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Abstract

Cells undergoing apoptosis lose lipid asymmetry that is often manifested by the exposure of
phosphatidylserine (PS) to the outer surface of the cell membrane. Macrophages and other cell types
recognize externalized PS to signal phagocytosis, thereby eliciting a non-inflammatory response. PS
exposure is obligatory in the recognition and clearance of apoptotic cells. Here, we find that externally
applied moderate electric field induces PS externalization in a mouse B cell (FOX-NY) membrane
without procaspase-3 activation, a major characteristic of apoptotic cells. The field induced PS
inversion is caused as a result of electroporation and/or a process involving membrane
reorganizations and recovery that ensues following field exposure. Using a mouse macrophage cell
line (J7444A.1) from the same strain, we show phagocytic clearance of PS expressing B cells and
demonstrate that this is in part due to the apoptosis mimicry of the field exposed cells.
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INTRODUCTION

In normal cells, the membrane phospholipids are asymmetrically distributed between the inner
and outer leaflets with the amine containing lipids phosphatidylethanolamine (PE) and
phosphatidylserine (PS) primarily confined to the cytofacial monolayer. Loss of PS asymmetry
has been associated with a number of important cellular, physiological, and pathological events
including platelet activation in blood coagulation and adhesion [1], diabetes [2] and in the
clearance of apoptotic cells. The latter event has been extensively studied in the past few
decades [3]. The apoptotic pathway is a regulated cell death mechanism emanating from a
complex set of biochemical events and is characterized by major changes in cell morphology,
nuclear DNA fragmentation, chromatin condensation, and the loss of lipid asymmetry via
externalization of PS. Exposure of phosphatidylserine is one of the early events that occur in
cells undergoing apoptosis [4]. Through receptor and adaptor molecules, macrophages as well
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as many other cells recognize the surface modifications and externalized PS to signal
phagocytosis in dying cells, thereby eliciting a non-inflammatory response.

While it is generally agreed that PS exposure in apoptotic cells is obligatory for recognition
by macrophages, one recent report [5] revealed that PS exposure alone in non-apoptotic cells
is sufficient for signaling cellular clearance. In this study, HT-1080 fibrosarcoma cells were
shown to recognize and engulf viable, non-apoptotic Jurkat cells that have been enriched with
brain-derived PS by liposome transfer. Conversely, a cell line (PLB 985) that is known for its
failure to lose PS lipid asymmetry during apoptosis was not recognized by phagocytes after
UV induced apoptosis, but was readily cleared when the outer plasma membrane was enriched
with exogenously added PS liposomes. This data suggests that other means by which PS can
be exposed on any cell surface might be a useful method to target cells of interest for phagocytic
clearance. One such process is the application of external electric fields.

External electric fields affect cellular systems in a number of ways ranging from low field
mediated cell signaling and wound healing, to relatively large pulsed fields which could induce
transient membrane pore formation [6-9]. The latter effect is known as electroporation or
electropermeabilization. An early electroporation study had shown that transbilayer lipid
movement could occur upon electroporation of erythrocyte membranes [10]. In effect, the field
induced hydrophilic membrane pores form a contiguous monolayer between the upper and
lower leaflets of the membrane, thus allowing previously sequestered lipids to redistribute by
lateral diffusion. A number of recent molecular dynamics (MD) simulations have further shown
negatively charged PS can be driven by an externally imposed large electric potential across
the membrane [11,12]. However, these same authors have also found the extremely high fields
used can induce apoptosis in cells [13,14], inline with earlier findings by Schoenbach [15].

In this study we show PS externalization is selectively effected in healthy B cells by moderate
electric field (~200 ps 2.1 kV/cm) without inducing apoptosis. The process occurs via relatively
long-lived transient membrane pore formation and/or through a process involving membrane
reorganization and recovery that ensues after electric field exposure. In the latter case, we find
the field exposure results in extensive and long-lived membrane blebs whose constrained
structure on the membrane surface may offer favorable conditions for spontaneous flipping of
phoshatidylserine. Results from cell culture study shows significant recognition and clearance
of the electric field permeabilized B-cells by the macrophages. This engulfment-digestion
process was further facilitated by the presence of exogenously added Annexin-1, while it was
suppressed when field induced externalized PS was blocked by the addition of Annexin-V;
consistent with the notion that the uptake process was in part due to the apoptosis mimicry
induced by electric field treated cells.

MATERIALS AND METHODS

Cell lines and culture

Mouse B cell lymphoblast, FOX-NY (ATCC, CRL-1732), and mouse Macrophage, J774A.1
(ATCC, TIB-67), were obtained from American Type Culture Collection, ATCC (Rockuville,
MD). The mouse B-cells were grown in RPMI 1640 media containing 10% fetal bovine serum,
50 units/ml penicillin, and 50 pg/ml streptomycin. The macrophages were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM) containing 4 mM L-glutamine, 4.5 g/L glucose,
1.5x103 mg/L sodium bicarbonate, 10% fetal bovine serum, 50 Units/ml penicillin, and 50
ug/ml streptomycin. All cell culture media, serum, and antibiotic supplements were from
Invitrogen (Gaithersburg, MD). Macrophages were detached by trypsin-EDTA (Invitrogen)
treatment and sub-cultured for experiments on a two-well chambered cover glassed slides (Lab
Tek, Winooski, VT) to ~70-80% confluency. Cell lines were maintained for growth ina 37 ©
5% CO> incubator.
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Fluorescent markers, reagents and microscopy

Ethidium Homodimer (EthD-1), Alexa Fluor-488 and Alexa Fluor-594 conjugated Annexin-
V, Cell tracker green BODIPY, Ca*2 ionophore A-23187, and Di-8-ANEPPES were purchased
from Molecular Probes - Invitrogen (Eugene, OR, USA). Bovine lung derived Annexin-1 was
from BIODESIGN International (Saco, Maine, USA). NaCl, HEPES, Na/K-Phosphates, Triton
X-100, sucrose and CaCl, were from Fisher (St Louis, USA). Rabbit monoclonal antibody
directed against caspase-3 and anti-rabbit polyclonal Ab were from Cell Signaling Technology
(Danvers, MA). Immunoreactive species were visualized using the Odyssey infrared imaging
system (Li-Cor, Lincoln, NE). Fluorescence images were taken on a Zeiss LSM 5 Pascal laser
scanning confocal microscope (Carl Zeiss, Jena, Germany).

Electric pulse generator and electrodes

The electroporation equipment (Velonix Model 360, Pollock Pines, CA) is as previously
described [16]. Output from the pulse generator was directly connected to a chamber holding
1mm gap electroporation cuvettes (BioRad) in parallel with a 200 resistive load. The pulse
across the sample cell suspension (~ 1x10° cells/ml) in an iso-osmotic electroporation buffer
(250 mM sucrose, 2 mM phosphate, pH 7.4) was monitored with a 1000:1 probe (Tektronix
6501, Beaverton, OR) on a 500 MHz oscilloscope (Hewlett Packard Model 5661B, Palo Alto,
CA). Field strength was calculated from the measured pulse amplitude and electrode
separation.

Assay for surface exposed PS and phagocytosis

Surface exposed phosphatidylserine was probed with Alexa Fluor-488 conjugated Annexin-V
(488-Annexin-V) following the binding protocol provided by the manufacturer (Molecular
Probes - Invitrogen, Eugene, OR). The Annexin-V binding buffer consisted of 10mM HEPES,
140mM NaCl, 2.5 mM CaCl,, pH 7.4. EthD-1 was used as a counter stain to mark plasma
membrane integrity for identifying dead/dying cells. Cells were harvested after treatment and
re-suspended in 488-Annexin-V binding buffer at a cell density of ~ 1x10° cells/ml. A 250
uL of this cell suspension was incubated with 50 uL of 488-Annexin-V pre-packaged solution
for 15 min, after which cells were washed (x3) with serum-free growth media and re-suspended
in the same media. 488-Annexin-V positive and EthD-1 negative cells were assessed on the
confocal microscope as a qualitative measure of positive PS exposure. For control experiment
designed to block field exposed PS, 594-Annexin-V was used. To assess phagocytosis of B-
cells, the adherent macrophages were first stained with Di-8-ANEPPES (red fluorescence) for
3 minutes and the unincorporated dye washed out (x3) with PBS. Di-8-ANEPPES is a fast-
responding electrochromic dye typically used for measurement of trans-membrane potentials,
but is used here for cell tracking purposes due to its membrane retention properties. The B-
cells were separately loaded with Cell-tracker green (green fluorescence) for 15 mins, and the
excess dye was removed in 3 successive spin/wash cycles. The cells were then co-incubated
with the adherent macrophages at an approximate B-cell:macrophage ratio of 15:1 for two
hours, after which the B-cells were gently aspirated and the chamber slide washed twice with
fresh media. The macrophages incorporating the green fluorescence and appearing yellow (red/
green) in the merged images were scored as positive for uptake after bleed-through corrections
for the green and red emission channels. The percentage of positive cells for uptake (# of
macrophages taking up B cells per total macrophages) was calculated from several randomly
selected reading of cells on the microscope field of view.

Western blot analysis of procaspase-3 activation

Apoptosis was induced in B-cells by incubating cells in the presence of 5uM Ca*2 ionophore
(A-23187) for 12 hours. Procaspase-3 activation was monitored by Western blot analysis using
monoclonal anti-caspase-3 antibody for control, electric field exposed, and calcium ionophore
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treated cells. After treatment, cells were collected by centrifugation and the pellets were
solubilized in SDS-polyacrylamid gel electrophoresis (SDS PAGE) loading buffer. Protein
concentration was determined by Lowry method using RC DC protein assay kit (Bio-Rad
laboratories, Hercules, CA) according to the manufacturer recommendation. Equal amount of
protein (25 pg) was subjected to electrophoresis using SDS PAGE. Separated proteins were
thereafter transferred onto nitrocellulose membrane and probed over night with a Rabbit
monoclonal antibody directed against caspase-3 (dilution ratio, 1:1000) in blocking buffer (LI-
COR, Biosciences), containing 0.1% (vol/vol) Tween-20. After washing with PBST buffer
three times, the membrane was then incubated in the dark for 1hr with goat anti-rabbit
polyclonal Ab labeled with IRB00CW 926-32211 (Rockland, Gilbertsville, PA) as a secondary
Ab (dilution ratio, 1:20000). Immunoreactive species were visualized using the Odyssey
infrared imaging system (Li-Cor, Lincoln, NE).

RESULTS AND DISCUSSION

The results for the electric field induced PS exposure in B-cell are shown in Fig. 1. On all the
panels shown Fig.1A-C, the top frames in each panel (left to right) show the marker for loss
of membrane integrity (EthD-1 positive, red channel), and the probe for the presence of surface
exposed PS (488-Annexin-V positive, green channel) fluorescence images, respectively. The
bottom frames (left to right) show the phase, and triple merged images of the same cells,
respectively. As shown on the green channel image of Fig. 1A, very faint 488-Annexin-V
binding is found in these control cells implying PS remains sequestered in the intracellular side
of the cell membrane. In the few 488-Annexin-V positive cells observed, they were also
positive for EthD-1 indicating loss of membranes integrity. In Fig. 1B, cells (~ 1x10° cells/
ml) were first suspended in the electroporation buffer and pulsed with a ~200 pSec, ~2.1 kV/
cm field. Following the field exposure, cells were transferred to a culture dish and incubated
for ~30 minutes in growth media to allow recovery of the membrane pores. PS externalization
and membrane integrity were then probed as described in Methods. Fig. 1B shows a substantial
increase in 488-Annexin-V fluorescence compared to that observed for control cells. These
results revealed that PS was exposed to the extracellular side, while essentially no significant
increase in EthD-1 fluorescence indicating a minimal loss of membrane integrity. As a positive
control, a 0.2% (final concentration) Triton X-100 surfactant solution was added to the sample
shown in Fig. 1B. Fig. 1C shows the cytosolic and nuclear EthD-1 staining after surfactant
treatment of cells shown in the same field of view as that of Fig. 1B.

One of the significant morphological changes observed following electroporation of the B-
cells is the immediate formation of extensive blebbing as shown in Fig. 2. In the absence of
applied electric field, the control cells (Fig. 2A) showed a limited number of membrane blebs.
It should be pointed out that short-lived membrane blebs were also observed when cells
underwent spin/wash cycles and media changes. By contrast, Fig 2B reveals that electroporated
cells show extensive bleb formation. Some of these blebs remain as long as ~30 minutes after
the electric pulse before their retraction. Similar field-induced bleb formation and retraction
has been reported in other B-cell strains [17,18]. The image in Fig. 2B was taken ~10 minutes
after a ~200 uSec, ~2.1 kV/cm field exposure. In some cells, a membrane envelope was
observed around recovering cells possibly due to expansion and coalescence of the blebs into
larger entities that could eventually detach from the cortical cytoskeleton. These extensive field
induced bleb formation, expansion, and eventual retraction could provide a pathway for
enhancing PS inversion and prolong their presence on the outer membrane, thus, providing an
efficient mechanism for macrophage mediated clearance.

Fig. 3A-C, show the effect of electric field-induced PS externalization on B cell clearance by
macrophages. For the phagocytosis experiments, the adherent macrophages were stained with
Di-8-ANEPPES and the B-cells were electroporated with ~2.1 kV/cm field strength for ~ 200
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psec and immediately incubated in media containing 25 uM of Cell-tracker green for ~ 30
minutes to allow for Cell tracker loading and membrane recovery. The excess dye was washed
out and these electric field treated and Cell-tracker green labeled cells were incubated further
at B-cell:macrophage ratio of ~15 for ~2 hrs. The B-cells were then aspirated off and
fluorescence images acquired. As shown in Fig. 3A, very little of the control B-cells are
recognized for uptake, typically amounting to less than ~ 4% of the macrophages being positive
for uptake. On the other hand, the electroporated B-cells were easily recognized and ingested
by macrophage as shown in Fig. 3B.

Following the assay used in Fig. 3A-B, the percentage of macrophages positive for uptake
under various conditions was scored and the results are shown in Fig. 3C. Electric field exposed
B-cells were recognized in ~ 30% (lane 2), relative to ~4% (lane 1) for the control cells of the
macrophages when co-incubated for ~2 hrs after electric field treatment. Consistent with the
notion that the observed phagocytic uptake is linked to extracellular exposed PS, Fig 3C (lane
3) shows that the uptake was enhanced when cells were co-incubated in the presence of 2 uM
Annexin-1, aprotein known to facilitate the interaction between the phosphatidylserine receptor
and PS exposed in cells. Enhanced caspases activation in apoptotic cells has been shown to
correlate with elevated expression of Annexin I, and its translocation to the membrane is
believed to serve as a bridging molecule in the PSR-PS complex [19]. Conversely, blocking
the field induced externalized PS with Alexa Fluor-594 tagged Annexin-V (594-Annexin-V)
prior to incubation with the macrophages suppressed the uptake of cells (Fig. 3C, lane 4),
indicating that the recognition and clearance of B cells is in part due to the apoptosis mimicry
of the electric field exposed cells. As a positive control to PS mediated macrophage uptake,
apoptosis was also induced in B-cells by incubating cells with 5 uM of the calcium ionophore,
A-23781, for 12 hours. Co-incubation of these cells with the macrophages resulted in > 70%
recognition as shown in Fig. 3C (lane 5). Lastly, to assess the transient nature of field induced
PS inversion, electroporated cells were incubated for 12 hrs to allow their recovery from the
field effects. These recovered cells were only recognized at levels similar to the non-field
treated control cells (Fig. 3C, lane 6). To rule out field-induced apoptosis, caspase-3 activation,
a hallmark of apoptosis, was monitored in the control, field exposed, and ionophore treated
cells using Western blot analysis. The results (Fig. 3D, see supplementary material figure)
show that significant amount of active caspase-3 was only observed in the ionophore treated
B-cells (Fig. 3D, lane 3).

Together, these results can be rationalized by a mechanistic scheme shown in Fig. 4. Pathway-
A shows lipid inversion can occur via either field driven unidirectional transport of PS (shown
with red headgroups) or through diffusion along the walls of the metastable-resealing
membrane pores. This process is likely inefficient when short (nanosecond) pulses are used
due to the limited size and lifetime of the pores [11,12]. By contrast, as shown in our earlier
study [7] as well as the present data, electric field pulses with moderate field parameters can
generate membrane pores that could remain for tens of minutes, thus allowing reasonable
timescale for lipid diffusion along pores. Fig. 4, pathway-B shows an additional and probably
a more significant pathway for PS inversion in electroporated B-cells. This pathway takes into
account the electric field induced bleb formations observed (Fig. 2B) in our experiments.
Blebbing is a vesicular bulging of the plasma membrane lipid components from the supporting
cortical-cytoskeletal network on the cell surface. Blebs are filled with cytoplasmic fluid and
devoid of cortex and associated proteins. Although it is not fully known how the blebs develop
as a result of the field exposure, it is reasonable to assume that weakening of the lipid-
cytoskelton adhesion at sites where pores are created could facilitate the detachment of lipids
to form the nucleus of expanding blebs. This process can be further enhanced if cell shrinkage
accompanies fluid exchange through the membrane electro-pores. Whatever the mechanism,
however, the semi-spherical structures that are formed lead to constrained lipid packing due
to the acute curvatures at the base and apex of the bleb (see Fig. 4 Scheme-B), thus favoring
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the scrambling of the inner and outer lipid leaflets to enable PS exposure. The constrained lipid
packing and subsequent PS inversion has recently been implicated to account for PS-enriched
apoptosome-vesicles in dying B-cells [20].

The extended lifetime of the field-induced blebs observed here is of particular interest
compared to other cellular blebs associated with motion generated from the contractile cortex
[21,22]. In these reports, retraction of blebs occurs in time scales on the order of ~ 2 mins and
involves the recruitment and assembly of a number of proteins including actin, actin bundling
proteins and myosin. It is reasonable to assume the retraction in field treated cells could be
significantly delayed due to the disruption of the cytoskeleton during pore formation. This
could also imply that enzymes normally responsible for regulating PS distribution may not
access their substrates when the plasma membrane is detached from the cellular cortex and
may explain the extended presence of PS found in our experiments.

In summary, our experiments demonstrate externally applied moderate electric fields can
induce PS inversion to the outer leaflet of normal B-cell membranes via several possible
pathways and that this process suffices to elicit recognition and removal of PS expressing cells
by macrophages. Use of electric fields to induce PS exposure on cells is of interest since the
field parameters can be tailored for selective electroporation [8,23] for use in cellular research
as well as in clinical settings for selective removal of pathogenic cells through non-
inflammatory phagocytosis of the ‘apoptosis-mimetic’ cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1.

Phase and fluorescence (Annexin (+) and EthD-1 (—) ) microscope images of electric field
induced PS externalization in B-cells. (A) Control — No Electric field. (B) Electroporated B-
cells. E ~ 2.1 kV/cm, ~ 200 pSec pulse. (C) Addition of 0.2% Triton X-100 to the sample
shown in (B) to permeabilize the membrane.
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Fig 2.

Blebbing and morphological changes in B cells exposed to ~200 uSec, ~2.1 kV/cm
electroporating pulse. (A) Control — No Electric field applied. (B) Cells exposed to external
field showing bleb formation. White arrows point to blebs in some of the cells. Image was
taken ~10 min after field application.
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Uptake of B cells by macrophages
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Fig 3.

Macrophage uptake of PS expressing cells. (A) Control. No Electric field (B) Field treated B-
cells. E ~ 2.1 kV/cm, ~ 200 uSec. See Results section for description of frames in each panel.
(C) Percentage of macrophages positive for uptake under conditions shown: Lanes 1- Control,
2-Field exposed; 3-Field exposed + Annexin I; 4-Field exposed + Annexin V blocked; 5-
Ca*2 ionophore treated for 12 hrs; 6-Field exposed + 12 hrs incubation. Error bars represent
the standard error.
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Schematic for electric field induced PS (red head group) externalization. Pathway-A: Lipid
inversion could occur either through field driven transport of the negatively charged PS and/
or via PS diffusion along the walls of hydrophilic membrane pores. Pathway-B: Electroporation
leads to bleb formation similar to those shown in Fig. 2B. The bleb geometry constrains lipid
packing due to curvature, thus favoring the scrambling of the inner and out lipid leaflets
resulting in PS exposure. Exposed PS diffuses along the outer membrane periphery and remains
exposed for extended time till bleb retraction and eventual sequestration to the cytoplasmic
side.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2009 November 14.



