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Teixeira Oliveira2,4, Marcos André Vannier-Santos3, and Ana Maria Blanco Martinez2

1Universidade Federal da Bahia, Biomorphology Department, Health Sciences Institute, Salvador, BA; 2Universidade Federal
do Rio de Janeiro, Biomedical Sciences Institute, Health Sciences Center, Rio de Janeiro, RJ; 3Fundação Oswaldo Cruz,
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Abstract The use of electromagnetic fields has been reported to enhance peripheral
nerve regeneration. This study aimed to identify the effects of a prolonged protocol
of low-frequency pulsed electromagnetic field (PEMF) on peripheral nerve regeneration.
Thirty-four male Swiss mice (Mus musculus) were divided into PEMF (n = 17) and control
(n = 17) groups. All animals underwent a unilateral sciatic-crush lesion, and the PEMF group
was exposed to a 72-Hz, 2-G electromagnetic field for 30 min, five days a week, for three
weeks. Functional analysis was carried out weekly. After three weeks, the animals were
euthanized, and histological, morphometric, oxidative stress, and TGF-β1 analyses were
performed. Functional analysis showed no differences between the groups. Histological
appearance was similar between PEMF and control nerves. Morphometric assessment
showed that the PEMF nerves trended toward decreased regeneration. The levels of free
radicals were more pronounced in PEMF nerves, but were not associated with an increase
in the content of the TGF-β1/Smad signaling pathway. Prolonged PEMF regimen leads to
delayed histological peripheral nerve regeneration and increased oxidative stress but no
loss of function recovery.
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Introduction
The influence of low-frequency pulsed electromag-

netic fields (PEMF) on peripheral nerve regeneration in
experimental animals has been studied using a variety
of protocols, with amplitudes generally between 0.3
and 300 mT, and frequencies between 2 and 1,000 Hz
(Sisken et al., 1989; Rusovan et al., 1992; Kanje et al.,
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1993; Ottani et al., 1998; Kim et al., 2002; Bervar,
2005). The mechanism of action is reported to be
related to ionic mobilization through cell membranes,
enhancing the permeability to ions such as calcium,
and triggering intracellular signaling cascades that can
initiate, facilitate, or inhibit various biological processes
(Balcavage et al., 1996; Oschman, 2004), possibly act-
ing on the regeneration process. PEMF may also
affect Wallerian degeneration (WD), stimulating pro-
tein synthesis (Sisken et al., 1989) and enhancing local
concentrations of growth factors such as transforming
growth factor-β1 (TGF-β1). This increase in the TGF-β1
level will induce neuroglial signals, modulate Schwann
cell (SC) activity (Rogister et al., 1993), and direct
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neurite growth (Macias et al., 2000). TGF-β1 induces
proliferation of SCs in culture, promoting a pre- or non-
myelinating phenotype. However, when neurons are in
contact with SCs, TGF-β1 inhibits their proliferation and
axon myelinization (Einheber et al., 1995), by blocking
the expression of myelin-related molecules (Guénard
et al., 1995). Acting as a multifunctional regulator, TGF-
β1 could improve regeneration after a peripheral nerve
lesion, promoting the early differentiation of SCs, but
impair nerve-fiber maturation in late phases, when
growth cones have already reached the target organs
and their main activity regresses from regeneration to
nerve-impulse conduction. Therefore, brief periods of
PEMF after peripheral nerve lesions could be benefi-
cial, but prolonged use could lead to inhibition of the
regeneration process. This may probably occur through
an oxidative stress pathway, which activates TGF-β1
and transglutaminase enzyme (TGase2) in the intra-
cellular environment, causing nuclear translocation of
Smad3, and, as a consequence, protein aggregation
(Lafon et al., 1996; Hong et al., 1997; Koo et al., 1999;
Junn et al., 2000; Chiu et al., 2001; Herrera et al.,
2001a; 2001b; Jiang et al., 2003; Rhyu et al., 2005;
Shin et al., 2008).

Since many studies have used brief protocols
of PEMF to study peripheral nerve regeneration,
we performed an exploratory study to analyze the
influence of a prolonged PEMF protocol on this
process. We evaluated the influence of PEMF on
oxygen-reactive species formation after the end of
the treatment period and its possible relationship to
expression of TGF-β1.

Materials and Methods
This experimental study was approved by the

Ethics Committee for Animal Use of the Bahian
Medicine and Public Health School. We used 34
male Swiss mice (Mus musculus), weighing 30–45 g,
housed in individual cages, with food and water ad
libitum, and a 12/12 h light/dark cycle.

Surgical procedures

The animals were deeply anesthetized with
ketamine (0.1 ml/mg) and xylazine (0.2 ml/mg), and
then the sciatic nerve was exposed, isolated from
the adjacent tissues, and crushed 1 cm from the
spinal cord by means of a non-serrated needle holder,
maintained on the first lock for 30 s.

PEMF stimulation

PEMF stimulation was initiated two days after
surgery. Animals were lightly anesthetized with
halothane using a vaporization system (Takaoka, USA)

together with oxygen (1 l/min). The PEMF group
(n = 17) was stimulated with a device generating 72-
Hz, 2-G, pulse width <200 ns and ramp time less
than 10 ns (dB/dt) (SOLO–EM PROBE Technologies,
USA) positioned above the skin, on the lesion site, for
30 min, five days a week, for three weeks. The control
group (n = 17) was submitted to the same conditions
as the PEMF group, but without the electromagnetic
field. Normal nerves were taken from the contralateral
side (left), which was not submitted to the crush lesion
and did not receive the PEMF dispositive above them.

Functional assessment

Functional assessment was performed on the day
prior to the surgery and weekly on the 7th, 14th, and
21st days post-lesion, by means of the Sciatic Static
Index for mice (SSIm), according to our previously
described protocol (Baptista et al., 2007). In the SSIm,
0 corresponds to normal function (i.e., both sides with
the same functional status), and −100 corresponds to
a total functional impairment of one side.

Histomorphometric assessment

On the 21st day post-lesion, after functional
assessment, 10 animals (PEMF, n = 5; Control,
n = 5) were deeply anesthetized with ketamine and
xylazine and euthanized by transcardiac perfusion with
a fixative solution (4% paraformaldehyde and 2%
glutaraldehyde in 0.1 M sodium cacodylate buffer,
pH 7.4, 25 ml/animal). The sciatic nerves ipsilateral to
the lesion were harvested, and a 2-mm segment,
3 mm distal from the lesion site, was dissected.
Contralateral nerves (normal nerves, n = 10) were also
dissected, and a 2-mm segment was collected from
the equivalent portion of the lesioned nerve.

The segments were post-fixed, osmicated, dehy-
drated in increasing concentrations of acetone
(30–100%), infiltrated, and plastic embedded. Trans-
verse sections of 0.5 μm (semithin) and 70 ηm (ultra-
thin) were obtained using an ultramicrotome (Ultracut,
Reichert-Jung). The semithin sections were stained
with 1% toluidine blue. Images were acquired on
a light microscope (Olympus CX41) connected to a
digital camera (Evolution Color PL 1642, Media Cyber-
netics). A 1,000× magnification was used to assess
the general morphological condition of the nerves and
the number and area of blood vessels.

For the ultrastructural analysis, 70 ηm sections
were obtained, contrasted with 1% uranyl acetate
and lead citrate, and observed through a transmission
electron microscope (Zeiss EM 109) equipped with
an image acquisition system (MegaView II, Analysis-
Imaging System). A magnification of 7,000× was
used for morphological assessment and measurement
of the densities and diameters of myelinated and
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non-myelinated fibers, as well as the number of
SC nuclei. Densities were calculated by dividing the
number of cells by the total area of 10 systematically
chosen fields. Using these measurements, the g ratios
(axon diameter/fiber diameter) were also obtained.

Oxidative stress analysis

Biochemical analysis of oxidative stress was also
accomplished after the last day of functional analysis,
using 14 animals. Seven PEMF animals and seven
controls were allocated to the analysis of reactive-
oxygen species formation, by the TBARS method
[reactive substances to thiobarbituric acid (TBA)],
which is based on the level of lipid peroxidation
(Menezes et al., 2006; Vannier-Santos et al., 2008).
After the mice were euthanized, similar segments
from both sciatic nerves were dissected as described
previously, washed in saline solution buffered with
sodium phosphate (PBS), and resuspended in 200 μl
of the same solution to which was added 200 μl of
1% TBA. Subsequently, the samples were incubated
at between 97 and 100◦C for 2.5 h to obtain the
colorimetric assay. TBA-reactive substances were
read on a spectrophotometer (Hitachi U-1100) at
532 nm.

Immunohistochemistry

Four animals (PEMF, n = 2; Control, n = 2) were
transcardially perfused in the same manner as previ-
ously described. Nerves were removed, cryoprotected
by incubation in a sucrose gradient (10–30%), and
embedded in O.C.T. (Tissue-Tek) for frozen section-
ing in a cryostat. The 10-mm sections obtained were
washed in PBS and subsequently incubated for 1 h in
3% BSA, 5% NGS, and 0.3% Triton X-100 at room tem-
perature. After that, the sections were incubated with
primary antibodies diluted in the same solution with-
out Triton X-100 (blocking solution), overnight at 4◦C.
Then, sections were washed with PBS and incubated
with secondary antibodies for 2 h at room temperature.
Primary antibodies were mouse anti-TGF-β1 (R&D Sys-
tems, 1:100), rabbit anti-TGFRII (Santa Cruz Biotech-
nology, 1:100), rabbit anti-phospho Smad2/3 (Santa
Cruz Biotechnology, 1:100), and mouse anti-Smad4
(Santa Cruz Biotechnology, 1:5). Secondary antibod-
ies were all from Molecular Probes: goat anti-mouse
IgG conjugated with Alexa fluor 488 (1:300), goat anti-
rabbit IgG conjugated with Alexa fluor 546 (1:1000),
and goat anti-mouse IgG conjugated with Alexa fluor
546 (1:1000). Nuclei were counterstained with DAPI
(Sigma Chemical Co.) or TO-PRO (Invitrogen). Nega-
tive controls were established by omitting the primary
antibody during staining. In all cases, no reactivity was
observed when the primary antibody was absent. Cell

preparations were mounted directly on N-propyl gallate
and observed by means of a TE300 Nikon Microscope.

Statistical analysis

The independent variable for all the groups was
the influence of the PEMF. The dependent variables
were derived from functional, histomorphometric,
biochemical, and immunohistochemical analyses.
In the functional analysis, using the SSIm, we
performed paired (intragroup, between days) and
unpaired (between groups, on each day) analyses.
For histomorphometric analysis, we considered as
dependent variables the number and area of blood
vessels (obtained at 1,000× magnification), density
and diameter of myelinated fibers stratified in 0–2, 2–6
and 6–12 μm, density and diameter of non-myelinated
fibers, density of SC nuclei, and g ratio (obtained at
7,000× magnification) stratified in ranges of 0.1–0.4,
0.4–0.5, 0.5–0.6, 0.6–0.7, and 0.7–0.9. When ranges
were used, the lowest portions were always included
and the highest portions excluded (e.g., the 0–2
range includes 0–1.99, excluding 2). Paired inferences
were done by the Friedman non-parametric test,
and unpaired inferences by the Kruskal-Wallis non-
parametric test, together with the Student-Newmann-
Keuls post-hoc analysis, when necessary. The CI was
95%, with an accepted alpha value of 5% (p < 0.05).
The analyses were carried out using the BioEstat 5.0
statistical software (Mamirauá, Brazil).

Results
Functional assessment

There were no signs of functional impairment
on the last day of the treatment period. Both
groups displayed a similar pattern during the entire
assessment period, as demonstrated by the SSIm.
In the first week post-lesion, the animals showed
the most pronounced loss of function, but recovered
gradually after this time. Paired analysis by the
Friedman non-parametric test showed significant
differences between weeks for the PEMF (Fr = 29.75;
p < 0.0001) and control (Fr = 25.73; p < 0.0001)
groups, but unpaired analysis, comparing the groups
on each day of functional assessment, did not show
significant differences.

Morphological assessment

Morphological abnormalities were assessed by
both light and electron microscopy. By light
microscopy, both crushed and stimulated (PEMF) and
control nerves showed, in general, fibers with smaller
calibers, larger endoneurial spaces, and sometimes the
presence of axons with dark axoplasm when compared
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to normal nerves (Fig. 1). We did not find signs of
edema in any of the specimens analyzed.

Electron microscopy showed that PEMF and
control nerves were similar, with a predominance of
small-diameter myelinated fibers and the presence

of regenerative islands, lipid inclusions, and myelin
figures in both conditions. There were nerve fibers
in the initial stage of remyelination, characterized by
a very thin myelin sheath (Fig. 2A and B). Normal
nerves showed higher-caliber myelinated fibers, with
a well-developed myelin sheath, compact grouping of
unmyelinated fibers, and normal-appearing endoneurial
space (Fig. 2C).

Histomorphometry

In morphometric analysis by light microscopy, the
density of blood vessels was similar in the three
groups of nerves, but more variable in the controls.
Although not significantly different, nerves stimulated
with PEMF and normal nerves showed larger-diameter
blood vessels than the controls (Fig. 1).

Assessment of myelinated fibers, stratified by
diameter, showed that density, fiber and axon cal-
iber, and myelin area were similar between the three
groups in the range of 0–2 μm diameter (Fig. 3A, D,
G, and J). The majority of fibers were concentrated in
the range of 2–6 μm in all groups. PEMF-stimulated
nerves contained significantly more myelinated fibers
in this range, when compared to normal nerves
(p < 0.05), but there were no significant differences
between PEMF and control nerves (Fig. 3B). In the
6–12 μm diameter range, PEMF and control nerves
contained significantly fewer fibers than normal nerves
(p ≥ 0.05) (Fig. 3C). Regarding myelinated fiber and
axon diameters, PEMF nerves and controls contained
significantly smaller fibers than normal nerves, again
in the 6–12 μm range (Fig. 3F and I). Myelin area was
decreased in crushed nerves (PEMF and control) in the
range of 2–6 μm (Fig. 3K). However, in the range of
6–12 μm diameter, only PEMF nerves had significantly
less myelin than normal ones (Fig. 3L). This pattern of
myelination matched with the g coefficient analysis.
The majority of myelinated fibers, from normal and
control nerves, showed g coefficients in the range of
0.6–0.7, while nerves stimulated with PEMF had most
of their fibers in the range of 0.7–0.9 (Fig. 4). The

Figure 1. Semithin transverse sciatic nerve sections. Images
correspond to sections of an area 3 mm distal to the
crush lesion, three weeks after surgery. (A) PEMF nerve
(crush lesion and treatment with a 72-Hz electromagnetic
field), showing mainly grouped low-diameter myelinated
fibers (arrow). Some fibers with dark axoplasm were seen
(arrow heads), and also increased endoneurial space and
blood vessels with various calibers. (B) Control nerve (crush
lesion, without treatment), also presenting low-diameter
myelinated fibers and increased endoneurial space. Blood
vessels were constantly seen, but fibers with dark axoplasm
were less incident. (C) Normal nerve (without lesion of
stimulation), showing a normal pattern of fiber morphology
and distribution. Scale bar = 10 μm.
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Figure 2. Ultrathin transverse sciatic nerve sections. Images
correspond to sections of an area 3 mm distal to the
crush lesion, three weeks after surgery. (A) PEMF nerve
(crush lesion and treatment with a 72-Hz electromagnetic
field), showing myelinated fibers with various calibers and
groups of non-myelinated fibers. Schwann cell nuclei can be
observed (arrow head) and a fiber with very thin myelin
sheath (arrow). (B) Control nerve (crush lesion without
treatment), showing a nerve fiber in the initial process of
myelinization, included in the basal membrane of a Schwann
cell (double arrow head). (C) Normal nerve (without lesion or
treatment), showing thick myelinated fibers and compact
endoneurial space as compared to lesioned nerves and
some clusters of unmyelinated fibers (double arrow). Scale
bar = 2 μm.

density of SC nuclei was also increased in crushed
nerves (PEMF and control), but there was no signifi-
cant difference between them. The density and caliber

of non-myelinated fibers were similar between the
groups.

The analysis of oxygen-reactive species formation
by the TBARS method demonstrated a significant
difference between PEMF and control animals. PEMF
use was associated with an increase in free-radical
expression (p < 0.05), which was not seen in control or
normal nerves (Fig. 5). Immunohistochemical analysis
for TGF-β1, TGF-β1 type II receptor (TGFRII), and
phosphorylated Smad2/3 and Smad4 did not show
differences between normal, control, and PEMF
nerves (Fig. 6). Smad4 was normally seen inside
nerve fibers, and TGF-β1 surrounding it, probably
corresponding to SC sites. TGF-β1 immunoreactivity
was higher in PEMF and control nerves, compared to
normal ones.

Discussion
This study showed that the daily use of PEMF

for three weeks after a sciatic-crush lesion failed
to increase nerve regeneration and was associated
with an increase in oxidative stress and a trend
toward diminished myelination, neither of them
influenced by TGF-β1. However, these effects did
not interfere with functional reinnervation of the
paw after the lesion, denoting the lack of a direct
relationship between function and intrinsic nerve
condition or a diminished sensitivity of the functional
test.

The effect of PEMF on blood circulation might be
a factor in its possible influence on nerve regeneration.
We did not find a difference between stimulated,
control, and normal nerves regarding blood-vessel
density or area, but did show an increase in oxygen-
reactive species production, which could be explained
by increased circulation (Rosenspire et al., 2001; Sauer
et al., 2005). This augmented concentration of free
radicals could lead to SC DNA lesion (Delimaris
et al., 2006) and the delayed myelination provoked
by PEMF exposure. These results differ from those
of Greenough (Greenough, 1992), who demonstrated
an increase in blood-vessel caliber in the rabbit after
PEMF exposure.

Other authors also found that exposure to PEMF
did not influence regeneration. Sisken et al. (1995)
found no association between PEMF use and the
effects on axoplasmatic transport, a plausible way of
influencing regeneration. Günay et al. (2005) submitted
rats with crushed sciatic nerves to PEMF with 1, 10, 40,
and 100 Hz, 1.5 mT amplitude, for 1.5 h per day for 5,
15, 25, and 38 days, and were unable to demonstrate
differences from the exposure, as assessed by
histological and compound action potential methods.
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Figure 3. Morphometric data from myelinated fibers. Myelinated fibers were stratified by ranges to the morphometric
analysis. The first column (A, D, G, J) represents the 0–2 μm, the second (B, E, H, K) the 2–6 μm, and the third (C, F, I, L) the
6–12 μm diameter. Data from density (A, B, and C), fiber diameter (D, E, and F), axon diameter (G, H, and I), and myelin area
(J, K, and L) show that in the range of 0–2 μm the nerves were very similar, in the 2–6 μm diameter there was a trend to a
bigger density of fibers in the nerves stimulated with PEMF (B) and that myelin maturation process had not reached normal
values (K). In the 6–12 μm range, although there are no significant differences between PEMF and control nerves, only three
PEMF nerves had fibers in this range and there was a decrease on myelination in these nerves compared to normal ones,
that did not happen with control nerves (L). Data expressed in terms of median, 25–75 quartiles, minimum and maximum.
∗p < 0.05, ∗∗p < 0.01 (Kruskal-Wallis + SNK).

Specifically, their histological results are very similar to
ours, but their analysis was purely qualitative, without
morphometric evaluation.

If PEMF exposure can lead to deleterious effects
on the peripheral nerve regeneration process, one of

the main candidates to mediate this effect should be
TGF-β1. This cytokine is synthesized by dorsal root
ganglion neurons, peripheral nerves after lesion, and
various immune cells, stimulating the proliferation of
SC if they are not in contact with neurons (Rogister
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Figure 4. g ratio stratified by ranges. g coefficient was
obtained dividing axon diameter by fiber diameter. Higher
portions of each range were included and lower ones
excluded. Note that while normal (without lesion or
PEMF stimulation) and control (crush lesion, without PEMF
stimulation) nerves had their peaks in the 0.6–0.7 range,
those stimulated with PEMF presented their peak in the
0.7–0.9 range, probably indicating insufficient myelination
in this group. Data are presented as medians and 25–75
quartiles.

et al., 1993). This can lead to a condition where the
SC changes into a non-myelinating condition when in
contact with neurons (Guénard et al., 1995; Sisken
et al., 1995). Axonal sprouting is stimulated, and
is fundamental to the initial stage of regeneration
after lesion (Einheber et al., 1995; Guénard et al.,
1995). Whereas in bone regeneration, increased
concentrations of TGF-β1 lead to more effective
consolidation, in peripheral nerve regeneration its
action can be very important in the initial phase of the

Figure 5. Analysis of reactive oxygen species formation
by the TBARS (reactive substances to thiobarbituric acid)
method. Figure presents results from the analysis of
formation of free radicals, measured by lipidic peroxidation,
using the TBARS method. There was a significant increase on
oxidative stress in PEMF-stimulated nerves when compared
to normal (no lesion or stimulation) and control (crush
lesion, without stimulation) groups. (∗p < 0.05; Kruskal-
Wallis + SNK). There was no difference between normal and
control nerves. Data are expressed as medians and 25–75
quartiles.

lesion, but its maintenance can cause harmful effects,
possibly by maintaining SCs in a non-myelinating
state.

The TGF-β1 signaling pathway includes the
activation of reactive-oxygen species in various cell

Figure 6. Longitudinal section of sciatic nerve harvested 21 days after surgery and immunostained for TGF-β1 (a, d, and g),
pSmad2/3 (a’, d’, and g’), TGF-β1 type II receptor (TGFRII) (b, e, and h) and Smad4 (c, f, and i) from normal, control, and PEMF
groups. Figures a’’, d’’, and g’’ represent TGF-β1 plus pSmad2/3 counterstained with DAPI, where Smad4 inside nervous
fibers and TGF-β1 surrounding it, corresponding to Schwann cells, can be observed. TGF-β1 immunoreactivity was higher in
control and PEMF groups as compared to normal animals. Scale bar = 20 μm.
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types (Koo et al., 1999; Junn et al., 2000; Chiu et al.,
2001; Herrera et al., 2001a; 2001b; Jiang et al., 2003).
In the central nervous system, TGF-β1 is a potent
neuroprotector for diverse lesions, inducing free-
radical formation (Pratt and McPherson, 1997; Flanders
et al., 1998; Patterson et al., 2006). PEMF stimulation
leads to an increase in the TGF-β1 expression in
bone cells (Patterson et al., 2006), with previously
mentioned consequences for oxidative stress. In our
study, the formation of reactive-oxygen species was
greater in nerves treated with PEMF than in control
or normal nerves. However, immunohistochemical
analysis did not show this influence, indicating that
peripheral nerves may perhaps behave differently
from bones when exposed to electromagnetic fields.
Histological examination showed that PEMF nerves
occasionally contained fibers in a very late regenerative
stage, with disproportionately thin myelin sheaths in
relation to their axons. Future studies could analyze
this cytokine concentration in different stages of the
lesion associated with PEMF use.

Although crush lesion usually favors regeneration,
we showed in a previous study using a similar model
that chronic transcutaneous electrical stimulation
inhibits peripheral nerve regeneration (Baptista et al.,
2008). We formulated the hypothesis that this effect
could be related to the intensity of the electrical field
generated at the site of lesion. In this study, the
intensity of the electrical field was much attenuated,
but the tendency to inhibit regeneration was still
present. Other studies should address the same
question using models of transection and suture or
tubulization, in order to assess the effects of the same
regimen of PEMF in a situation where regeneration is
more prolonged and difficult, but has greater similarity
to problematic clinical pictures in humans.
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