES-MEM), because 

at physiological [Na•], 5-7 µM EIPA produces half maxin:ial inhibition of Na+ 
., 

< 

transport by this mechanism i_n various cell types {Vigne et al., 1983). 

J. Effect of DiDS on Poliovirus Induced Intracellular Alkalinization and Viral 

· Replication 

Alternatively, the pH increase in infected cells could have resulted from 

Na+-dependent Cl·/HCO3· exchange, another mechanism known to regulate 
~-.· . -~ . -· 

pH; {Roos and Borof), 1981; Jentsch et al., 1985; Grinstein_et a/., 1989). Even 

though bicarbonate-free medium was used in the present experiments, 

Cl·/HCO3· exchange could not be excluded because small amounts of 

bicarbonate formed by cellular metabolism would have been present in the 

uptake medium. To determine whether this mechanism was responsible for 



Table X. Lack of Evidence for Activation of Na+ /H+ Antiport at 1.75 h After Poliovirus Infection of HeLa Cells 

Virus-infected and control replicate cultures were incubated with serum-free HEPES-MEM, pH 7.3. At 
1.75 h postinfection, .EIPA sensitive 22Na uptake from the same medium by one-half of the cultures was 
determined by incuqation for 2 minutes in the presence of 1 µCi/ml of 22NaCI and 2 mM ouabain and in the 
presence or absence of 50 µM EIPA. The remaining cultures were washed twice and preincubated (1 O min) 
with serum and Na-free HEPES-MEM, pH 7.3 followed by incubation with Na +-free radioactive medium as 
mentioned above·and after removal of radioactive medium, four rapid washes with ice-cold phosphate 
buffered saline and solubilization with alkali, El PA-sensitive Na uptake was measured by scintillation 
counting. The.data are means± S.E. of triplicates. 



TableX 

Lack of Evidence for Activation of Na• /H+ Antiport at 1,75 h After Polio virus Infection of HeLa Cells 

' - - ~ 22Na Uptake (cpm/culture) -
Pretreatment , Uptake Medium -. 

Control Infected 

-EIPA +EIPA -EIPA +EIPA 

None HEPES-MEM 1208±14 1151 ± 15 1126 ± 38 1108 ± 28 (120 mM Na•) 

Preincubation with • ·Na•-free 7212 ±40 1001 ±44 6472 ±54 826 ± 53 
Na•-free HEPES-MEM HEPES-MEM 

U1 
0 
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cytoplasmic alkalinization in poliovirus infected He La cells, the effect of 1 mM 

DIDS was studied on virus-induced alkalinization. The findings in Figure 11 

show that virus-induced alkalinization was inhibited by DIDS. 

The above evidence suggested that an anion exchange mechanism might 

be responsible for cytoplasmic alkalinization in poliovirus infected Hela cells. 

To determine whether viral replication, like alkalinization, was DIDS-sensitive, 

DIDS was added to viral-infected cultures at 0, 1, 2 or 3 h after infection and 

virus yields were determined. Table XI shows that replication was significantly 

inhibited (80%) by DIDS when added until about 2 h postinfection. 

K. Effect of Intracellular pH on Poliovirus Replication 

·To probe whether alkalinization was physiologically relevant, the effect 

of intracellular pH on poliovirus replication was studied by monitoring viral 

replication at different pHi values ranging from 6.9 to 7.7. To produce the 

desired pHi, infected cultures were incubated with HEPES-MEM of that pH in 

the presence of 5 µM nigericin. The medium was SO mM in Na+, 100 mM in 

K + and 2.5% calf serum. In the absence of nigericin, this medium at pH 7.3 

permits viral replication:nearly as we1·1 as medium containing physiological 

[Na~] (Nair; 1987) as it does at pH 7.5 and 7.7. In preliminary experiments, it 

.was determined that prolonged incubation with 5 µM nigericin produced 
. . ' 

some cytotoxic alterations in cellular morphology. The results (Table XII) show 

that in the preseryce of nigericin, ITl~ximum viral replication required a pHi of 

7.7. Virus production-was significantly red~ced when pHj was 7.3 and 

negligible at lower pHi values. However, presumably due to the cytotoxicity 

of nigericin, maximum virus yield in the presence of this drug (PHi = 7.7) was 

somewhat lower than virus yield in the control culture. Nci further increase in 

virus yield could be obtained by increasing pHi to 8.0. As judged by trypan 

blue exclusion and microscopic appearance, nigericin was not more cytotoxic 



Figure 11. Inhibition by 4,4'-Diisothiocyanostilbene-2,2'-Disulfonic Acid 
(DIDS) of Poliovirus Induced Intracellular Alkalinization 

Virus-infected and uninfected cell cultures were incubated with 
serum-free HEPES medium, pH 7.3. At 2 h postinfection, a stock 
solution of DIDS in DMSO was added to replicate infected and 
uninfected cultures to yield a final concentration of 1 mM. The 
infected and uninfected contr9I cultures received an equivalent 
amount of DMSO. After incubation for 30 minutes, the medium 
was replaced with medium containing .3µCi/ml of [14C]-DMO. 
Following additional incubation for 1 O minutes, the medium was 
aspirated and the cultures were washed quickly four times with 
ice-cold phosphate buffered saline. After solubilization with 
alkali, the radioactivity in the cultures was measured by 
scintillation counting. The data are means± S.E. of triplicates. 
The reduction in uptake by infected cultures (hatched bars) in 
the presence of DIDS is significant (P = .01). 
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Table XI. Effect of Time of Addition of DIDS on Polio virus Replication 

Cell cultures were infected with poliovirus, washed several times with phosphate buffered saline, and 
incubated with HEPES-MEM containing 2.5% calf serum. At 0, 1, 2, or 3 hours postinfection, a stock · 
solution of DIDS in DMSO was added to each culture. The control culture received an equivalent amount 
of DMSO at zero time. When the control culture appeared to be completely infected (around 6 hours 
postinfection), all cultures were frozen at-20°C. Virus yield in the cultures was determined by plaque 
titration after freeze-thawing and homogenization. Results are averages of duplicate determinations. 



Table XI 

Effect of Time of Addition of DIDS on Poliovirus Replication 

Time DIDS Added Virus Yield 
(plaque forming units/culture) 

Control 4.6 X 108 

Oh 7.3x 107 

1 h 8.9 X 107 

2h 7.0 X 107 

3h 1.9x 108 

% 

100 

16 

19 

. 15 

41 

V1 
w 



Table XII. Effect of Intracellular pH on Polio virus Replication 

Poliovirus infected cell cultures were incubated with high K+-HEPES-MEM (100 mM K+ ,'SO mM·Na +) , 
varying in pH from 6.9 to 7.7 and containing 5 µM nigericin and 2.5% calf serum. The control culture _was. 
incubated with the same medium pH 7.3, lacking nigericin. After 6 h of incubation in the above media, 
the cultures were frozen at -20°C. After freeze-thawing and homogenization, virus yield was determined 
by plaque assay. The data are averages of duplicate determinations. 



Table XII 

Effect of Intracellular pH on Poliovirus Replication 

· Virus Yield Virus Yield 
Intracellular pH Nigericint (plaque forming units/culture) 

Experiment 1 
% (plaque forming units/culture). 

Experiment 2 

Control - 2.3x 109 100 1.6 X 109 

7.7 + 1.2x 109 50 1.3 X 109 

7.5 + 8.1 X 108 35 6.9 X 108 

7.4 + 5.5 X 108 24 2.5 X 108 

7.3 + 2.4x 108 11 1.6x108 

7.1 + .6.9 X 106 .3 1.7 X 106 

6.9 + 1.9x106 .1 1.4 X 106 

t (+)and(-) indicate the presence and the absence respectively, of nigericin in the medium. 

tt1n the absence of nigericin, virus yields were similar at pH 7.3, 7.5 and 7.7. 

% 

100 

81 

43· 

16 

10 

1 

.1 
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at pH 7.3 than it was at pH 7.7. Therefore, nigericin-induced pH shift, rather 

than pH dependent nigericin cytotoxicity was very likely responsible for the 

difference in virus yield between pH 7.3 and 7.7. 



DISCUSSION 

The original purpose of this study was to determine whether the early 

activation of Na+ /K + ATPase in poliovirus-infected Hela cells (Nair et al., 

1979; Schaefer et al., 1982) occurs as a result of the stimulation of cellular 

Na+ /H + anti porter (Moolenaar et al., 1984; Vara et al., 1985). Na+ /K+ 

ATPase activation was confirmed under new experimental conditions using 

HEPES buffered medium lacking externally added bicarbonate. To obtain 

evidence for Na+ /H + anti porter.activation cytoplasmic alkalinization was 

monitored by a well established procedure involving the uptake of the weak 

organic acid DMO (Waddell and Butler, 1959; Hoeck, 1980; Mellars and 

Hammerman, 1986; Lopez-Rivas et al., 1987). A 20 to 30% increase in DMO 

uptake suggesting cytoplasmic alkalinization in virus-infected cells was 

obtained. However, unlike Na+/K+ ATPase activation which occurred 

maximally around 1 .5 h after infection, increased D_MO uptake wa.s 
' consistently observed only at 2 to 2.5 h after-infection. By 2.5 h after 

infection, Na+ /K+ ATPase activi.ty was severely inhibited.' These findings 
. ' 

argue against Na+ //H + anti port ~ctivation being the cause of Na+ /K + ATPase 

activation in poliovirus-infect~d Hela cells. 

The increased DMO uptake by infected cells was characterized further 
·- I -

since it could·mean an in.crease in pH; which in turn could influence viral . ' . . 

replication. Several control experiments indicated that it was not an artifact. 

For instance, increased DMO uptake by infected cells did not result from 

incubating cells with bicarbonate-free HEPES buffered medium, since a 

significant increase in uptake could be observed when cell cultures were 

56 
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incubated with bicarbonate buffered medium also. The possibility that 

increased DMO uptake by infected cells was due to an increase in 

intracellular water volume was also examined. Instead of an increase, a 

drastic reduction in intracellular water volume (60 to 70%) at about 2 h after 

infection was observed when this parameter was measured by an adaptation 

of 3H2O-partitioning procedure. Besides, the control cell volume according 

to this procedure was only about half of that reported previously for Hela 

cells growing as suspension cultures (Schaefer et al., 1982). Because this 

procedure involved trypsinization which severely alters cellular morphology 

(Kletzien et al., 1975) and since a volume reduction of this magnitude has not 

been observed before by Coulter counter analysis or by the 3H2O partitioning 

procedure (Nair, 1981; Schaefer et al., 1982) this finding was considered 

unreliable. Therefore, another method involving the equilibrium uptake of 

the nonmetabolizable sugar 3-0-nJethyl-D-glucose, previously shown to be 

suitable to measure intracellular water volume ~f monolayer cultures 

(Kletzien et al., 1975) was employed for this purpose. According to control 

experiments, Hela cells used in this study took up this sugar by a concen

tration dependent, energy-independent mechanism permitting the 

estimation of intracellular water space from its equilibrium uptake. There 

was no evidence oy.this criterion, for a significant ~hange in intracellular 

water space during the first 3 h after infection. Therefore, the increase in pHi 

reflected in DMO uptake was not an artifact due to cellular swelling or 

caused by cell shrinkage induced activation of Na+ /H + anti porter (Cala, 

1980; Grinstein etal., 1983; Whiteley etal., 1984). This observation is 

contrary to a previous report of an early, modest reduction in the intra

cellular water space of poliovirus-infected suspension cultures of Hela S3 

cells (Schaefer et al., 1982). Other possible explanations for increased DMO 
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uptake by infected cells were examined. For instance, the uptake by infected 

cells would be higher if the rate of DMO efflux from infected cultures were 

slower than that from control cultures. There was no evidence that this was 

the case since the efflux rates were similar for about 20 seconds. After that 

the rate of efflux from infected cells appeared to be somewhat greater than 

that from control cells. The washing step in the DMO uptake procedure 

employed in this study was slower than that reported by other investigators 

{Schuldiner and Rozengurt, 1982; Lopez-Rivas et a/., 1987). However, the 

increased DMO uptake by infected cultures in this study was not an artifact 

of the slower washing procedure since a significant though smaller increase 

.could be observed also when a more rapid washing procedure was 

employed. Lastly, this increase in pHi was found not to be dependent on the 

HeLa cell type used in this study because ttie phenomenon could be observed . . - -· . . , 

. . 
also with virus-infected He La 53 cells (results not presented) .. 

. . 
Thus, the results of this study provide strong evidence for cytoplasmic 

alkalinization during poliovirus multipli!:ation in HeLa cells. The pH increase 

was consistently observed at 2 and 2.5 h after infection, even though in some 
. ., 

experiments it wa~ evident as early as 1.5 h after infection. This finding does 

not agree with the observation of Lopez-Rivas and co-workers (1987) that 

there is no significant change in intracellular pH during poliovirus replication 

in HeLa cells. In view of the potential significance of a pH increase in virus

infected cells it will be desirable to confirm this phenomenon by another 

procedure. 

The results presented in this thesis represent the first demonstration of 

intracellular alkalinization associated with the replication of a lytic virus. The 

magnitude of pHi following virus-specific alkalinization was the same (about 

7.7) as that of artificially elevated pHi that permitted maximum viral 
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replication. These observations point to the physiological relevance of 

virus-induced alkalinization. The increase observed in pHi during the 

biosynthetic phase of poliovirus replication is reminiscent of the pHi increase 

that accompanies mitogenic stimulation of quiescent cell cultures 

(Rozengurt, 1981; Schuldiner and Rozengurt, 1982; Paris and Pouyssegur, 

1984; Leffert and Koch, 1985). There is evidence that alkalinization is a 

prerequisite for the growth factor-induced DNA synthesis in quiescent 

fibroblasts (Pouyssegur et al., 1985) and that phosphorylation of ribosomal 

protein S6 may be the _PHi dependent metabolic event preceding DNA 

synthesis (Cham bard and Pouyssegur, 1986). There is the interesting 
. . . 

possibility that alkalinization is essential for a m~tabolic event that must 
·-, 

precede n·ot only DNA synthesis an_d cell division, but also-viral macro-

molecular synthesis. Alkaline p!-(-induced events may also mediate altera

tions of cellular functions (e.g._membrane permeability) so as to produce 

cytopathic effects. It will be interesting and informative to identify the 
. . 

replicativ~ e:vent that i~ facil.itated by·an alkaline pHi and to determine 

whether cytoplasmic alkalinization is associated with the replication of other 

lytic viruses. 

The results of t_his study provide some indications as to the mechanism 

whereby poliovirus infection raises pHj. Intracellular pH in eucaryotic cells is 

regulated mainly by Na+ /H + anti port (Roos and Boron, 1981; Boron, 1983; 

Grinstein et al., 1983; Grinstein et al., 1989). c1-1HC03- exchange is another 

mechanism that participates in pHi regulation (Roos and Boron, 1981; 

Jentsch eta/_, 1985; Grinstein etaL, 1989)_ Activation ofNa+/H+ antiportis 

dependent on extracellular [Na+] and sensitive to amiloride_ The findings in 

this study that poliovirus-induced increase in pHi was [Na+] dependent and 

sensitive to the amiloride derivative EIPA is consistent with the involvement 
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of Na+ /H + anti port in this phenomenon. Viral replication also was found to 

be dependent on extracellular Na+ concentration and sensitive to EIPA, 

suggesting a possible relationship between viral replication and viral

induced alkalinization. If indeed Na+ /H + anti porter activation occurred in 

virus-infected cells, it should have caused an increase in EIPA sensitive Na+ 

uptake. The fact that no evidence for such an increase could be obtained 

may rule out the involvement of Na+ /H + exchange in the increase observed 

in pHj. Therefore, the inhibition of viral-induced intracellular alkalinization 

and viral replication observed in this study by EIPA might have resulted from 

a nonspecific effect of this compound. Nonspecific effects of amilorides 

include the inhibition of cellular protein synthesis (Lubin et al., 1982) and of 

protein kinases (Holland et al., 1983; Davis and Czech, 1985). Inhibition of 

protein synthesis by EIPA can be ruled out as the mechanism of EIPA action 

observed in this study because the lowest concentration of EIPA that 

inhibited viral-induced alkalinization and viral replication did not affect 

cellular protein synthesis. However, the inhibition of protein kinase activity 

by EIPA could be involved in the inhibition of virus-induced alkalinization 

and viral replication by this agent. 

EIPA-inhibition of virus-induced alkalinization and replication has to be 

reconciled with the finding that alkalinization and replication were sensitive 

also to the anion exchange inhibitor DIDS. These observations implicate an 

anion exchange process such as Cl·/HCO3· exchange in virus-induced increase 

in pHi- On the other hand, the involvement of HCO3· in the alkalinization 

mechanism can be questioned because bicarbonate was omitted from the 

medium used for incubation of cells and for uptake measurements. 

However, traces of bicarbonate formed by cellular metabolism and the 

dissolution of atmospheric CO2 would have been present in the medium and 
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the role of Na+ gradient dependent cI-1HC03- exchange in the alkalinization 

process cannot be ruled out. A relatively large concentration of DIDS (1 mM) 

was employed in this study and nonspecific effects of this compound have to 

be considered: It must be mentioned that inhibition of protein phosphoryla

tion is a nonspecific effect of DIDS as well (Kimura et at_, 1988). Through this 

mechanism DIDS appears to inhibit calcium ATPase activity (Campbell and 

Maclennan, 1980; Niggli eta/_, 1982; Kimura eta/., 1988). DIDS also inhibits 
. . 

microsomal glucose-6-phosphate transport (Zoccofi and Karnovsky, 1980; 

Hino et aL, 1987). 

Protein phosphorylation ·is im(i'ortant for many cellular events that are 

associated with enzyme regulation (Cohen, 1982)_ There is also evidence that 
' ' 

viral proteins may be affected as a result of protein phosphorylation (Bishop, 

1983)_ Infection of animal cells with picornaviruses leads to several changes 

in cellular metabolism such as the stimulation of protein kinase activity in 

Hela cells infected with poliovirus (Tershak, 1978; Ransone and Das Gupta, 

1987) as early as 1 h postinfection_ The functional significance of the 

stimulation of protein kinase activity in poliovirus-infected Hela cells is 

unknown. Phosphorylated proteins could mediate various virus-specific 

effects in the cell. For instance, the alkalinization mechanism could involve 

activation through phosphorylation of either or both of Na+ /H + exchanger 

and cl-/HCQ3- exchanger. If this notion were correct, nonspecific inhibition 

of protein phosphorylation by EIPA and DIDS would explain how these 

agents prevented virus-specific alkalinization_ Clearly, further studies are 

needed to clarify the mode(s) of action of EIPA and DIDS on poliovirus 

replication and to delineate the mechanism which is responsible for virus

specific intracellular alkalinization. 



SUMM_ARY 

Transient early activation and subsequent inhibition of Na+ /K + ATPase 

activity in poliovirus infected HeLa· cells has been reported. This study was 

initiated to examine whether the stimulation of Na+ /K+ ATPase activity is a 

consequence of Na+ /H + antiporter activation. First, the occurrence of 

Na+ /K + ATPase activation was confirmed under the new experimental 

conditions. To obtain evidence for Na+ /H + anti porter activation, cytoplasmic 

alkalinization was monitored by measuring the uptake of the weak organic 

acid 5,5' -dimethyloxazolidine-2,4-dione (DMO). Increased DMO uptake by 

infected cells at about 2 h after infection suggested a rise in intracellular pH 

(pHj}. However, the increase in pHi appeared to follow rather than precede 

or coincide with Na• /K • A TPase activation. Therefore, the stimulation of 

Na•/K+ ATPase in virus-infected cells could not have been a consequence of 

the activation of Na+ /H + exchange. The phenomenon of alkalinization was 

further studied since it occurred during virus-specific biosynthesis and could 

be involved in the regulation of viral replication. From a pH vs DMO uptake 

calibration curve, the pHi resulting from virus-induced alkalinization was 

estimated to be 7.72. Both virus-specific increase in pHi and viral replication 

were dependent on [Na+] in the medium and inhibited by ethylisopropyl

amiloride (EIPA), suggesting a role for Na+ /H + exchange in these processes. 

However, no evidence could be obtained that an increase in EIPA-sensitive 

Na+ uptake occurred in association with the increase in pHj. On the other 

hand, both the pH increase and viral replication could be inhibited also with 

the anion exchange inhibitor 4,4'-diisothiocyanostilbene-2,2' -disulfonic acid 
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(D1D5). There was no evidence that inhibition of protein synthesis, a well known 

nonspecific effect of amiloride, was responsible for the effects of El PA. The above 

results are consistent with the possibility that a shared ·nonspecific effect of El PA and 

D1D5 such as inhibition of protein phosp_horylation, was the mechanism whereby 

these agents inhibited virus-induced alkalinization and viral replication. 

Manipulation of intracellular pH with nigericin in the incubation medium revealed 

that maximum viral replication required a pHi of about 7.7 and that replication was 

significantly inhibited even at pHi 7.3. Thus, the pH increase in infected cells 

appeared to be physiologically relevant. The mechanism of intracellular 

alkalinization by poliovirus, the nature of dependence of viral replication on alkaline 

pHi and the mechanism of action of El PA and D1D5 on virus-induced pHi increase and 

viral replication remain to be investigated. 
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