
The unicellular eukaryote Tetrahymena pyriformis

resembles mammalian cells in a number of the main

metabolic cycles [1, 2] and manifests similar or higher

sensitivity to diverse biologically active substances,

including some hormones [1�4]. Due to resemblance to

mammalian cells in both these and other properties, T.

pyriformis and some other protozoa are used instead of

mammalian cells in fundamental and applied studies.

The ciliate T. pyriformis can easily adapt to different

environmental conditions, for instance, to a considerable

decrease in oxygen concentration [1]. Tetrahymena pyri�

formis cells have ability to grow to high concentrations

both in simple media containing organic substances and

in synthetic media comprising only inorganic compo�

nents [5].

Mitochondria isolated from T. pyriformis cells

resemble those from rat liver in their cytochrome c con�

tent and in such characteristics of efficiency of oxidative

phosphorylation as P/O ratio and other properties ([6]

and references within).

An integral characteristic of mitochondrial energet�

ics is the proton motive force (difference in the electro�

chemical potential of hydrogen ions across the inner

mitochondrial membrane). It is composed of electrical
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Abbreviations: BSA, bovine serum albumin; DNP, 2,4�dinitro�

phenol; FCCP, p�trifluoromethoxycarbonylcyanide phenylhy�

drazone; ∆ψ, transmembrane difference of electrical potential

across the inner mitochondrial membrane; ∆pH, difference in
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Abstract—Tetrahymena pyriformis is used in diverse studies as a non�mammalian alternative due to their resemblance in

many main metabolic cycles. However, such basic features of mitochondrial energetics as ∆ψ (electrical potential difference

across the inner mitochondrial membrane) or maximal stimulation of respiration by uncouplers with different mechanisms

of uncoupling, such as DNP (2,4�dinitrophenol) and FCCP (p�trifluoromethoxycarbonylcyanide phenylhydrazone), have

not been studied in living ciliates. Tetrahymena pyriformis GL cells during stationary growth phase after incubation under

selected conditions were used in this study. Maximal stimulation of cellular respiration by FCCP was about six�fold, thus

the proton motive force was high. The DNP uncoupling effect was significantly lower. This suggests low activity of the

ATP/ADP�antiporter, which performs not only exchange of intramitochondrial ATP to extramitochondrial ADP, but also

helps in the uncoupling process. It participates by a similar mechanism in electrophoretic transport from matrix to cytosol

of ATP4– and DNP anion, but not FCCP anion. Thus, in contrast with mammalian mitochondria, T. pyriformis mitochon�

dria cannot rapidly supply the cytosol with ATP; possibly the cells need high intramitochondrial ATP. The difference

between DNP and FCCP is hypothetically explained by low ∆ψ value and/or an increase in concentration of long�chain

acyl�CoAs, inhibitors of the ATP/ADP�antiporter. The first suggestion is confirmed by absence of mitochondria with bright

fluorescence in T. pyriformis stained with the ∆ψ�sensitive probe MitoTracker Red. These data suggest that T. pyriformis cells

are useful as a model for study of mitochondrial role in adaptation at the intracellular level.
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component, ∆ψ, and concentration component, ∆pH

[7]. In mammalian mitochondria most of the proton

motive force is stored in the form of ∆ψ ([8] and refer�

ences within). High ∆ψ value is a prerequisite for normal

mammalian cell functioning. One of the most important

functions of mammalian mitochondria is the rapid supply

of cells with ATP synthesized during oxidative phospho�

rylation. The main function of the ATP/ADP�antiporter

is electrophoretic exchange of intramitochondrial ATP4–

for extramitochondrial ADP3–. Because this reaction is

highly dependent upon ∆ψ [9, 10], the exchange can pro�

ceed at a rate close to that of ATP synthesis only at high

∆ψ value.

In addition to the main function, the ATP/ADP�

antiporter participates in the uncoupling process of such

uncouplers as long�chain fatty acids and 2,4�dinitrophe�

nol (DNP) ([8, 11], see also reviews [12, 13] and refer�

ences within). The molecular mechanism of this process

is explained by the hypothesis called “fatty acid circuit”

[14]. According to this hypothesis, the ATP/ADP�

antiporter uses similar mechanisms for electrophoretic

transport of ATP4– and fatty acid anion from matrix

through the inner mitochondrial membrane. So, mediat�

ed by the ATP/ADP�antiporter long�chain fatty acid� or

DNP�induced uncoupling can proceed only at high val�

ues of ∆ψ. It is important that some powerful uncouplers,

such as p�trifluoromethoxycarbonylcyanide phenylhydra�

zone (FCCP), increase proton conductance of the inner

mitochondrial membrane by a different molecular mech�

anism that is not mediated by the ATP/ADP�antiporter

[15�17].

It should be added that ∆ψ value has not been even

approximately estimated in living (moving) T. pyriformis

cells and other ciliates.

MATERIALS AND METHODS

Tetrahymena pyriformis GL culture in stationary

phase of growth was used in all experiments. Conditions

of cell cultivation, their preparation for experiments, and

methods have been described earlier [18]. During some

series of experiments, the following modifications have

been introduced. The cells were cultivated in suspension

for 2 days in the liver broth buffered with 7 mM phosphate

(pH 6.5). The cells taken during stationary phase of

growth were washed free of the culture medium with

saline medium composed of 30 mM KCl, 10 mM NaCl,

6 mM KH2PO4, and 5 mM Hepes (pH 7.4) and diluted

with the same medium to concentration (0.7�1.5)·106

cells/ml and incubated in this medium without oxidation

substrates for 1 day. Then the cells were diluted with the

same incubation medium to concentration (0.3�0.5)·106

cells/ml of medium, and 2 ml of the suspension was

poured in each from a number of small (4 cm in diame�

ter) plastic Petri dishes. The cells in Petri dishes for most

experiments were incubated with mixing during 5�20 min

for aeration before measurement of respiration. In some

experiments, the Petri dishes with cells were placed in a

common moist chamber for a more prolonged incuba�

tion.

The cell suspension was transferred to a polaro�

graphic cell just before recording of oxygen consumption

as described earlier [18]. The experiments were per�

formed at 20�26°C. The oxygen consumption was record�

ed at 25°C.

In some experiments, a Petri dish with cells was

placed under a microscope for observation of cellular

movement and behavior before and just after registration

of endogenous respiration. A Nikon Eclipse E200 micro�

scope with phase�contrast system and long�focus objec�

tive lens was used. To demonstrate tracks of cellular

movement, photos of the cell suspension were taken with

a Cannon A640 digital camera.

Fixation of ciliates, their staining by MitoTracker

Red, and analysis of images of fluorescence cells were

performed as described earlier [18].

In some experiments, fluorescence in living cells was

also observed visually under a Univar fluorescence micro�

scope (Reichert, Austria). An Axiovert 200 M fluores�

cence microscope (Carl Zeiss, Germany) was used in

some experiments as well.

Mitochondria were isolated from T. pyriformis cell

suspension as described in [6] with some modifications;

the cells were disintegrated with a French press. Kinetics

of changes in ∆ψ was recorded by the safranin method

[19] with an Aminco DW�2000 spectrophotometer in the

dual wavelength mode. The difference in light absorption

between 555 and 523 nm was recorded. The mitochondr�

ial incubation medium contained 250 mM sucrose,

1 mM EGTA, 10 mM KCl, 3 mM KH2PO4, 5 mM Mops�

KOH (pH 7.4), 0.1 mg/ml BSA (bovine serum albumin),

and 10 µM safranin O. Oxygen consumption was record�

ed in the same incubation medium with additions of

5 mM succinate and 2 mM glutamate but without

safranin O.

Oleic acid, oligomycin, fatty acid�free BSA, Hepes,

Mops, and carboxyatractylate were from Sigma (USA);

safranin O and KH2PO4 were from Serva (Germany);

DNP was from Merck (Germany); FCCP and nigericin

was from Fluka (Switzerland); formaldehyde solution and

yeast extract were from MP Biomedicals (Germany); KCl

was from Analar (USA); MitoTracker Red was from

Molecular Probes (USA).

RESULTS

It should be emphasized that for all experiments the

cells were taken in stationary growth phase and were pre�

pared for registration of respiration under selected condi�

tions as described above (see “Materials and Methods”).
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To ensure that the oxygen recording does not damage the

infusorian, the movement of T. pyriformis cells was

observed. Figure 1a demonstrates that the cells were mov�

ing at different rates. The tracks of cells with a low motil�

ity could be seen on the image as dots, while the faster

moving cells have tracks of various lengths depending

upon the movement velocity. In most experiments, we

used visual observation only since strong light for making

photos affects the movement of cells. It is known that

some ciliates have a photoreceptor system and avoid illu�

minated places ([20] and references within).

A microscopic observation of the cells shortly after

measurement of the initial respiration confirmed that the

cells completely recuperated and exhibited a similar

behavior as in a control assay. Some of the ciliates were

close to the bottom of the Petri dish where they gathered

around some food�like particles. A small portion of the

cells was swimming either up or down. Some of the cili�

ates were swimming in the uppermost layer; it looked as if

the ciliates needed to make contact with air from time to

time after being in a hypoxic state. The absence of gross

changes in shape, movement, and behavior strongly indi�

cates that under our experimental conditions the meta�

bolic state of mitochondria was assessed in living T. pyri�

formis cells. Such experiments also illustrate the high

resistance of these ciliates to intervals of hypoxia.

The maximal stimulation of endogenous cellular res�

piration by DNP was close to two (1.88 ± 0.06, n = 16)

while that achieved by oleic acid was a little lower (1.60 ±

0.11, n = 10). Under the same conditions, FCCP pro�

duced a maximal stimulation of respiration close to six,

about three times stronger than that with DNP (Fig. 2).

The maximal stimulation of cell respiration by FCCP was

obviously indicative of the high value of the mitochondr�

ial proton motive force in these cells.

The great differences were subsequently reproduced

in all experiments and appeared to be independent of the

cultivation conditions and periods of food deprivation

before experiments (from 3 h to 2 days). The same differ�

ence between these uncouplers was observed during

recording of cellular respiration in assays with 20�30 mM

pyruvate, which was added to the polarographic vessel

before the T. pyriformis cells.

A limited number of mitochondria isolated from T.

pyriformis cells were used mainly for recording of ∆ψ
kinetics (Fig. 3). Oligomycin significantly increased ∆ψ
in most experiments. Nigericin was added in about 18

assays and was found to increase ∆ψ in all of them when

added at low concentrations. Oleic acid (2�5 µM) pro�

duced a clear decrease in ∆ψ in the presence of

oligomycin. However, in these experiments a powerful

Fig. 1. Images of living (a, b) and formaldehyde�fixed (c) T. pyriformis cells: a) movement of cells, exposure was 1 sec. Scale bar 100 µm; b)

living cells were stained with MitoTracker Red (2 µM, 10 min) and the image was taken immediately after several cells had ceased movement;

c) cells were stained with MitoTracker Red (2 µM, 10 min) after formaldehyde fixation. b, c) Scale bar 10 µm.

a b c

Fig. 2. Effects of DNP (1) and FCCP (2) on respiration of T. pyri�

formis cells. Before recording respiration, the cells were incubated

for 1 day in medium containing 30 mM KCl, 10 mM NaCl, 6 mM

KH2PO4, and 5 mM Hepes, pH 7.4. The respiration rates are mean

values (from 10 to 15 experiments) ± S. E.
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specific inhibitor of the ATP/ADP�antiporter, carboxy�

atractylate, did not produce a stable increase in ∆ψ when

added after oleic acid (Fig. 3). However, during experi�

ments with rat liver mitochondria carboxyatractylate

always increased ∆ψ under similar conditions [11].

Recording mitochondrial respiration (see “Materials

and Methods” for details) showed that maximal stimula�

tion of respiration by DNP was about two when the incu�

bation medium was supplemented with succinate (5 mM)

and glutamate (2 mM). Thus, the maximal uncoupling

effect of DNP was about equal in experiments with T.

pyriformis cells and with mitochondria isolated from them.

Such large difference between DNP and FCCP in

maximal stimulation of respiration (see Fig. 2) was not

observed earlier in experiments with cells or mitochondria

isolated from mammalians tissues or other eukaryotes.

Usually maximal respiration rates were about the same in

the presence of the two uncouplers if measurements were

performed under generally accepted conditions of control

experiments. For example, DNP and FCCP produced

strong and about the same maximal stimulation of respira�

tion in experiments with thymus lymphocytes [21],

salmon eggs [22], and rat liver mitochondria [11]. It

should be noted that such studies have not been carried

out earlier on moving unicellular organisms.

These results encouraged the beginning of a new

series of more detailed experiments with ∆ψ�dependent

fluorescence probes. As always, the cells were taken in a

stationary growth phase. According to the data of elec�

tronic microscopy, during a logarithmic growth phase of

T. pyriformis cells mitochondria were mainly concentrat�

ed near the cellular membrane [23]. During stationary

growth phase the number of mitochondria increased, and

they were found in different parts of the cells. Many lipid

droplets were seen in the cytosol during this stationary

phase of growth [23].

Tetrahymena pyriformis cells were stained with

MitoTracker Red for observation of fluorescence in living

cells. As a rule, this ∆ψ�dependent fluorescent probe is

bound with mitochondria after transport into them. On

many occasions, several structures with brighter fluores�

cence of rounded shape and different dimensions were

observed within the cells. They might be mitochondrial

aggregates induced by photodynamic damage.

However, in all experiments fluorescence of cellular

structures including mitochondrial�like organelles was

weak (Fig. 1b). A similar picture was observed in all cases:

in cells moving at different rates and in those just after the

cessation of movement, which were used for monitoring

images of living cells (Fig. 1b).

It should be noted that under the same experimental

conditions, including the use of the same fluorescence

microscope, bright contrast fluorescence was observed in

mitochondria of HeLa cells and other cultured cells

stained with MitoTracker Red [24]. As earlier [18], many

mitochondrial�like organelles with bright fluorescence

were clearly seen in fixed cells (Fig. 1c), where the

lipophilic cation should be concentrated in hydrophobic

areas.

DISCUSSION

The uncoupling effects of DNP and FCCP are due

to their participation in transport of protons across the

hydrophobic barrier of the inner mitochondrial mem�

brane. This results in partial dissipation of the proton

motive force and in stimulation of respiration rate ([7, 8,

25�27] and references within). The most interesting and

unanticipated result of this study is the large three�fold

difference between FCCP and DNP in maximal stimula�

tion of cellular respiration (Fig. 2).

It is important that the same difference between

FCCP and DNP was also found during measurement of

the influence of uncouplers on the conductance of artifi�

cial planar phospholipid membranes (Fig. 5 from [11]).

Evidently, the artificial membranes do not contain the

ATP/ADP�antiporter and other mitochondrial anion

carriers. Figure 5 from [11] shows as well that under the

same experimental conditions FCCP and DNP produced

equal maximal stimulation of respiration of rat liver mito�

chondria. Together these data suggest that the weak

uncoupling effect of DNP in T. pyriformis (Fig. 2) reflects

a low activity of the ATP/ADP�antiporter and, possibly,

of other anion carriers similar to those participating in

long�chain fatty acid�induced uncoupling in liver mito�

chondria [28] and/or others which are specific for T. pyri�

formis mitochondria. 

Earlier data were obtained which demonstrated that a

large decrease in ∆ψ produced different effects on the

Fig. 3. Coupling effects of nigericin and oligomycin and uncou�

pling effect of oleic acid in mitochondria isolated from T. pyri�

formis cells. Incubation medium contained 250 mM sucrose, BSA

(0.1 mg/ml), 1 mM EGTA, 10 mM KCl, 3 mM KH2PO4, 5 mM

Mops�KOH (pH 7.4), and 10 µM safranin O. Additions: mt,

mitochondria (0.3 mg protein/ml); succ, 5 mM succinate; niger,

25 nM nigericin; oligo, oligomycin (5 µg/ml); glut, 2 mM gluta�

mate; oleate, oleic acid (2.5 µM × 2); CAtr, 1 µM carboxy�

atractylate, BSA, BSA (0.1 mg/ml); GrD, gramicidin D

(1 µg/ml).
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uncoupling induced by FCCP and palmitic acid (which

has DNP�type mechanism of uncoupling) [27]. The pro�

ton conductance in rat liver mitochondria was measured

by the “acid pulse” method [26]. For strong decrease in

∆ψ, the incubation medium and the mitochondrial sus�

pension were bubbled with argon. As a result, the palmitic

acid�induced conductance was decreased by about three�

fold while the FCCP�induced conductance was decreased

by only 14% [27].

The assumption about low ∆ψ in T. pyriformis under

our experimental conditions seems to be a likely explana�

tion of all the data. This hypothesis predicts both low flu�

orescence of mitochondria in living T. pyriformis cells

stained with MitoTracker Red (Fig. 1b) and a sharp dif�

ference between DNP and FCCP in maximal stimulation

of cellular respiration in these cells (Fig. 2).

In the case of low ∆ψ, most of the proton motive

force in mitochondria should be stored in the form of

∆pH; the ∆pH value should be high as FCCP strongly

stimulated respiration of these cells (Fig. 2). If this is true,

considering low ∆ψ and high ∆pH, the energetics of

mitochondria in living T. pyriformis cells more closely

resembles that of chloroplasts or some bacteria than

mammalian mitochondria ([8, 29] and references with�

in). Additional evidence in support of the hypothesis is

that low ∆ψ and high ∆pH give great advantages to ciliates

for free living in natural water reservoirs where they

should exist under occasional conditions of hypoxia, fast�

ing, and other similar unfavorable factors. One of the

advantages of the proton motive force storage mainly in

the form of ∆pH is the greater buffer capacity of the mito�

chondrial membrane energy as compared with its storage

as ∆ψ [8, 29]. High ∆pH accelerates the transport of some

oxidative substrates in mitochondria.

Some decrease in ∆ψ should decrease the exchange

of intramitochondrial ATP for extramitochondrial ADP

through the inner mitochondrial membrane via the

ATP/ADP�antiporter [9, 10]. However, for T. pyriformis

cells a decrease in this exchange could be useful since it

should prevent the dangerous exhaustion of the intrami�

tochondrial ATP pool. It would be interesting to deter�

mine whether this intramitochondrial ATP is used for

other diverse mitochondrial functions [8, 29], including

participation of mitochondria in nuclear degradation in

apoptotic processes [30], or it is necessary to preserve

mitochondrial structures or high intramitochondrial ATP

is necessary for support of the cell state under the experi�

mental conditions.

Changes in other ∆ψ�dependent functions should be

determined by features of their dependence on ∆ψ and a

degree of the ∆ψ dissipation.

There is another mechanism that can decrease the

ATP/ADP�antiporter activity in the described experi�

ments. Fats become the preferential oxidative substrates

during fasting, hibernation, and some other states. This

results in increase in long�chain acyl�CoA concentra�

tions; they inhibit the ATP/ADP�antiporter activity [31,

32]. A rise in fatty droplets was observed in T. pyriformis

cells during the stationary growth phase [23].

It is impossible to exclude one more explanation.

Mitochondria of ciliates could have an isoform of the

ATP/ADP�antiporter with low activity. The answer to

this question can be obtained from experiments with

mitochondria isolated from infusorians.

It is very important to clarify whether the results

described in this paper are reproduced in experiments

with T. pyriformis cells taken during exponential phase of

growth and with other protozoa characterized by high

mobility.

The great advantage of using ciliates and some other

protozoans as models for studying the role of mitochon�

dria in intracellular adaptation should be emphasized.

Ciliates show that some environmental factor is unfavor�

able for them by demonstrative change in shape and in

movement [5, 33, 34]. Titration of respiration by DNP

and FCCP gives valuable information about the state of

mitochondrial energetics. The minimal concentration of

DNP that induced the maximal uncoupling (Fig. 2) is

probably dependent on the concentration of anion carri�

ers participating in the uncoupling under the experimen�

tal conditions. It is possible and reasonable to measure

the maximal stimulation of respiration by DNP and

FCCP and other mitochondrial energy coupling proper�

ties in parallels experiments with living cells and mito�

chondria isolated from them. Analysis of the study results

and published data lead to the suggestion that this model

is suitable for study of mitochondrial energetics during

hibernation and similar states.

Investigations of the ATP/ADP�antiporter proper�

ties in experiment with isolated from T. pyriformis mito�

chondria is one of the approaches for studying basic fea�

tures of mitochondrial energetics in cells, which are

used as an alternative to mammalian cells in diverse

studies.

However, it is more important but difficult to clarify

whether these ancient unicellular organisms contain

supramolecular protein complexes located in the contact

sites between inner and outer mitochondrial membrane;

they include the ATP/ADP�antiporter and other proteins

which regulate cellular energetics ([35] and references

within). A number of weighty arguments led to the

hypothesis that these complexes “govern” not only ener�

getics but the fate of cells [35]. Such studies with ciliates

and other protozoans might give information concerning

the origin or ancient prototypes of these structures.
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