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The use of  potential-sensitive fluorescent probes allowed us to estimate transmembrane 
potentials of the plasma (Ad~.) and mitochondrial (Adpm) membranes of rat thymocytes, which 
were -58_+3 mV and -169-+'~ mV, respectively. Dexamethasone-induced apoptosis led to a 
significant decrease in Adpp (by 55%) and Adam (by 17%). This effects of dexamethasone was 
dose- and time-dependent. Changes in AdPm were greater and preceded those in Aqbp. 
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Apoptosis is a type of  autoregulation directed to 
the removal of "excess" biological material .  During 
the embryonal development this mechanism is trig- 
gered in dividing autoreactive T-cell clones in the 
thymus, aging neutrophils, prostatic and endometrial 
ceils (which are not affected by tropic sex steroid 
hormones), and populations of intensely proliferating 
cells in the absence of growth factors in the medium 
(spontaneous apoptosis) [6,7]. 

Recent studies have revealed specific features of 
apoptosis. Morphological changes include conden- 
sation of the cytoplasm and chromatin, cells fragmen- 
tation, and formation of apoptotic bodies. A decrease 
in the cell volume 2-3 h after the addition of inducing 
agent is the earliest morphological manifestation of 
apoptosis [8]. We have developed a rapid method for 
the recording and analysis of  changes in the volume 
of thymocytes. This method is based on an analog-to- 
digital conversion of results in a MacLab/2e system 
with subsequent computer data processing. We showed 
that dexamethasone-induced apoptosis decreases the 
volume of lymphocytes by 7-29%. This decrease de- 
pends on the preparation concentration and incubation 
time [3]. 

A decrease in the volume of lymphocytes in apo- 
ptosis is associated with change in the ion flux through 
the cell membrane [9,10]. The data suggest that apo- 
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ptosis-induced changes of the cell volume are related 
to fluctuations of transmembrane potentials (TMP, Aqb) 
of the plasma and mitochondrial membranes of thymic 
lymphocytes. 

The method of potential-sensitive tluorescent probes 
(PFP) is used for a quantitative analysis of the TMP 
of cells [1,2]. The possibility for simultaneous registra- 
tion of potentials of the plasma and mitochondrial mem- 
branes, insignificant effects of probes (in the working 
concentration range) on cell respiration and viability, and 
the absence of plasma membrane damages observed 
during a microelectrode assay are the advantages of the 
PFP method. The distribution of PFPs in cells and mito- 
chondria can be analyzed by registering their fluores- 
cence. PFPs are accumulated in cells and mitochondria 
by the gradient of their TMPs. The fluorescence of 
probes changes differently. Fluorescence intensity (FI) of 
many amphiphilic cationic probes increases with an in- 
crease in potentials. On the contrary, FI of cyanic and 
merocyanic stains and anionic probes (ANS and oxolon 
stains) decreases with an increase in potentials. TMPs of 
various cells were intensely studied by using PFPs [7, 
12,14]. Values of Aqb of the mitochondrial and plasma 
membranes in lymphocytes, macrophages, hepatocytes, 
and adipocytes were determined. However, changes of 
the TMP in apoptosis are less investigated. 

Here we studied the TMP of rat thymocytes during 
dexamethasone-induced apoptosis in vitro by using a 
potential-sensitive probe. 
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MATERIALS AND METHODS 

Rat thymic lymphocytes were isolated [11] using the 
standard Hanks'  solution containing 137 mM NaCI, 
5.5 mM KC1, 0.4 mM MgSO 4, 0.5 mM MgC12, 1.26 
mM CaC12, 5.5 mM glucose, 0.35 mM NazHPO 4, 0.45 
mM KHzPO4, and 4.25 mM NaHC (pH 7.4). In seve- 
ral series of experiments, Hanks' solution was replaced 
by the solution of  similar composition. Sodium salts 
in Hanks' solution were replaced by equimolar amounts 
of potassium salts by washing the cells two times at 
200g for 10 min. The incubation was then performed 
in this solution tor 1 h. 

Apoptosis o f  thymocytes was induced by adding 
0.1, 1, and 10 ~M dexamethasone into the suspension. 

Water solution of  4-(n-dimethylaminostyryl)- l-  
methylpyridinium n-toluenesulfonate (DSM) was a 
generous gift o f  G. E. Dobretsov. 

DSM was added to the suspension of thymocytes 
(29.6x106 cells/ml) to a final concentration of 0.5 taM. 
Fluorescence intensity was measured in cylindrical 
cuvettes in a MPF-4 spectrofluorimeter (Hitachi) at 
excitation wavelength of 470 nm and emission wave- 
length of 620 nm with constant stirring. 

The calibration curve was constructed using the 
zero point method [12]. The K + diffusion potential was 
generalized during the substitution o f  Na § cations for 
Tris and choline and C1- anions for gluconate. The K + 
equilibrium potential was calculated from Nernst 's 
equation: 

RT [K+]~ 
Df= ~ In  - -  

F [K+]i ' 

where [K§ and [K+], are the intracellular and extra- 
cellular K + concentrations, respectively. 

Data were analyzed using Pharmacological Basic 
Statistics software. Confidence intervals and reliability 
of the differences were estimated by Student's t test. 
The differences were considered to be statistically 
significant at p<0.05. 

RESULTS 

The distribution of  ions between the external medium, 
cell cytoplasm, and mitochondrial matrix depends on 
TMP of  the p lasma (Adpp) and mitochondrial (Adam) 
membranes (Nernst 's equation [2]): 

A~b =-(RT/zF)In( C /C  ~) ; 
Ad~n=-(RT/zF)ln( C,~/C~) ; 

A(~p+A(~.=-(RT/zF)In(Cm/C m ) (1), 

where Cr C m, and C =  are the concentrations of ions 
in the cytoplasm, mitochondrial  matrix, and extra- 
cellular space, respectively; and z is the ion charge. 

The addition of 0.5 mM DSM to the thymocyte 
suspension (25-30• cells/ml) induced an increase 
in FI. The kinetics of  the increase in the DSM FI was 
shown to reflect the entry of this probe into cells, 
where it bounds to intracellular membranes [4]. The 
maximum FI was observed 15-21 min after the probe 
addition. The FI level was then unchanged. Obviously, 
the probe distribution in the med ium- -cy top la sm- -  
mitochondrial matrix system reached the equilibrium. 
Therefore, all measurements associated with the DSM 
distribution in thymocytes  were conducted atler a 
20-min incubation of  cells with this probe. 

A new fluorimetric method tbr determining the 
TMP of  cells [1,2,4] is based on the assumption that 
the FI of  DSM in the mitochondria increase as long 
as the DSM concentration in an aqueous phase of the 
mitochondrial matrix reaches the limit solubility in 
water (Cmax). The sum of  potentials (A~, +A~m ) can be 
evaluated by measuring Ce, n at which ~m reaches the 
maximum, (C~m)m, x. The DSM solubility limit in an 
aqueous phase (Cma x) is 1.3_+0.3 ~VI [1]. Our experi- 
ments showed that (Cem)m, x is 0.13_+0.05 mM. Substi- 
tution of Cm, x and (C m)m, x in equation (1) allowed us 
to calculate the sum of  potentials of  the plasma and 
mitochondrial membranes of thymocytes from the tol- 
lowing equation: Ad~p+Ad~m=-(RT/zF)ln[CJ(CI)mj. 
This value was -227_+6 mV. In the C m range of 0.15- 
0.4 pM, the value of  (Adp +Aqbm) practically did not 
depend on C m and was 0.2~_+0.01 V. Rise of the DSM 
concentration in the medium induced only a slight in- 
crease in the probe FI in the mitochondria. 

The sum of potentials was measured at Aqbp=0 to 
estimate the individual values of  Aqbp and Adp,,, (the 
potentials were assumed to be independent). Depola- 
rization of  the thymocytes plasma membranes was 
attained by incubating the cells in the medium con- 
taining equimolar quantities of  K ions instead of Na 
ions. A decrease in the DSM H was recorded. The TMP 
of cell mitochondrial membranes was -169_+7 mV. 
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Fig. 1. Dose-dependence and time-dependence of dexamethasone 
effects on mitochondrial transmembrane potential of thymic lym- 
phocytes 
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Fig. 2. Effects of dexarnethasone (10 pM) and mifepristone (RU486, 
100 pM) on plasma transmembrane potential of thymic lymphocytes: 
1) control (without these preparations) and in the presence of 2) 
dexamethasone and 3) dexamethasone and mifepristone. 
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Fig. 3. Sequence of biochemical processes which form the basis of 
changes of plasma transmembrane potential and ceil volume. 

In the second series of experiments we estimated 
the TMP of rat thymic lymphocytes in dexametha- 
sone-induced apoptosis. DSM was added to the thy- 
mocyte suspension (30• cells/ml) to a final con- 
centration of 0.5 plVl. Various concentrations of dexa- 
methasone (0.1, 1, and 10 pM) were then added. 
Changes in TMP were recorded at 30-min intervals and 
37~ for 2 h of incubation. The effect of dexamethasone 
on the TMP was time- and dose-dependent. The first 
changes (Adpm) appeared after 60 min of incubation 
(Fig. 1). Depolarization of the mitochondrial mem- 
brane then increased. The maximum TMP dissipation 
(55+_6% of the initial level) was observed on the 120th 
min of  incubation with 10 laM dexamethasone. This 
glucocorticoid at concentrations of  0.1 gM and 1 
decreased Aqb m by 17+__9% and 34_+8%, respectively. 

During dexamethasone-induced apoptosis, changes 
in the plasma membrane potential (Ad~) were less pro- 
nounced than those in the mitochontlrial membrane 
potential (Fig. 2). Significant differences (no more 

than 17% of the control level) were observed on the 
90th-120th min of  experiment.  The addition of  the 
specific antagonist of  glucocorticoid receptors RU486 
(mifepristone, 10 -5 M) completely abolished the de- 
crease in Ad~ (Adpm and AdO ). 

Thus, TMPs of the plasma and mitochondrial mem- 
branes decreased 1 h after the addition of  glucocorti- 
cold to the cell suspension during dexamethasone- 
induced apoptosis. Changes in Aqb m preceded and were 
more pronounced than those of Ar 

Recent studies have revealed the mechanisms in- 
volved in the maintaining of  cell volume and homeo- 
stasis [9,10,I3]. An increase in cell volume leads to 
K § and CI- efflux into the extracellular space by the 
activation of the corresponding membrane channels. 
Moreover, anionic channels provide the transport of 
CI-, other anions (for example, bicarbonate ion) and 
even negatively charged amino acids. The ion effiux 
through the K§ - symport, K+/H § and C1-/HCO~ anti- 
port systems (efflux of  K + and CI-), and Na+/K + ex- 
change proceeding in parallel with Ca2*-ATPase (which 
leads to the loss of  Na +) are rare. 

Activation of unidirectional transport (symport) of 
Na§ - transporter and Na+/H + and C1-/HCO~ ex-  
change leading to accumulation of  NaC1 prevents the 
decrease in the cell volume. Na+-K+-ATPase restores 
the plasma membrane potential by the exchange of 
three intracellular sodium ions to two extracellular 
potassium ions. The ion efflux through the membrane 
channels is minimized due to inhibition of K + or CI- 
channels. 

These data suggest that changes in the TMP and 
thymocyte volume in apoptosis are simultaneous and 
have common mechanisms. Figure 3 shows a possible 
sequence of events. Dexamethasone-induced decrease 
in the mitochondrial TMP is associated with distur- 
bances in the mitochondrial energy metabolism. This 
inhibits de novo ATP synthesis and exhausts the sources 
of high-energy compounds in thymocytes [5]. Energy 
deficit of  cells leads to dysfunction of  the energy- 
dependent transport systems (Na§ + pump and Ca~- 
ATPase) and activates the ATP-sensitive K + channels. 
Further increase in free cytoplasmic Na + concentration 
stimulates changes in the direction (inversion) of ion 
fluxes related to the functioning of an electrogenic 
Na+/Ca~ antiport. These processes contribute to a de- 
crease in the TMP recorded 1 h after the addition of 
dexamethasone. Changes in the plasma membrane po- 
tential result in a decrease in the volume of thymic 
lymphocytes. 
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