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Mycoplasma gallisepticum cells incubated in 250 mM NaCl solutions in the absence of glucose showed a
progressive fall in intracellular ATP concentration over a period of 2 to 3 h. When the ATP level fell below 40
,uM the cell began to swell and become progressively permeable to [14C]inulin and leak intracellular protein
and nucleotides. The addition of nondiffusable substances such as MgSO4 or disaccharides prevented swelling,
suggesting that NaCl (and water) entry was due to Gibbs-Donnan forces. The addition of glucose after the
initiation of cell swelling increased intracellular ATP, induced cell shrinkage, and prevented the release of
intracellular components. The ATPase inhibitor dicyclohexylcarbodiimide, which collapsed the chemical and
electrical components of the proton motive force, caused rapid cell swelling in the presence of glucose (and high
intracellular ATP levels). Extracellular impermeable solutes such as MgSO4 and disaccharides prevented
swelling of dicyclohexylcarbodiimide-treated cells incubated in NaCl. It was postulated that Na+ that diffused
into the cell was extruded by an electrogenic Na+-H+ exchange (antiport) energized by the proton motive force
established by the dicyclohexylcarbodiimide-sensitive H+-ATPase.

All cells are faced with the problem of volume regulation
even when they are suspended in a medium that is isosmotic
with the internal environment. The osmotic problem is
caused by the presence of intracellular nondiffusable
charged macromolecules. The resulting Gibbs-Donnan ef-
fects give rise to the entry of salts and water, inducing
swelling and eventual lysis of the cell if there is no opposing
reaction (11, 35). This swelling phenomenon, referred to as
colloid osmotic swelling by Wilbrandt (34) and later studied
by Jacobs and Stewart (9), has been reviewed by Leaf (12),
Tosteson (32), and Macknight and Leaf (17, 18). Two bio-
logical solutions have been devised to prevent the tendency
of cells to swell due to this colloid osmotic effect: (i) a rigid
cell wall to prevent an increase in volume; and (ii) ion pumps
which extrude ions (and water) that enter by diffusion.
Examples of the cell wall solution to the osmotic problem are
found in most bacteria and plants. In other cells the ionic
pumps extrude salt and water to regulate cell volume. Such
ion pumping mechanisms of volume regulation have been
suggested in a variety of animal cells (17, 18). The use of the
Na+,K+-ATPase of animal cells for this purpose has been
extensively investigated (17, 18, 32, 33).
Most bacteria possess rigid cell walls and are generally

assumed to require no additional defenses against swelling.
In fact, Escherichia coli maintains a greater internal
osmolarity than the external medium resulting in turgor
pressure, which is necessary for normal growth and cell
division (7). Organisms of the cell wall-less class Mollicutes
(including the families Mycoplasmataceae and Achole-
plasmataceae) are, however, vulnerable to osmotic stress. It
has long been known that these organisms tend to lose
intracellular components and lyse after prolonged incubation
at 37°C in the absence of an energy source (31). Energy-
dependent ion pumps are implicated in volume regulation of
Acholeplasma laidlawii (10) and Mycoplasma gallisepticum
(27). Jinks et al. (10) described an Na+-stimulated ATPase in
A. laidlawii and postulated that it acted to regulate cell
volume by extruding sodium. Benyoucef et al. (3) described,
in Mycoplasma mycoides var. Capri, energy-dependent Na+
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extrusion against a concentration gradient that was depen-
dent on external K+. They inferred from this and other data
the existence of an ATP-consuming Na+-K+ exchange sys-
tem in addition to a Na+-H+ antiporter and H+-pumping
ATPase.

It is the purpose of this investigation to study the factors
involved in the volume regulation of M. gallisepticum. This
organism possesses a dicyclohexylcarbodiimide (DCCD)-
sensitive ATPase that is believed to function as an
electrogenic proton pump (16) and generate an electrochem-
ical gradient of protons across the membrane. Indeed, a
proton motive force of 60 to 130 mV (inside negative and
alkaline) has been measured in energized cells (27). In this
paper we show that energy-depleted cells swell, over a
period of hours, when exposed to NaCl. The addition of
glucose prevents or reverses the swelling. DCCD causes
rapid swelling even in the presence of high intracellular ATP.
DCCD-induced swelling does not occur in the presence of
extracellular impermeable solutes such as MgSO4 or su-
crose. Either a pH gradient (inside alkaline) or an electrical
gradient (inside negative) can maintain cell volume. Possible
ionic mechanisms for volume regulation are discussed.

MATERIALS AND METHODS

Growth of the organisms. M. gallisepticum (strain A5969)
was grown in Edward medium (26), containing 4.7% horse
serum (Difco Laboratories). The medium was inoculated with
1% of an overnight culture and incubated at 37°C for 18 to 25
h without aeration. Growth was monitored by measuring the
pH of the culture and the absorbance at 640 nm. Cells were
harvested at an optical density (640 nm) of 0.20 to 0.28 (pH
6.6 to 7.0). Routine examination ofcultures by phase-contrast
microscopy insured that they were free of other bacteria as
contaminants. Cells were harvested by cooling the culture in
an ice-water bath for 10 min followed by centrifugation at
16,000 x g for 20 min at 4°C. The cells were suspended in an
appropriate washing solution at 4°C by gentle vortexing
followed by centrifugation at 14,000 x g for 15 min at 4°C. The
pellet was suspended in a small volume (5 ml or less) of an
appropriate solution and kept on ice for 10 min to allow any
cell clumps to settle out. The clump-free portion of the cell
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suspension was then appropriately diluted and kept on ice for
later use.
Measurement of cell water. Cells at a final concentration of

1 to 4 mg of cell protein per ml were incubated in 2.3 ml of
a buffered solution containing 3H20 (4.3 1XCi/ml) and
['4C]inulin (0.4 ,uCi/ml; 100 ,ug/ml). Glucose (5 to 10 mM)
was added if necessary. After incubation at 37°C for 5 to 15
min, 1-ml duplicate samples were applied on top of 0.5 ml of
silicon oil (Contour XF-1792B) in a 1.5-ml plastic microfuge
tube and centrifuged at 12,800 x g for 1 to 2 min. Under
these conditions, the cells pass through the oil and form a
pellet at the bottom of the tube. The aqueous phase remained
above the oil. Samples of the supematant fluid were saved
for determination of 3H and 14C. Both the aqueous phase and
oil were removed by suction, and the bottom of the plastic
centrifuge tube (containing the pellet) was cut off with a
razor blade and placed in a vial containing 10 ml of scintil-
lation fluid (20). With vigorous vortexing the cell pellet was
freed from the plastic tip and broken into small fragments.
The total water space minus the inulin space was taken as
the intracellular water space of the cell pellet under condi-
tions where inulin (molecular weight, 5,000) did not pene-
trate the cell.
Volume measurement by changes in optical density. Cell

volume was monitored in some experiments by measure-
ment of the optical density of cell suspensions with a Gilford
or Klett-Summerson spectrophotometer.
ATP measurement. Cells (0.4 ml) were added to a test tube

containing 0.1 ml of 3 M perchloric acid. After 10 min at 0°C,
0.3 ml of 1 M KOH was added, and the potassium
perchlorate was allowed to settle. Samples were taken, and
the ATP level was determined by the luciferase method of
Cole et al. (5).

Release of intracellular components. Several 1-ml samples
of cells were pipetted onto the surface of 0.5 ml of silicon oil
in 1.5-ml plastic microfuge tubes and centrifuged at 12,800 x
g for 1 min. The supernatants were then centrifuged at
45,000 rpm for 30 min at 4°C in a 50 Ti rotor. The protein
content of the ultracentrifugation supernatant was deter-
mined by the method of Peterson (21). The absorbance of
this supernatant at 260 nm was also determined. The release
of components is expressed as a percentage of the values
obtained from cells completely lysed by incubation at 37°C
with either 250 ,uM DCCD or 10 ,uM gramicidin for 40 min.

Protection against DCCD-induced lysis by sugars. Cells
were washed in 200 mM NaCl-10 mM 3-(N-
morpholine)propanesulfonic acid-10 mM glucose and sus-
pended in the same solution at approximately 33 mg of cell
protein per ml. Stock cells (0.1 ml) were added to 5 ml of a
400 mM solution of the indicated sugars or 200 mM NaCl
(control) plus 9 mM glucose, and the optical density was
determined (640 nm). DCCD was added to give a final
concentration of 200 ,uM. After a 12-min incubation at 37°C,
a second optical density reading was taken. Cells incubated
in 200 mM NaCl plus 9 mM glucose (with no DCCD) showed
a final optical density of 91% of the initial value. Because of
the high refractive index of 0.4 M solutions of di- and
trisaccharides, the absolute readings of cells in these solu-
tions are lower than readings of cells in NaCl solutions. For
this reason the data are expressed as the percent change
from initial values.
Measurement of ApH and membrane potential. The ApH

was measured by the benzoic acid technique (19). The
membrane potential was measured with radioactive
tetraphenylphosphonium (27).

Materials. 3H20, [l4C]inulin, 86Rb+, [14C]benzoic acid, and

["4C]lactose were from New England Nuclear Corp. DCCD,
carbonyl cyanide-p-trifluoro-methoxyphenyl hydrazone, N-
tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid, N-
2-acetamido-2-aminoethanesulfonic acid, and N,N-bis(2-
hydroxymethyl)-2-aminoethanesulfonic acid were from
Sigma Chemical Co. Carbonyl cyanide-m-chlorophenyl
hydrazone, nigericin, valinomycin, gramicidin were from
Calbiochem. [3H]tetraphenylphosphonium was a generous
gift of Ronald Kaback. [14C]inulin was purified by either
paper chromatography or dialysis to remove traces of fruc-
tose. DCCD, carbonyl cyanide-m-chlorophenyl hydrazone,
carbonyl cyanide-p-trifluoro-methoxyphenyl hydrazone,
nigericin, valinomycin, and gramicidin stocks were prepared
in ethanol.

RESULTS

Volume changes in response to external osmolarity.
Whereas most Mollicutes behave as nearly perfect
osmometers and lyse rapidly in media of low ionic strength
(6, 24), M. gallisepticum is somewhat resistant to osmotic
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FIG. 1. Cell volume versus osmolarity of medium. One liter of

cells was grown to an optical density at 640 nm of 0.25 (pH 6.9). One
half of the cells was washed once in 250 mM NaCl-10 mM
morpholinepropanesulfonic acid-10 mM glucose (pH 7.0) and sus-
pended in 2 ml of the same buffer (0). The other half was washed
once in 400 mM sucrose-lo mM morpholinepropanesulfonic acid-10
mM glucose (pH 7.0) and suspended in 2 ml of the same sucrose
buffer (0). The stock cell concentration was 45 mg of cell protein per
ml. Samples of stock cells (30 ,ul) were added to 3.0 ml containing
3H20, [14C]inulin, 10 mM morpholinepropanesulfonic acid-10 mM
glucose (pH 7.0) and various concentrations of either NaCl or
sucrose. These were incubated at 37°C for 5 min. Two 1.0-ml
samples were removed, and cell water was determined as described
in the text. It was necessary to use different density silicone oils for
the various sucrose solutions. The data presented were derived from
two separate experiments.
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lysis (24, 25). Rottem and Verkleij (28) have demonstrated
the presence of unusual segregated lipid domains in the
membrane of this species which correlate with resistance to
lysis. They suggested that the interface between protein-free
and protein-rich membrane patches becomes ion permeable
and that loss of intracellular solute imparts resistance to cell
swelling.
M. gallisepticum cells suspended in either NaCl or su-

crose at 37°C changed their cell volume as the medium
osmolarity was varied, although they did not behave as
perfect osmometers (Fig. 1). At even the lowest osmolarity
(approximately 50 mosM), the cells remained impermeable
to inulin (data not shown). At osmolarities less than 50
mosM the cells failed to pellet through silicon oil; thus
measurement of the intracellular water was not possible by
this technique.

Release of intracellular components during swelling. When
cells were incubated in 250 mM NaCl at 37°C in the presence
of 1 mM glucose the cell volume, as measured by optical
density, remained constant for 2 to 3 h (Fig. 2A). Thereafter
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FIG. 2. Release of intracellular components during swelling.
Midexponential-phase cells (optical density at 640 nm of 0.25, pH
6.8) were washed once in 250 mM NaCI-10 mM mor-

pholinepropanesulfonic acid (pH 7.0) and suspended in 60 ml of the
same solution (3 mg of cell protein per ml, optical density of 2.55).
(A) The stock cell suspension (40 ml) was incubated at 37°C, and
glucose (1 mM) was added where indicated by the arrow (0,*, A).
To 10 ml of stock cells, 50 mM glucose (0,C, A) was added at the
arrow. (B) To a 10-ml sample of stock cells 1 mM glucose was added
at 5 min (first arrow), and 10 mM glucose was added at 235 min
(second arrow). Swelling was followed by the optical density of the
cell suspensions at 640 nm (0). The release of intracellular protein
(A) and UV (260 nm)-absorbing molecules (-) into the incubation
medium is expressed relative to cells incubated with 250,uM DCCD
(100% lysis).

there was a continuous decrease in optical density (cell
swelling). Figure 2A demonstrates that during this period of
swelling there was a progressive release of intracellular
protein and UV-absorbing compounds into the incubation
medium. Even after 1,500 min of incubation, cells could still
be centrifuged through silicon oil to form a pellet, indicating
the retention of some structural integrity. The addition of 50
mM glucose induced initial cell shrinkage, followed by
return to the original volume for a period of 4 h with little
loss of intracellular components (Fig. 2A). When 10 mM
glucose was added after the initiation of swelling (Fig. 2B),
the cells reduced their volume and retained their compo-
nents.

Correlation of optical density, total water, inulin space, and
ATP during swelling. Since glucose prevented swelling and
lysis, it was of interest to correlate these changes in volume
with the intracellular ATP concentration. M. gallisepticum
converts glucose to lactic acid and generates ATP by sub-
strate-level phosphorylation. Cytochromes are absent in
these cells, and oxidative phosphorylation is not known to
occur (22).

In the next experiment (Fig. 3), ATP and cell volume
measurements were made in cells incubated in NaCl for
various periods of time. Cells were exposed to 250 mM NaCl
at 37°C, and swelling was followed by measurement of the
optical density and by determination of total pellet water
(3H20). The addition of 1 mM glucose (Fig. 3A) at 14 min
induced a rapid increase in cellular ATP (maximum of 1.2
mM) and cell shrinkage as indicated by the rise in optical
density and the fall in intracellular water. The cells then
maintained their volume for the next 2 to 3 h. When the
intracellular ATP fell to 40 ,uM (120 min), swelling began to
occur, as indicated by an increase in intracellular water. The
optical density began to fall about 30 min later. Thereafter
both optical density and cell water measurements indicated
continued swelling. After the first phase of swelling (160
min), the cells became permeable to inulin, as indicated by
an increase in the percentage of the total water space that
became accessible to inulin (without any significant increase
in the size of the pellet).

In a parallel experiment (Fig. 3B), 10 mM glucose was
added at the initiation of swelling (190 min), inducing an
immediate reduction in cell volume as measured by both
techniques concomitant with an increase in the intracellular
ATP concentration. In addition, the normal impermeability
of the cells to inulin was regained. A similar energy-
dependent reversal of the permeability properties of the cells
was obtained with ["4C]lactose instead of [14C]inulin.

Swelling induced by the ATPase inhibitor DCCD. If the
ATPase known to be present in these cells (16) is an
ion-translocating mechanism involved in volume regulation,
then DCCD, an inhibitor of ATPase (16), should stimulate
cell swelling even in the presence of glucose and high ATP
levels. DCCD induced a concentration-dependent swelling
of cells suspended in NaCl at 37°C (Fig. 4). At a concentra-
tion of 50 ,uM, DCCD significantly stimulated swelling,
whereas 150 to 200 ,uM produced a maximal effect. The
addition of 10 mM glucose failed to affect the rate of
DCCD-induced cell swelling (data not shown). DCCD did
not affect the rate or extent of ATP synthesis in the presence
of glucose. Thus DCCD-induced swelling did, indeed, occur
in the presence of high levels of ATP. DCCD dissipated both
the chemical and electrical components of the proton motive
force, as would be expected for an inhibitor of the
electrogenic proton pumping ATPase. This was true for cells
incubated in NaCl and glucose (Table 1) or sucrose plus
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FIG. 3. Correlation of optical density, total water, inulin space, and ATP during swelling. Midexponential-phase cells (optical density at
640 nm of 0.23, pH 7.0) were washed once in 250 mM NaCl-10 mM morpholinepropanesulfonic acid (pH 7.0) and suspended in the same buffer
at 3.5 mg of cell protein per ml (optical density of 2.66). (A) Glucose (1 mM) was added to 42 ml of stock cell suspension at 37°C at the arrow.
(B) Glucose (10 mM) was added to a 5-ml portion of the above cells at the second arrow. Upper graphs display the intracellular content of
ATP. Lower graphs present the optical density determinations at 640 nm (@), the total 3H20 spaces of pellets from 2-ml samples of the cell
suspension (U), and the percentages of this space accessible to [14C]inulin (A).

glucose (data not shown). Therefore, regulation of cellular
volume appears to require the presence of an electrochemi-
cal potential difference of protons across the membrane.

Inhibition of swelling by impermeable solutes. If the intra-
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FIG. 4. Effect ofDCCD on cell swelling. Cells were grown to an

optical density (640 an) of 0.29 (pH 6.2), washed once in 0.3 M
MgSO4, and suspended in 3 ml of the same medium. A sample (0.12
ml) of these cells was diluted into a final volume of 5.0 ml (0.84 mg
of cell protein per ml) containing 191 mM NaCl-10 mM
morpholinepropanesulfonic acid (pH 7.0) and incubated at 37°C in
the following concentrations of DCCD: 0 ,uM (O), 50 ,uM (0), 100
,uM (0), 150 ,uM (A), and 200 ,uM (x). Swelling was followed at 540
nm (Klett units).

cellular impermeant molecules were responsible for the
swelling of energy-depleted cells suspended in NaCl solu-
tions, then the addition of impermeant molecules to the
external medium should prevent this swelling. Cells incu-
bated in 0.5 M sucrose failed to swell even after the ATP
concentration fell to undetectable levels (Fig. 5). An exper-
iment was performed to ascertain the concentration of
sucrose necessary to prevent DCCD-induced swelling. Cells
were incubated in NaCl plus DCCD in different combina-
tions of sucrose and NaCl such that the external osmolarity
remained constant. At a concentration of 400 mM, sucrose
completely prevented swelling, whereas at concentrations as
low as 100 mM the disaccharide inhibited the rate of swell-
-ing. Lactose, maltose, melibiose, raffinose, and maltotriose

TABLE 1. Effect of DCCD and nigericin on proton motive force
Expt. Inhibitor (,M) A't (mV) ApH (mV) &1LH+ (mV)
la None 44 13 57

DCCD (100) 11 5 16

2a None 49 23 72
DCCD (100) 19 0 19

3b None 39 40 79
Nigericin (15) 37 14 51

4b None 32 79 111
Nigericin (15) 45 14 59

a Cells (2 ml) at a concentration of 2.5 mg of cell protein per ml were
incubated at 37°C for 5 min in 144 mM NaCI-150 mM N-tris(hydroxymeth-
yl)methyl-2-aminoethanesulfonic acid-l1 mM glucose with or without 100 F.M
DCCD. A'', ApH, and cell water were determined as described in the text.

b Cells (2 ml) were incubated for 10 min at 37°C in 500 mM sucrose-50 mM
N-2-acetamido-2-aminoethanesulfonic acid (pH 6.5)-4.3 mM KCI with or
without 15 pLM nigericin.
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show the same protective effect as sucrose. Energy-depleted
cells incubated in MgSO4 (300 mM) or polyethylene glycol
400 (470 mM) also failed to swell at 37°C (data not shown).
The fact that DCCD failed to induce swelling in the

presence of impermeable molecules provides evidence that
this inhibitor does not compromise membrane integrity.
Furthermore, DCCD did not affect substrate level phosphor-
ylation in the presence of these impermeable molecules (data
not shown).

Effect of the anion on swelling. Cells were washed and
suspended in 500 mosM sodium phosphate (192 mM), NaCl
(250 mM), or Na2SO4 (167 mM) at pH 7.0 with and without
glucose. In the presence of sodium phosphate or Na2SO4,
there was very little swelling with or without glucose at 37°C.
In the presence of NaCl, swelling followed by lysis occurred
after 150 min; this was prevented by glucose (10 mM). The
addition of DCCD (300 ,uM) caused very rapid swelling and
lysis of cells suspended in NaCl, but much slower swelling
with the other two salts.

Effect of external pH on swelling. Cells swelled much more
rapidly at pH 8.0 than at 6.5 or 5.5 in 250 mM NaCl without
glucose. At all three pH values, glucose prevented swelling.
Sucrose prevented swelling at pH 5.5 and 6.5, but not at pH
8.0, perhaps because cells become permeable to sucrose at
that higher pH. Similar pH-dependent swelling in this spe-
cies was described by Shirvan et al. (29).

Effect of temperature on swelling. Cells exposed to 250 mM
NaCl without glucose or to 250 mM NaCl plus glucose with
100 puM DCCD (pH 7.1) failed to swell at 20°C during a 4-h
period. Presumably the cells are relatively impermeable to
sodium at the lower temperature.

Effect of ionophores on swelling. Several ionophores were
utilized to selectively dissipate either the chemical or elec-
trical components of the proton motive force. Nigericin, by
promoting electroneutral K+-H+ exchange (8, 23), collapsed
the pH gradient in the presence of 4.3 mM external KCl
(Table 1) or 100 mM KCl (data not shown). The K+
ionophore valinomycin (23) collapsed the electrical potential
in the presence of high external potassium. The combination
of valinomycin and nigericin induced rapid swelling of cells
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FIG. 5. Swelling in NaCl, KCI, and sucrose. Cells were grown to

an optical density at 640 nm of 0.27 (pH 6.6), washed once in 250
mM NaCl-10 mM N-tris(hydroxymethyl) methyl-2-amino-
ethanesulfonic acid (pH 7.4), and suspended in 20 ml of same
solution. A sample (0.15 ml) of these cells was added to a final
volume of 5 ml (0.15 mg of cell protein per ml) and incubated at 37°C
in the following: 0.5 M sucrose (0), 250 mM NaCl (0), 250 mM KCI
(O), or 250 mM NaCl plus 200 ,uM DCCD (A). The optical density
was followed at 640 nm.
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FIG. 6. Effect of ionophores on swelling. Cells were grown to an
optical density at 640 nm of 0.32 (pH 6.6), washed once in 250 mM
NaCI-50 mM N-2-acetamido-2-aminoethanesulfonic acid (pH 6.5),
and suspended in 5 ml of the same buffer. A sample (0.2 ml) of cells
was added to give final volume of 2 ml containing 10 mM glucose,
100 mM KCI, 50 mM N-2-acetamido-2-aminoethanesulfonic acid
(pH 6.5), and the following: 250 F.M DCCD plus 0.5 M sucrose (0);
250 ,uM DCCD plus 250 mM NaCl (l); 15 ,uM nigericin plus 7.5 ,uM
valinomycin and 0.5 M sucrose (0); or 15 F.M nigericin plus 7.5 JIM
valinomycin and 250 mM NaCl (A).

incubated in NaCl and glucose with 100 mM KCl (Fig. 6).
Swelling was prevented by sucrose (Fig. 6). Neither
nigericin nor valinomycin alone induced swelling in the
presence of glucose and NaCl (data not shown). NaSCN (25
mM), which collapsed the membrane potential, acted in
analogous fashion to valinomycin in the above swelling
experiments. The proton ionophores carbonyl cyanide-m-
chlorophenyl hydrazone (1 to 100 ,uM) and carbonyl cya-
nide-p-trifluoro-methoxyphenyl hydrazone (0.2 to 2 ,uM)
collapsed only the chemical component of the proton motive
force and failed to cause swelling in the presence of glucose
and NaCl. Gramicidin (10 ,uM), a nonspecific cation channel
(8, 23), induced rapid cell swelling and lysis in the presence
of NaCl and glucose (data not shown). None of the above
ionophores affected the production of ATP by glycolysis. It
would thus appear that the presence of either a pH gradient
or a membrane potential can provide the energy to maintain
a cell volume.

Correlation of the pH gradient and volume in the presence
of DCCD. The results presented in Fig. 3 demonstrated a
correlation between cell swelling and a decrease in ATP (and
thus proton motive force). To further examine the relation-
ship between cell volume and proton motive force, a study
was made of the time course of swelling and proton motive
force in the presence of DCCD. An external pH of 5.5 was
chosen because under these conditions the pH gradient is the
major component of the proton motive force (27). Incubation
of cells in NaCl plus DCCD led to a rapid fall in the pH
gradient over the first 2 min and then a slower fall during the
subsequent 5 min (Fig. 7). With DCCD the cells swelled
continuously during the experimental period. Lysis did not

VOL. 163, 1985 1247
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FIG. 7. Effect of DCCD on ApH and cell swelling. Cells were grown to an optical density at 640 nm of 0.17 (pH 7.0) and washed once in

250 mM NaCl-50 mM 2-(N-morpholino)ethanesulfonic acid (pH 5.5). Cells were suspended in the same buffer at approximately 1.0 mg of cell
protein per ml. (A) To a portion of stock cells was added 10 mM glucose, [14C]benzoic acid (0.04 ,Ci/ml, 0.4 .g/ml), and either 250 ,uM DCCD
(0) or ethanol (0.25% final concentration) (0). The ApH was determined as described in the text. (B) Intracellular water was determined for
cells incubated under identical conditions (but without benzoic acid) with DCCD (0) or ethanol (0) as described in the text.

occur during the experiment, since the cells remained imper-
meable to inulin. DCCD-treated and control cells had nearly
identical levels of ATP throughout the experiment. Thus,
there was a close relationship between the fall of the pH
gradient (proton motive force) and the increase in cellular
volume.

Correlation between ATP and cell volume. An additional
experiment was performed to explore further the relation-
ship between ATP concentration and cell volume. The
non-metabolizeable glucose analog, a-methylglucoside, a

substrate of the glucose group translocation system (4), was
used to alter the intracellular ATP concentration (1). Over
the range of ATP concentrations between 0.1 and 1.7 mM
the cell volume was maintained at a constant level. This is
consistent with the observation (Fig. 3) that the ATP con-
centration must fall to very low levels before swelling
begins.

DISCUSSION

Cells Qf M. gallisepticum swell and lyse when suspended
in 250 mM NaCl solutions in the absence of an energy
source. This is due to the inward diffusion of NaCl (and
water) as a result of the Gibbs-Donnan forces generated by
intracellular anionic macromolecules. This view is supported
by the direct demonstration of Na+ entry (15) and by the
observation that nondiffusable molecules such as disaccha-
rides and MgSO4 completely prevent swelling. In normal
cells provided with a source of energy, the unavoidable
inward diffusion of NaCl must be exactly balanced by an

outward extrusion by some type of mechanism. The energy
dependence of the NaCl extrusion is clearly shown by the
effect of glucose in preventing the swelling process. Further-
more, the addition of glucose after swelling has begun results
in shrinkage of the cell back to the original volume. The rise
in intracellular ATP concentration with the addition of
glucose is correlated with an elevation of the proton motive
force consisting of a pH gradient (inside alkaline) and a

membrane potential (inside negative).
The essential role of an ATP-driven cation pump is indi-

cated by the profound effect of the ATPase inhibitor DCCD.
The addition of DCCD to energized cells results in rapid

swelling in spite of high levels of ATP. This swelling is also
prevented by sucrose or MgSO4, indicating that in the
DCCD experiment Gibbs-Donnan forces are upnopposed by
NaCl extrusion mechanisms.
There are two alternative roles for the ATPase that may be

considered. The first possibility involves a proton-
translocating ATPase, which generates a proton motive
force, which in turn energizes an Na+-H+ exchange mech-
anism. A second mechanism involves an ATP-driven Na+
pump. The available evidence favors the former hypothesis.
A proton motive force of 60 to 130 mV has been observed
across the plasma membrane (27). DCCD blocks both the
ApH and the At, implying that the ATPase is responsible for
both ApH and At. In the accompanying communication
(15), direct measurement of Na+ and H+ movements provide
support for the existence of an Na+-H+ antiport reaction. If
such an antiport were electrogenic (Na+-2H+, for example)
either AT or ApH could drive Na+ exit, consistent with the
ionophore experiments of Fig. 6.
The finding that the proton ionophores collapse the ApH,

but not the AT, and fail to cause swelling is not entirely
understood. Although carbonyl cyanide-m-chlorophenyl
hydrazone collapses both AT and ApH jn most organisms
(30), effects on ApH alone have been reported in
Mycoplasma mycoides var. Capri (13, 14). Benyoucef et
al. (2) reported that carbonyl cyanide-p-trifluoro-meth-
oxyphenyl hydrazone was able to collapse the membrane
potential of M. mycoides at pH 5.6, but not at pH 7.3.
Apparently other ions are involved in the maintenance of the
At in the presence of the ionophore.
Although our current knowledge of the mechanism of

volume regulation remains incomplete, all of the evidence
available is consistent with the view that M. gallisepticum
extrudes NaCl (and water) by a combination of a proton-
translocating ATPase and an electrogenic Na+-H+ exchange
carrier (with more than one H+ per Na+).
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