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Microvesicles are released from cell surfaces constitutively during early apoptosis or upon activation with
various stimuli including sublytic membrane attack complex (MAC). This study shows that an alternating
current, pulsed, extremely low-frequency electromagnetic field (0.3 puT at 10 Hz, 6 V AC) induced tran-
sient plasma membrane damage that allowed calcium influx. This in turn caused a release of stimulated
microvesicles (sMV). When extracellular calcium was chelated with EGTA, sMV biogenesis initiated by
ELFMF was markedly reduced and the reduction was less than when the stimulation was the deposition
of sublytic MAC. This suggested that pulsed ELFMF resulted in transcellular membrane pores causing
organelles to leak additional calcium into the cytoplasm (which EGTA would not chelate) which itself

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Cells typically produce a variety of microvesicles, some of which
remain intracellular (for example lysosomes) and others that are
released (microvesicles (MVs) or exosomes, collectively known as
extracellular vesicles, EV). Microvesicles and exosomes are distin-
guished according to their mode of biogenesis, size, function and
composition [1]. The established characteristics for all MVs,
regardless of their cellular origin, include their size, 0.1-1 pum in
diameter, and the negatively charged phospholipids such as phos-
photidylserine (PS) and phosphotidylcholine (PC) translocated
onto the outer leaflet of the plasma membrane as is also seen on
MV-producing cells during early apoptosis [2].

Research into the nature of microvesicles has identified various
functions [2] including that of intercellular communication, control
of apoptosis, cell proliferation and various immunological and pro-
coagulant roles. Furthermore, intracellular pathogens, including
certain parasites and viruses, have evolved or adapted to exploit
the MV release process to evade host immune responses, invade
host cells [3,4] or spread infective particles [5].

MVs are often associated with cellular responses to activation,
membrane depolarisation or apoptosis. The processes that govern
MV formation and release therefore stem from a cellular response
to injury aimed at ‘shedding’ excesses in Ca?* as well as exporting
damaging agents [2], thus allowing the cell to recover.
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Alternating current (AC)-generated magnetic fields are able to
exert electromotive force [6], capable of interacting with polar
molecules such as H,O and more complex organic molecules such
as lipid [7]. Alternating currents are used in almost all electrical
appliances and power lines generate magnetic fields that extend
into the microtesla range, capable of interacting with a range of
molecules [7]. Studies on cell lines derived from different tissues
and organisms show a whole range of effects [8]. For example,
electromagnetic exposure of neuronal progenitor cells resulted in
DNA damage and up-regulation of genes relating to apoptosis [9].
These effects were transient and it is conjectured that cellular
mechanisms compensate for these magnetic effects. Typically,
in vitro studies using magnetic fields demonstrate a proliferative
stimulus on particular cell lines, initiating G; from cells in the Gg
phase [8,10,11].

Calcium influx (in the range 50-300 nM) across plasma mem-
branes as a result of the action of magnetic fields is well docu-
mented [7,12]. The subsequent biological effects are often
attributed to the excess calcium [13], in as much as calcium is
vital for both cytoskeletal remodelling and apoptosis. It has been
proposed that F-actin components of microfilaments may inter-
act with magnetic fields, their polyelectrolyte properties allowing
calcium ion conductance into the cytosol, analogous to a dis-
jointed conductive cable [11]. This paper proposes that pulsed
extremely low-frequency (in the range 3-300 Hz) magnetic fields
(ELFMF) induce cell membrane damage, allowing calcium influx,
which then initiates the release from cells of stimulated
microvesicles.
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2. Materials and methods
2.1. Maintenance of cells and determination of viability and cell count

Exponentially growing acute monocytic leukaemic THP-1 cells
(AML-M5) obtained from ECACC (Health Protection Agency cell
culture collection) (viability > 95%) were maintained as described
previously [14,15]. All sera was rendered MV-free by centrifuga-
tion at 20,000g for 1h at 4°C followed by filtration through a
0.22 pm nitrocellulose filter.

2.2. MV isolation and quantification

This was carried out as described previously [14,15].

2.3. Measurement of intracellular calcium

THP-1 promonocytes were washed and suspended in sterile PBS
at a concentration of 1 x 10%/ml. Nine microlitres of 50 mM Cal-
cium Green™-1 AM indicator (Invitrogen) (pre-diluted to correct
concentration in DMSO, as directed by the manufacturer) was
added to the cells and incubated with slow shaking for 45 min at
room temperature while wrapped in aluminium foil to minimise
photo-bleaching of the fluorophores. The cells were washed
3x in cold, sterile PBS at 160g and finally suspended in CGM.
Calcium green fluorescence was ascertained on a FLUOstar Q
multiplate reader using the fluorescence programme, stimulating
the calcium green at Asgs and reading calcium green bound
fluorescence at Asjg.

2.4. Stimulation of MV release using ELFMF

A pulsed extremely low-frequency electromagnetic field (ELF-
MF) was used to provide a low intensity and extremely low-
frequency (10 Hz) field. The ELFMF generator plates were housed
within the Heraeus incubator (37 °C, 5% CO,) and the magnetic
field was quantified using a TES-1390 EMF Tester on the Tesla op-
tion. The AC magnetic field was found to vary from 0.1 to 1 uT
depending upon the plate settings, the background field being
0.08 uT while the magnetic field generator was switched on, but
falling to negligible levels when the generator was switched off.
It was decided to set the plates to generate a 0.3 uT 6 V AC electro-
magnetic field. The 100 ms duration of the AC field was controlled
by a square wave-triggered pulse and the distance between the
electrodes to which the THP-1 monocytic cells were exposed was
14 cm.

To assess the use of ELFMFs in generating MVs from cells, THP-1
promonocytes were washed 2 x with RPMI 1640 and suspended in
CGM. The cells were then assayed for their viability and number
using ViaCount reagent (which essentially uses a nuclear and via-
bility dye) on a Guava Millipore flow cytometer before being sus-
pended at the required concentration (typically 5 x 10°/ml) and
dispensed into 12- or 24-well plates (Corstar). The cells were then
stimulated with 0.3 uT at 10 Hz, 6 V AC ELFMFs for 30 min at 37 °C
and centrifuged as described in Section 2.2, to isolate sMVs, which
were then quantified by flow cytometry using the ExpressPlus
programme.

2.5. Flow cytometry assay to identify stages of apoptosis using annexin
V-PE and 7-AAD

THP-1 cultured in CGM (>95% viability) were washed 2x by
centrifugation at 160g for 5 min using RPMI 1640 before being sus-
pended at 5 x 10° cells/ml in CGM. They were dispensed into ster-
ile 12-well plates (Corstar) and the cells were exposed to 0.3 nT 6 V

AC ELFMFs within a 37 °C incubator for 30 min or 2 h. After this,
the cells were immediately incubated with Guava Nexin® reagent
(essentially annexin V-PE, to detect externalised PS and 7-AAD, a
cell impermeant dye to detect late-stage apoptosis) following the
manufacturer’s protocol (Guava, Millipore).

2.6. Incubation of THP-1 promonocytes exposed to ELFMF with
propidium iodide

THP-1 cells (5 x 10°/ml) were washed 2x with RPMI 1640 and
suspended in CGM and dispensed into 24-well plates (Corstar).
5 uM propidium iodide (PI) was added to the cells in culture before
one plate was stimulated with 0.3 uT at 10 Hz, 6 V AC ELFMF at
37 °C for 30 min, the control plate being incubated at 37 °C without
ELFMF. THP-1 cells were cooled to 4 °C and washed 2 x with RPMI
1640 and then suspended in cold PBS before being assessed for PI
inclusion by flow cytometry, ExpressPlus and FLUOstar Q multi-
plate reader at Agye.

2.7. Assessment of lysosomal sealing of ELFMF-induced membrane
breach

THP-1 promonocytes (5 x 10°/ml) were washed 2x with RPMI
1640 and suspended in CGM before being dispensed into sterile
24-well plates (Corstar). One plate was incubated at 37 °C while
the other plate was stimulated with 0.3 puT at 10 Hz, 6 V AC ELFMF
at 37 °C for 30 min, after which both plates were rapidly cooled to
4 °C, washed 2x with RPMI 1640 and suspended in sterile PBS.
Anti-LAMP-1 Alexa Fluor® (1 pg/10° cells) was added to the THP-
1 cells and incubated at 4 °C for 45 min, with shaking in the dark.
THP-1 cells were then washed 2x with sterile PBS and quantified
for LAMP-1 by flow cytometry, using the ExpressPlus software
and the FLUOstar Q multiplate reader at A4gg. In both cases, a la-
belled but un-stimulated control was used for gating.

2.8. Calcium chelation during NHS and ELFMF induction of MV release

THP-1 promonocytic cells (5 x 10°/ml) were washed 2x with
RPMI 1640 and then suspended (in 24-well plates) in RPMI 1640
containing either 10% NHS or being exposed to ELFMF 0.3 puT at
10Hz, 6V AC for 30 min at 37 °C with or without 5 mM EGTA
and 2 mM CaCl,. The control cells were incubated at 37 °C without
exposure to ELFMF Immediately, the cells were cooled to 4 °C, pel-
leted and re-suspended in RPMI and their viability assessed by flow
cytometry using the ViaCount assay. The supernatant was used for
MV isolation and the MV morphology and population count was
assessed by flow cytometry using ExpressPlus software (as before).

2.9. Transmission electron microscopy of cells releasing MVs

This was essentially carried out as described before [15], this
time MV release from promonocytes (~5 x 10%/ml) having been
stimulated by exposure to ELFMF (0.3 uT at 10Hz, 6 V AC) for
30 min.

2.10. Statistical analysis

All experiments were carried out in triplicate and repeated at
least three times and the data are represented as mean + standard
error of the mean. Statistical analysis (unpaired t test) was per-
formed using GraphPad Prism software, version 5.0 (GraphPad
Software, San Diego, CA). The following significance levels were
used: *P < 0.05, **P<0.01 and ***P < 0.001.
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3. Results
3.1. ELFMF causes small, recoverable decrease in cell viability

ELFMFs disrupt the integrity of the plasma membrane through
transient interaction with polar groups associated with phospho-
lipid species. Charged molecules then align with magnetic fields
causing regions of low lipid density and forming pores, which al-
low the flow of extracellular molecules and ions into the cytoplasm
along a concentration gradient. We found that application of a
0.3 uT at 10 Hz, 6 V AC magnetic field resulted in an immediate
drop in viability from 95% to 89% (Fig. 1A). As soon as the ELFMF
was switched off (0s recovery time), viability was restored to
~94% over the next 3 min and maintained at that level for up to
30 min (Fig. 1B) thus alluding to the removal of damaging agents
(by MV release) and restoration of homeostatic mechanisms.

To ascertain the effect of ELFMF density on membrane damage,
four field strengths were chosen: 0, 0.1,0.3 and 0.6 uTat 10 Hz,6 V
AC. We found that with increasing magnetic field density, there
was a corresponding significant decrease in viability caused by
ELFMF-induced membrane damage (Fig. 1C). A 0.6 uT field density
displayed a negligible decrease in cell viability over a 30 min per-
iod, compared to 0.3 uT possibly due to the increased field density
being able to hinder the diffusion of ions across a rapidly remod-
elled membrane. Ion channels may also become increasingly dis-
torted, eliminating a possible route of ion transport in denser
magnetic fields.
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3.2. The effect of ELFMF on levels of apoptosis

The effect of ELFMFs on the release of stimulated MVs (sMVs)
from cells without the use of biological or chemical activators
was assessed as an alternative method of stimulation. Prolonged
(2h) ELFMF stimulation of THP-1 cells led to a permanent,
18 + 2%, decrease in total population viability (Fig. 2A). An apopto-
sis assay (Nexin assay) showed a shunt to early apoptosis (~10%)
and late apoptosis (~18%) indicative of pseudoapoptotic events in-
duced by ELFMFs (Fig. 2B and C) which are concomitant with an
accumulation of Ca?' in the cytoplasm (Fig. 2D) within 15-
30 min of ELFMF exposure.

3.3. ELFMEF stimulate microvesicle release from cells

An exposure of THP-1 promonocytes to an ELFMF of 0.3 uT at
10 Hz, 6 V AC (henceforth called ELFMF) for 1 h was found to cause
a significant increase (~3-fold) in MV release (1.07 x 10°> MVs/ml)
compared to control (0.14 x 10°> MVs/ml) rested in RPMI 1640
(Fig. 3A and B). This MV release is mediated through the uptake
of extracellular calcium as levels of MV release with ELFMF in
the presence of EGTA were markedly reduced (Fig. 3A). As shown
earlier, this release of stimulated MVs is possibly coupled with
pseudoapoptotic events (Fig. 2B). The MVs generated give a typical
dot-plot distribution with regard to size and granularity (Fig. 3B)
are ~90% annexin V-positive (inset) (indicator of PS expression)
as seen by FACs analysis and have a typical morphology and size
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Fig. 1. ELFMFs cause membrane damage facilitating the influx of membrane exclusion dyes and induce pseudoapoptosis for the duration of stimulation. (A) THP-1
promonocytes were stimulated with ELFMFs (0.3 uT at 10 Hz, 6 V AC) for 30 min, temporarily lowering the viability of the cells. Once removed from the ELFMF, THP-1 cells
were assessed for their viability every 60 s for 3 min. (B) THP-1 cells were also subjected to 0.6 uT ELFMF strength for 30 min. After the field was switched off, the cells were
suspended in complete growth medium and after a 30 min recovery period, there was a significant rise in viability. (C) 1 x 10°> THP-1 cells/ml were subjected to ELFMF at
three different densities, 0.1 £ 0.05 uT, 0.3 £ 0.05 uT and 0.6 + 0.05 uT for 30 min and their viabilities assessed using ViaCount.
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Fig. 2. The effect of prolonged ELFMF exposure on the viability of THP-1
promonocytes. (A) A 2 h stimulation of THP-1 monocytes with ELFMF (0.3 uT at
10Hz, 6V AC) resulted in an 18 2% reduction in viability compared to un-
stimulated control cells. (B and C) An apoptosis assay using AnV-PE and 7-AAD
(nexin assay) of THP-1 monocytes stimulated with 0.3 puT at 10 Hz, 6 V AC ELFMF
for 2 h showed ~18% of the population to be in late apoptoses. A dot plot obtained
on the Guava Easycyte flow cytometer compared ELFMF-treated cells with
untreated controls. (D) The cells were quantified for cytoplasmic calcium levels
using a FLUOstar Q multiplate reader exciting at Asgs and recording at Asyo at set
time points, 0, 5, 15 and 30 min of ELFMF exposure.

(200-500 nm in diameter) as seen by electron microscopy of
ELFMF-exposed cells releasing MVs (Fig. 3C). They are however
produced in lower numbers than MVs generated by other stimuli,
such as 10% NHS (Fig. 3D). This suggests that the release of stimu-
lated MVs, as the cells enter early apoptosis, may be an attempt to
reduce cellular membrane damage inflicted by the magnetic field.
We also found that ELFMFs could add a small but significant level
to MV release induced by NHS (Fig. 3D).

As referred to earlier in the introduction, constitutive MV re-
lease is in response to normal cellular physiological processes
and to cells, having endured various stresses, attempting to pre-
vent the progression of pseudoapoptotic events to irreversible
apoptosis. However, prolonged exposure to ELFMFs ensures apop-
tosis by generating ‘un-pluggable’ or un-removable membrane
pores. Inevitably, cells stimulated with ELFMFs for long enough
will initially produce MVs but then progress to apoptosis. As
shown earlier, calcium enters cells stimulated with ELFMF for
30 min, significantly increasing total cellular free calcium
(Fig. 2D). Calcium influx begins to occur between 5 and 15 min
reaching significant levels by 30 min. The lag phase of calcium in-
flux between 0 and 5+ min (Fig. 2D) might occur, as cells are effec-
tive at calcium homeostasis and other mechanisms operate to
hinder uncontrolled calcium influx. Cells are able to store ‘free’ cal-
cium within the endoplasmic reticulum (ER); however, stimulation
with ELFMFs is likely to cause trans-cellular plasma membrane
poration, so that the cellular mechanisms to sequester calcium to
the ER become less efficient.
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Fig. 3. Identification and quantification of MVs released from ELFMF-stimulated
cells. (A) Cell-free culture supernatant from ELFMF-exposed cells was obtained for
MV isolation and quantified by FACs analysis (Guava ExpressPlus). There is a
significant increase in MV release when cells are stimulated with 0.3 uT at 10 Hz,
6V AC ELFMFs for 1 h. ELFMF-treated cells in the presence of EGTA (5 mM) showed
significantly reduced levels of MV release. However, cells treated with 5% NHS
(sublytic MAC) with EGTA, showed an even lower level of microvesiculation,
comparable with constitutively released (control) levels. (B) A dot plot morphology
obtained by FACs and the annexin V staining of PS, ~90% (inset), confirms MV
release during ELFMF stimulation. (C) MV release from THP-1 monocytes was
observed by transmission electron microscopy for cells either left uninduced
(control) or stimulated with ELFMF for 1 h. Arrows indicate MVs released from the
cell surface. The magnification was 10,000x and the scale bar represents 500 nm.
(D) MVs are generally released at higher levels when exposed to NHS (10%) and
added ELFMF can increase levels of released microvesicles by ~20%.

EGTA sequesters Ca®*, so that it is not available to enter the cell.
As a result, MV release is markedly reduced. However, microvesi-
culation levels are reduced significantly below these levels (on a
par with background constitutive MV release in the absence of
ELFMF or NHS) when EGTA is used to chelate Ca?*-mediated MV
release through sublytic pore formation with 5% NHS. This implies
that ELFMFs indeed induce trans-cellular poration (as has been
suggested before [47]) and that Ca®* from sub-cellular organelles
is capable of initiating SMV biogenesis.

3.4. ELFMF stimulates lysosomal exocytosis to repair induced
membrane pores

When THP-1 monocytes were stimulated with ELFMF, mem-
brane pores were formed, allowing the influx of membrane imper-
meant propidium iodide (PI) along a concentration gradient. The PI
was retained within the cell after ELFMF stimulation was removed,
the relative fluorescence at Agygs being significantly increased, by
22%, above control (Fig. 4A). As ELFMFs induce the production of
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Fig. 4. Exposure of THP-1 cells to ELFMF results in membrane pore formation and
LAMP-1 surface expression. (A) Membrane PI levels were quantified on the Guava
EasyCyte flow cytometer using ExpressPlus software. Percentage internalised PI
was measured in cells both stimulated for 30 min with ELFMF (0.3 uT at 10 Hz, 6 V
AC) or not. The stimulated cells showed 22 +2% more internalised PI than the
control cells. (B) THP-1 cells (5 x 10°/ml) were also stimulated with ELFMF and
assessed for surface membrane expression of LAMP-1 (CD 107a). Stimulated cells
express significantly more Lamp-1, 23 + 2% than un-stimulated THP-1. LAMP-1 was
quantified using a FLUOstar Q multiplate reader (BMG Labtech).

sMVs through membrane pores, as suggested by internalised PI, so
there would appear to be parallels with the mechanism by which
sublytic membrane attack complex deposition leads to sMV release
[15,16].

The calcium-regulated exocytosis of lysosomes to reseal
breaches to the plasma membrane is a recognised mechanism of
membrane repair [17]. We wanted to see whether this mechanism
might be implicated following ELFMF-induced membrane damage.
We found Lamp-1 (lysosomal associated membrane protein 1;
CD107a) expression at the plasma membrane of THP-1 cells stim-
ulated with ELFMFs to be 23 + 2% greater than control (Fig. 4B). It is
believed that by causing the polar groups on phospholipids to align
with magnetic fields, ELFMFs create outer membrane pores, which
allow the influx of ions, causing the cell to enter apoptosis and to
release MVs (Fig. 3A and B). Increased cytosolic-free Ca* leads to
increased LAMP-1 at the plasma membrane, by increasing the rate
and frequency of lysosomal exocytosis through Ca%*-sensitive
secretory pathways [17]. These lysosomes ‘plug’ the ELFMF-
induced pores by fusing with the plasma membrane, preventing
the loss of membrane selective permeability and maintaining the
membrane’s ion gradients.

4. Discussion

Long-term exposure to low magnetic field densities in the 0.1-
0.4 uT range may be associated with a host of diseases, amongst
others, childhood leukaemia [18], childhood brain tumours [19]
and Alzheimer’s disease [20]. Microvesicles too as vehicles of inter-
cellular communication have been found to play roles in cancer
progression, autoimmune and infectious disease [2]. Extremely
low-frequency magnetic fields have an immediate effect on cells
[13], and as we found here an ELMF of 0.3 uT at 10 Hz, 6 V AC
caused a significant, albeit recoverable decrease in viability for
the duration of the 30 min magnetic stimulus. However, prolonged
stimulation led to more dramatic decreases in viability, as ELFMFs
form irreversible membrane pores (Fig. 2).

Extracellular calcium influx was the main cause for SMV release
upon exposure to ELFMFs, as well as the likely release of cellular
stores within organelles of Ca?* [21], which contributes to total
free cytoplasmic calcium [22]. We found that when extracellular
calcium was quenched with EGTA, stimulated MVs (sMVs) were
released at a significantly lower level but higher than would be ex-
pected through constitutive MV release (no ELFMF) (Fig. 3A). Sub-
cellular organelle pores are stimulated with ELFMF [23], especially

in the mitochondria [24], releasing calcium; however, they may re-
lease other toxic substances such as peroxide, ROS [13] and Cyt 450
leading to changes in cell viability. sMVs would be expected to ex-
port many of these substances from the cell to prevent subsequent
apoptosis. However, prolonged ELFMF treatment would ensure
their continued supply to the cytoplasm, well beyond the cell’s
ability to produce and release sMVs, leading to irreversible apopto-
sis. Notably, Ca%* export by microvesiculation gains importance as
a regulatory mechanism especially after ELFMF-induced pore for-
mation in sub-cellular organelles, which prevents effective orga-
nelle sequestering of Ca*.

ELFMF-induced membrane pores were plugged rapidly as ob-
served by immediate lysosomal fusion and the expression of
LAMP-1 at the plasma membrane. However, over a 30 min dura-
tion, the cells exhaust their supply of lysosomes and membrane
pores remain for longer, eventually allowing the increased influx
of extracellular constituents such as in this case calcium or imper-
meant indicator or nucleic acid staining dyes (Fig 2D). When the
cells are removed from the ELFMF, PI and calcium, for example,
are retained within the cell (Fig. 4A). The increased intracellular
calcium, after removal of ELFMF, resulted in the release of sMVs
through the usual pathways associated with the onset of early
apoptosis. We have established that ELFMFs stimulate sSMV biogen-
esis by causing plasma membrane pores which allow Ca?* influx.
Although EGTA chelation of Ca?* led to reduced MV release,
ELFMFs stimulate pores throughout the organelles causing free
calcium leakage into the cytoplasm, which can thus still stimulate
sMV biogenesis and a host of other responses [25].

In this study, we have revealed a new stimulus for MV release
from cells. The use of ELFMFs could have important implications
in chemotherapy. If ELFMFs and other electroporation technologies
cause temporary pores, which can increase effective drug uptake,
thus reducing therapeutic levels needed in electrochemotherapy,
the observation that ELFMFs also cause the release of microvesicles
must be considered as an opposing factor through the potential re-
moval of drug from the cell. Furthermore, the effects of electro-
magnetic fields, particularly pulsed ELFMF have been described
and speculated upon for years, there being much accumulated evi-
dence now for their involvement in cell damage, affecting viability,
proliferation and tumorigenesis. The release of sMVs from ELFMF-
treated cells is a novel observation which must be further studied
especially in view of MVs themselves having been reported to play
significant roles in a host of diseases including cancer (tumorigen-
esis, metastasis and angiogenesis) [2].
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