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DISTRIBUTION BY TRANSMEMBRANE POTENTIAL 
OF L929 CELLS IN SUSPENSION BEFORE AND AFTER FREEZING

Monitoring of cell membrane potential is an important tool for assessing their state during functioning, as well as under 
the infl uence of external factors. Th e distribution of transmembrane potential of L929 cells in cultured suspension and aft er 
freezing is determined in this work. It is shown that in the control suspension, cells are in diff erent phases of the cell cycle: a 
larger fraction of cells (82%) is in a hyperpolarized state of varying degrees (G1 and S-phases), and only a small percentage 
of them (~7%) are in the division stage and have a low transmembrane potential value (depolarized cells). Freezing the L929 
cell suspension in the standard mode (10% DMSO, cooling rate of 1 °C/min to –80 °C with subsequent immersion in liquid 
nitrogen) practically does not change the part of cells in the hyperpolarized state. At the same time, the fraction of cells in 
the depolarized state disappears. Obviously, cells that were in the division stage are more sensitive to cryodamage factors. 
Freezing a suspension of L929 cells with a reduced concentration of DMSO (5%) resulted in a signifi cant decrease in the part 
of cells in a hyperpolarized state and a signifi cant decrease in the ability of cells to adhere.
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The transmembrane potential (Vmem) is a fun-
damental biophysical parameter present in all cells. 
It is the result of differences in ion concentration 
across a semipermeable membrane. Therefore, any 
disruption of the permeability of the cell plasma 
membrane or the mechanisms of active ion trans-
port will cause deviations of Vmem from the value 
characteristic of a given cell type. That is, Vmem 
is inherently a system-level property determined 
by the structure of the membrane and the set of ion 
channels and pumps. Therefore, monitoring the 
cell membrane potential is an important tool for 
determining their state during functioning, as well 
as under the in  uence of external factors.

The  rst studies of Vmem were carried out on 
large cells (giant algae cells, giant squid axons, 

muscle cells) using intracellular glass micro-
electrodes. With the improvement of the measu-
rement technique, the use of ultrathin microca-
pillaries was extended to a variety of small cells, 
in particular isolated cultured cells. Based on these 
studies, it was concluded that cells that are elec-
trically excitable are characterized by high Vmem 
in the resting state, while small non-excitable cells 
have low Vmem. However, evidence began to 
emerge that measurements made using distribution 
indicators gave high Vmem, while electrodes 
showed low values [30]. It turned out that when 
studying small cells using the microcapillary 
technique, there is a problem of sealing and leakage 
of cations through the membrane-glass sealing 
layer [20].
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A signi  cant improvement in the technique for 
determining Vmem in small cells was provided 
by the advent of so-called patch-electrodes [19], 
which were tightly attached to the outside of cell 
membranes and could be sealed with a resistance 
of up to 1011 , compared to less than 5 109  for 
penetrating electrodes. The whole-cell patch-
electrode technique was applied to mouse em-
bryonic  broblasts (L cells) cultured in suspension 
[20]. The authors obtained Vmem in the range of 
–50 to –75 mV, whereas previous studies reported 
–15...–20 mV. These results suggest that previous 
reports of resting Vmem in small cultured cells 
should be revised. In the authors’ opinion, the 
highest values (around –75 mV) are the best es-
timates of the true resting Vmem in L cells.

The appearance of optical methods for measu-
ring Vmem [13] has opened up new possibilities for 
studying Vmem in small, non-excitable cells. The 
 rst attempts to determine absolute values of Vmem 

using  uorescent potential-dependent probes were 
based on simultaneous electrophy-siological mea-
surements with glass microelectrodes and the 
 uorescence intensity of the probe in a single cell 

[11]. However, as already noted, this approach 
introduces significant errors in determining the 
relationship between  uorescence intensity and 
absolute value of Vmem [30]. These problems were 
solved using patch-electrodes [19]. However, the 
use of dif  cult methods for measuring Vmem using 
microelectrodes for calibrating the  uorescence 
intensity of potential-dependent probes negates the 
advantages of their use and does not provide gua-
ranteed measurement accuracy. Therefore, when 
measuring Vmem with  uorescent indicators, the 
relative changes were taken, and not the absolute 
values of the measured parameter. As a prerequisite 
for determining absolute values, a calibration curve 
is mandatory to establish a de  nite relationship 
between  uorescence and transmembrane poten-
tial. Approaches that use a series of different iso-
osmotic compositions of the external buffer and the 
addition of an appropriate ionophore (usually va-
linomycin or gramicidin, depending on whether a 
cationic or anionic dye is used) to give a speci  c 
change in Vmem based on the Nernst potential for 
extra- and intracellular sodium and potassium 
cations are less laborious and also well-established 
[5, 12, 15, 25, 26, 29, 34, 46]. However, to simplify 
the procedure, intracellular cation concentrations 
have usually only been estimated [5, 25, 26, 29, 

46] rather than actually measured. Furthermore, 
even for the most well-studied cells, such as 
erythrocytes, the intracellular concen-trations of 
major ions vary from author to author [3, 4, 31, 36, 
41, 44], which affects the calculated values of 
Vmem.

In this regard, the method proposed by Krasznai 
et al. [27] has the advantage that intracellular 
cations do not need to be taken into account for 
calibration. In this work, a protocol is proposed for 
measuring Vmem on an absolute scale using the dye 
bis(1,3-dibutylbarbituric acid(5)) trimethine 
oxonol (diBA-C4-(3)). This method is based on the 
assumption that, due to their net negative charge, 
diBA-C4-(3) molecules distribute across the cyto-
plasmic membrane according to the Nernst equa-
tion. The intracellular concentration of the dye is 
calculated based on its concentration and the  uo-
rescence of cells fully depolarized with paraformal-
dehyde, [6, 27], methanol [43], or gramicidin [38].

The aim of the study was to determine the 
absolute values of transmembrane potentials of 
L929 cells in cultured suspension and the in  uence 
of freezing conditions on this parameter.

MATERIALS AND METHODS

Reagents. Dimethyl sulfoxide — ( 99.7%, Hybri-
Max(TM),  lter-sterilized (Sigma-Aldrich, Ger-
many); dye bis(1,3-dibutylbarbituric acid(5)) tri-
methinoxonol (diBA-C4-(3)), 95%, (Sigma-
Aldrich); Gramicidin A from Bacillus brevis 
(Sigma-Aldrich).

The dye was dissolved in DMSO and stored as 
a concentrated solution (22 mM) at –20 °C in the 
dark. Fresh dilutions of the stock solution were 
prepared for each experiment. Aliquots of the pre-
diluted dye solutions were added either directly or 
after further dilution to the cell suspensions to 
obtain the desired  nal dye concentration.

Gramicidin used to depolarize cells was dis-
solved in DMSO at a concentration of 2 mg/ml. 
Cells were exposed to gramicidin at a concentra-
tion of 2 g/mL. Measurements were performed 
30 minutes after exposure to gramicidin and dye. 
During incubation, cells were maintained at 37 °C 
in tubes covered with aluminium foil. 

Cells. The studies were performed on the L929 
cell line, which was obtained from a cryopreserved 
culture stored at –196 °C in the cryobank of the 
Institute for Problems of Cryobiology and Cryo-
medicine of the NAS of Ukraine. The cells were 
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cultured in DMEM/F12 medium (Biowest, France) 
containing 200 U/mL benzylpenicillin (Arterium, 
Ukraine), 200 g/mL streptomycin (Arterium), and 
10% fetal calf serum (Biowest) at 37 °C in an 
atmosphere of 5% CO2 in plastic culture bottles 
(SPL Life Sciences, Korea). The seeding concen-
tration of cells to obtain the initial culture was 2 × 
× 105 cells/mL.

Cell cryopreservation. For cryopreservation, a 
monolayer cell culture of 5—7 days of cultivation 
was used. The cell monolayer was detached from 
the surface of the culture flask by sequential 
treatment for 2 min with Versene solution (Vetline, 
Ukraine) and 0.25% trypsin solution (Biowest, 
France) for 10 min. Then the cells were washed 
from the enzymatic solution by centrifugation in 
DMEM/F12 medium with the addition of 10% 
FCS at 1500 rpm for 3 min in an MPW-260R 
centrifuge (MPW Med. Instruments, Poland). The 
pellet was resuspended in 0.5 mL of DMEM/F12 
nutrient medium and an equal volume of the 
appropriate cryoprotective medium with double 
concentration of cryoprotectant and FCS was 
added. Each cryotube was  lled with 1 mL of cell 
suspension with a concentration of 106 cells/mL. 
DMSO with a concentration of 10% (vol/vol) was 
used for cryopreservation. In addition, cells that 
were frozen with a reduced amount of DMSO (5%) 
were studied. Cryopreservation was performed 
using cryovials (Nunc, USA). Freezing was per-
formed at a cooling rate of 1 °C/min to –80 °C with 
subsequent immersion in liquid nitrogen (stan-
dard mode).

Cell warming. The samples were warmed in a 
water bath at 37 °C until the solid phase disap-
peared. To remove the cryoprotectant, 10 times the 
volume of culture medium was added to the cell 
suspension, centrifuged for 5 min at 1200 rpm, and 
the supernatant was removed. This procedure was 
repeated twice. The cell suspension pellet obtained 
after warming and removal of the cryoprotectant 
was resuspended in 1 mL of culture medium, after 
which cell counting was performed. 

The  uorescence intensity values of cells were 
measured using a LSM 510 META confocal micro-
scope (Carl Zeiss, Germany). In the control sus-
pension,  uorescence was measured and the Vmem 
value calculated for 140 cells, in the suspensions 
after freezing — for 90 cells.

To study adhesion, cells were plated on a glass 
substrate measuring 25.4 mm × 25.4 mm × 1 mm 
at a concentration of 3—4 × 105 cells/mL.

Theoretical justification of the fluorescence 
calibration method. According to the protocol 
described in [18, 27], due to the total negative 
charge, diBA-C4-(3) molecules are distributed 
through the cytoplasmic membrane according to 
the Nernst equation. Since the dye is a monovalent 
anion, it can be written

Vmem = RT/F[ln(Di/De)]  (1)
where R is the universal gas constant, T — the ab-
solute temperature, F — the Faraday constant, and 
Di and De are the intra- and extracellular concen-
trations of free dye, respectively.

Therefore, determining the absolute value of 
Vmem is a matter of determining the ratio of the free 
dye concentrations on both sides of the cyto-
plasmic membrane Di/De. To determine this ratio, 
the concentration dependence of the fl uorescence 
intensity of the studied cells stained with diBA-
C4-(3) (between 100 nM and 2 μM) in suspension 
is obtained. The calibration curve displays the 
average values of the measured cellular fl uorescence 
as a function of the extracellular concentration of 
the dye. Due to the relationship between the extra-
cellular and intracellular concentrations of the free 
dye and the Vmem of the cells (1) used to construct 
the calibration curve, the abscissa of this plot can 
be further scaled in terms of Di as
 Di = De exp(FVmem/RT) = DeC, (2)
where C is a constant at a constant value of Vmem.

The transmembrane potential of the sample 
under study can be calculated from the ratio Di

S/De
S 

using the Nernst equation (1) (the superscript 
S refers to the sample under study). For the cal-
culation, data from a sample with fully depolarized 
(but otherwise identical to those used in the ex-
periment) cells are used. Instead of de  ning De

S, 
we de  ne Di

0 (De
S = Di

0), where the superscript 
0 refers to a sample with fully depolarized cells 
(with Vmem = 0) stained in the presence of exactly 
the same concentration of dye as the sample of 
interest. The results obtained using the Krasznai 
method [27] were found to be consistent with data 
obtained using patch-electrode measurements on 
whole cells.

RESULTS

Construction of a calibration curve for determining 
the transmembrane potential of L929 cells. Cells 
were suspended at a concentration of 105 ml–1 in 
PBS containing different concentrations of dye. 
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The dependence of the  uorescence intensity of 
cells on the concentration of the probe in the 
extracellular solution [diBA-C4-(3)]e is shown in 
Fig. 1a. 

Since increasing the dye concentration does not 
affect Vmem, the abscissa of the plot can be changed 

in terms of Di, (Fig. 1b). According to the assum-
ptions made, the measured  uorescence intensity 
is a well-de  ned function of Di. Furthermore, Di is 
the only variable that affects the detected emission 
intensity for a given cell (with a given membrane 
potential) under the same microscope settings. This 
allows us to use the plot of cell fluorescence 
intensity versus extracellular probe concentration 
(Fig. 1a) as a generally accepted calibration curve 
and calculate Di from  uores-cence readings on a 
relative scale (Fig. 1b).

Using the graph of the dependence of the  uo-
rescence intensity of L929 cells on the probe con-
centration in the extracellular medium (Fig. 1a) 
and the  uorescence value of depolarized L929 
cells at a probe concentration of 660 nM (FI0 = 169 
rel. units, Fig. 1a, Fig. 2), we determine the corres-
ponding scale of intracellular dye concentrations 
(Fig. 1a) and calculate the Vmem of cells from the 
fluorescence intensity at the same probe con-
centration according to the formula (1). Taking into 
account the value and dimension of the constants 
(R, F) and the absolute temperature T {R =
= 8.31 J/mol × K, F = 96485.33 C/mol, T = 293 K 
(20 °C)}, we obtain RT/F = 0.025. The calculated 
values of transmembrane potentials for different 
 uorescence levels are presented in Table 1.

Determination of transmembrane potential of 
L929 cells. For the population of native cells (cells 
after recultivation), the following results were 
obtained. The Vmem values of the main part of cells 
(54.5%) ranged from −75 to −58 mV; 27.5% of cells 
had potentials from −55 to −40 mV; 4.3% of 
cells — from −39 to −30 mV; 6.5% of cells — from 
−29 to −25 mV and 7.2% of cells had potentials 
from −24 to −20 mV (Tabl. 2, Figs 3, 4). Th us, the 
main fraction of cells in the native cell suspension 
has a high Vmem of −75...−58 mV. However, there 
is a small proportion of cells (~14%) that has a 
relatively low Vmem (< −30 mV).

In the suspension frozen with 10% DMSO im-
mediately aft er thawing, the fraction of cells with 
low Vmem (< –30 mV) disappears. Apparently, cells 
with low Vmem die during freezing. At the same 
time, the number of cells with Vmem from −55 to 
−40 mV (34.5%) and from −39 to −30 mV (14.5%) 
increases, and the part of cells with high Vmem 
(−75...−58 mV) remains quite high (51% com-
pared to 54.5% in the native suspension) (Figs 5, 6). 
Aft er freezing the cell suspension with 5% DMSO, 

Fig. 1. Average fl uorescence intensity of L929 cells stained 
with diff erent concentrations of the membrane potential 
indicator diBA-C4-(3). Extracellular (De

S — a) and intra-
cellular (Di

S — b) concentrations of the membrane po-
tential indicator dye. Th e superscripts S and 0 refer to the 
measured sample and depolarized cells, respectively

Table 1. Calculated values of intracellular probe 
concentrations and transmembrane potentials 
for diff erent fl uorescence levels

Fluorescence 
intensity, rel. un. Di

S, nМ CS Transmembrane 
potential Vmem, mV 

1
4
5

16
17
20
33
39
42
49
53
76

33.0
66.0
73.3

135.6
139.3
146.6
186.9
205.2
212.6
238.2
249.2
307.8

0.05
0.10
0.11
0.20
0.21
0.22
0.28
0.31
0.32
0.36
0.38
0.46

–75.6
–58.1
–55.5
–40.0
–39.3
–38.0
–31.8
–29.5
–28.6
–25.7
–24.6
–19.2
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the number of cells with high Vmem de-creases to 
36% and the fraction of cells with Vmem less than 
−40 mV increases to 35% (Figs 7, 8). 

The effect of freezing on the adhesion and 
proliferation capacity of L929 cells. Cells that were 
frozen under the optimal regime (10% DMSO, 
cooling rate of 1 °C/min to –80 °C with subsequent 
immersion in liquid nitrogen) create a full-  edged 
monolayer one day after seeding and occupy 
almost the entire area of the substrate, and on the 
second day they occupy the entire area. On the 
third day, a second layer of cells begins to grow 
(Fig. 9a, b, c). Cells that were frozen with 5% 
DMSO did not create a monolayer (Fig. 9d, e, f). 
On the  rst day after seeding, the cells are highly 
sparse and occupy a small area of the substrate 
surface. Obviously, this is due to the fact that after 
freezing in suboptimal conditions, a smaller part of 
viable cells remains. This is con-sistent with the 
data on the distribution of cells by Vmem after 
thawing (Fig. 8). On the second and third day, 
viable cells begin to divide and gradually  ll the 
area of the substrate.

DISCUSSION

Studies of Vmem in small, quiescent cells have 
shown that the resting potentials of different cell 
types lie in a wide range (from −10 to −90 mV), 
and the position of cells along this Vmem scale 
usually corresponds to their proliferative potential 
[8, 45]. The  rst correlations between Vmem and 
proliferative capacity arose from the observation 
that cells with very high resting Vmem, such as 
muscle cells and neurons, show little or no mitotic 
activity [9]. Vmem oscillations occurring during cell 
cycle progression have been shown in Chinese 
hamster lung cells [7]. During the G0/G1 transition, 
Vmem gradually shifts from an intermediate de-
polarization state to an intermediate hyperpola-
rization state. As the cell passes through the G1/S 

Fig. 2. Fluorescence of the probe diBA-C4-(3) in depolarized 
L929 cells at a probe concentration in suspension of 660 nM. 
Th e measured fl uorescence intensity FI0 = 169 rel. units

Fig. 3. Fluorescence of the diBA-C4-(3) probe in control 
L929 cells at a probe concentration in suspension of 660 nM

Potential range, mV
Cell portion, %

Control suspension Aft er freezing with 10% DMSO Aft er freezing with 5% DMSO

–75…–58
–55…–40
–39…–30
–29…–25
–24…–20

54.5
27.5
4.3
6.5
7.2

51
34.5
14.5
—
—

36.5
28.5
35
—
—

Table 2. Distribution of cells by transmembrane potential in L929 cell suspension
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phase transition checkpoint, Vmem becomes even 
more negative, indicating hyperpolarization of the 
cell membrane. During the transition through 
S-phase, the S/G2 checkpoint, and G2-phase, the 
membrane potential has a maximum negative va-
lue and remains hyperpolarized. Upon entering 
mitosis, Vmem rapidly depolarizes to a lower mi-
nimum value, indicating the completion of cell 
division. In [16, 32], it was shown that rat bone 
marrow MSCs have variable membrane potentials 
from −15 to −55 mV. Vmem was −41.3 mV in early 
G1 phase, increased to −48.6 mV in cells progres-
sing through G1 phase, and to −52.2 mV in late G1 

Fig. 4. Distribution of L929 cells by transmembrane po-
tential in native suspension

Fig. 5. Fluorescence of the diBA-C4-(3) probe in L929 
cells frozen with 10% DMSO at a probe concentration in 
suspension of 660 nM

Fig. 6. Distribution of L929 cells by transmembrane po-
tential in suspension aft er freezing with 10% DMSO

Fig. 7. Fluorescence of the diBA-C4-(3) probe in L929 
cells frozen with 5% DMSO at a probe concentration in 
suspension of 660 nM

Fig. 8. Distribution of L929 cells by transmembrane po-
tential in suspension aft er freezing with 5% DMSO
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and S-phase cells. These results indicate that Vmem 
in rat MSCs hyperpolarizes during the progression 
of the cycle from early G1 to S phase. Such  uc-
tuations in Vmem are well documented in other cell 
types [7]. Therefore, Vmem oscillation is an impor-
tant regulatory component of ion  ux during the 
cell cycle, and its dysregulation may be associated 
with abnormal cell behaviour.

Modulation of Vmem can stimulate or inhibit 
proliferation in predictable ways. When varying 
the Vmem levels of Chinese hamster ovary cells by 
changing the ionic composition of the medium, 
complete mitotic arrest was achieved by hyper-
polarizing Vmem to −75 mV, but its recovery could 
be obtained by returning to Vmem to −10 mV [14]. 
In rat spinal cord astrocytes, hyperpolarization of 
the membrane potential (approximately −50 mV 
to −80 mV) was accompanied by a decrease in 
proliferation [33]. Conversely, depolarization of 
astrocytes with ouabain or extracellular K+ in-
creased cell proliferation and DNA synthesis [10, 40].

However, the relationship between Vmem and 
proliferation is not straightforward. Since Vmem is 
a parameter that re  ects the cumulative activity of 
multiple ion channels and currents, Vmem-induced 
cell behaviour may be the result of one or more 
ion-related events [1]. Many studies have indicated 
that K+ currents are the protagonists of proliferation 
and cell cycle progression [17, 33]. A correlation 
between inhibition of K+-channels and inhibition 
of proliferation has been shown for different cell 
types [33, 47]. For example, in neural progenitor 

cells isolated from adult mouse neurospheres, two 
types of K+-channels were responsible for esta-
blishing a resting hyperpolarized Vmem of appro-
ximately –80 mV [48].

X.L. Deng et al. [16] showed that in a suspension 
of MSCs obtained from rat bone marrow, in the 
control group (cells that were not subjected to 
special treatment) approximately 51% of the cells 
were in the G0/G1 phase (Vmem ~ −41.3 mV), 43% 
in the S-phase (~ −52.2 mV) and only 6% in the 
G2/M phase (~ −26...−15 mV). Th us, the cells in 
the control suspension are in different phases of the 
cell cycle, although only a small percentage of 
them are in the division stage and have a low Vmem 
value (depolarized cells). We obtained a similar 
result for the control suspension of L929 cells 
(Table 2). Most cells (82%) are in a hyperpolarized 
state of varying degrees (G1 and S phases), 10% 
in a relatively depolarized state (G0/early G1 pha-
se) and ~7% in a depolarized state (in M phase). 
After freezing in the optimal mode, 84.5% of cells 
are in a hyperpolarized state of varying degrees 
(G1 and S phase) and 14.5% of cells in a relatively 
depolarized state (G0/early G1 phase). The fraction 
of cells in a depolarized state, i.e. cells that were in 
the division stage, disappears

The cell suspension after freezing with 5% 
DMSO contains 36% of cells in a hyperpolarized, 
28.5% of cells in a relatively hyperpolarized state, 
and the fraction of cells in a relatively depolarized 
state increase sharply (35%). However, given that 
cells after freezing with 5% DMSO lose their 

Fig. 9. L929 cells that were adhered to a glass surface aft er freezing with 10% (a, b, c) and 5% DMSO (d, e, f) depending 
on the period of attachment to the substrate (a, d — 1 day; b, e — 2 days; c, f — 3 days)
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ability to adhere, it is obvious that in this case it is 
not worth correlating the distribution of cells by 
Vmem with the stages of the cell cycle. As already 
noted, Vmem is a parameter that reflects the cu-
mulative activity of many ion channels and cur-
rents. During freeze-thawing, cells are exposed to 
various damaging factors. The  rst candidate for 
cryodamage is the cell plasma membranes and 
their surface structures. At the same time, one of 
the main indicators of plasma membrane damage 
is a disturbance of its permea-bility to varying de-
grees. This usually causes an increase in the lea-
kage of cations, and therefore a change in Vmem. 
Thus, Vmem is no longer associated only with chan-
ges in the activity of speci  c channels that regulate 
the transmembrane potential, but is also determined 
by the degree of plasma membrane damage. For 
example, it was shown that apoptosis of hLEC 
cells correlated with suppression of integrin 
expression, decreased proliferation, and depolari-
zation of Vmem [37].

Cell adhesion to the extracellular matrix is es-
sential for normal cell cycle progression and ac-
curate cell division [22, 23, 39]. L.C. McKinney 
and E.K. Gallin [35] showed on mouse macrophage 
cells that the specific Ki conductance (GKi) in-
creased almost twofold one day after plating. Vmem 
also increased from −42 to −58 mV over the sa-
me time period (G1 to S phase transition). GKi 
and Vmem correlated with each other. According to 
F. Krötz et al. [28], epoxyeicosatrienoic acids 
(EEAs) hyperpolarize platelets and inactivate them 
by inhibiting the expression of adhesion molecules 
and platelet adhesion to cultured endothelial cells 
in a Vmem-dependent manner. Flow cytometric 
measurement of platelet Vmem using the fl uorescent 
dye diBA-C4-(3) showed a resting potential of −58 
mV. Diff erent regioisomers of EEAs hyperpolarized 
platelets to −69 mV, which was prevented by the 
nonspecifi c potassium channel inhibitor charybdo-
toxin and the use of the large-conductance calci-
um-activated potassium channel blocker iberiotox-
in. Th us, the cell cycle and cell adhesion are two 

interdependent processes that mutually regulate 
each other at each phase of the cell cycle. Cell adhe-
sion to the extracellular matrix via integrin recep-
tors triggers signalling pathways necessary for cell 
cycle progression [2, 21, 24, 42].

CONCLUSIONS

Methods for determining the absolute values of cell 
transmembrane potentials using potential-depen-
dent fl uorescent probes provide broad opportuni-
ties for monitoring transmembrane potentials in 
suspensions of small cultured cells under the infl u-
ence of various factors.

The control suspension of L929 cells contains 
cells in different phases of the cell cycle. The ma-
jority of cells (82%) are in a hyperpolarized state 
of varying degrees (G1 and S phases), and only a 
small percentage are in the division stage and have 
a low transmembrane potential (depolarized cells).

Freezing of L929 cell suspension under optimal 
conditions (10% DMSO, cooling rate of 1 °C/min 
to −80 °C with subsequent immersion in liquid ni-
trogen) practically does not change the proportion 
of cells in the hyperpolarized state. At the same 
time, the fraction of cells in the depolarized state 
disappears. Obviously, cells that were in the division 
stage are more sensitive to cryodamage factors.

Freezing of L929 cell suspension with 5% 
DMSO using the same cooling regimen resulted in 
a signi  cant decrease in the proportion of cells 
in a hyperpolarized state and a signi  cant decrease 
in the ability of cells to adhere.

Transmembrane potential is a parameter that re-
 ects the cumulative activity of many ion channels 

and currents. In this case, cell damage during cryo-
preservation causes a change in the permeability of 
cell membranes and disrupts the direct connection 
between Vmem and the functioning of speci  c ion 
channels. An additional contribution to this imbal-
ance is made by disruption of processes associated 
with the expression of integrins and other partici-
pants in the adhesion process.
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РОЗПОДІЛ КЛІТИН L929 ЗА ТРАНСМЕМБРАННИМ ПОТЕНЦІАЛОМ 
У СУСПЕНЗІЇ ДО ТА ПІСЛЯ ЗАМОРОЖУВАННЯ
У роботі визначено розподіл за трансмембранним потенціалом клітин L929 у культивованій суспензії та 
після заморожування. Показано, що у контрольній суспензії клітини знаходяться у різних фазах клітинного 
циклу: більша частка клітин (82 %) — у гіперполяризованому стані різного ступеню (G1 та S-фази), і лише 
незначна їх частка (~7 %) перебуває у стадії поділу та має низьке значення трансмембранного потенціалу 
(деполяризовані клітини). Заморожування суспензії клітин L929 за стандартним протоколом (10% ДМСО, 
швидкість охолодження 1 °С/хв до −80 °С із подальшим зануренням у рідкий азот) практично не змінює частку 
клітин у гіперполяризованому стані. Водночас зникає фракція клітин у деполяризованому стані. Очевидно, 
що клітини, які перебувають у стадії поділу, є більш чутливими до кріопошкодження. Заморожування сус-
пензії клітин L929 зі зниженою концентрацією ДМСО (5%) призводить до значного зменшення частки клітин 
у гіперполяризованому стані та суттєвого зменшення їхньої здатності до адгезії.
Ключові слова: клітини L929, трансмембранний потенціал, клітинний цикл, адгезія, заморожування.


