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Abstract. The disaccharide trehalose is increasingly
being used as a very efficient stabilizer of cells,
membranes and macromolecules during cryo- and
Iyoconservation. Although extracellular trehalose can
reduce cryo- and lyodamage to mammalian cells, the
sugar is required on both sides of the plasma mem-
brane for maximum protection efficiency. In the
present study, mouse myeloma cells were loaded with
the disaccharide by means of reversible electroper-
meabilization in isotonic trehalose-substituted medi-
um, which contained 290 mm trehalose as the major
solute. By using the membrane-impermeable fluores-
cent dye propidium iodide as the reporter molecule,
optimum electropulsing conditions were found, at
which most permeabilized cells survived and recov-
ered (i.e., resealed) their original membrane integrity
within a few minutes after electric treatment. Micro-
scopic examination during the resealing phase re-
vealed that electropulsed cells shrank gradually to
about 60% of their original volume. The kinetics of
the dye uptake and the volumetric response of cells to
electropulsing were analyzed using a theoretical
model that relates the observed cell volume changes
to the solute transport across the transiently per-
meabilized cell membrane. From the best fit of the
model to the experimental data, the intracellular
trehalose concentration in electropulsed cells was es-
timated to be about 100 mm. This loading efficiency
compares favorably to other methods currently used
for intracellular trehalose delivery. The results pre-
sented here point toward application of the electro-
permeabilization technique for loading cells with
membrane-impermeable bioprotectants, with far-
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reaching implications for cryo- and lyopreservation
of rare and valuable mammalian cells and tissues.
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Introduction

The disaccharide trehalose is found at high concen-
trations in organisms that are capable of withstand-
ing various environmental stress conditions. Many
yeasts, plants and some animals naturally synthesize
trehalose, which protects the structural integrity of
cells during extreme dehydration and cold (Drennan
et al., 1993; de-Araujo, 1996; Crowe & Crowe, 2000).
Due to its extraordinary properties, trehalose is in-
creasingly being exploited in biomedicine and bio-
technology as a very efficient stabilizer of frozen and
dry macromolecules (e.g., antibodies, enzymes, etc.),
artificial and natural membranes (Rossi et al., 1997,
March & Clark, 2000; Puhlev et al., 2001;). Medical
applications of trehalose include lyo- and cryopre-
servation of blood, sperm, tissues and whole organs
for storage, transport and surgical transplantation
(Beattie et al., 1997; Woelders, Matthijs & Engel,
1997; Eroglu et al., 2000; Guo et al., 2000; Wolkers
et al., 2001).

Several molecular mechanisms have been sug-
gested by which trehalose protects cells during
freezing and drying. These involve stabilizing effects
on both cellular proteins and membranes by forma-
tion of hydrogen bonds and/or by water replacement,
inhibition of intracellular ice formation, increase of
the surface energy between the cell membrane and
bulk solvent, etc. (de-Araujo, 1996; Oliver, Crowe &
Crowe, 1998; Wolfe & Bryant, 1999; Tsvetkova et al.,
1998; Takahashi, 1999, Crowe & Crowe, 2000;
Lambruschini et al., 2000). Although extracellular
trehalose can reduce cryo- and lyodamage to cells, the



46

disaccharide is usually required on both sides of the
cell membrane for maximum protection efficiency
(Paiva & Panek, 1996; Eroglu, Toth & Toner, 2001;
Wolkers et al., 2001). Depending on the cell type,
150-200 mwm intracellular trehalose is necessary for
improved survival of frozen mammalian cells after
thawing (Eroglu et al., 2000, 2001). In contrast to
freeze-thaw protocols, much less intracellular treha-
lose (20-25 mm) is required for efficient preservation
of mammalian cells by freeze-drying (Wolkers et al.,
2001).

Various experimental approaches have been de-
veloped for the introduction of trehalose into mam-
malian cells, which can neither synthesize nor actively
accumulate this disaccharide. Some of these in vitro
techniques make use of the leakiness of cell mem-
branes during the phase transition (Beattie et al.,
1997), the fluid-phase endocytosis (Wolkers et al.,
2001) or a pore-forming protein inserted into the
plasma membrane to introduce exogenous trehalose
(Eroglu et al., 2000). In a different approach, the
genes for trehalose synthesis have been transferred
into the target mammalian cells using viral vectors
(Guo et al., 2000). Irrespective of the technique, the
combination of intra- and extracellular trehalose was
found to enhance greatly the survival of mammalian
cells in the frozen or dry state.

An alternative approach that might allow to
overcome the natural impermeability of cell mem-
branes to trehalose is electropermeabilization (for
review see Zimmermann & Neil, 1996). This techni-
que (also known as electroporation or -injection)
provides a well-proven tool for the introduction of
various membrane-impermeable xenomolecules (such
as drugs, hormones, proteins, plasmids, etc.) into
living cells as well as the controlled release of in-
tracellular substances. Electropermeabilization is
based on the temporary increase of the membrane
permeability due to reversible electric breakdown of
the plasma membrane upon application of external
high-intensity field pulses of very short duration
(Zimmermann, Pilwat & Riemann, 1974). This field-
pulse technique has gained common acceptance be-
cause it is more controllable, reproducible, and effi-
cient than other methods for intracellular delivery of
foreign molecules (Friedrich et al., 1998, Spiller et al.,
1998; Delteil, Teissié & Rols, 2000).

In the present study, the introduction of treha-
lose into mouse myeloma cells (Sp2 line) was per-
formed by means of electropermeabilization. Cells
were suspended in isotonic trehalose medium (ITM,
containing 290 mm trehalose as the major solute) and
subjected to mild electropulsing conditions that pro-
duced no detectable loss of cell viability. The per-
meabilized cells recovered (i.e., resealed) within few
minutes their original membrane impermeability to
trehalose and other small solutes. The resealing time
constant was about 4 min at room temperature, as
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assessed from the kinetics of the uptake of the fluo-
rescent dye propidium iodide (PI). The volumetric
response of cells to electropulsing was analyzed using
a theoretical model that allowed the quantitative
evaluation of the intracellular trehalose delivery.
Using mild field-pulse conditions, about 100 mwm
trehalose could be introduced into the cytosol of
living cells. The loading efficiency obtained here with
electroporation compares favorably to those reported
for other techniques currently used for intracellular
trehalose delivery.

Materials and Methods

CEeLL CULTURE

The murine myeloma cell line Sp2/0-Agl4 was cultured in RPMI
1640 complete growth medium (CGM), supplemented with 10%
(v/v) fetal calf serum (FCS; PAA, Linz, Austria), at 37°C under 5%
CO,. The cells were kept in the exponential growth phase by sub-
culturing two or three times a week.

PuLsING MEDIUM

Isotonic trehalose medium (ITM) contained 290 mm trehalose
(Sigma, Deisenhofen, Germany) and 5 mm KCI as the major os-
moticum and electrolyte, respectively. Osmolality and conductivity
were determined to be 300 mOsm and 0.9—1.1 mS/cm (at 22°C) by
means of a cryoscope (Osmomat 030, Gonotec, Berlin, Germany)
and a conductometer (Knick, Berlin, Germany), respectively. pH of
the medium was about 7.3. The reasons for using low-conductivity
medium are discussed in detail elsewhere (Mussauer et al., 1999;
Mussauer, Sukhorukov & Zimmermann, 2001).

ELECTROPORATION

Electropermeabilization of Sp2 cells suspended in ITM was per-
formed by means of the Multiporator distributed by Eppendorf
(Hamburg, Germany). This instrument generates exponentially
decaying field pulses with peak intensities of up to 1.2 kV and decay
times between 15 and 500 psec (Friedrich et al., 1998). Most ex-
periments were performed with the commercial cuvettes purchased
from Eppendorf (Hamburg, Germany). These cuvettes, consisting
of two planar aluminum electrodes (2 cm? area) spaced by d = 2
mm, were filled with 400 pl of cell suspension. Alternatively, a
chamber consisting of two parallel stainless steel wire electrodes
with a diameter of 200 pm was used for microscopic observations
of cells during and after electropulsing. The electrodes were
mounted on a glass substrate at a distance d of 560 um. Typically,
10-20 pl of cell suspension was pipetted between the wire electrodes
and covered with a glass coverslip. For both electroporation
chambers, the initial applied field strength E, was calculated from
the supplied pulse voltage V, as Ey = Vy/d. All electropermeabi-
lization experiments were performed at room temperature (20—
22°C).

Microscory

Observations were made with a microscope (BX 51 Olympus,
Hamburg, Germany) using transmitted light to examine the volu-
metric cell response to electropulsing (see Results and Appendix 2).
Microphotographs were taken before and every one minute after
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electropulsing, using a high-resolution digital camera (ColorView
2, Soft Imaging System, Miinster, Germany) attached to the
microscope.

Frow CYTOMETRY

In a series of experiments, the pulse medium (i.e., ITM) was sup-
plemented with 20 pg/ml (/230 pum) propidium iodide (PI, Sigma,
Deisenhofen, Germany) as the fluorescent reporter molecule. This
membrane-impermeable cationic dye reveals strong red fluores-
cence after binding to nucleic acids. PI served two purposes: 1) as a
vital stain, it distinguished living cells from dead ones, and 2) as an
indicator of the transient and reversible electropermeabilization, it
allowed the determination of the resealing time constant of the
plasma membrane (see Appendix 1). Pl-staining of cells was ana-
lyzed at various time intervals after field-pulse application in a flow
cytometer Epics XL system (Beckman Coulter, Fullerton, CA)
equipped with a 15-mW 488-nm argon laser using a band-pass filter
of 675/15 nm. Cellular red fluorescence (RF) signals from samples
containing about 5000 cells were presented as one-dimensional
frequency histograms. The short-term viability in electropulsed cell
samples was evaluated 10-15 min after electropulsing. Because of a
large difference in their RF intensity, the populations of viable and
dead cells could easily be distinguished in the RF histograms (for
detail, see Mussauer et al., 2001). The viability was defined as the
ratio of the count of weakly fluorescent living cells to the total cell
number.

Results

VIABILITY OF CELLS ELECTROPERMEABILIZED
IN IsoToNic TREHALOSE MEDIUM

In order to optimize the electropulsing conditions for
intracellular trehalose delivery, we first examined the
electrosensitivity of Sp2 cells by studying the depen-
dence of their short-term viability on both field
strength E, and duration of the applied field pulses.
The viability was quantified by flow-cytometry using
the membrane-impermeable fluorescent dye PI as the
reporter molecule (Sukhorukov et al., 1995; Mus-
sauer et al., 2001).

In the absence of PI, viable unpulsed -cells
(Fig. 14, curve I) with an intact membrane showed a
very weak autofluorescence centered at about 5 ar-
bitrary units (a.u.). After the addition of 30 um PI to
ITM, this peak shifted slightly to about 8 a.u.
(Fig. 1B, curve 0), which was apparently due to the
dye adsorption to the outer membrane surface.
Treatment of cells with saponin resulted in 100%
permeabilization and gave rise to a very high red
fluorescence (RF) intensity, with the Gy/G-peak
centered at 1000 a.u. (data not shown). This high RF
level corresponds to near saturation of the cellular
binding sites for PI (Sukhorukov et al., 1995).

Curve 2 in Fig. 14 shows a typical PI content
distribution in a cell sample measured 15 min after
application of a single electric pulse of 5 kV/cm
strength and 40 psec duration, in the presence of PI.
Two readily distinguished cell populations appeared
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Fig. 1. Flow cytometric assessment of electropermeabilization of
Sp2 cells using PI as the reporter molecule. In A4, curve / represents
the autofluorescence of control cells suspended in media without
PI. Curve 2 shows cells treated with a supracritical field pulse (5
kV/em, 40 psec). In B, the RF histograms were measured before
(0), 25, 130, and 260 sec after mild electropulsing (2 kV/cm, 20
usec) in the presence of 30 um PI.

after electropulsing: 1) irreversibly permeabilized
dead cells with very bright RF (1000 a.u.), which was
similar to that of saponin-lyzed cells (not shown); 2)
cells with much lower PI staining (i.e., far from
equilibrium with the medium), whose peak RF is
centered at about 400 a.u. This weakly fluorescent
population apparently consisted of viable cells, which
had been transiently permeabilized and which then
recovered (i.e., resealed) their original membrane
impermeability to PI. The PI histograms, such as
shown in Fig. 1, were used to evaluate short-term cell
viability, which was defined as the percentage of
weakly fluorescent cells referred to the total cell
number. Qualitatively similar PI-content distribu-
tions (data not shown) were obtained for cell samples
subjected to single field pulses of 20 or 40 psec du-
ration and a field strength ranging from 1 to 5 kV/cm.

Figure 2 summarizes the viability data obtained
by flow cytometry. The portion of living cells in un-
pulsed control samples usually varied between 85 and
93% (Fig. 2, Ey=0). For 20- and 40-usec pulses
(Fig. 2, circles and squares, respectively), the per-
centage of viable cells was not affected by electro-
pulsing with field strengths smaller than or equal to
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Fig. 2. Field strength dependence of viability of Sp2 cells exposed
to a single electric pulse in isotonic trehalose medium at 21-23°C.
Circles and squares denote pulses of 20 and 40 psec duration, re-
spectively. The data (mean + Se) were obtained from 2-3 flow
cytometric measurements, such as shown in Fig. 1. The percentage
of dead cells before pulsing showed typical day-to-day fluctuations
of 7-15%.

3.5 and 3 kV/cm, respectively. At higher field
strengths, the percentage of living cells decreased
sharply. The data in Fig. 2 also allowed rough esti-
mation of the field-strength values LEs,, at which
50% of initially living cells were irreversibly permea-
bilized (dead). As expected, LEs5y decreased from
about 5 to 4 kV/cm when the pulse duration was
increased from 20 to 40 usec, respectively. Based on
the viability results presented in Fig. 2, mild or
moderate pulsing conditions (i.e., £y = 2-2.5 kV/cm
for both pulse durations), at which no detectable loss
of cell viability occurred, were chosen for the fol-
lowing experiments.

KINETICS OF THE ELECTRICALLY DRIVEN DYE
UPTAKE BY VIABLE CELLS

In addition to the viability measurements (Fig. 2),
the use of PI also allowed the determination of the
resealing time constant tgr of the plasma membrane
from the kinetics of the fluorescent cell staining after
electropulsing. Figure 1B illustrates that upon ap-
plication of an electric pulse (2 kV/cm, 20 psec), the
intracellular PI content in the viable cell population
grew gradually with time, as suggested by the pro-
gressive increase of the cellular red fluorescence
(RF) intensity. The RF histograms allowed the
quantification of the intracellular PI content in
electropulsed living cells. Because of the relatively
broad RF-distributions, the mean RF signal was
used as a measure for the dye uptake by living cells.
The strongly fluorescent lyzed cells, whose RF sig-

R. Shirakashi et al.: Electroinjection of Trehalose

Pl Content in Living Cells, fmol/cell

20+

1.0 -

O'O_P [ T L1

0 4 8 12
Time after Pulse, min

Fig. 3. Time course of PI uptake in reversibly permeabilized (liv-
ing) Sp2 cells after application of one pulse of 2 kV/cm intensity
and 20 psec duration. Pulsing and resealing were performed in the
presence of 25 pug/ml PI (for further experimental details, see leg-
ends to Figs. 1 and 2). The continuous curve is the best least-
squares fit of Eq. A6 to the data. The two parameters obtained by
fitting are: the resealing time constant g = 4.4 + 0.4 min, and the
initial effective permeability of the cell membrane to the dye,
Ppr = (5.5 + 0.3) x 107! m/sec (+sE of the fit).

nal corresponds to ~10 fmol PI per mean Sp2 cell,
were used as the internal standard of the intracel-
lular dye content (for details, see Sukhorukov et al.,
1995).

The mean PI content estimated from the RF
histograms (Fig. 1B) was plotted as function of time
as illustrated by the symbols in Fig. 3. The PI content
increased asymptotically to the maximum value of
about 2 fmol/cell. This low PI content (i.e., far from
equilibrium with the external medium) as well as the
kinetics of the dye uptake indicate that the cells un-
derwent transient and reversible permeabilization
upon the moderate electropulsing used in these ex-
periments. The fact that the dye influx terminated at
about 10 min after field exposure (Fig. 3) suggests
that within this time the cell membrane restored its
original impermeability to PI.

VoLUMETRIC CELL RESPONSE TO ELECTROPULSING

The intracellular trehalose concentration Ci. was es-
timated from the kinetics of the cell volume change
induced by electropermeabilization of Sp2 cells in
isotonic trehalose medium. These experiments were
performed in a chamber consisting of two parallel
cylindrical electrodes (see Material and Methods)
that enabled microscopic observation of the electro-
pulsed cells. From the microphotographs taken
before and at various time intervals after electro-
pulsing (upper row in Fig. 4), the volume of single
cells in the course of time was determined from the
projected cell area, assuming spherical geometry.
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Fig. 4. Selected frames from a video sequence demonstrating cell
shrinkage induced by a single electric field pulse of 2 kV/cm and 20
psec duration. Frames a, b and ¢ show the same cell shortly before,
4 and 8 min after electropulsing, respectively. The middle and
bottom rows illustrate the principle of cell sizing by evaluating the
projected cell area.

The processed images in the middle and bottom rows
of Fig. 4, highlighting the cell boundary and pro-
jected cross-area, respectively, illustrate the principle
of cell size measurement by means of quantitative
image analysis.

Figure 5 (filled symbols) summarizes the volu-
metric behavior of Sp2 cells permeabilized by a single
electric pulse of 2 kV/cm strength and 20 psec dura-
tion. Within 10 minutes upon electropulsing in ITM,
the cells shrank to about 60% of their initial isotonic
volume. In contrast, unpulsed control cells did not
exhibit any significant volume change within this time
interval (Fig. 5, open circles).

Discussion

TREHALOSE-MEDIATED ELECTROPROTECTION
ofF CELLS

Comparison of the field-strength dependence of cell
viability in isotonic trehalose medium (Fig. 2) with
the data of Sp2 cells electropulsed in inositol medium
of the same osmolality and ionic composition (5 mm
KCl, see Djuzenova et al., 1996) reveals that treha-
lose is able to protect this mammalian cell line
against excessive electropermeabilization. Thus, the
substitution of inositol by trehalose produced a
twofold increase of the LEs, value (i.c., the field
strength at which 50% of cells are irreversibly
electropermeabilized), from about 2 kV/cm in inosi-
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Fig. 5. Kinetics of cell volume change after electropulsing (filled
circles). The continuous curve shows the best least-squares fit of
Eq. B9 to the data. The final intracellular concentration of treha-
lose obtained from the fit is about 100 mm. Open circles denote
unpulsed control cells. Each symbol represents the mean + SE
from 12 cells. The data were obtained by image analysis as illus-
trated in Fig. 4.

tol to about 4 kV/cm in ITM, for electric pulses of
the same 40-psec duration (compare Fig. 4C in
Djuzenova et al., 1996 and Fig. 2 in the present
study). The trehalose-mediated electroprotection of
Sp2 cells is in accordance with the earlier observation
that this disaccharide improves both short- and long-
term survival of electrotransfected human lympho-
cytes and other mammalian cells (Mussauer et al.,
2001).

An interesting parallel has to be noted between
the effects of trehalose and EDTA-like chelators on
the electroporated plasma membrane of mammalian
cells. Similarly to trehalose, EDTA and its derivatives
protect cells against excessive electroporation
(Schneeweiss, Zimmermann & Saleemuddin, 1977,
Nanda & Mishra, 1994). It has been recognized that
the chelator-mediated increase of the membrane ri-
gidity is the main reason for the improved stability
and survival of electropulsed mammalian cells
(Mussauer et al., 1999). The ability of trehalose to
increase the rigidity of the phospholipid head group
region via hydrogen bond formation has been dem-
onstrated in experiments with model phosphat-
idylcholine liposomes (Bardos-Nagy, Galantai &
Fidy, 2001). Therefore, trehalose-induced alterations
of cell membrane rigidity might be responsible for the
observed electroprotective effect of this disaccharide
on electroporated mammalian cells reported here and
elsewhere (Mussauer et al., 2001). It is also possible
that both membrane stabilization and cell survival
have benefited from the electroinjected intracellular
trehalose at the secondary stages following mem-
brane breakdown.
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DETERMINATION OF THE RESEALING TIME CONSTANT
OF THE PLASMA MEMBRANE

The rate of the resealing process (i.e., restoration of
the plasma membrane integrity) is one of the key
parameters influencing not only the cell survival but
also the amount of solutes taken up by electro-
permeabilized cells. In order to determine the re-
sealing time constant tg, we analyzed the PI uptake
kinetics measured by flow cytometry (Fig. 1B) with
the theoretical model presented in Appendix 1 (Egs.
A1-A6). The continuous curve in Fig. 3 shows the
best least-square fit of Eq. A6 to the mean PI content
data (symbols in Fig. 3). For these calculations, we
used the value K, ~ 2 x 10° M~! for the equilibrium
constant of PI binding to mammalian cell DNA re-
ported in the literature (Bertuzzi et al., 1991; Djuze-
nova & Flentje, 2001). The mean number of PI
binding sites in Sp2 cells, Ny ~ 10 fmol/cell, has been
determined earlier by fluorimetric titration (Suk-
horukov et al., 1995). The mean cell radius a = 7
pm, measured with a calibrated microscope, was used
to calculate the cell surface area Sy and volume V.
The only two unknown parameters tg and P (i.e.,
the initial permeability of the electroporated mem-
brane to the dye) were determined by curve fitting
using the nonlinear least-squares method.

From the best fit (solid curve in Fig. 3), the values
TR = 44 £ 0.4 minand Pyo = (5.5 £ 0.3)x 10 "°
m/sec (means £ SE of the fit) were found for the
plasma membrane of Sp2 cells suspended in ITM.
The quantity P, represents the effective membrane
permeability averaged over the whole cell surface. In
practice, both electropermeabilization and PI uptake
occur in the membrane areas facing the electrodes
(Zimmermann & Neil, 1996). It is interesting to note
that the tr value of 4.4 min obtained in the present
study for Sp2 cells suspended in ITM is significantly
larger than the resealing time constant of about 2 min
measured for the same cell line in isotonic inositol
medium (Sukhorukov et al., 1995; Djuzenova et al.,
1996). This means that besides its electroprotective
effect discussed above, trehalose also reduced mark-
edly the rate of the resealing process, which can
similarly be explained by the trehalose-mediated al-
teration of the mechanical properties of the cell
membrane.

Although the trehalose content in electropulsed
cells could not be determined from the experiments
with PI shown in Figs. 1 and 3, the substantial elec-
tro-uptake of the propidium cation (MW = 414) by
Sp2 cells is a strong indication that electropulsing
also rendered cell membranes permeable to the
smaller (MW = 342) and flexible molecule of treha-
lose. Therefore, the electropermeabilization tech-
nique might also be useful for the intracellular
delivery of trehalose. It is unlikely that electroper-
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meabilized cell membranes are selectively permeable
to the cationic propidium, because neutral solutes
(e.g., sucrose) cross electropermeabilized cell mem-
branes as fast as ionic compounds (Rutter & Denton,
1992).

ESTIMATION OF THE ELECTRICALLY MEDIATED
UPTAKE OF TREHALOSE

Cell volumetry is widely used for studying transport
phenomena across cell membranes (Gimsa et al.,
1994; McGrath, 1997). This in situ technique is also
useful for measuring the uptake of membrane-per-
meable cryoprotective agents (Shirakashi & Tanasa-
wa, 1998) and particularly for the determination of
the intracellular sucrose concentration taken up
through a genetically engineered protein pore in the
plasma membrane (Russo, Bayley & Toner, 1997).
For modeling the volumetric behavior of cells, the
permeability coefficients for water and solutes are
usually treated as time-invariable quantities. This
traditional assumption, however, is not valid in the
case of the transient permeabilization of cell mem-
branes subjected to high-intensity, short-duration
electric field pulses.

In the present study, the theoretical model re-
lating the cell volume changes to the fluxes of water
and solutes across the cell membrane was extended in
order to account (1) for the rapid permeabilization of
the plasma membrane via the electric breakdown
mechanism and (2) for the subsequent gradual de-
crease of the membrane permeability to osmolytes
during the resealing phase. The model and equations
used here for the analysis of the volumetric cell re-
sponse to electropulsing are outlined in Appendix 2.
The model also allowed the quantitative determina-
tion of the concentration of intracellular trehalose
taken up by electropermeabilized cells during the re-
sealing phase.

For the evaluation of the intracellular trehalose
concentration, Eq. B9 was fitted to the volumetric cell
response data using the least-squares method. In
general, this equation contains three unknown pa-
rameters: (1) the resealing time constant 7y, (2 and 3)
the initial membrane permeabilities to trehalose Py
and electrolyte P.jo. All other quantities appearing in
Eq. B9 are known: the extracellular trehalose con-
centration was adjusted to C7. = 290 mm, the initial
cell volume V), and the cell surface S, (assumed in-
variable) were determined microscopically as de-
scribed above. The time-dependent cell volume V" was
the fitting variable. When all three unknown param-
eters (i.e., Tr, Py and Pgyo) were varied in the fitting
procedure, the fit function converged at tg = 4.2
min, Pyo = 2.7 x 107° m/sec and Py = 7.4 X 107°
m/sec. However, the fitted values had large standard
errors.
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In order to reduce the number of unknown pa-
rameters, we assumed the value tg = 4.4 min ob-
tained from the PI uptake kinetics (Fig. 3). In this
case, curve fitting gave the following estimates for the
two remaining unknown parameters: Pyo = (3.1 +
0.4) x 107° m/sec and Pyo = (7.8 + 0.5) x 10™° m/
sec (mean + sk of the fit). In Fig. 5, the fitted result is
shown as a smooth curve together with the experi-
mental volumetric data. The correlation coefficient
close to unity (r = 0.9994) implies that the theoreti-
cal model provides good approximation to the data.
Moreover, the fact that the tg value of 4.4 min based
on the independent PI uptake measurements matches
well the volumetric data is further justification of the
model (Appendix 2) used here for the evaluation of
trehalose taken up after electropermeabilization.
Using the fitted parameters, the intracellular con-
centration of trehalose C},~100 mm after pulsing and
resealing can be calculated by applying the following
expression Ci = A(Vy/V—1) (4 is defined in
Appendix 2).

ELECTROPERMEABILIZATION ¥'S. OTHER MEMBRANE
PERMEABILIZATION TECHNIQUES

The theory of electropermeabilization and the bio-
medical applications of this field-pulse technique are
reviewed in detail elsewhere (Zimmermann & Neil,
1996; Zimmermann et al.,, 2000). As estimated
from the volumetric cell response after electropuls-
ing (Fig. 5), mild electropermeabilization conditions
enabled the introduction of about 100 mm trehalose
into the mouse myeloma cells without detectable
loss of their viability (Fig. 2). This intracellular
concentration of trehalose (obtained for cells shrunk
to about 60% of their original isotonic volume)
corresponds to the loading efficiency of 21-34%,
which is defined as the ratio of the intracellular di-
saccharide concentration to its external concentra-
tion (290 mm). By using the permeability and
loading efficiency values obtained here, the revers-
ible electropermeabilization can be compared
quantitatively to other techniques currently used
for the loading of mammalian cells with membrane-
impermeable cryoprotectants. Thus, immediately
upon electropulsing, the membrane permeability
of Sp2 cells to trehalose was found to be Py =
3.1 x 107° m/sec. This is close to the value of
2.85x 107" m/sec for the sucrose permeability
measured in mouse fibroblasts whose plasma mem-
brane contained engineered porins developed by
site-directed mutagenesis of staphylococcus o-toxin
(Russo et al., 1997).

Small-sized cells, such as human platelets, can be
loaded with trehalose by long-term incubation at
37°C in trehalose-rich medium (Wolkers et al., 2001).
Although high loading efficiency of 50-60% can be
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achieved by this method, the uptake of trehalose,
involving the fluid-phase endocytosis mechanism,
requires very long incubation times of up to 4 hr.
In contrast, only 10-15 min of post-pulse incubation
are necessary for the intracellular delivery of
comparable amounts of trehalose by means of
electropermeabilization.

INTRACELLULAR TREHALOSE CONCENTRATION
AND CELL PRESERVATION

Intracellular trehalose concentration required for ef-
ficient cell protection depends on the cell type and
also on the preservation technique. Thus, at least 200
mw intracellular trehalose is necessary for high post-
thaw survival (70-80%) of frozen human fibroblasts
and keratinocytes (Eroglu et al., 2000). A somewhat
lower concentration of intracellular trehalose (150
mM) is required for high recovery rates of frozen
mouse and human oocytes (Eroglu et al. 2001). It is
evident that the cytosolic trehalose concentration of
100 mMm reported here is not sufficient for conserva-
tion of mammalian cells by freezing-thawing. Larger
cytosolic concentrations of exogenous trehalose (and
other solutes) can apparently be obtained by using
higher field strengths and/or longer pulses (Friedrich
et al., 1998; Mussauer et al., 2001). However, the
introduction of larger amounts of trehalose into the
cells via severe electropulsing will be achieved at the
expense of cell viability (Fig. 2).

It has to be noted that successful preservation of
mammalian cells by freeze-drying (Iyophilization) re-
quires much lower intracellular trehalose concentra-
tions than those needed in freezing-thawing protocols.
Thus, human platelets loaded with 20-25 mm treha-
lose show excellent recovery (85-88%) after lyophili-
zation and subsequent rehydration from the vapor
phase (Wolkers et al., 2001). Therefore, the intracel-
lular trehalose concentration of 100 mm achieved in
the present study by mild electropulsing in trehalose-
substituted medium points toward application of the
electropermeabilization technique for loading cells
with trehalose, with far-reaching implications for
preservation of rare and valuable mammalian cells
and tissues by lyophilization. Finally, combination of
the intracellular trehalose delivered by electroper-
meabilization with conventional membrane-perme-
able cryoprotectants, such as dimethylsulfoxide,
glycerol, etc. (Beattie et al., 1997; Eroglu et al., 2000),
also appears to be a promising approach for im-
proving the survival of cryopreserved mammalian
cells.
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Appendix 1

THEORETICAL CONSIDERATIONS: ELECTRICALLY
InpUCED PI-UPTAKE

In earlier studies (Sukhorukov et al., 1995; Djuzenova et al., 1996),
a simplified model was used for the estimation of the resealing time
constant tr of the plasma membrane from the cell-staining kinetics
after electropulsing in the presence of PI. The theoretical analysis
presented here was extended to account for the two steps involved
in the cell staining with PI. These are: (1) the diffusion-driven up-
take of PI through the electropermeabilized cell membrane (Egs.
A2 and A3); (2) PI binding to intracellular nucleic acids (Eqs. A4
and AS5), which gives rise to a strongly fluorescent complex. The
model is based on the assumption that during resealing the per-
meability of the plasma membrane to PI, P(7), decreases expo-
nentially with time:

Ppi(1) = Ppig exp(—t/r), (A1)

where Py is the initial permeability immediately after pulse
application; tg is the resealing time constant. The quantity Pp(f)
represents the effective permeability of the electroporated plasma
membrane to PI averaged over the whole cell surface.

The ruling equation for the flux of PI, J,,;, through the elec-
troporated cell membrane during the resealing phase is:

d(Ci V)

Jy = ——=
s S()dl

= Pyoexp(—t/tx) (cgi - q,i), (A2)
where C;)i is the intracellular concentration of the free PI; CT; = 30
UM is its external concentration; ¥ and Sy are the cell volume and
surface area, respectively.

Because the rate of resealing is not sensitive to the cell volume,
the shrinkage of cells induced by electroporation (see below) was
neglected in the analysis of the cell-staining with PI. Assuming both
Vo and Sy to be invariable, the following expression for the total
(i.e., both free and bound) intracellular PI concentration can be
obtained by integrating Eq. A2 over time:

i S()P i0T
= 31— oxp (2P enpi—tym - 1) )| (a3)
Equilibrium is further assumed for the binding of the intracel-
lular PI to the nucleic acids:

PI+NA < PI-NA (Ada)

x _ [PL'NA] o
* T [PINA)... i
[ ][ ]trcc Clpi <N0 — Cg])

(A4D)

where K, is the binding constant; Cgi = [PI- NA] is the concen-
tration of the bound (i.e., fluorescent) dye; Ny is the total number
of binding sites for PI; (Ny — Cp;) = [NA]j, is the number of free
binding sites. Equation A4b can be rearranged to obtain an ex-
pression for the bound intracellular PI:

s — oG (A3)
1+ CK,

Substituting Eq. A3 into Eq. AS gives the following result for
the time-dependent concentration of the dye PI that (i) crossed the
electropermeabilized cell membrane and (i) subsequently interca-
lated into the cellular DNA, which in turn gave rise to a strong
fluorescent cell staining:
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CEi(f) =
NOCgiKa{l — eXp[(S()Ppi()‘ER/ V())(l — CXp(—l/‘ER))] }
oK — (1+ C3Ky ) exp[(SoPpiotr/ Vo) (1 = exp(—1/x))]

(A6)

Fitting Eq. A6 to the PI uptake data gave the estimates for two
unknown parameters: g and Ppo.

Appendix 2

THEORETICAL CONSIDERATIONS: CELL VOLUME
CHANGES AFTER ELECTROPULSING

Upon electropulsing in isotonic trehalose medium, myeloma cells
shrank to about 60% of their original volume (Figs. 4 and 5). To
analyze this effect, we used the following set of equations:

(- )+ (- ) =0 o
% = Pyoexp(—1/w)(Cy, — Cy) 2
S .

(LS%;:/) = P exp(—1/1r)(Cq — Cy) (5

where Eq. Bl describes the osmotic equilibrium between the cytosol
and suspending medium. Equation Bl implies that the membrane
permeability to water is much higher than its permeability to the
osmolytes and that only two osmolytes, trehalose and KCl, main-
tain the osmotic equilibrium. Equation B2 relates the flux of tre-
halose (subscript ““tr’’) across the membrane to the difference of its
concentration (CS — Ci) on the two sides of the membrane.
Equation B3 is the corresponding flux relation for the electrolyte
KCl (subscript ““el”). The superscripts “o0” “i”” denote the outer and
intracellular solutions, respectively. V and S, (Sy = constant) are
the volume and membrane surface area of the cell, respectively. For
simplicity, the reflection coefficients equal to unity are assumed for
both osmolytes.

As with the PI electro-uptake (treated in Appendix 1), the ex-
ponential terms Py - exp(—t/tr) and Py - exp(—t/tr) represent,
respectively, the effective permeabilities of the electroporated
plasma membrane to trehalose and electrolyte averaged over the
cell surface. Since the electroporated cell membrane resealed within
few minutes at room temperature, both permeabilities are assumed
to decrease exponentially from their initial values Pyo and Py,
with the same resealing time constant tg.

In order to solve the system of equations B1-B3, the following
assumptions were applied. The initial intracellular concentrations
of trehalose Ci (r — 0) = 0 and KCI C,(r — 0) = 300 mOsm. Be-
cause of the very low cell density used in this study, changes in
osmolyte concentrations in the suspending medium were neglected:
Cp =290 mm and C3 = 10 mOsm, corresponding to 5 mm KCI
(i.e., both external concentrations are invariable). The system of
equations BI-B3 was solved analytically as outlined below.

Combining Eqgs. B1-B3 leads to the following equation:

d(CL.v d(civ
L ( tr )_,'_L ( el ): (B4)
Piro dt Peyo dt

Substituting Ciel in Eq. B4 by the expression

el

Cii=C — Ci. + CY (see Eq. Bl) gives:
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d(Cllr V) _ Puo (C:)r + Cgl) diy
dt B Peo — Pyo  dt

(B5)

Taking into account that ¢ = 0 the intracellular trehalose
concentration is zero, C;, = 0, the integration of Eq. BS over time ¢
leads to:

Cv=— Puo (G + C3)
Peio — Puo

V= Vo), (B6)

where ¥, is the initial cell volume V, = 4na*/3 = 1.4 pl. Equation
B6 can be rewritten as

vy . o+ Co
V=— ; with 4 = Ppog———¢<L
C,+4 " Peto — Puo

tr

(B7)

Substitution of Eq. B7 into Eq. B3 and integration of the dif-
ferential equation (Eq. B8) over time gives finally an algebraic
expression (Eq. B9) for the time dependence of the volume of the
transiently permeabilized cells during the resealing phase:

A2V0 dOr i
m dtt :PtrOSOQXP(_t/TR)(C&_Cu) (B8)
Vo |V Ve—1) 1
t=—1rIn|l+
R PuoSotr [A(Ch+4) * (Cy + 4)°
Vo A/[V
ml A (2 B9
e (Vo )H] ()

Since no explicit expression for the cell volume V as function of
time could be achieved, the inverse function given by Eq. B9 was
fitted to the volumetric data, such as shown in Fig. 5, using the
least-squares method (see Results).
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