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Increases in microvascular perfusion and tissue
oxygenation via pulsed electromagnetic fields in the
healthy rat brain
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OBJECT High-frequency pulsed electromagnetic field stimulation is an emerging noninvasive therapy being used clini-
cally to facilitate bone and cutaneous wound healing. Although the mechanisms of action of pulsed electromagnetic fields
(PEMF) are unknown, some studies suggest that its effects are mediated by increased nitric oxide (NO), a well-known
vasodilator. The authors hypothesized that in the brain, PEMF increase NO, which induces vasodilation, enhances micro-
vascular perfusion and tissue oxygenation, and may be a useful adjunct therapy in stroke and traumatic brain injury. To test
this hypothesis, they studied the effect of PEMF on a healthy rat brain with and without NO synthase (NOS) inhibition.

METHODS In vivo two-photon laser scanning microscopy (2PLSM) was used on the parietal cortex of rat brains to
measure microvascular tone and red blood cell (RBC) flow velocity in microvessels with diameters ranging from 3 to 50
um, which includes capillaries, arterioles, and venules. Tissue oxygenation (reduced nicotinamide adenine dinucleotide
[NADH] fluorescence) was also measured before and for 3 hours after PEMF treatment using the FDA-cleared SofPulse
device (lvivi Health Sciences, LLC). To test NO involvement, the NOS inhibitor N°-nitro-L-arginine methyl ester (L-NAME)
was intravenously injected (10 mg/kg). In a time control group, PEMF were not used. Doppler flux (0.8-mm probe diam-
eter), brain and rectal temperatures, arterial blood pressure, blood gases, hematocrit, and electrolytes were monitored.

RESULTS Pulsed electromagnetic field stimulation significantly dilated cerebral arterioles from a baseline average
diameter of 26.4 + 0.84 um to 29.1 = 0.91 um (11 rats, p < 0.01). Increased blood volume flow through dilated arterioles
enhanced capillary flow with an average increase in RBC flow velocity by 5.5% = 1.3% (p < 0.01). Enhanced microvascu-
lar flow increased tissue oxygenation as reflected by a decrease in NADH autofluorescence to 94.7% = 1.6% of baseline
(p < 0.05). Nitric oxide synthase inhibition by L-NAME prevented PEMF-induced changes in arteriolar diameter, micro-
vascular perfusion, and tissue oxygenation (7 rats). No changes in measured parameters were observed throughout the
study in the untreated time controls (5 rats).

CONCLUSIONS This is the first demonstration of the acute effects of PEMF on cerebral cortical microvascular perfusion
and metabolism. Thirty minutes of PEMF treatment induced cerebral arteriolar dilation leading to an increase in micro-
vascular blood flow and tissue oxygenation that persisted for at least 3 hours. The effects of PEMF were mediated by NO,
as we have shown in NOS inhibition experiments. These results suggest that PEMF may be an effective treatment for
patients after traumatic or ischemic brain injury. Studies on the effect of PEMF on the injured brain are in progress.
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Medicare for the treatment of chronic wounds. Other
clinical indications include bone fractures,"'? soft-tissue
injuries,? postsurgical pain,’®3# and inflammation-in-
duced edema.*® In animals, PEMF induce small electrical
currents in tissue, promoting endothelial cell growth,
neovascularization,” and wound healing,*" and improve
angiogenesis in myocardial infarction.®

More recently, PEMF have been suggested for use in
clinical neurology and rehabilitation. Pulsed electromag-
netic field treatment decreased infarct size after transient
focal ischemia in rabbits'* and after permanent focal is-
chemia in mice.** The antiinflammatory effects of PEMF
have been demonstrated after traumatic brain injury in
rats® and after permanent focal ischemia in mice.** Sev-
eral studies showed that PEMF improve the rate of pe-
ripheral nerve regeneration,?>?>% while another study
documented delayed histological peripheral nerve regen-
eration without loss of functional recovery.’ Beneficial ef-
fects on visual memory in Alzheimer’s patients*® and on
motor function in Parkinson’s patients* have been noted
for PEMF treatment as well.

The mechanisms of action of PEMF are not clearly
elucidated. One of the suggested targets of PEMF is the
microvascular circulation, but existing data are limited,
controversial, and incomplete.’® Intravital microscopy
showed that PEMF dilate arterioles in the web of the
frog® and in the cremaster muscle of rats,> but the effects
on blood flow remained uninvestigated given the limita-
tions of the method used. Human studies using laser Dop-
pler produced controversial results: blood flow increased
in the cutaneous tissues of the arm?’ and in peri-ulcer cu-
taneous tissue,!'?® but there was no effect on blood flow
in the cutaneous tissues of the foot®* and a decrease in
the cutaneous tissue of the fingertip.’’ Similar controver-
sies are found in animal studies performed with Doppler:
PEMF increased blood flow in the hind limbs of diabetic
rats®’ but not in the extensor digitorum longus muscle of a
healthy rat.?® The differences in the microcirculatory ef-
fects of PEMF may be attributable to the different PEMF
treatment parameters used by investigators. Part of the
discrepancy in findings is the result of the heterogeneity
of the PEMF signal characteristics, which vary widely.*
Despite extensive studies on the peripheral circulation,
studies have not focused on the PEMF’s effects on the
circulation of the brain, which is important because of its
tight flow-metabolism coupling.

Importantly, the effects of PEMF on the microcircula-
tion appear to be modulated by nitric oxide (NO), but a
direct link between the two has never been established in
vivo in neuronal systems. Some studies show that PEMF
increase NO synthesis in proliferating osteoblasts,’ neu-
ronal culture, human fibroblasts,*? as well as homogenized
rat cerebellum and are mediated by the constitutive NO
pathway.?*- Conversely, decreased NO? or no effect? was
shown in other studies on rats. Nevertheless, NO is a well-
known vasodilator and has been suggested as a mediator
of PEMF’s effects on the microvasculature.*!

Our aim in this study was to determine, using in vivo
two-photon laser scanning microscopy (2PLSM), whether
PEMF treatment has any measurable effects on microvas-
cular perfusion and oxygenation in the healthy rat brain.
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We tested the hypothesis that PEMF treatment effects on
the brain microcirculation are mediated by NO by N¢-ni-
tro-L-arginine methyl ester (L-NAME) inhibition of NO
synthase (NOS). In this study we used the FDA-cleared
PEMF Sofpulse device (Ivivi Health Sciences), which has
been proved effective in reducing pain in breast reduc-
tion,*” reconstruction,'® and osteoarthritis.?

Methods

Animals and Surgical Procedures

The institutional animal care and use committee of
the University of New Mexico Health Sciences Cen-
ter approved the protocol for these studies, which were
conducted according to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. Male
Sprague-Dawley rats (23; Harlan Laboratories) weighing
300-350 g were laboratory acclimated for 1 week. The
surgical procedures were as previously described.®” Brief-
ly, the rats were anesthetized in a box insufflated with 4%
isoflurane/70% nitrous oxide and 30% oxygen, intubated
with a 14G x 1.9" catheter (Angiocath, BD Medical), and
mechanically ventilated (model 683, Harvard Apparatus)
on 2% isoflurane/30% oxygen/70% nitrous oxide, tidal
volume of 2.0-2.5 ml at a respiratory rate of 55—65/min-
ute. Atropine (0.2 mg, intraperitoneal) was administered
to reduce mucous secretions. Femoral artery catheters
(PE-50) were used to monitor arterial blood pressure and
sample blood (0.1 ml each). Femoral vein catheters (PE-
50) were inserted for fluid replacement (lactated Ring-
ers, 1 ml/hr), L-NAME administration, and dye injection.
Rats were placed in a custom-made nonmagnetic plastic
stereotactic head frame specifically designed to avoid in-
terference with the electromagnetic field produced by the
SofPulse device (Machine and Electronics Shops, De-
partment of Physics and Astronomy, University of New
Mexico). For imaging, a craniotomy 5 mm in diameter
was made over the left parietal cortex 1 mm lateral to the
sagittal suture and 1 mm posterior to the lambdoidal su-
ture without traumatizing the brain. The craniotomy was
filled with 2% agarose gel in saline, and a cover glass was
placed over the craniotomy and glued and sealed onto the
skull (cyanoacrylate glue). A cranial temperature probe
(I-mm diameter) was inserted into the temporal muscle
adjacent to the skull to estimate brain temperature, which
was controlled by an overhead infrared lamp. Body tem-
perature was monitored using a rectal probe and was
kept at 37.5°C-38.5°C with a heating pad throughout the
study.

Experimental Paradigm

The animals were studied in three groups: 1) time con-
trol group, 5 rats; 2) PEMF group, 11 rats; and 3) L-NAME
group, with L-NAME plus PEMF, 7 rats. In the PEMF
group, physiological variables were measured before (two
30-minute imaging sessions with a 30-minute interval
between sessions) and after (three 30-minute imaging
sessions with a 30-minute interval) 30 minutes of PEMF
(Fig. 1). Pulsed electromagnetic field stimulation was in-
duced in the brain by the SofPulse device. Measurements
in the time control group were obtained at the same time
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FIG. 1. Experimental paradigm. Figure is available in color online only.

intervals as in the PEMF group. In the L-NAME group,
L-NAME was intravenously administered (10 mg/kg) for
NOS inhibition after baseline imaging. Thirty minutes
thereafter, baseline imaging was repeated, PEMF were
applied, and three imaging sessions were performed with
30-minute intervals between each session.

The PEMF signal was a 27.12-MHz carrier modulated
by a 3-msec burst repeating at 5 Hz (Fig. 2A). The sig-
nal amplitude was adjusted to provide 6 = 1 V/m within
the rat brain. Pulsed electromagnetic field characteristics
were verified with a calibrated shielded loop probe 1 cm
in diameter (model 100A, Beehive Electronics) connect-
ed to a calibrated 100-MHz oscilloscope (model 2012B,
Tektronix). Measurement of the PEMF signal distribution
in a tissue phantom and in air provided an accurate map
of the signal in tissue. These measurements showed that
PEMF amplitude dose was uniform to within + 25%. An
additional measure in the tissue phantom showed that the
specific absorption rate (SAR), a measure of peak radio-
frequency power in tissue, was 40 mW/kg, which is well
below the level at which a detectable temperature rise
could occur in the tissue target.**

We used in vivo 2PLSM through a cranial window
over the parietal cortex to measure microvascular red
blood cell (RBC) flow velocity, microvessel diameters,
and nicotinamide adenine dinucleotide (NADH) auto-
fluorescence for tissue oxygenation. Relative changes in
cortical perfusion were continuously monitored by Dop-
pler flux during the study. Arterial pressure was continu-
ously recorded using Biopac preamplifiers and software
(Biopac Systems). Arterial blood gases, hematocrit, pH,
glucose, and electrolytes were measured hourly by an
iSTAT point of care device with a CG8+ cartridge (Ab-
axis) and maintained within normal limits throughout the
study. Variations in blood gases were adjusted by manip-
ulating the rate and volume of the ventilator. Base deficits
less than —5.0 mEq/L were corrected by slow intravenous
infusion of 8.4% sodium bicarbonate.

In Vivo 2PLSM

Two-photon laser scanning microscopy was done as
previously described®’ with an Olympus BX51WI up-
right microscope and water-immersion LUMPlan FL/IR

20x/0.50 W objective. Excitation was provided by a Prai-
rie View Ultima multiphoton laser scan unit powered by
a Millennia Prime 10-W diode laser source pumping a
Tsunami Ti:sapphire laser (Spectra-Physics). Images (512
x 512 pixels, 0.15 wm/pixel) or line scans were acquired
using Prairie View software. A total average power of 30—
300 mW was delivered to the cortex, the higher values to
image at greater depths, always using the lowest intensity
required for adequate signal-to-noise ratio.

Microvascular RBC flow velocity was measured with
tetramethylrhodamine isothiocyanate dextran (155 kD)
in physiological saline (5% wt/vol) injected intravenously
at an initial serum dye concentration of 150 uM. Fluo-
rescence was emitted at a center wavelength of 740 nm
and filtered at 550—650 nm. Red blood cell motion was
detected from line scans, that is, repetitive scans along the
central axis of a microvessel at several depths (0-300 wm)
from the pia mater. The average scan distance was 35 um
with a spatial resolution of 0.7 um per pixel, temporal res-
olution of 2 msec per scan, and duration of 128 seconds.
Tracks of nonfluorescent RBCs appear as dark stripes and
labeled plasma as bright stripes. The slope of the alternat-
ing dark and light stripes is proportional to RBC velocity
(Fig. 2D).?6 Multiple records were taken from the same
vessel, and mean microvessel RBC velocity and standard
error of the mean were calculated. All vessels in an imag-
ing volume (500 x 500 x 200 um, XYZ) were scanned,
measuring the diameter of each vessel. Capillary selec-
tion was based on tortuosity, degree of branching, and
diameters ranging from 3 to 8§ wm.!720-21:345! Precapillary
arterioles were differentiated by morphology and RBC
flow velocity and range in diameter from 11 to 50 wm.?®
With NIH ImagelJ in offline analysis, 3D anatomy of the
vasculature in a region of interest was reconstructed from
planar images obtained at successive focal depths in the
cortex (XYZ-stack).

Nicotinamide adenine dinucleotide autofluorescence
was emitted at a 740-nm center wavelength and filtered
at 425-475 nm.%’ Twenty planar scans of fluorescence in-
tensity were obtained in 10-um steps starting from the
pia matter at each imaging session. In offline analyses,
average intensity was calculated from the maximal inten-
sity projection.

J Neurosurg Volume 122 « May 2015 1241



D. E. Bragin et al.

32 - 7
Ty
+ T. » =
: T g * . &
—————— | — L + — ("5
' ! 2 = s 6 =
: : D 28 - w @ i} Ci)
I 1 E = E B S NS EES S
A . 3 43{% ........................ S
26
| S g 5
I 5 =
I | o
...... | : E 24 8
- 22 . . : . . 4 : : :
0 1 2 3 4 0 1 2 3 4
B Time, hours C Time, hours
25 - mbaseline o 1107
u PEMF :
20 %\ q)** *
R % 105 A % +
- =
§‘15 . < - 4)
@ k=) 4> (# a
= = 100 - @
£ 3
L o
5 2 95
E-
0 O 9 " ' r
E Capillary flow velocity, mm/s  F Time, hours

FIG. 2. Pulsed electromagnetic field treatment dilates cerebral arterioles and increases microvascular flow. A: The PEMF signal
configuration: T,, 3-msec burst pulses; 1/T,, 5 Hz at 2 bursts per second; 1/T, 27.12-MHz carrier; B, 225 mV/9 uT peak induced
electromagnetic field. B: Time series plot shows the time course of the increase in arteriolar diameter (10-30 um) from 26.4 + 0.95
um before to a peak of 29.1 = 0.91 um after PEMF treatment. Diameters gradually returned to a baseline during 3 hours. C: Time
series plot of average capillary diameters (3-8 um) shows insignificant dilation after PEMF treatment, returning to a baseline during
3 hours, following the arterioles pattern. D: Maximum intensity projection of a region from which microvascular flow was recorded
(left, 20 planar scans acquired every 10 um from the brain surface). Line-scan data (upper right) for blood flow velocities in the
capillary outlined in red in the left panel, indicating RBC flow velocity increase (lower right) after PEMF treatment. The slope of the
stripes inversely reflects RBC flow velocity. E: Frequency histograms and gaussian fit show that PEMF treatment increased RBC

flow velocity in capillaries (3-8 um) in the rat cortex in comparison with baseline. F: Time series plot shows an increase by 5.5%
+ 1.3% in the average RBC flow velocity in capillaries after PEMF treatment compared with baseline. Capillary RBC flow velocity
gradually returned to a baseline during 3 hours. Data are normalized to a baseline. For all time series plots: values represent the
mean + SEM; 11 rats; **p < 0.01, *p < 0.05. Dashed black line represents time control values. Figure is available in color online only.

Cortical Doppler flux was measured using a single-
fiber, 0.8-mm-diameter surface Doppler probe (DRT4,
Moor Instruments) secured at the juncture of the suture of
the lateral parietal and temporal bones approximately 3
mm below and ipsilateral to the cranial window over the
parietal cortex, through a small nonpenetrating thinned-
skull bur hole.’

Statistical Analysis

Statistical analyses were performed using the Student
t-test or the Kolmogorov-Smirnov test where appropriate.
Differences between groups were determined using 2-way
ANOVA for multiple comparisons and post hoc testing
using the Mann-Whitney U-test. Bonferroni’s multiple-
comparison test was used for post hoc analysis, where the
effects of different groups were compared. Significance
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level was preset to p < 0.05 except where Bonferroni cor-
rection indicated otherwise. Data are presented as the
mean = standard error of the mean.

Results

Dilation of Cerebral Arterioles and Increases in
Microvascular Blood Flow

Diameters of arterioles and capillaries in the volume
of view (500 x 500 x 300 um) were measured at all ex-
perimental points, and averages were calculated. Pulsed
electromagnetic field treatment dilated arterioles, with an
increase in average diameter from a baseline of 26.4 =
0.84 um to 29.1 = 0.91 wm, which gradually returned to
27.5 £ 0.90 wm, not significantly different from baseline
after 3 hours (Fig. 2B and Table 1; 11 rats, p < 0.01). In
capillaries, the dilatory effect of PEMF was notable but



TABLE 1. Measured variables in healthy rats*

Increases in perfusion and oxygenation via pulsed electromagnetic field

Variable Group Baseline | Baseline Il or -NAME  Post-PEMF, 0 Hr  Post-PEMF, 1 Hr  Post-PEMF, 2 Hrs
Average arteriole Time control 25.9+0.96 26.0+£0.94 25.9+0.95 26.1+£0.90 25.9+0.92
diameter (um) PEMF 26.4 £0.84 26.4 £0.95 291 +0.91¢t 28.6 +0.89% 275+ 0.90
L-NAME + PEMF 25.8+0.87 241 £0.948§ 240091 24.2 +£0.89 23.9+0.90
Average capillary Time control 5.65+0.31 5.62 £0.30 5.67 £0.32 5.66 +0.29 5.65+0.33
diameter (um) PEMF 5.51+0.27 5,50 +0.28 592 +0.29 5.81%0.27 574 +0.28
L-NAME + PEMF 5.72+0.36 5.68 £0.34 571£0.30 572+0.33 570+0.29
RBC flow velocity Time control 100.0+£0.8 1004 +£1.0 100.9 £ 11 981+15 99.5+1.2
(% baseline) PEMF 1001 17 100.5+1.8 105.5 + 1.3t 104.4 + 2.1 102.8+1.9
L-NAME + PEMF  100.0£1.8 97.5 £ 1.9 97.9+1.38 97.0+£2.0 97.8 £ 21
NADH (% baseline) Time control 100.0+ 1.4 99.8+1.6 100.3+25 100.2+2.2 99.9+24
PEMF 100.0 £ 1.7 100.3+1.8 94.7 £1.6t 96.2 £2.2% 974 +1.9
L-NAME + PEMF ~ 100.0£1.8 102.4 £ 1.8** 102.3£1.7 102.4 £ 21 102.5+2.0
DOPP|eff|U>f Time control 100.0£ 0.6 98.8+0.8 101.1+£0.5 1001 +£0.5 99.7+0.6
(% baseline) PEMF 1001 £0.7 99.7£0.8 105107+ 103405 102.3 £ 0.6
L-NAME + PEMF ~ 100.0+£0.9 96.1 £0.98§ 97.3+0.8 97409 98.2+0.7
* Values are expressed as the mean + standard error of the mean. Five rats were in the time control group, 11 in the PEMF group, and 7 in the L-NAME group.
<0.01.
l E< 0.05.
§ p<0.24.
1 p<03.
* p<0.18.
1 p<0.09.
§§ p<0.11.

insignificant and followed arteriolar diameter changes
that returned to baseline during 3 hours after treatment
(Fig. 2C; 11 rats). In the time control group, arterioles and
capillary diameters were unchanged over 4 hours (Table
1). Arterioles are the primary site of vascular resistance
and probably the primary target for NO-induced vasodi-
lation. Capillary walls do not have smooth muscle and
are therefore not susceptible to NO vasodilatory effects.
However, dilation could be a function of increased wall
shear stress due to increased blood volume flow resulting
in increased transmural pressure and enlargement of the
capillaries.?

Red blood cell flow velocities were measured for each
capillary in the imaged volume (500 x 500 x 300 wm) at
all experimental points, and frequency histograms were
plotted. Flow velocity—frequency histograms and gauss-
ian plots for capillaries (3-8 um) in a rat brain showed
that normal RBC velocity ranged from 0.14 to 3.15 mm/
second with a normal distribution (Fig. 2E). After PEMF
treatment, the frequency histogram and gaussian plot
showed a shift in capillary flow velocities to higher veloc-
ities (Fig. 2E). When averaged and normalized to base-
line, capillary blood flow velocities increased to 105.5% =
1.3% after PEMF treatment (Table 1 and Fig. 2F; 11 rats,
p < 0.01). Capillary RBC flow velocity gradually fell to
102.8% = 1.9% over 3 hours after PEMF treatment, which
was not significantly different from baseline. In the time
control group, significant changes were not observed over
the 4 hours monitored.

Enhanced Tissue Oxygenation After PEMF Treatment

The coenzyme NADH is the primary electron donor
in oxidative phosphorylation, and its redox state reflects
mitochondrial activity, which depends on tissue oxygen-
ation. Note that NADH is fluorescent, whereas oxidized
NAD-+ is not; therefore, NADH autofluorescence is a sen-
sitive indicator of cellular oxidation® and was used here
to evaluate tissue oxygenation.®>* The NADH autofluo-
rescence was evenly distributed in the rat parietal cortex,
showing a gradual increase in intensity with distance from
the microvessels (Table 1 and Fig. 3A) because of the oxy-
gen gradient.’* The PEMF treatment decreased NADH
autofluorescence to 94.7% = 1.6% of baseline, reflecting
improved tissue oxygenation (Fig. 3B and C; 11 rats, p
< 0.05). The NADH concentration gradually returned to
97.4% = 19% of baseline over 3 hours after PEMF treat-
ment, correlating with the changes in microvascular di-
ameter and RBC flow velocity. In the time control group,
NADH fluorescence was unaltered over the 4 hours.

Blocking the Effects of PEMF Treatment on the Cortical
Microcirculation and Metabolism by NOS Inhibition With
L-NAME

Nitric oxide synthase inhibition with L-NAME was
used to evaluate the role of NO in modulating the ef-
fects of PEMF on the microcirculation of the brain. The
inhibition of NOS prevented the change in arteriolar di-
ameters after PEMF stimulation (Table 1 and Fig. 4A; 7
rats). Similarly, capillary RBC flow velocity and tissue
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FIG. 3. Pulsed electromagnetic field—induced enhancement of cerebral microvascular flow increases tissue oxygenation. In vivo
2PLSM images of NADH autofluorescence in normal rat cortex at baseline (A) and after PEMF treatment (B) with regions of inter-
est representing a decrease in NADH autofluorescence. Time series plots (C) from the ROIs presented in panels A and B, showing
decreased NADH by 5.3% + 1.6% after PEMF treatment, reflecting improved tissue oxygenation. The NADH gradually returned to
baseline over 3 hours, correlating with changes in arteriolar diameters and capillary RBC flow velocity. Values represent the mean
+ SEM; 11 rats; **p < 0.01, *p < 0.05. Data are presented as a percentage of baseline. Dashed black line represents time control

values. Figure is available in color online only.

oxygenation, reflected by NADH autofluorescence, were
unchanged after PEMF treatment when NOS was blocked
by L-NAME (Fig. 4B and C). These data show that the
effects of PEMF on cerebral microcirculation and oxy-
genation are modulated by NO.

Interestingly, L-NAME inhibition of NOS caused ar-
teriolar constriction from 25.8 = 0.87 um at a baseline
to 24.1 = 0.94 um probably due to baseline NO depletion
(Table 1 and Fig. 4A; 7 rats, p < 0.24). Arteriolar constric-
tion led to reduced blood volume flow and reduced capil-
lary RBC velocity to 97.5% + 1.9% of normal (Fig. 4B; p
< 0.3). The reduction in microvascular perfusion led to an
increase in NADH autofluorescence to 102.4% =+ 1.8% of
baseline, reflecting decreased tissue oxygenation (Fig. 4C;

p < 0.18). However, these changes were not statistically
significant.

Discussion

High-frequency PEMF treatment with the SofPulse
device in the brain of healthy anesthetized rats dilated ar-
terioles (10-30 um), increased RBC flow velocity, and de-
creased NADH, indicating improved tissue oxygenation.
The vasodilatory effect of PEMF persisted for 3 hours then
gradually returned to baseline. Our studies show that the
blockade of NO synthesis abolished the effects of PEMF
on the cerebrovasculature, supporting the hypothesis that
PEMF effects are mediated by NO. These results support
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FIG. 4. The inhibition of NOS via L-NAME obliterates the effects of PEMF on cerebrovascular flow and metabolism. A: Time
series plot shows that NOS inhibition ceases dilation of arterioles (10-30 um) by PEMF treatment. Note that the intravenous
injection of L-NAME causes steady constriction, reflecting NO depletion. B: Time series plot shows no changes in RBC flow
velocity in capillaries after PEMF treatment during NOS inhibition. Note that L-NAME induced a decrease in capillary blood flow
due to arteriolar constriction. C: Time series plot shows no change in NADH autofluorescence after PEMF treatment during NOS
inhibition, reflecting no effect on tissue oxygenation. Note that L-NAME increased NADH because of reduced capillary perfusion
and decreased tissue oxygenation. For all time series plots: values represent the mean + SEM,; 7 rats; data are presented as a
percentage of baseline. Dashed black line represents time control values. Figure is available in color online only.
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findings in some studies®?3-3641-4 while contradicting oth-
ers.>? The reason for this difference may be attributable
to the use of various tissues and varying PEMF treatment
parameters.

Similar to the effects of PEMF exposure on NO, the
effects of exposure on blood flow also vary and could also
depend on PEMF treatment parameters. The microvas-
cular response could also depend on the tissue studied,
which makes it difficult to compare our results with those
of other studies since this is the first application to the
brain. Few studies using positron emission tomography
on healthy humans, addressing concern over the safety of
cellular phone use, have shown either an increase in glob-
al cerebral blood flow'" or no effect.'® However, the pa-
rameters of the cell phone electromagnetic field are very
different from what we used (900 MHz with a 217-Hz
pulse rate in cell phones vs 27.12 MHz with a 5-Hz pulse
rate in SofPulse) and hardly comparable, as electromag-
netic fields in the SofPulse range pass unaffected through
tissue types while those above that range are increasingly
attenuated.

The effects of PEMF on microvascular vasodilation
and flow in the healthy rat brain were statistically sig-
nificant but relatively small. However, in the ischemic or
injured brain, the effects of PEMF on microvascular flow
could be amplified as a result of a decrease in vascular
wall shear stress, which could be counteracted synergisti-
cally by an increase in microvascular wall shear stress
provided by vasodilation and increased microvascular
flow via PEMF. The vascular wall is highly sensitive to
the hydrodynamic forces exerted on the endothelium by
flowing blood, which affects the endothelial phenotype
by regulating the activity of flow-sensitive proteins.*® The
resultant increase in vascular wall shear stress would also
improve circulation by inhibiting leukocyte adhesion to
the endothelial wall and counter the production of apop-
totic mechanisms and inflammatory mediators.#6-8->
Thus, whereas the effects on the cerebrovasodilatory and
inflammatory response in the healthy brain may be small,
the effects in the injured brain could be amplified. The
effect of PEMF in improving wound healing supports the
notion that the PEMF treatment effects may be amplified
in ischemic or traumatized tissue.*'*!> The enhancement
of microvascular flow, increase of vascular wall shear
stress, and improved tissue oxygenation could be a result
of several mechanisms leading to the decrease in ische-
mic infarction reported in previous studies.'*

The increase in cerebral perfusion was not detected
by the 0.8-mm-diameter Doppler flow probe with a tis-
sue volume of about 0.8 mm? (Table 1), which is probably
attributable to volume averaging of tissue perfusion, as
reported by Jones et al.>> The smaller the tissue volume
sampled, the greater the variability in the pattern of per-
fusion. Conversely, the greater the volume of tissue sam-
pled, the more homogenous the patterns of blood flow.
Thus, at the microvascular level of 3—30 um diameter, the
heterogeneity of perfusion is clearly demonstrable, show-
ing some microvasculature with increased RBC flow ve-
locity. This might be a partial reason for contradictory
results in previous studies using Doppler flow probes. Us-
ing 2PLSM, we were able to differentiate diameter and
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blood flow changes in different microvascular compart-
ments and to track them in each individual microvessel in
an imaged volume of 500 x 500 x 300 um.

Conclusions

Our observations show that PEMF induce arteriolar
dilation by an NO-dependent mechanism. Vasodilation
leads to an increase in cerebral microvascular blood flow
and, as a result, improved tissue oxygenation that persists
for 3 hours. Our studies explain a possible mechanism of
action of PEMF in wound healing and suggest that PEMF
may be an effective treatment strategy after severe trau-
matic and ischemic brain insults.
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