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Extremely low frequency
electromagnetic stimulation reduces
ischemic stroke volume by improving
cerebral collateral blood flow
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Abstract

Extremely low frequency electromagnetic stimulation (ELF-EMS) has been considered as a neuroprotective therapy for

ischemic stroke based on its capacity to induce nitric oxide (NO) signaling. Here, we examined whether ELF-EMS

reduces ischemic stroke volume by stimulating cerebral collateral perfusion. Moreover, the pathway responsible for

ELF-EMS-induced NO production was investigated. ELF-EMS diminished infarct growth following experimental stroke in

collateral-rich C57BL/6 mice, but not in collateral-scarce BALB/c mice, suggesting that decreased lesion sizes after

ELF-EMS results from improved collateral blood flow. In vitro analysis demonstrated that ELF-EMS increased endothelial

NO levels by stimulating the Akt-/eNOS pathway. Furthermore, ELF-EMS augmented perfusion in the hind limb of

healthy mice, which was mediated by enhanced Akt-/eNOS signaling. In healthy C57BL/6 mouse brains, ELF-EMS

treatment increased cerebral blood flow in a NOS-dependent manner, whereas no improvement in cerebrovascular

perfusion was observed in collateral-sparse BALB/c mice. In addition, ELF-EMS enhanced cerebral blood flow in both the

contra- and ipsilateral hemispheres of C57BL/6 mice subjected to experimental ischemic stroke. In conclusion, we

showed that ELF-EMS enhances (cerebro)vascular perfusion by stimulating NO production, indicating that ELF-EMS

could be an attractive therapeutic strategy for acute ischemic stroke by improving cerebral collateral blood flow.
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Introduction

Following cerebral ischemia, several endogenous repair
processes are stimulated. In the acute phase after symp-
tom onset, one of the main mechanisms to compensate
for the reduced blood flow to the affected area is the
recruitment of the leptomeningeal collateral circula-
tion.1 The ability of collateral recruitment is strongly
associated with stroke outcome.2 Accordingly, improv-
ing collateral perfusion is proposed to be a potent ther-
apeutic option. The gaseous molecular messenger nitric
oxide (NO) plays a crucial role in the induction of col-
lateral blood flow.1 Within the brain, NO is an impor-
tant signaling molecule synthesized by three distinct
isoforms of nitric oxide synthases (NOSs); neuronal
NOS (nNOS), inducible NOS (iNOS), and endothelial
NOS (eNOS).3,4 After cerebral ischemia, the role of
NO is rather complex.3,5 On one hand, NO generated
by nNOS and iNOS is detrimental for neuronal surviv-
al after stroke, due to production of the neurotoxic
peroxynitrite.6,7 On the other hand, eNOS derived
NO induces angiogenesis and vasodilation, thereby
being considered to act as a neuroprotective
agent.3,5,8 Concordantly, nNOS knockout mice dis-
played smaller lesion sizes and increased neurogenesis
after ischemic stroke. In contrast, eNOS deficiency in
mice resulted in larger infarcts and reduced neurogen-
esis compared to wild-type animals.8,9 Hence, increas-
ing post-ischemic NO content by upregulating eNOS
activity is considered to be a putative treatment strat-
egy for ischemic stroke.6

Recently, extremely low frequency electromagnetic
stimulation (ELF-EMS) has been explored as a non-
invasive therapy for a wide variety of neurological dis-
orders, including traumatic brain injury, Huntington’s
disease, and ischemic stroke.10–13 In the clinic, ELF-
EMS is approved for the treatment of postoperative
pain, delayed union bone fractures, edema, and chronic
wounds.14–17 Although the cellular and molecular
mechanisms of ELF-EMS have not been fully elucidat-
ed, several reports indicated ELF-EMS to induce NO
production.13,18–21 In a rat model of global cerebral
ischemia, we previously demonstrated that ELF-EMS
improved survival rates and reduced infarct sizes,
which was likely attributed to enhanced NO signal-
ing.13 However, the mechanism by which NO produc-
tion is induced remains unknown.

In this study, we shed light on the (sub)cellular
mechanisms underlying the effect of ELF-EMS on
NO production. We postulated that ELF-EMS could
reduce infarct growth by stimulating cerebral collateral
blood flow via activation of eNOS-/NO signaling.
First, the therapeutic response of ELF-EMS following
ischemic stroke was examined in two different mouse
strains with variations in their native collateral

circulation. Secondly, we investigated the role of the

Akt-/eNOS pathway in the induction of endothelial

NO production by ELF-EMS in vitro. Next, the poten-

tial of ELF-EMS to enhance blood perfusion by induc-

ing Akt-/eNOS signaling was studied in the hind limbs

of healthy mice. Furthermore, the effect of ELF-EMS

on cerebral collateral blood flow and the involvement

of NOS signaling herein was assessed. Finally, we eval-

uated whether ELF-EMS treatment could potentially

reduce ischemia-induced brain damage by augmenting

cerebral blood flow towards the infarcted tissue.

Materials and methods

Specifications of non-pulsed ELF-EMS

ELF-EMS was generated by using a coil (ferromagnet-

ic core radius 16mm; wire diameter 0.20mm; 950

turns) connected to a Magnetic Stimulator NaK-02

and power amplifier (high fidelity amplifier; bandwidth

10Hz-20 kHz; output 60W) manufactured by our

collaborators from Cuba (F.G. González, M.C.

Cardonne and L.P. Font of Centro Nacional de

Electromagnetismo Aplicado (CNEA)). The produced

magnetic field was measured using a calibrated PCE-

MFM 3000 gaussmeter (PCE Instruments, Enschede,

The Netherlands). The resulting magnetic field gener-

ated a continuous sinusoidal current of 60Hz with a

magnetic intensity of 13.5mT and was applied without

intervals to deliver an electromagnetic field in a non-

pulsed manner.13

Animal experiments

Ten-week-old male C57BL/6 and BALB/c mice were

obtained from Envigo (Horst, The Netherlands). Ten-

week-old NMRI RjHan male mice were purchased

from Janvier (Le Genest-Saint-Isle, France). In all

experiments, animals were randomly assigned to

either sham or ELF-EMS treatment using blocking

randomisation. Mice were housed under standardized

conditions with a 12 h light–dark cycle and a controlled

temperature of 20� 3 �C. Food and water were provid-

ed ad libitum. The experiments were performed accord-

ing to the guidelines defined in the “Principles of

laboratory animal care” (NIH publication No. 86-23,

revised 1985), the EU Directive 2010/63/EU as well as

the specific Belgian law (Belgian law of animal welfare

and Royal Decree of 29 May 2013). All experiments

were approved by the Ethical Committee for Animal

Experimentation (ECAE) of Hasselt University or by

the Institutional Animal Care and Research

Advisory Committee of the Universit�e catholique

de Louvain (agreement # 2016/UCL/MD/017 and
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2016/UCL/MD/018) and were reported in accordance
with the ARRIVE 2.0 guidelines.22

Permanent distal middle cerebral artery
occlusion (dMCAO)

Ten-week-old male C57BL/6 and BALB/c mice were
subjected to permanent dMCAO as described previous-
ly,23 with minor modifications. Details regarding the
surgical procedure are described in the supplemental
materials.

Exactly 1 h after dMCAO, mice were anesthetized
using ketamine/xylazine (ketamine: 120mg/kg and
xylazine: 10mg/kg; intraperitoneal injection (IP)) and
placed in a restrainer to receive treatment. Mice were
exposed to either sham or ELF-EMS treatment (60Hz,
13.5mT) for 20min over 4 consecutive days. Sham-
treated mice were anesthetized and placed in the
restrainer under the ELF-EMS device without expo-
sure to the electromagnetic field. After 7 days, mice
were sacrificed to analyze infarct size via 2,3,5-triphe-
nyltetrazolium chloride (TTC) staining. Details regard-
ing the TTC staining of brain sections are provided in
the supplemental section.

Laser speckle contrast imaging (LSCI)

Superficial cortical blood flow was assessed in 10-
week-old male C57BL/6 and BALB/c mice using a
full-field Laser Speckle Contrast imager (FLPI-2,
Moor Instruments, Axminster, UK). Cerebral blood
flow was measured in healthy C57BL/6 and BALB/c
animals, as well as in C57BL/6 mice subjected to
dMCAO 1h and 24 h after stroke induction. To
assess the role of NOS-/NO signaling in ELF-
EMS-mediated effects on cerebrovascular perfusion,
healthy 10-week-old male C57BL/6 mice were treated
with L-NAME (1 g/500ml; Sigma-Aldrich) supple-
mented to the drinking water for 5 subsequent days
prior to Laser Speckle Contrast imaging. Details
regarding the experimental set-up are described in the
supplemental materials.

Laser doppler imaging

Blood perfusion in the hind limbs of 10-week-old
NMRI RjHan mice was measured using a Laser
Doppler imager (Moor Instruments), as previously
described.24 More experimental details are specified in
the supplemental materials.

For experiments with pathway inhibitors, 10-
week-old male NMRI RjHan mice were pre-treated
with either L-NAME (1 g/500ml; Sigma-Aldrich),
LY294002 (10mg/kg, Cayman Chemical, Michigan,
USA), ARL 17477 (10mg/kg, Tocris Bioscience,
Bristol, UK), or 1400W (10mg/kg, Cayman

Chemical). L-NAME was added to the drinking
water for 5 subsequent days prior to Laser Doppler
imaging. ARL 17477 and 1400W were injected IP
once a day for 6 days, whereas LY294002 was admin-
istered IP for 3 days once a day. The last injection was
delivered 1 h prior to Laser Doppler imaging.

Nitrite measurements

Cell culture methods of human microvascular endothe-
lial cells (HMEC-1) are provided in the supplemental
materials. To assess nitrite production, HMEC-1 were
seeded at a density of 78.95� 103 cells/cm2 in a 24-well
plate. After adherence of the cells, 300 ml fresh standard
HMEC-1 culture medium was added. Prior to ELF-
EMS treatment, pathway inhibitors were administered
for 30min in the case of L-NMMA (1.5mM, Tocris
Bioscience, IC50: 2.7mM)13 and LY294002 (20mM,
Sigma-Aldrich, IC50: 1.4mM)25 or for 2h in the case of
1400W (3mM, Cayman Chemical, IC50: <0.2mM)26 and
ARL 17477 (5mM, Tocris Bioscience, IC50: 35nM).27

Cells were then either stimulated or not for 20min with
ELF-EMS (60Hz, 13.5mT). After 24h, medium was col-
lected, centrifuged and stored at �80�C. Nitrite levels
were measured using the Griess Reagent System
(Promega Benelux B.V., Leiden, The Netherlands)
according to manufacturer’s guidelines.

Cyclic guanosine-30,50-monophosphate (cGMP)
enzyme-linked immunosorbent assay (ELISA)

HMEC-1 were seeded at a density of 78.95� 103 cells/
cm2 in a 6-well plate. Cells were washed twice with
FBS-free MCDB 131 medium supplemented
with 10mM L-glutamine and were incubated for 4 h
with 2ml FBS-free MCDB 131 medium containing
10mM L-glutamine and 1mM IBMX (Sigma-
Aldrich). Prior to ELF-EMS, HMEC-1 were pre-
treated with L-arginine (200 mM, Tocris Bioscience)
for 30min. After 4 h, cells were either left unstimulated
or treated with ELF-EMS for 20min (60Hz, 13.5mT).
Immediately after, HMEC-1 were lysed using 0.1M
HCl (VWR Chemicals, Leuven, Belgium)þ 1%
Triton (Sigma-Aldrich) at room temperature. Samples
were centrifuged and stored at �80�C. Protein concen-
tration of lysed HMEC-1 was determined by the Pierce
BCA assay kit (ThermoFisher Scientific,
Erembodegem, Belgium). cGMP production was mea-
sured using the cGMP ELISA kit (Cayman Chemical)
following manufacturer’s instructions.

Small interfering RNA (siRNA) transfection

ON-TARGETplus eNOS (NOS3) SMARTpool
siRNA and ON-TARGETplus Non-targeting siRNA
were purchased from Dharmacon (Boulder, USA).
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siRNA sequences are listed in Supplementary Table 1.

HMEC-1 were seeded in penicillin and streptomycin-

free standard HMEC-1 culture medium at a density of

20.83� 103 cells/cm2. After 24 h, the cells were trans-

fected with 50nM siRNA using 4ml DharmaFECT TM

Transfection Reagent (Dharmacon) per well according

to manufacturer’s guidelines. Medium was renewed 24h

after transfection and HMEC-1 were incubated for an
additional 48h, after which the cells were lysed for west-

ern blot analyses.

Western blotting

Protein sample preparation methods are provided in

the supplemental materials. Equal amounts of proteins

(3–20 mg) were diluted in 5X SDS loading buffer (10%

SDS, 50% glycerol, 0.325M Tris-HCl (pH 6.8), and

0.025% bromophenol blue) and electrophoretically

separated on 10% SDS-PAGE gels. Proteins were

transferred onto polyvinylidene fluoride membranes
(Merck Millipore, Darmstadt, Germany) for 2 h at

350mA. Membranes were blocked for 1 h at room tem-

perature with 2% nonfat dry milk in phosphate buff-

ered saline (PBS) containing 0.05% Tween-20 (PBS-T),

followed by overnight incubation with primary anti-

bodies at 4 �C. Primary antibodies are listed in

Supplementary Table 2. The following horseradish per-

oxidase (HRP)-conjugated secondary antibodies were

then used for a 1 h incubation at room temperature:

goat anti-rabbit HRP (P0448, Agilent, Heverlee,

Belgium), rabbit anti-goat HRP (P0449, Agilent), and

rabbit anti-mouse HRP (P0260, Agilent). All antibod-

ies were diluted in 2% nonfat dry milk in PBS-T.
b-actin was used as loading control. Pierce ECL Plus

Western Blotting Substrate (ThermoFisher Scientific)

was applied to the membranes for signal detection.

Images were acquired with ImageQuant LAS 4000

Mini (GE Healthcare Bio-Sciences, Uppsala,

Sweden). Densitometric analyses were performed with

the use of ImageQuantTM TL LAS 4000 software (GE

Healthcare Bio-Sciences).

Statistical analysis

All statistical analyses were performed using Graphpad
Prism 7.04 software (Graphpad, San Diego, CA, USA).

Normality was tested using the D’Agostino and

Pearson normality test. In case of normally distributed

data, one sample T-test (comparison of 1 group to a

hypothetical value), unpaired Student T-test (2 groups)

or one-way ANOVA (3 or more groups) followed by

Tukey multiple comparison test was performed. The

nonparametric Mann-Whitney test (2 groups) or

Kruskal-Wallis test (3 or more groups) following

Dunn’s multiple comparison test was used for data

that were not normally distributed. All data are dis-
played as mean� standard deviation (SD). A p-value
of �0.05 was considered to be statistically significant.

Results

ELF-EMS reduces infarct size after ischemic stroke
in collateral-rich C57BL/6 mice, but not in
collateral-scarce BALB/c mice

Previously, our research group demonstrated that
ELF-EMS application reduced lesion size in a rat
model of global cerebral ischemia, which was likely
mediated by enhanced NO signaling.13 Since NO is a
critical regulator of cerebral collateral blood flow,1 we
postulated that ELF-EMS exerts its protective effects
following ischemic stroke by recruiting the collateral
circulation. Hence, the therapeutic response of ELF-
EMS after experimental stroke was investigated in
two different mouse strains with variations in their
native cerebral collateral circulation. BALB/c mice
exhibit lower numbers of pial collaterals in comparison
with C57BL/6 mice, which possess an extensive net-
work of cerebral collaterals.28 Mice were exposed to
either sham or ELF-EMS treatment for 4 consecutive
days after induction of ischemic stroke (Figure 1(a)).
C57BL/6 mice subjected to dMCAO showed a reduc-
tion in infarct size by 24% after ELF-EMS treatment
compared to sham-treated C57BL/6 mice (19� 6mm3

vs. 25.� 6mm3) (Figure 1(b) and (c)). However, ELF-
EMS treatment had no effect on lesion volume in the
BALB/c mouse strain compared to sham-treated ani-
mals (40� 13mm3 vs. 45� 11mm3) (Figure 1(d) and
(e)). Since BALB/c mice possess only a limited
amount of cerebral collaterals and supposedly do not
benefit from the protective effects of ELF-EMS, these
results suggest that ELF-EMS reduces ischemic stroke
volume by stimulating cerebral collateral blood flow.

ELF-EMS stimulates NO production in an
eNOS-dependent manner

Since the mechanisms by which ELF-EMS induces NO
production remain unknown, we investigated the acti-
vated NO pathway in response to ELF-EMS in vitro
using human microvascular endothelial cell lines
(HMEC-1 and hCMEC/D3 cell lines). Ultrastructural
analysis of ELF-EMS-treated HMEC-1 revealed no
gross intracellular changes induced by the treatment
(Supplementary Figure 1). ELF-EMS increased nitrite
levels in both dermal–derived HMEC-1 (176� 32% for
ELF-EMS-treated cells vs. 100� 20% for control cells)
(Figure 2(a)) and brain-derived hCMEC/D3 cells
(Supplementary Figure 2) compared to unstimulated
cells. In addition, production of cGMP, a downstream
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signaling molecule in the NO cascade, was enhanced

approximately 4-fold by ELF-EMS treatment

(0.108� 0.04 pmol/mg vs. 0.028� 0.03 pmol/mg)

(Figure 2(b)). Pre-incubation of HMEC-1 with the

pan-NOS inhibitor L-NMMA reduced ELF-

EMS-induced nitrite levels to 121� 25%, suggesting

that the enhanced NO production by ELF-EMS is

NOS-dependent (Figure 2(a)). To identify which NOS

isoform is responsible for ELF-EMS-induced NO sig-

naling, the protein levels of the three NOS isoforms

were assessed in unstimulated and ELF-EMS-treated

HMEC-1. Both control and ELF-EMS-stimulated

HMEC-1 expressed eNOS, whereas nNOS and iNOS

protein levels were negligible or not detectable

(Supplementary Figure 3(a)). Since there are no

selective inhibitors available for eNOS, a selective

iNOS inhibitor (1400W) and a specific nNOS inhibitor

(ARL 17477) were used to identify which NOS isoform

is accountable for the increased NO production.

Incubation of HMEC-1 with 1400W and ARL 17477

did not influence ELF-EMS-induced nitrite production

(Figure 2(c) and (d)), indicating that eNOS is the acti-

vated NOS isoform by ELF-EMS. Enhanced eNOS

activation was confirmed by assessing its phosphoryla-

tion status. Phosphorylation of eNOS (peNOS) at

Thr495 attenuates eNOS function, while phosphoryla-

tion at Ser1177 stimulates eNOS activity.29 ELF-EMS

increased eNOS phosphorylation on Ser1177 (181�
84% vs. 100� 110%) (Figure 2(e)) and decreased its

phosphorylation on Thr495 (74� 11% vs. 100� 27%)

Figure 1. ELF-EMS treatment reduces ischemic stroke volume in C57BL/6 mice, but not in BALB/c mice. (a) Schematic overview of
the experimental set-up. Infarct volume was assessed 7 days after dMCAO induction on brain slices stained with 2,3,5-triphenylte-
trazolium chloride (TTC). The scheme was created using Servier Medical Art. (b) Representative images of TTC-stained brain slices of
either sham or ELF-EMS-treated C57BL/6 mice. (c) Quantification of lesion volume on the acquired TTC images of C57BL/6 mice
demonstrated a reduction in infarct size in the ELF-EMS-treated group. (n¼ 14; p¼ 0.0072). (d) Representative images of TTC-stained
brain slices of either sham or ELF-EMS-treated BALB/c mice. (e) Quantification of lesion volume on the acquired TTC images of
BALB/c mice showed no effect of ELF-EMS on lesion size. (n¼ 15; p¼ 0.1539). Data are represented as mean� SD. **p< 0.01.
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(Figure 2(f)) in HMEC-1, overall suggesting enhanced

eNOS activation. These results indicate that ELF-EMS

increases NO production by stimulating eNOS activity.

Akt activation is involved in ELF-EMS-induced

eNOS signaling

Since Akt is an important regulator of eNOS phos-

phorylation and activation,29,30 the role of Akt in the

eNOS-/NO pathway triggered by ELF-EMS was exam-

ined. The levels of phosphorylated Akt on Ser473

(pAkt) were increased by 45% in ELF-EMS-treated

HMEC-1 compared to unstimulated cells (145� 64%

vs. 100� 92%) (Figure 3(a)). To assess whether Akt is

responsible for the enhanced eNOS activation by ELF-

EMS, HMEC-1 were either transfected with eNOS

siRNA or pre-incubated with phosphoinositide

3-kinase (PI3K) inhibitor LY294002. In control

siRNA-transfected cells, ELF-EMS treatment

enhanced Akt phosphorylation compared to untreated

HMEC-1 (219� 69% vs. 100� 78%). Furthermore,

increased pAkt levels were observed in ELF-

EMS-treated HMEC-1 transfected with eNOS siRNA

compared to unstimulated eNOS siRNA-transfected

cells (249� 80% vs. 135� 47%) (Figure 3(b)), indi-

cating that silencing eNOS did not affect ELF-

EMS-induced pAkt levels. In addition, LY294002

reduced nitrite production (from 176� 32% to 142�
20%) (Figure 3(c)) as well as eNOS phosphorylation at

Ser1177 (from 176� 56% to 115� 26%) (Figure 3(d))

in ELF-EMS-stimulated HMEC-1. Together, these

findings indicate that Akt is an important upstream

kinase responsible for ELF-EMS-induced eNOS

activation.

ELF-EMS treatment stimulates blood perfusion in the

hind limb of healthy mice via activation of the Akt-/

eNOS pathway

eNOS-derived NO is known to regulate vascular tone

by relaxing smooth muscle cells of the tunica media,

thereby locally increasing blood flow.31 Since ELF-

EMS activates the Akt-/eNOS-/NO pathway in vitro,

the effect of ELF-EMS on blood perfusion in the hind

Figure 2. ELF-EMS increases NO production in HMEC-1 via enhanced eNOS activation. HMEC-1 were either left unstimulated or
stimulated by ELF-EMS (13.5mT, 60Hz) for 20min. Cells were either immediately lysed after ELF-EMS for cGMP determination
and western blot analysis or were incubated for an additional 24 h to collect medium to analyze NO production via Griess assay.
(a) ELF-EMS enhanced nitrite levels (n¼ 8; p< 0.0001) in HMEC-1, which could be inhibited by the pan-NOS inhibitor L-NMMA
(1.5mM) (n¼ 8; p¼ 0.0005). (b) cGMP concentrations were normalized to the protein concentration of each individual sample. cGMP
production was increased in response to ELF-EMS (n¼ 3; p¼ 0.05). (c) iNOS inhibition by 1400W (3 mM) (n¼ 7) or (d) incubation
with the nNOS inhibitor ARL 17477 (5 mM) did not affect ELF-EMS-induced nitrite production (n¼ 6). (e) Quantification and rep-
resentative blots of peNOS Ser1177, eNOS, and b-actin protein levels in untreated and ELF-EMS-treated HMEC-1. The ratio of
phosphorylated eNOS at Ser1177 to total eNOS levels was calculated. ELF-EMS increased eNOS phosphorylation at Ser1177 (n¼ 6;
p¼ 0.037). (f) Quantification and representative blots of peNOS Thr495, eNOS, and b-actin protein levels in untreated and ELF-
EMS-treated HMEC-1. The ratio of phosphorylated eNOS at Thr495 to total eNOS levels was calculated. ELF-EMS decreased eNOS
phosphorylation at Thr495 (n¼ 10; p¼ 0.005). b-actin was included as loading control. Data are represented as mean� SD and are
normalized to the control group (except in Figure 1(b)). *P< 0.05; **P< 0.01; ***P< 0.001; ****P< 0.0001.
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limbs of healthy mice was studied. This hind limb
model was the preferred choice to study the effect of
ELF-EMS on vascular tone since it allows to measure
alterations in blood flow in a non-invasive and relative-
ly simple and straight-forward manner using Laser
Doppler flowmetry. Vascular perfusion was assessed
before (as baseline) and immediately after ELF-EMS
or sham treatment. Laser Doppler imaging revealed
a rise of 20% in blood flow in the hind limbs
that were treated with ELF-EMS compared to
sham-treated hind limbs (120� 10% vs. 100� 6%)
(Figure 4(a) and (b)).

To validate that the induced blood flow by ELF-
EMS is due to enhanced Akt-/eNOS-/NO signaling,
the effect of ELF-EMS treatment on hind limb perfu-
sion was also assessed in the presence of NOS inhibi-
tors. The pan-NOS inhibitor L-NAME, the nNOS
inhibitor ARL 17477 and the iNOS inhibitor 1400W
were used to evaluate which NOS isoform is responsi-
ble for ELF-EMS-induced effects on blood perfusion.
To assess the effect of systemic (i)NOS inhibition on
NO production in vivo, circulating heme-nitrosylated
hemoglobin (Hb-NO) levels were measured, as previ-
ously described,32 in venous blood of L-NAME- and

Figure 3. Enhanced Akt activation by ELF-EMS stimulates eNOS signaling in HMEC-1. HMEC-1 were either left unstimulated or
stimulated by ELF-EMS (13.5mT, 60Hz) for 20min. Cells were either immediately lysed after ELF-EMS for western blot analysis or
were incubated for an additional 24 h to collect medium to analyze nitrite production via Griess assay. (a) Quantification and
representative blots of pAkt Ser473, Akt, and b-actin protein levels in untreated and ELF-EMS-treated HMEC-1. The ratio of
phosphorylated Akt at Ser473 to total Akt levels was calculated. ELF-EMS enhanced Akt phosphorylation at Ser473 (n¼ 12;
p¼ 0.026). (b) HMEC-1 were transfected with non-targeting control siRNA or eNOS siRNA (both 50 nM). After 72 h of incubation,
cells were either left unstimulated or stimulated by ELF-EMS. Quantification and representative blots of eNOS, pAkt Ser473, Akt, and
b-actin protein levels in untreated and ELF-EMS-treated HMEC-1. The ratio of phosphorylated Akt at Ser473 to total Akt levels was
calculated. eNOS silencing did not affect ELF-EMS-induced pAkt levels (n¼ 8; p¼ 0.009). (c) Treatment with LY294002 (20mM)
reduced nitrite concentration in HMEC-1 that received ELF-EMS (n¼ 8; p¼ 0.016). (d) Quantification and representative blots of
peNOS Ser1177, eNOS, and b-actin protein levels in unstimulated and ELF-EMS-stimulated HMEC-1. The ratio of phosphorylated
eNOS at Ser117 to total eNOS levels was calculated. Stimulation with EGF (500 ng/ml) was included as positive control.
Phosphorylation of eNOS (Ser1177) following ELF-EMS was reduced in LY294002-treated HMEC-1 (n¼ 6). b-actin was included as
loading control. Data are represented as mean� SD and are normalized to the control group. *P< 0.05; **P< 0.01; ***P< 0.001;
****P< 0.0001.
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Figure 4. ELF-EMS application enhances vascular perfusion in the hind limb of healthy mice by activating the Akt-/eNOS pathway. (a)
Representative images of blood perfusion maps obtained by Laser Doppler imaging of either sham or ELF-EMS-treated hind limbs.
Colored pixels illustrate blood flow variations from minimal (dark blue) to maximal (red) values. Baseline images of the blood flow
were acquired before the start of either sham or ELF-EMS treatment. Post-treatment images were obtained immediately after 20min
of sham or ELF-EMS application. (b) Quantification of the blood flow from the relative flux units in the perfusion maps. ELF-EMS
induced blood flow in the hind limb of healthy mice (n¼ 4; p¼ 0.014). (c) Mice received either vehicle or L-NAME (1 g/500ml) in the
drinking water for 5 consecutive days. Quantification of the blood flow from the relative flux units in the perfusion maps. L-NAME
treatment reduced the effects of ELF-EMS on blood perfusion. (n¼ 9; p¼ 0.036). (d) Mice were injected with either vehicle or
1400W (10mg/kg) IP for 6 consecutive days. Quantification of the blood flow from the relative flux units in the perfusion maps. iNOS
inhibition by 1400W did not influence ELF-EMS-induced vascular perfusion in the hind limb (n¼ 6). (e) Mice received either vehicle or
ARL 17477 IP injections (10mg/kg) for 6 consecutive days. Quantification of the blood flow from the relative flux units in the perfusion
maps. Treatment of mice with ARL 17477 did not affect blood flow induced by ELF-EMS stimulation (n¼ 9). (f) Mice were treated (IP)
with either vehicle or LY294002 (10mg/kg) for 3 consecutive days. Quantification of the blood flow from the relative flux units in the
perfusion maps. Inhibition of the Akt pathway by LY294002 blocked ELF-EMS-mediated effects on blood perfusion in the hind limb
(n¼ 8; p¼ 0.0008). Data are represented as mean� SD and are normalized to the sham-treated group. *P< 0.05; **P< 0.01;
***P< 0.001; ****P< 0.0001.
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1400W-treated mice (Supplementary Figure 4).

Treatment of mice with the pan-NOS inhibitor

L-NAME reduced blood flow induction by ELF-

EMS in the hind limb (from 154� 33% to 127�
31%) (Figure 4(c)). In contrast, inhibition of iNOS

(Figure 4(d)) or nNOS (Figure 4(e)) did not alter

ELF-EMS-induced perfusion of the hind limb, suggest-

ing that the effects of ELF-EMS on vascular perfusion

are mediated by eNOS activation. Furthermore, ELF-
EMS did not induce iNOS or nNOS expression in the

femoral arteries of vehicle-treated mice (Supplementary

Figure 3(b)), confirming that eNOS is the sole isoform

responsible for ELF-EMS-induced effects.

Involvement of the PI3K-/Akt pathway was investigat-

ed by treating the mice with PI3K inhibitor LY294002.

LY294002 reduced the effects of ELF-EMS on blood

perfusion in the hind limb (from 135� 25% to 98�
10%) (Figure 4(f)). Overall, these data indicate that

ELF-EMS-induced blood perfusion in the mouse

hind limb depends on enhanced Akt-/eNOS-/NO sig-

naling. Of note, baseline perfusion in the hind limb was

not altered by treating the mice with either L-NAME,
1400W, ARL 17477 or LY294002 (Supplementary

Table 3). Representative perfusion images of hind

limbs of mice treated with pathway inhibitors are

depicted in Supplementary Figure 5.

ELF-EMS increases cerebral vascular perfusion via

NOS signaling in healthy collateral-rich C57BL/6

mice, but does not affect cerebral blood flow in

collateral-sparse BALB/c mice

Since the protective effect of ELF-EMS was only

observed in collateral-rich C57BL/6, but not in

collateral-scarce BALB/c dMCAO mice (Figure 1),

and ELF-EMS induced vascular perfusion in the hind

limb (Figure 4), we investigated whether ELF-EMS

could increase cerebral (collateral) perfusion. In the

first set of experiments, the effect of ELF-EMS on cere-

bral blood flow was compared in healthy C57BL/6 and

BALB/c mice using LSCI. C57BL/6 mice that received

ELF-EMS demonstrated an increase in cerebral blood

flow by 19% compared to sham-stimulated animals

(119� 12% vs. 100� 6%) (Figure 5(a) and (b)).

However, ELF-EMS treatment did not augment cere-

brovascular perfusion in BALB-c mice (105� 21% vs.
100� 23%) (Figure 5(c) and (d)), suggesting that the

improvement in cerebral blood flow observed following

ELF-EMS application is primarily the result of the

recruitment of the collateral circulation.
To study the involvement of NO signaling, cerebral

blood flow measurements were performed in healthy

C57BL/6 mice pre-treated with the pan-NOS inhibitor

L-NAME. Inhibiting NOS signaling by L-NAME

significantly diminished ELF-EMS-induced cerebro-
vascular perfusion in healthy C57BL/6 mouse brains
(133� 11% vs. 110� 7%) (Figure 6(a)-(b)). These
results indicate that ELF-EMS augments cerebral
blood flow by stimulating NO signaling.

ELF-EMS improves cerebral blood flow following
experimental stroke

Finally, the response of ELF-EMS on cerebrovascular
perfusion was also examined in the dMCAO stroke
model. Mice subjected to experimental stroke received
either sham or ELF-EMS treatment for 2 days.
Cerebral blood flow was measured 1 h and 24 h after
dMCAO in the contralateral and ipsilateral hemi-
spheres individually. In accordance with the data
obtained in healthy brain, ELF-EMS stimulated cere-
bral vascular perfusion in the contralateral hemisphere
of the ischemic brain both 1 h (127� 10% vs. 100�
14%) (Figure 7(a) and (c)) and 24 h (145� 28% vs.
100� 12%) (Figure 7(d) and (f)) following ischemic
stroke. Comparable increases in cerebral blood flow
were observed in the ischemic ipsilateral hemisphere
of ELF-EMS-treated mice 1 h (124� 14% vs. 100�
8%) (Figure 7(a) and (b)) as well as 24 h (127� 15%
vs. 100� 5%) (Figure 7(d) and (e)) after dMCAO.

Discussion

In this study, we demonstrate that ELF-EMS improves
stroke lesion volume by stimulating cerebral collateral
perfusion, most likely by enhancing Akt-/eNOS-/NO
signaling. Following the onset of acute ischemic
stroke, the ability of collateral recruitment is a strong
predictor of stroke prognosis and response to recanali-
zation therapy.2 “Collateral therapeutics”, which aim
to stimulate pial collateral blood flow to maintain
blood supply to the penumbral tissue, hold great clin-
ical promise to reduce ischemia-induced brain damage.
In recent years, several strategies have been investigat-
ed to increase collateral perfusion after cerebral ische-
mia. One of the putative approaches is by targeting
vasodilation of the cerebral arterioles.33 Since NO is a
potent vasodilator and a critical mediator in regulating
cerebral blood flow, multiple research groups have
investigated the use of pharmacological agents to
increase post-ischemic NO content in the brain. In par-
ticular, L-arginine (a precursor of NO) and NO donors
have been evaluated in animal and clinical studies.34–37

Despite encouraging results in preclinical settings,
application of these drugs failed in clinical
trials.34,35,37,38 A possible explanation for the failure
of systemic administration of NO donors is the
decrease in arterial blood pressure and impairment of
endogenous NO production that occurs.33,39 For these
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reasons, collateral treatment strategies should aim to
specifically dilate the cerebral collateral vasculature.1

An advantage of ELF-EMS compared to NO donors
is that it might locally induce NO production, thereby
preventing unwanted systemic side effects.

Although the interest in the use of ELF-EMS in the
treatment of different disorders has substantially

increased over the last couple of years, the cellular
and molecular mechanisms targeted by ELF-EMS
have not been fully elucidated yet. However, several
reports have indicated ELF-EMS to exert its effects
by modulating the NO signaling cascade.13,18–21

Previous work of our research group revealed that
the protective effects of ELF-EMS on stroke outcome

Figure 5. ELF-EMS augments cerebral blood flow in healthy C57BL/6 mouse brains, but did not affect cerebrovascular perfusion in
BALB/c mice. (a) Representative color-coded flux images of the cerebral cortex obtained by Laser Speckle Contrast imaging of sham-
or ELF-EMS-treated C57BL/6 mice. Colored pixels illustrate blood flow variations from minimal (dark blue) to maximal (red) values.
Black boxes indicate the ROIs used for the measurement of blood fluxes. Baseline images of cerebral blood flow were acquired before
the start of either sham or ELF-EMS treatment. Post-treatment images were obtained immediately after 20min of sham or ELF-EMS
application. (b) Quantification of the cerebral blood flow from relative flux units in the speckle images. The means of the flux values
obtained from both ROIs were calculated for each image. Application of ELF-EMS increased cerebral perfusion in healthy C57BL/6
mice compared to sham treatment (n¼ 10; p¼ 0.0001). (c) Representative color-coded flux images of the cerebral cortex obtained by
Laser Speckle Contrast imaging of sham- or ELF-EMS-treated BALB/c mice. Black boxes indicate the ROIs used for the measurement
of blood fluxes. (d) Quantification of the cerebral blood flow from relative flux units in the speckle images. ELF-EMS treatment did not
augment cerebrovascular perfusion in healthy BALB/c mice (n¼ 9). Data are represented as mean� SD and are normalized to the
sham-treated group. ***p< 0.001.
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in a global cerebral ischemia rat model were reverted

when animals were treated with a pan-NOS inhibitor

L-NAME.13 Accordingly, Bragin et al. demonstrated

that systemic inhibition of all NOS isoforms dimin-

ished the effects of pulsed ELF-EMS on cerebrovascu-

lar perfusion and metabolism in healthy rat brain.19

Following exposure to ELF-EMS, increased NO con-

centrations were measured in different brain regions,

including the cortex.20,40 Despite several studies sug-

gesting that ELF-EMS stimulates NO production in

a NOS-dependent manner, only a few reports have

tried to elucidate which NOS isoform can be held

accountable for ELF-EMS-induced NO signaling. In

human keratinocytes, ELF-EMS induced NO produc-

tion by stimulating the expression and activity of iNOS

and eNOS.18 Furthermore, pulsed ELF-EMS promot-

ed the phosphorylation of eNOS at Ser1177 in human

umbilical vein endothelial cells (HUVECs) and in the

ischemic muscle of mice subjected to hind limb ische-

mia.21 Nevertheless, none of these studies assessed the

direct role of the different NOS isoforms in ELF-

EMS-induced NO production and vasodilation. In

this study, we show that eNOS is the sole isoform

responsible for the enhanced NO levels by ELF-EMS.

An important consideration should be that ELF-EMS

application may have distinctive effects on NO produc-

tion and NOS expression/activation depending on the

exposure parameters. Hence, it would be interesting to

study the effect of ELF-EMS on eNOS-/NO signaling

in relation to the duration, frequency, mode (pulsed

versus non-pulsed), and intensity of the generated mag-

netic field.
eNOS activation is tightly controlled by complex

regulatory mechanisms that include positive regulation

by association with post-translational proteins and

through phosphorylation on different amino acid resi-

dues by various kinases.41 Here, we demonstrate that

ELF-EMS enhances eNOS activity by stimulating the

PI3K-/Akt pathway, which is known to be responsible

for eNOS phosphorylation at Ser1177.29,41 However,

one of the unsolved research questions remains how

ELF-EMS can alter biochemical and biophysical cas-

cades to mediate its cellular effects. ELF-EMS has

shown to affect intracellular signal cascades by modu-

lating the phosphorylation state of signaling kinases

such as Akt, MEK and ERK.21,42–44 Numerous studies

suggested that ELF-EMS therapy could influence such

signal transduction pathways by modulating ion trans-

port and receptor binding.45 In this context, several

receptors have been identified to be responsible for

PI3K-/Akt signaling in different cell types, including

G protein-coupled receptors (GPCRs), which are a

large class of transmembrane proteins accountable for

signal transduction across the plasma membrane.

Through the activation of numerous effector mole-

cules, GPCRs, such as the bradykinin, adenosine and

endothelin-1 receptors, effectively activate the PI3K-/

Akt pathway.46,47 Since ELF-EMS modulates inflam-

matory pain by influencing GPCR-mediated signal

transduction,48 it could be suggested that ELF-

Figure 6. Inhibition of NOS signaling reduces ELF-EMS-induced cerebral blood flow. (a) Representative color-coded flux images of
the cerebral cortex obtained by Laser Speckle Contrast imaging of sham- or ELF-EMS-treated C57BL/6 mice. Mice were pre-treated
with either vehicle or L-NAME (1 g/500ml) in the drinking water for 5 consecutive days. Colored pixels illustrate blood flow
variations from minimal (dark blue) to maximal (red) values. Black boxes indicate the ROIs used for the measurement of blood fluxes.
Baseline images of cerebral blood flow were acquired before the start of either sham or ELF-EMS treatment. Post-treatment images
were obtained immediately after 20min of sham or ELF-EMS application. (b) Quantification of the cerebral blood flow from relative
flux units in the speckle images. L-NAME treatment inhibited ELF-EMS-induced cerebrovascular perfusion in healthy C57BL/6 mouse
brains. Data are represented as mean� SD and are normalized to the sham-treated group (n¼ 8; p< 0.0001). ****p< 0.0001.
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EMS-induced effects on the PI3K-/Akt-/eNOS signal-

ing pathway observed in this study are mediated by

activation of a specific GPCR. Although the PI3K-/

Akt pathway plays a major role in ELF-

EMS-mediated eNOS phosphorylation, several other

intracellular cascades could be additionally responsible

for the observed effects of ELF-EMS on eNOS signal-

ing. Indeed, early studies performed on NOS isoforms

showed that eNOS is a calcium-dependent enzyme and

requires calmodulin (CaM) to produce NO.49 A rise in

cytoplasmic calcium (Ca2þ) levels increases CaM activ-

ity, which in turn binds to a canonical CaM-binding

motif to displace an autoinhibitory loop on eNOS,

thereby facilitating efficient NO synthesis.

Application of ELF-EMS has shown to influence

intracellular and transmembrane Ca2þ-movements.50–

52 Pilla et al. demonstrated that an increase in cytoplas-

mic Ca2þ levels occurred immediately after ELF-EMS,

which generates a Ca2þ/CaM-dependent rise in NO

production.53 Moreover, there is substantial evidence

that ELF-EMS treatment enhances the activity of

voltage-gated calcium channels (VGCCs) in numerous

cell types.51,54,55 By acting on VGCC function at the

plasma membrane, ELF-EMS exposure could lead to

increased intracellular Ca2þ and consequently

enhanced CaM activity, thereby stimulating eNOS-

dependent NO production.52 Activated CaM stimu-

lates calcium/calmodulin-dependent kinase II

(CaMKII), which in turn phosphorylates eNOS on

Ser1177.29 Furthermore, a rise in cytosolic Ca2þ can

Figure 7. ELF-EMS increases cerebral vascular perfusion after ischemic stroke. Baseline images of cerebral blood flow were acquired
before the start of either sham or ELF-EMS treatment. Post-treatment images were obtained immediately after 20min of sham or ELF-
EMS application. Colored pixels illustrate blood flow variations from minimal (dark blue) to maximal (red) values. (a) Representative
color-coded flux images of the cerebral cortex obtained by Laser Speckle Contrast imaging of either sham or ELF-EMS-treated mice
1 h after dMCAO. Black boxes indicate the ROIs used for the measurement of blood fluxes. (b) Quantification of the cerebral blood
flow from relative flux units in the ipsilateral hemispheres and (c) in the contralateral hemispheres 1 h following ischemic stroke.
ELF-EMS treatment enhanced cerebral blood flow in both hemispheres of mice subjected to experimental stroke (n¼ 16; p< 0.0001).
(d) Representative color-coded flux images of the cerebral cortex obtained by Laser Speckle Contrast imaging of either sham
or ELF-EMS-treated mice 24 h following ischemic stroke. Black boxes indicate the ROIs used for blood flow measurements.
(e) Quantification of the cerebral blood flow from relative flux units in the ipsilateral hemispheres and (f) in the contralateral
hemispheres 24 h after stroke induction. Animals treated with ELF-EMS showed a rise in cerebrovascular perfusion in both the
ipsilateral as contralateral hemispheres 24 h following dMCAO (n¼ 15; p< 0.0001). Data are represented as mean� SD and are
normalized to the sham-treated group. ****p< 0.0001.
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also dephosphorylate eNOS at Thr495 by stimulating
the activity of Ca2þ-dependent phosphatases, such as
calcineurin.56,57 Gilbert et al. demonstrated the pres-
ence of T-type VGCCs on pulmonary endothelial
cells.58 Whether VGCCs are expressed in HMEC-1
warrants further investigation. Other possible targets
of ELF-EMS on the endothelial plasma membrane
that could lead to increased cytoplasmic Ca2þ levels
include mechanosensitive Ca2þ-permeable TRPV4
channels, nonselective cation channels, and the
above-mentioned GPCRs by IP3-mediated Ca2þ

release from internal stores.59–61 However, our study
did not determine which upstream target(s) are respon-
sible for the induction of the Akt-/eNOS-/NO pathway
by ELF-EMS, which will be the subject of further
investigation.

NO was discovered in the late ‘80 s as a factor
released by the endothelium causing smooth muscle
relaxation and, thus, vasodilation, resulting in a local
increase in vascular perfusion.62 Based on evidence that
ELF-EMS modulates NO signaling, several studies
investigated the response of ELF-EMS application on
microvascular perfusion.19,63–67 In accordance with our
findings, ELF-EMS has been shown to modify blood
flow dynamics in the skin microvasculature of rodents
and human subjects.64–67 In healthy and diabetic ani-
mals exposed to hind limb ischemia, application of
pulsed ELF-EMS increased blood perfusion in the
wounded hind limb 14 days post-surgery compared to
sham-treated animals.21,63 These animals were treated
daily with pulsed ELF-EMS, and the enhanced blood
flow in the ischemic hind limb was presumably a result
of the improved neovascularization that occurred in
response to ELF-EMS. In the present study, alterations
of blood perfusion in the hind limb and in the brain
were measured immediately after ELF-EMS applica-
tion which excludes the contribution of induced angio-
genesis by ELF-EMS. Additionally, we show that
ELF-EMS-induced blood flow is mediated by
increased PI3K-/Akt-/eNOS signaling. In healthy rat
brains, cerebral microvascular perfusion and dilation
of cerebral arterioles increased immediately after
pulsed ELF-EMS exposure, which gradually declined
during 3 h. Inhibition of NOS by L-NAME obliterated
the effects of pulsed ELF-EMS on the arterial dilation
and microvascular blood flow in healthy brains, which
is in accordance with our results observed in the hind
limb and brains.19 Nevertheless, none of these reports
studied the involvement of Akt and the eNOS isoform
in ELF-EMS-induced vascular perfusion.

Remarkably, in both the hind limb as well as in vitro
experiments, pharmacological intervention of a pan-
NOS inhibitor did not completely block ELF-
EMS-induced effects to baseline levels. Hence, besides
eNOS, additional pathways might be involved in ELF-

EMS-dependent NO synthesis and vasodilation.
Firstly, the NOS-independent nitrite reduction path-
way might be an alternative route responsible for NO
production. Several enzymes, known as nitrite reduc-
tase proteins, can catalyze the conversion of nitrite to
NO, including glutathione-S-transferases, xanthine
oxidoreductase, cytochrome P450 enzymes, deoxy-
hemoglobine (Hb) and deoxy-myoglobin, and compo-
nents of the mitochondrial electron transport chain,
such as mitochondrial cytochrome oxidase.68,69

A second possibility, is that NO can be sequestered
by hemes present in Hb. NO can conjugate to Cys
thiols in Hb to form an S-nitrosothiol (SNO). S-nitro-
sohemoglobin (SNO-Hb) can locally regulate blood
flow by the release of SNO from the heme group.68

Whether ELF-EMS enhances the reduction of nitrite
to NO or stimulates the release of SNO from Hb addi-
tional to eNOS-dependent NO synthesis, warrants fur-
ther investigation.

Our research group has previously shown that ELF-
EMS treatment reduced infarct size and improved
functional outcome in rats subjected to global cerebral
ischemia, which was likely mediated by enhanced NO
signaling, since L-NAME treatment abrogated ELF-
EMS-induced beneficial effects on survival and ische-
mic stroke volume.13 Securing blood flow and oxygen
supply towards the penumbra is crucial in the acute
phase following ischemic stroke to minimize brain
damage. The ability to recruit the leptomeningeal col-
lateral circulation in the first hours after stroke is,
therefore, a major determinant for the development
of ischemia.2 Based on the data obtained in the current
study, we postulated that ELF-EMS could salvage pen-
umbral tissue by inducing NO signaling in the cerebral
vasculature, thereby augmenting collateral blood flow
towards the hypoperfused tissue. Consistent with the
effects of pulsed ELF-EMS observed on microvascular
perfusion in healthy rat brain by Bragin et al.,19 we
show that ELF-EMS effectively increases cerebrovas-
cular perfusion in healthy collateral-rich C57BL/6
mice, which could be blocked by inhibiting NOS sig-
naling. Nevertheless, to our knowledge, the present
study is the first to demonstrate that ELF-EMS appli-
cation improves cerebral collateral blood flow in the
acute stage following ischemic stroke. Multiple studies
have investigated the potential of NO derivatives to
stimulate cerebral perfusion as an acute treatment
strategy for ischemic stroke.34,36,37 A major advantage
of ELF-EMS compared to these pharmacological
agents is that ELF-EMS can be administered locally
and non-invasively to the scalp of patients. This
decreases the possibility to cause unwanted systemic
side effects and excludes problems regarding the
administration route and uptake through the blood-
brain barrier. Because of the above-mentioned
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properties, ELF-EMS could be considered as a prom-
ising therapy to bridge the critical time gap between
onset/diagnosis until interventional reperfusion can
occur.

To further substantiate the role for ELF-EMS in
improving cerebral collateral blood flow, we evaluated
the effect of ELF-EMS on cerebral perfusion and on
ischemic stroke volume in two mouse strains with var-
iations in their leptomeningeal collateral circulation.
BALB/c mice possess lower numbers of cerebral collat-
erals in comparison with C57BL/6 mice.28 In accor-
dance, BALB/c mice displayed larger infarct volumes
following dMCAO compared to C57BL/6 mice, which
was inversely correlated with collateral number and
diameter. Furthermore, collateral remodelling over a
period of 6 days following MCAO was remarkably
slower in BALB/c than in C57BL/6 mice.28 In the cur-
rent study, ELF-EMS reduced infarct size in C57BL/6
mice subjected to ischemic stroke, whereas ELF-EMS
did not affect lesion volume in the BALB/c mouse
strain. Likely, due to the fewer amount, the smaller
diameter and the slower remodeling of pial collaterals
in BALB/c mice, these mice did not benefit from the
protective effects of ELF-EMS since it is suggested that
ELF-EMS specifically dilates and stimulates cerebral
collateral circuits. In accordance, ELF-EMS applica-
tion did not improve cerebral blood flow in healthy
collateral-scarce BALB/c mouse brains, which further
indicates that the protective effects of ELF-EMS are
likely mediated by enhanced recruitment of the collat-
eral circulation. The primary limitation of the present
study is that no behavioural tests were performed to
assess sensorimotor recovery in response to ELF-EMS
following experimental stroke. However, as reviewed
by Rosell et al., no robust evidence is available on
the use of specific functional tests to determine long-
term functional outcome following dMCAO in mice.70

Another important limitation is that the studied popu-
lation of animals only included young male mice. Male
mice are often the preferred sex to study new therapeu-
tic approaches for ischemic stroke, since female ani-
mals are known to exhibit smaller infarct volumes
due to the neuroprotective and vasodilatory effects of
estrogen.71–73 Furthermore, female endothelial cells
contain higher eNOS protein levels and display greater
enzymatic activity compared to male endothelial
cells.74 On one hand, the increased eNOS protein
levels observed in female endothelium could lead to
enhanced eNOS/NO signaling by ELF-EMS, thereby
resulting in greater effects on cerebrovascular perfu-
sion. On the other hand, the higher endogenous
eNOS phosphorylation/activity in female endothelial
cells may possibly render ELF-EMS therapy less effec-
tive to induce dilation of the female cerebral vascula-
ture. However, whether ELF-EMS could potentially

improve cerebral collateral blood flow in females
must be the subject of further investigation. Since ische-
mic stroke is a disease of aging, assessing the therapeu-
tic response of ELF-EMS in aged animals will
tremendously aid the translation of this ‘electroceuti-
cal’ into the clinic. Aging is known to influence cerebral
collateral function and is associated with reduced
endothelial-derived NO production often due to
increased oxidative degradation or decreased vascular
eNOS activity.75,76 Stimulating eNOS activity and lim-
iting NO breakdown by ROS in the aged vasculature
have been considered to be attractive therapeutic
options to reduce vascular dysfunction associated
with advancing age.76 Treatment strategies, such as
estrogen or resveratrol supplementation, shown to
increase eNOS expression and activation, have been
reported to restore endothelial-dependent vasodilation
in old animals.77–79 Hence, collateral therapeutics, such
as ELF-EMS, that enhance eNOS activation and there-
by preserve collateral flow might be of particular inter-
est for stroke patients.

Although this study provides strong evidence that
ELF-EMS induces collateral perfusion in the brain, it
cannot be excluded that other additional mechanisms
could participate in the improved lesion sizes observed
following dMCAO. Besides increasing Akt signaling in
vascular cells, enhanced activation of this pro-survival
signaling pathway in neuronal cells could be addition-
ally responsible for the neuroprotective effects of ELF-
EMS observed following experimental stroke. In a
photothrombotic stroke model, Urnukhsaikhan et al.
demonstrated that application of pulsed ELF-EMS
reduced infarct volume and improved motor outcome,
which was accompanied with increased brain-derived
neurotrophic factor (BDNF) and phosphorylated Akt
protein levels within the ischemic brain.43 Furthermore,
several reports have shown that ELF-EMS reduces
post-stroke inflammation and oxidative stress, which
could be responsible for the observed amelioration in
stroke outcome.12,43,80 In addition, ELF-EMS promot-
ed neuroplasticity and increased hippocampal neuro-
genesis in rats subjected to cerebral ischemia.81,82 The
current study did not investigate possible additional
mechanisms activated by ELF-EMS following stroke
(i.e. direct neuroprotective effects on neurons) and
should be the subject of further investigation. The
potential of ELF-EMS to induce cerebral collateral
perfusion in the acute phase, and even its reported
(but not investigated in this study) beneficial effects
on inflammation and neuroregeneration in the sub-
acute/chronic phases holds great clinical promise for
ELF-EMS as a treatment for ischemic stroke patients.

In conclusion, we show that ELF-EMS enhances
Akt-/eNOS-/NO signaling in a human endothelial cell
line, and activation of this pathway is responsible for
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ELF-EMS-induced vascular perfusion observed in the
hind limb of healthy mice. Additionally, ELF-EMS

stimulates cerebral collateral blood flow in the ischemic
brain, thereby reducing brain damage following ische-
mic stroke. Our unprecedented findings suggest that

ELF-EMS is a promising therapeutic approach for
the treatment of ischemic stroke by improving collat-
eralization. A major advantage of this potential stroke
therapy is that ELF-EMS is already applied in the

clinic for the treatment of several conditions, such as
postoperative pain, edema, and chronic wounds, which
will aid its clinical translation. Future studies should

focus on assessing the optimal treatment protocol,
magnetic flux density and spatial distribution of
ELF-EMS in the injured tissue to achieve maximal
desired therapeutic effects.
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