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High- and low-frequency transcutaneous electrical
nerve stimulation delay sciatic nerve regeneration
after crush lesion in the mouse

Abrahdo F. Baptista'2:3, Joyce R. S. Gomes3, JdliaT. Oliveira3, Soraia M. G. Santos3,
Marcos A.Vannier-Santos2, and Ana M. B. Martinez'

"Universidade Federal do Rio de Janeiro, Departamento de Histologia € Embriologia, Instituto de Ciéncias Bioldgicas,
Centro de Ciéncias da Satde, Cidade Universitaria, Rio de Janeiro; 2Fundagdo Oswaldo Cruz — Centro de Pesquisas
Gongalo Moniz, Unidade de Microscopia Eletrénica, Salvador; and 3Fundagédo Bahiana para Desenvolvimento das

Ciéncias, Grupo de Pesquisas em Dinamica do Sistema Neuromusculoesquelético, Salvador, Brazil

Abstract The stimulation of peripheral nerve regeneration has been studied in different
ways, including the use of electrical fields. The capacity of this modality to enhance nerve
regeneration is influenced by the parameters used, including current type, frequency,
intensity, and means of administration. Transcutaneous electrical nerve stimulation (TENS)
is a frequently used form of administering electrical current to the body, but its effects on
peripheral nerve regeneration are not known. This study assessed the influence of TENS
on sciatic nerve regeneration, using a model of crush lesion in the mouse. Mice were
stimulated 30 min a day, 5 days a week, for 5 weeks with both high- (100 Hz) and low- (4
Hz) frequency TENS. Control animals had the sciatic nerve crushed but were not stimu-
lated. Assessment was performed weekly by functional analysis using the Static Sciatic
Index for the mouse and at the end of the experiment by light and electron microscopy.
The results showed that although there were no differences between the groups regard-
ing the Static Sciatic Index values, TENS led to nerves with morphological signs of
impaired regeneration. At light microscopy level, TENS nerves presented more axons with
dark axoplasm, signs of edema, and a less organized cytoarchitecture. Electronmicro-
graphs showed fewer and thinner thick myelinated fibers and increased number of
Schwann cell nuclei. Myelinated axon diameters and density and diameter of nonmyelin-
ated fibers were not affected by TENS, leading to the conclusion that this regimen of elec-
trical stimulation leads to a delayed regeneration after a crush lesion of the sciatic nerve in
the mouse. All these effects were more pronounced on high-frequency TENS nerves.
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Degeneration and regeneration of a peripheral
nerve involve a complex sequence of events initiated
by Wallerian degeneration (WD) of the distal stump,
which may or may not favor target-organ reinnervation
(Ide, 1996). The time course of degeneration and

Blackwell Publishing



Baptista et al.

regeneration varies among species, site of lesion,
nerve, and fiber type (Griffin et al., 1995). Also, differ-
ent types of lesions have different prognoses. Crush
lesions maintain the basal lamina, generating a pro-
pitious environment for regeneration, which is not
observed in a transection injury (Stoll and Mdiller,
1999). Successful regeneration may be impeded by
the distance to be covered by the growing nerve
fibers. When the lesion occurs far from the target
organ (e.g., brachial plexus injury), physiological re-
generation speed in humans (1 mm/day) can be
insufficient to promote functional reinnervation
because of prolonged denervation and atrophy (Gordon
et al., 2003). Therefore, to promote adequate function
recovery, strategies to enhance regeneration are
important.

Many studies have investigated the influence of
electrical fields on peripheral nerve regeneration using
laboratory animals. Most of them have used implanted
or percutaneous electrodes, and positive effects were
achieved with different stimulus parameters (weak
constant, DC and AC pulsed electrical fields) (Nix and
Hopf, 1983, Pomeranz et al., 1984; McDevitt et al.,
1987; Beveridge and Politis, 1988; Politis et al., 1988;
Kerns et al., 1991, Pomeranz and Campbell, 1993;
Chen et al., 2001, Inoue et al., 2003; Mendonga et al.,
2003). Transcutaneous electrical nerve stimulation
(TENS) is a very simple, practical, low-cost and non-
invasive means to provide therapeutic electrical stimu-
lation (Sluka and Walsh, 2003). It uses biphasic and
balanced pulses, with short width (about 150 ps) and
frequencies ranging from 2 to 150 Hz. Biphasic pul-
ses are not commonly used to induce peripheral
nerve regeneration because they do not have electro-
phoretic effects, as opposed to monophasic currents.
The electrophoretic effects attributed to monophasic
currents are thought to have a beneficial effect
because they can provide orientation to cell mem-
brane proteins toward the cathode, creating an “elec-
tric cue” for regeneration (McCaig et al., 1994).
Nevertheless, positive results have been demon-
strated with the use of biphasic currents, such as
spreading of fibers in the saphenous nerve (Pomeranz
et al, 1984), increases in regeneration speed and
precision, expression of regeneration-associated genes,
brain-derived neurotrophic factor, tyrosine kinase B
receptor, Ta1-tubulin and growth-associated protein-43,
and reduction in neurofilament expression (Al-Majed
et al., 2000a; 2000b; 2004, Brushart et al., 2002).

Previous studies have assessed the influence of
TENS on regeneration of tissues such as tendons
(Burssens et al., 2003; 2005), skin (Kaada and Emru,
1988, Kjartansson et al., 1988; Khalil and Merhi, 2000;
Liebano et al, 2003), and bone (Kahn, 1982), with
varied results. The effects of TENS on nervous system
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regeneration, however, remain to be unequivocally
demonstrated. This modality has been associated
with improvement of blood flow (de Vries et al., 2007,
Sandberg et al., 2007) or collagen synthesis (Burssens
et al., 2005). However, electrical current amplitudes
above 1 mA are frequently used to overcome skin
impedance and reach deep tissues. These amplitudes
may be associated with decreased ATP concentrations
(Cheng et al, 1982) and could lead to inhibition of
regeneration.

Also, TENS is usually employed to control neuro-
pathic pain (Leem et al, 1995, Hanai, 2000, Nam
et al., 2001, Cheing and Luk, 2005, Somers and
Clemente, 1998; 2003, 2006), which is often associ-
ated with peripheral nerve lesions and sometimes WD
(Latinovic et al., 2006). TENS analgesic effects are
related to the release of endogenous opioids (Sluka
and Walsh, 2003); this is related to another contro-
versy on its use to improve nerve regeneration
because chronic opioid exposure may be associated
with tolerance and inhibition of various steps of the
peripheral nerve restoration process (Smith and Hui,
1973; Sinatra and Ford, 1979, Sinatra et al., 1979;
Zeng et al., 2007).

Because we could find no reports on the influence
of TENS on peripheral nerve regeneration, this study
was performed as an exploratory approach, to assess
the influence of two different TENS protocols on
peripheral nerve regeneration in mice, using the sci-
atic crush model. Animals were treated 30 min a day,
5 days a week, for 5 weeks, and nerve regeneration
was assessed by functional, morphological, and histo-
morphometric analyses.

Materials and Methods

We used 15 male Swiss mice (Mus musculus)
from our animal facility, weighing 35-45 g. All proce-
dures were approved by the Committee for Ethics in
Animal Experimentation of the Fundacao Bahiana para
Desenvolvimento das Ciéncias, Salvador, Brazil. The
animals were housed in individual cages with food
and water ad libitum and a 12:12 h light/dark cycle.

Surgical procedures

Animals were deeply anesthetized with ketamine
(0.1 mL/mg) and xylazine (0.2 mL/mg) and then sub-
mitted to asepsis and trichotomy of the right gluteus
region. After a longitudinal incision, the sciatic nerve
was exposed, isolated from the adjacent tissues, and
crushed 1 cm from the spinal cord using a nonserrated
needle holder, maintained on the first lock for 30 s.
Muscle and skin were then sutured by layers using
4.0 suture (Ethicon).
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Electrical stimulation

Electrical stimulation was initiated 4 days after
surgery to avoid interference of the electrodes in pre-
venting initial scar tissue formation. For the stimula-
tion, the animals were lightly anesthetized with
halotane and immobilized on a special apparatus. Elec-
trical stimulation was provided using a clinical biphasic
pulse generator (TENS vif 962, QUARK Medical), pre-
viously calibrated for the study. As the interface
between the apparatus and the skin, we used two
square silicone rubber electrodes, soaked with a spe-
cial gel for electrostimulation, 1.5 cm? in area, posi-
tioned longitudinally to the incision. The distance
between them was 2 cm. Electrostimulation parame-
ters were based on those reported to generate ana-
lgesia (Low and Reed, 2001, Nelson et al., 2003).

The animals were divided into three groups
according to the procedure to be used:

(1) high-frequency TENS (high TENS): 100 Hz fre-
quency, 80-us pulse width, in a continuous pat-
tern, with amplitude immediately below motor
threshold (n=5);

low-frequency TENS (low TENS): 4 Hz frequency,
240-ps pulse width, modulated in 2 Hz bursts, with
amplitude exactly on the motor threshold, where
visible contractions should be observed (n = 5);
control: animals submitted to the same anesthesia
protocol but without stimulation (n = 5).

Animals were stimulated for 5 weeks, as this
period of stimulation is sufficient to allow recovery
from crush lesions in mice (Baptista et al., 2007).

Functional assessment

On the previous day and on days 7, 14, 21, 28,
and 35 post-lesion, the animals were evaluated to
obtain two footprint parameters: the distance
between the first and the fifth toes, or toe spread (TS)
and the distance between the tip of the third toe and
the most posterior part of the foot in contact with the
ground, or print length (PL). These values were used
to obtain the Static Sciatic Index for the mouse
(SSIm).

The SSIm was obtained with a previously
described protocol (Baptista et al., 2007). Briefly, ani-
mals were placed in an acrylic corridor (48 x 4.5 cm)
with a mirror placed underneath the apparatus at an
angle of 45°. A 50W lamp, placed longitudinally to the
floor, illuminated the corridor. The animal’s cage was
placed at the end of the corridor to induce it to walk in
this direction, and before they entered the cage, the
corridor was closed. When the animals stopped, three
photos were taken with a Web Cam (Drop Cam 100,
Go Tec), positioned 2.5 cm from the mirror. The

73

Journal of the Peripheral Nervous System 13:71-80 (2008)

means for the footprint parameters were assessed
with image analysis software (Image J, National Insti-
tutes of Health), calibrated with a scanned caliper.
The TS and PL were estimated and generated the TS
factor (TSF) and PL factor (PLF) (factor = experimental
value — normal value/normal value) that were used in
the formula:

SSIm = 101.3 x TSF — 54.03 x PLF — 9.5

In the SSIm, a value of O corresponds to normal
function and a value of —100 corresponds to complete
loss of function.

Histomorphometric assessment

One day after the last functional analysis, on day
35 post-lesion, the animals were deeply anesthetized
and euthanized by transcardiac perfusion with fixative
solution (4% paraformaldehyde and 2% glutaralde-
hyde 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 were also dissected, and a 2-mm segment col-
lected from the equivalent portion of the lesioned
nerve.

The segments were post-fixed, dehydrated in
increasing concentrations of acetone (30-100%),
osmicated, infiltrated, and plastic embedded. Trans-
verse sections of 0.5 um (semithin) and 70 nm (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 dig-
ital camera (Evolution Color PL 1642, Media Cybernet-
ics). A 1,000x 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-nm sections
were obtained and 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 I, Analysis-
Imaging-System). A magnification of 7,000x was used
for morphological assessment and measurement of
the densities and diameters of myelinated and nonmy-
elinated fibers, as well as the number of Schwann cell
nuclei. Densities were calculated by dividing the num-
ber of cells by the total area of 10 systematically cho-
sen fields. Using these measurements, G ratios (axon
diameter/fiber diameter) were also obtained.

Statistical analysis

The independent variable for all groups was the
use of high- and low TENS. Dependent variables were
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derived from functional analysis and histomorphome-
try. In functional analysis using the SSIm, paired (intra-
group, between days) and unpaired (between groups
on each day) comparisons were made. For histomor-
phometric analysis, we considered as dependent vari-
ables the number and area of blood vessels (obtained
at 1,000x magnification), density and diameter of
myelinated fibers stratified by diameter on 0-2, 2-6,
and 6-12 um, density and diameter of nonmyelinated
fibers, density of Schwann cell nuclei and G ratio
(obtained at 7,000 x 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 through 1.99, excluding
2). Paired inferences were done by the Friedman
nonparametric test and unpaired inferences by the
Kruskal-Wallis nonparametric test, associated with the
Student-Newmann-Keuls post-hoc analysis, when
necessary. The Cl was 95%, with an accepted alpha
value of 5% (p < 0.05). The analyses were carried out
using the BioEstat 4.0 statistical software (Mamiraud).

Results

Functional assessment

There were no signs of motor impairment on the
last day of the study. The three groups exhibited a sim-
ilar pattern of function throughout the assessment
period, as shown by the SSIm. The first week repre-
sented the functional nadir, with gradual recovery in
all groups (control, high-, and low TENS). Paired analy-
sis with Friedman nonparametric test showed signifi-
cant differences among weeks for the control (Fr =
15.63, p < 0.01), high TENS (Fr = 18.49, p < 0.005),
and low TENS (Fr = 19.06, p < 0.005) (Fig. 1).

Unpaired analysis comparing the three groups
weekly by the Kruskal-Wallis nonparametric test
showed no differences.

Morphological assessment

Morphological changes were assessed using
images acquired by both light and electron micro-
scopy. Viewed by light microscopy, crushed and elec-
trically stimulated nerves generally showed larger
endoneural spaces and smaller fibers compared with
normal nerves. Fibers with dark axoplasm could also
be observed in these nerves (Fig. 2A). Only one nerve
stimulated with low TENS showed signs of edema
(Fig. 2B). Two of the control nerves appeared similar
to normal nerves, where fibers were more com-
pacted, with larger diameters and less endoneural
space (Figs. 2C and 2D).
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Figure 1. Static Sciatic Index for the mouse. Graph shows
a similar pattern of locomotor function for the control (crush
lesion, without stimulation), high-TENS, and low-TENS
(crush lesion and stimulation) groups during the 35-day
experimental period. Locomotor function was worse in the
first week post-lesion on the three groups and came back to
normal on the second week. Data are presented as median
and 25-75 quartiles.

Qualitative analysis of electromicrographs was
consistent with the results previously described for
the normal nerves as seen by light microscopy. The
nerves treated with high TENS had less myelin in their
fibers, but the normal axonal aspect was maintained.
In these nerves, the regenerative clusters were more
easily identifiable (Fig. 3A). Low-TENS and control
nerves occasionally contained lipid inclusions that
could not be seen in high-TENS or normal nerves
(Figs. 3B and 3C). Fig. 3C shows one of the control
nerves, with a normal pattern of fiber morphology.
Normal nerves always had less endoneural space and
larger and more myelinated fibers (Fig. 3D).

Histomorphometry

Morphometric analysis was performed using both
light and electron microscopy. The number and area
of blood vessels assessed at 1,000x magnification
did not differ between groups (p > 0.05). Myelinated
fibers, assessed at 7,000x magnification, were strati-
fied by diameter in 0-2, 2-6, and 6-12 mm, and the
majority of them were in the 2-6 mm diameter range
in all groups. In the 6-12 mm range, stimulated
nerves had significantly fewer fibers than the normal
or control nerves. Schwann cell nuclei density was
greater in high- and low-TENS nerves (Table 1).

Regarding fiber diameter, high-TENS and control
nerves showed significantly smaller fibers than normal
nerves, again in the 6-12 mm range (Table 2). This pat-
tern was not observed for axon diameters (Table 3),
indicating less myelin content in the high-TENS and
control groups compared with normal nerves. Low
TENS reached normal values of fiber and axon diame-
ters, indicating normal myelination (Tables 2 and 3).

G ratio distribution was also different between
groups. Normal, control, and low-TENS nerves had
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Figure 2. Semithin transverse sciatic nerve section. (A) High-TENS nerve (crush and 100 Hz stimulation) presenting small
diameter myelinated fibers. Some of them present dark axoplasm (arrow heads), may be representing fibers which are still in
the process of axon degeneration. (B) Note the edema (arrow) found in a low TENS (nerve crush lesion and 2 Hz stimulation)
that was not seen on the others. Stimulated nerves (A and B) always presented smaller fibers than control (crush lesion,
without stimulation) or normal nerves (no lesion or stimulation) (C and D). (C) A control nerve with some fibers with normal
morphological aspect. (D) Normal nerve with less endoneurial space and fibers with a more compacted distribution.

Magnification 1,000x.

the majority of fibers in the range of 0.5-0.6. High-
TENS nerves differed from the others showing a right-
ward deviation with its peak in the 0.6-0.7 range. This
confirms the supposition that high TENS led to less
myelin content. Control nerves also showed an
altered pattern, with a significantly higher concentra-
tion of fibers in the 0.7-0.9 range (Fig. 4).

Discussion

In our study, the morphological aspect of stimu-
lated nerve groups was generally worse than crushed
but not stimulated, and normal groups. Electrically
stimulated nerves showed signs of compromised
regeneration such as edema, reduced fiber compac-
tion, more regenerative clusters, and the presence of
lipid inclusions (Figs. 2 and 3). The reduction in num-
ber of large myelinated fibers (6-12 um diameter) and
increasing in the number of Schwann cell nuclei
(Table 1), associated to both types of electrical stimu-
lation, can be related to a delay in the regeneration
process. The G quotient indicates the ratio between
axon diameter and fiber diameter, and high G ratios
are normally associated with low myelin content.
High-TENS nerves presented fibers with a G ratio
peak in 0.6-0.7 (Fig. 4), differing from the other
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groups, that had the peak in the 0.5-0.6 range, probably
indicating inhibited myelin  formation. Despite
the negative effect of low TENS on the number of
large fibers, myelination reached normal levels
(Tables 2 and 3). Additionally, electrical stimulation did
not interfere significantly on the area or number of
blood vessels, showing no influence on structural re-
vascularization (data not shown). Although electrical
stimulation was associated with morphological and
morphometric abnormalities, these did not signifi-
cantly impact gait (Fig. 1). In summary, our findings
point to a negative influence of TENS on peripheral
nerve regeneration, most prominently of high TENS.

The lack of a direct relationship between morpho-
logical data and functional studies in laboratory ani-
mals, as observed in this study, has also been
reported by others (de Medinaceli, 1995). Morphologi-
cal or nerve conduction assessment cannot be as
specific as gait analysis to assess proper reinnervation
after traumatic nerve lesions (de Medinaceli et al.,
1983, Goldberg et al., 1984) because these kinds of
assessment do not address overall nerve function.
Our study showed no significant differences in paw
function between groups (Fig. 1), indicating that
despite the worse morphological aspect of nerve
regeneration after electrical stimulation, there were
no negative effects on sensory-motor function.
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Figure 3. Ultrathin transverse sciatic nerve sections. (A) High-TENS nerve (crush lesion and 100 Hz stimulation) showing
a regenerative cluster (arrows) and small diameter myelinated fibers. (B) Low-TENS nerve (crush lesion and 2 Hz stimulation),
with an aspect similar to high-TENS nerves, also presenting regenerative clusters and some lipidic inclusions (arrow head). (C)
Control nerve (crush lesion, without stimulation) where larger and more myelinated fiber than stimulated nerves could be
observed. (D) Normal nerve (no lesion or stimulation) presenting larger and more myelinated fibers. Magnification 7,000 x.

Transcutaneous electrical stimulation has to over-
come the high cutaneous electrical impedance, fre-
quently using amplitudes exceeding by 10x to
10,000x those used with percutaneous or implanted
electrodes. In our study, the combination of pulse
amplitude of 5 mA or above and pulse width higher
than 80 ps may be an important factor causing delay
in regeneration. Cheng et al. (1982) found that at
lower levels (1 mA), electric current inhibited ATP syn-
thesis in cell cultures. Thus, low ATP concentrations
may have led to impairment of the normal regenera-
tion process. Aydin et al. (2006) submitted rats with
a peroneal crush lesion to a whole-body exposure of
a b0-Hz biphasic electrical field with an estimated
induced electrical field of 10 mV/m and found a weak

Table 1. Fiber and Schwann cell nuclei density.

inhibition of regeneration expressed by morphological
defects that did not interfere with gait function. It is
difficult to estimate the strength of the electrical field
when using the mouse model because the dielectric
constant of mice is not yet known. However, consid-
ering that a field magnitude of 10 mV/m would be the
minimal induced field necessary to overcome the
basic endogenous noise in cellular membranes and
produce physical and biological effects (Astumian
et al., 1995; Aydin et al., 2006), even very low elec-
trical field intensities could cause negative biological
effects on regeneration. Chen et al. (20017) also found
adverse detrimental consequences of electrical fields
on peripheral nerve regeneration using percutaneous
electrodes and a 1-mA monophasic current. In their

Density (mm?2)

Group n NMF MF (0-2 um) MF (2-6 pum) MF (6-12 pum) SCN

Normal 15 2,590 (1,192-3,372) 117.6 (568.8-147.1) 1,529.4 (1,235.3-1,735.3) 529.4 (441.2-588.2) 0 (0-0)

Control 5 1,564 (1,205-1,615) 58.8 (568.8-117.6) 1,411.8 (1,235.3-1,470.6) 352.9 (294.1-588.2) 58.8 (0-58.8)
HighTENS 5 1,513 (1,282-2,538) 117.6 (117.6-117.6) 1,705.9 (1,470.6-1,823.5) 117.6 (58.8-176.5) a*b** 58.8 (568.8-58.8) a**
LowTENS 5 1179 (1,103-1,205) 117.6 (0-235.3) 16471 (1,629.4-1,882.4) 58.8 (568.8-176.5) c*d*** 58.8 (29.4-58.8) c*

Data expressed as median and 25-75 quartiles.

High TENS x control (a); High TENS x normal (b); Low TENS x control (c); Low TENS x normal (d)
*p < 0.05; **p < 0.01, ***p < 0.001 (Kruskal-Wallis + Student-Newmann-Keuls).
NMF, non-myelinated fibers; MF, myelinated fibers; SCN, Schwann cell nuclei.
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Table 2. Fiber diameter.
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Fiber diameter

Group n NMF MF (0-2 um) MF (2-6 um) MF (6-12 um)
Normal 15 0.59 (0.56-0.61) 171 (1.48-1.83) 3.84 (3.63-3.97) 7.43 (7.08-7.72)
Control 5 0.61 (0.54-0.63) 1.80 (1.63-1.84) 412 (3.24-4.16) 6.50 (6.31-7.01) b*
HighTENS 5 0.58 (0.554-0.62) 1.58 (1.42-1.68) 3.66 (3.62-3.72) 6.57 (6.35-6.78) a*
LowTENS 5 0.63 (0.53-0.66) 1.86 (1.69-1.91) 3.59 (3.46-3.82) 6.88 (6.24-7.06)

Data expressed as median and 25-75 quartiles.

High TENS x normal (a); Control x normal (b)

*p < 0.05 (Kruskal-Wallis + Student-Newmann-Keuls).
NMF, non myelinated fibers; MF, myelinated fibers.

experiment, electrical stimulation inhibited the num-
ber of regenerating fibers crossing an experimental
10-mm gap, although the fibers that successfully
crossed this barrier were morphologically more nor-
mal. These results suggest that electrical currents
above 1 mA can have weak, but significant, effects on
peripheral nerve regeneration, generally leading to
inhibition of axon number and area or myelin fiber
content, but insufficient to affect the function.

The effects of electrical fields on blood flow were
reported to be associated with improvement in axon
sprouting and nerve regeneration (McCaig et al.,
2005). Low frequency can selectively stimulate sen-
sory C fibers and enhance the expression of neuro-
peptides such as substance-P (SP), which in turn
generates vasodilatation (Kjartansson et al., 1988;
Kashiba and Ueda, 1991; Burssens et al., 2005). Low
TENS is usually associated to rhythmic muscle con-
traction, which may also have positive circulatory ef-
fects (Dobsak et al., 2006). However, there is a recent
evidence supporting effects of high-frequency TENS
on blood flow as well. de Vries et al. (2007) demon-
strated an improvement in the coronary circulation,
attributed to an enhancement in coronary perfusion.
In contrast, in our study, it was not possible to
observe effects on intraneural blood flow, assessed
by number and area of blood vessels, indicating
perhaps a different behavior concerning peripheral
nerves. Although this method is not very sensitive, if
one accepts the common statement that improve-
ment in blood circulation is associated to enhance-
ment of regeneration, TENS should have had positive

Table 3. Myelinated axon diameter.

and not negative effects, as shown. In addition, it
should be considered that the exposure to electric
fields and consequent angiogenesis are not always
positive, as they have also been associated with in-
creased concentrations of reactive oxygen species
(ROS) (Rosenspire et al., 2001; Sauer and Wartenberyg,
2005) and DNA damage (Delimaris et al., 2006). These
mechanisms may also explain the delay of regeneration
observed in TENS-stimulated nerves.

The majority of TENS effects studied are related
to pain control, with high-TENS analgesia being medi-
ated by the activation of 8-opioid receptors and low
TENS by p-opioid receptors (Kalra et al., 2001, Sluka
and Walsh, 2003). Sinatra and Ford (71979a, b) demon-
strated that chronic morphine use for 14 days led to
delay of peripheral nerve regeneration, expressed by
fewer axon profiles, decreased myelin debris removal,
Schwann cell hypertrophy, and proliferation. Zeng
et al. (2007) also showed that chronic morphine expo-
sure, acting via p-opioid receptors, improves re-
generation of nonmyelinated fibers but inhibits
regeneration of myelinated fibers after a sciatic crush
lesion. This is in accordance with our results, given
that nonmyelinated fibers were not affected by TENS
(Table 1), but large diameter fibers were fewer and
myelinated, especially in the high-TENS group. The
poorer progress of high-TENS nerves, however, may
not be explained by d-opioid activation because it is
associated with neurogenesis and neuroprotection in
the mouse central nervous system (Zhang et al.,
2002; Narita et al., 2006) and probably could have the
same function on the peripheral nervous system. The

Axon diameter

MA (2-6 um) MA (6-12 pm)

Group n MA (0-2 pm)

Normal 15 0.96 (0.77-1.00)
Control 5 1.07 (0.95-1.14)
EENTC 5 0.97 (0.87-1.00)
EENTA 5 0.73 (0.70-0.91)

2.03 (1.91-2.14)
1.94 (1.94-2.19)
2.27 (219-2.33)

21 (2.01-218)

412 (3.98-4.45)
4.48 (4.36-4.61)
4.67 (4.31-4.85)
4.00 (3.82-4.46)

Data expressed as median and 25-75 quartiles.
MA, myelinated axon.
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Figure 4. G ratio stratified by ranges. G ratio was obtained
dividing axon diameter by fiber diameter. Higher portions of
the G ratio ranges are included and lower portions excluded.
Note that only high-TENS nerves (crush lesion and stimula-
tion with 100 Hz) presented a peak of fiber density on the
0.6-0.7 range. The other nerves presented the peak on the
0.5-0.6 range. Data are presented as median and 25-75
quartiles.

key difference between our study and those showing
that opioid receptor activation was successful in
improving nerve tissue regeneration was the pro-
longed time of use, which can lead to opioid tolerance.
Chandran and Sluka (2003) showed that after repeated
administration of high- and low TENS, 20 min a day,
rats developed opioid tolerance on the fourth day
of stimulation. Mao et al. (2002) demonstrated that
morphine tolerance is mediated by the N-methyD-
aspartate-caspase pathway and leads to spinal neural
apoptosis. Therefore, prolonged use of TENS may
have led to morphine tolerance and neurotoxic con-
sequences for the cells involved in regeneration.

Curiously, drugs commonly used to inhibit opioid
tolerance include SP, calcitonin gene-related peptide
(CGRP), cholecystokinin (CCK), and NMDA selective
antagonists (King et al., 2005). After a peripheral
nerve lesion, a and B CGRP and CCK are overex-
pressed (Saika et al., 1991). CCK is upregulated with
sustained administration of morphine (Zhou et al., 1993;
Stanfa et al., 1994) or electroacupuncture (Fukazawa
et al., 2007), antagonizing morphine effects. It is also
related to nerve regeneration through the improve-
ment of nerve growth factor synthesis and CGRP con-
centrations (Manni et al., 2000; 2001, Sanchez et al.,
2001). Consequently, overexpression of CCK, possibly
associated with 35 days of TENS, could have had
beneficial effects on nerve regeneration, balancing
opioid tolerance neurotoxic effects. It remains to be
demonstrated if TENS can really enhance these
peptide concentrations and what parameters should
be used to evoke its potential neuroprotection against
opioid tolerance.

The present study was the first to assess the
influence of TENS on peripheral nerve regeneration.
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The indication that TENS can be associated with
a delay in this process, although not sufficient to influ-
ence function, is very important in the clinical setting
because this modality of electrical stimulation is
widely used and often associated to no harmful or
side effects. Future research should assess the influ-
ence of TENS on ATP concentrations, peripheral
nerve blood circulation, and expression of ROS, as
these factors may directly influence peripheral nerve
regeneration. Also, the possibility that opioid tolerance
developed by TENS can lead to delayed peripheral
nerve regeneration can open a broad field of research
on its appropriate use. TENS may have very different
effects if used briefly or with frequency and amplitude
variations, preventing opioid tolerance effects. Also,
further studies can be performed on animal models
to assess the consequences of opioid or colecystoki-
nine pharmacological blockade on regeneration. Case-
control studies can be performed including patients
where nerve conduction tests are available and ad-
dressing the influence of different TENS modalities on
peripheral nerve regeneration. Meanwhile, the use of
TENS in patients with these characteristics should be
reevaluated.

Acknowledgements

This study was supported by FBDC, FIOCRUZ,
CNPgq, FAPESB, and FAPERJ. We thank Erida Almeida
for special support with animal care, and Quark
Produtos Médicos for supplying electrostimulation
equipment.

References

Al-Majed A, Neumann C, Brushart T, Gordon T (2000a). Brief
electrical stimulation promotes the speed and accuracy of
motor axonal regeneration. J Neurosci 20:2602-2608.

Al-Majed A, Brushart T, Gordon T (2000b). Electrical stimulation
accelerates and increases expression of BDNF and trkB
mRNA in regenerating rat femoral motoneurons. Eur J Neu-
rosci 12:4381-4390.

Al-Majed A, Tam S, Gordon T (2004). Electrical stimulation
accelerates and enhances expression of regeneration-
associated genes in regenerating rat femoral motoneurons.
Cell Mol Neurobiol 24:379-402.

Astumian RD, Weaver JC, Adari RK (1995). Rectification and
signal averaging of weak electric fields by biological cell.
PNAS 92:3740-3743.

Aydin MA, Comlekci S, Ozguner M, Cesur G, Nasir S, Aydin ZD
(2006). The influence of continuous exposure to 50 Hz
electric field on nerve regeneration in a rat peroneal nerve
crush injury model. Bioelectromagnetics 27:401-413.

Baptista AF, Gomes JRS, Oliveira JT, Santos SMG, Vannier-
Santos MA, Martinez AMB (2007). A new approach to assess
function after sciatic nerve lesion in the mouse — adaptation
of the sciatic static index. J Neurosci Methods 161:259-264.



Baptista et al.

Beveridge J, Politis M (1988). Use of exogenous electric current
in the treatment of delayed lesions in peripheral nerves. Plast
Reconstr Surg 82:573-579.

Brushart T, Hoffman P, Royall R, Murinson B, Witzel C, Gordon
T (2002). Electrical stimulation promotes motoneuron
regeneration without increasing its speed or conditioning the
neuron. J Neurosci 22:6631-6638.

Burssens P, Forsyth R, Steyaert A, Van Ovost E, Praet M, Verdonk
R (2003). Influence of burst TENS stimulation on the healing of
Achilles Tendon in man. Acta Orthop Belg 69:528-532.

Burssens P, Forsyth R, Steyaert A, Van Ovost E, Praet M,
Verdonk R (2005). Influence of burst TENS stimulation on
collagen formation after Achilles tendon sutura in man. A
histological evaluation with Movat's pentachrome stain. Acta
Orthop Belg 71:342-346.

Chandran P, Sluka KA (2003). Development of opioid tolerance
with repeated transcutaneous electrical nerve stimulation
administration. Pain 102:195-201.

Chen Y, Hu C, Hsieh C, Lin J, Tsai C, Chen T, Yao C (2001).
Effects of percutaneous electrical stimulation on peripheral
nerve regeneration using silicone rubber chambers. J Biomed
Mater Res 57:541-549.

Cheing GL, Luk ML (2005). Transcutaneous electrical nerve
stimulation for neuropathic pain. J Hand Surg [Br] 30:50-55.

Cheng N, Van Hoof H, Bockx E, Hoogmartens MJ, Mulier JC, De
Dijcker FJ, Sansen WM, De Loecker W (1982). The effects
of electric currents on ATP generation, protein synthesis, and
membrane transport of rat skin. Clin Orthop Relat Res
171:264-272.

de Medinaceli L (1995). Interpreting nerve morphometry after
experimental traumatic lesions. J Neurosci Meth 58:29-37.

de Medinaceli L, Freed WJ, Wyatt RJ (1983). Peripheral nerve re-
connection: improvement of long term functional effects under
stimulated clinical conditions in the rat. Exp Neurol 81:488-496.

de Vries J, Anthonio, RL, DeJongste, MJL, Jessurun GA, Tan
ES, de Smet BJGL, van den Heuvel, AFM, Staal MJ, Zijlstra F
(2007). The effect of electrical neurostimulation on collateral
perfusion during acute coronary occlusion. BMC Cardiovasc
Disord 27:7-18.

Delimaris J, Tsilimigaki S, Mesini-Nicolaki N, Ziros E, Piperakis
SM (20086). Effects of pulsed electric fields on DNA of human
lymphocytes. Cell Biol Toxicol 22:409-415.

Dobséak P, Novékova M, Siegelova J, Fiser B, Vitovec J, Naga-
saka M, Kohzuki M, Yambe T, Nitta S, Eicher JC, Wolf JE,
Imachi K (2006). Low-frequency electrical stimulation
increases muscle strength and improves blood supply in
patients with chronic heart failure. Circ J 70:75-82.

Fukazawa Y, Maeda T, Kiguchi N, Tohya K, Kimura M, Kishioka S
(2007). Activation of spinal cholecystokinin and neurokinin-1
receptors is associated with the attenuation of intrathecal
morphine analgesia following electroacupuncture stimulation
in rats. J Pharm Sci 104:159-166.

Goldberg NH, Deshpande SS, May CS, Toy FK Smoot RT,
Meshul CK, Albuguerque EX (1984). Disparity between
neurophysiologic measurements and clinical reality follow-
ing peripheral nerve transection and microneuroraphy. Surg
Forum 35:608-610.

Gordon T, Sulaiman O, Boyd J (2003). Experimental strategies to
promote functional recovery after peripheral nerve injuries. J
Peripher Nerv Syst 8:236-250.

Griffin, J, George E, Hsieh S, Glass J (1995). Axonal Degener-
ation and Disorders of the Axonal Cytoskeleton. In: The

79

Journal of the Peripheral Nervous System 13:71-80 (2008)

Axon. Waxman S, Kocsis J, Stys P (Eds). Oxford University
Press, New York, pp 375-390.

Hanai F (2000). Effect of electrical stimulation of peripheral
nerves on neuropathic pain. Spine 25:1886-1892.

Ide C (1996). Peripheral nerve regeneration. Neurosci Res
25:101-121.

Inoue M, Hojo T, Yano T, Katisumi Y (2003). The effects of
electroacupuncture on peripheral nerve regeneration in rats.
Acupunct Med 21:9-17.

Kaada B, Emru M (1988). Promoted healing of leprous ulcers by
transcutaneous nerve stimulation. Acupunct Electrother Res
13:165-176.

Kahn, J (1982). Transcutaneous electrical nerve stimulation
for nonunited fractures; a clinical report. Phys Ther 62:
840-844.

Kalra A, Urban MO, Sluka KA (2001). Blockade of opioid
receptors in rostral ventral medulla prevents antihyperalgesia
produced by transcutaneous electrical stimulation (TENS).
J Pharmacol Exp Ther 298:257-263.

Kashiba H, Ueda Y (1991). Acupuncture to the skin induces
release of Substance P and calcitonin gene-related peptide
from peripheral nerve terminals of primary sensory neurons
in the rat. Am J Chin Med 19:189-197.

Kerns J, Fakhouri A, Weinrib H, Freeman J (1991). Electrical
stimulation of nerve regeneration in the rat: the early effects
evaluated by a vibrating probe and electron microscopy.
Neuroscience 40:93-107.

Khalil Z, Merhi M (2000). Effects of aging on neurogenic vaso-
dilator responses evoked by transcutaneous electrical nerve
stimulation: relevance to wound healing. J Gerontol Series A
55:257-263.

King T, Ossipov MH, Vanderah TW, Porreca F, Lai J (2005). Is
paradoxical pain induced by sustained opioid exposure an
underlying mechanism of opioid antinociceptive tolerance?
Neurosignals 14:194.

Kjartansson J, Lundeberg T, Samuelson EU, Dalsgaard J (1988).
Transcutaneous electrical nerve stimulation (TENS) increases
survival of ischemic musculocutaneous flaps. Acta Physiol
Scand 134:95-99.

Latinovic R, Gulliford M, Hughes R (2006). Incidence of common
compressive neuropathies in primary care. J Neurol Neuro-
surg Psychiatr 77:263-265.

Leem J, Park E, Paik K (1995). Electrophysiological evidence for
the antinociceptive effect of transcutaneous electrical stimu-
lation on mechanically evoked responsiveness of dorsal horn
neurons in neuropathic rats. Neurosci Lett 192:197-200.

Liebano RC, Ferreira LM, Neto MS (2003). Experimental model
for transcutaneous electrical nerve stimulation on ischemic
random skin flap in rats. Acta Cir Bras 18:54-59.

Low J, Reed A (2001). Eletrofisiologia clinica — eletroterapia e
teste eletrofisiolégico. Manole, Sao Paulo, pp 256-258.

Manni L, Lundeberg T, Tirassa P, Aloe L (2000). Cholecystokinin-
8 enhances nerve growth factor synthesis and promotes
recovery of capsaicin-induced sensory deficit. Br J Pharmacol
129:744-750.

Manni L, Aloe L, Tirassa P, Finn A, Lundeberg T (2001).
Cholecystokinin-8 promotes recovery of sympathectomy
induced by 6-hydroxydopamine in adult mice. Neuroreport
12:1621-1627.

Mao J, Sung B, Ji RR, Lim G (2002). Neuronal apoptosis asso-
ciated with morphine tolerance: Evidence for an opioid-
induced neurotoxic mechanism. J Neurosci 22:7650-7661.



Baptista et al.

McCaig CD, Allan DX, Erskine L, Rajnicek AM, Stewart R (1994).
Growing nerves in an electric field. Neuroprotocols 4:
134-141.

McCaig CD, Rajnicek AM, Song B, Zhao M (2005). Controlling
cell behavior electrically: current views and future potential.
Physiol Rev 85:943-978.

McDevitt L, Fortner P, Pomeranz B (1987). Application of weak
electric field to the hindpaw enhances sciatic motor nerve
regeneration in the adult rat. Brain Res 416:308-314.

Mendonga C, Barbieri C, Mazzer N (2003). Directly applied low
intensity direct current enhances peripheral nerve regenera-
tion in rats. J Neurosci Meth 129:183-190.

Nam T, Choi Y, Yeon D, Leem J, Paik K (2001). Differential
antinociceptive effect of transcutaneous electrical stimula-
tion on pain behavior sensitive or insensitive to phentolamine
in neuropathic rats. Neurosci Lett 301:17-20.

Narita M, Kuzumaki N, Miyatake M, Sato F, Wachi H, Seyama Y,
Suzuki T (2006). Role of delta-opioid receptor function in
neurogenesis and neuroprotection. J Neurochem Jun
97:1494-1505.

Nelson RM, Hayes KW, Currier DP (2003). Eletroterapia Clinica.
Manole, Séo Paulo, pp 307-310.

Nix W, Hopf H (1983). Electrical stimulation of regenerating nerve
and its effect on motor recovery. Brain Res 272:21-25.

Politis M, Zanakis M, Albala B (1988). Facilitated regeneration in
rat peripheral nervous system using applied electric fields.
J Trauma 28:1375-1381.

Pomeranz B, Campbell J (1993). Weak electric current accel-
erates motoneuron regeneration in the sciatic nerve of ten-
month-old rats. Brain Res 603:271-278.

Pomeranz B, Mullen M, Markus H (1984). Effect of applied
electrical fields on sprouting of intact saphenous nerve in
adult rat. Brain Res 303:331-336.

Rosenspire AJ, Kindzelskii AL, Petty HR (2001). Pulsed DC
electric fields couple to natural NAD(P)H oscillations in HT-
1080 fibrosarcoma cells. J Cell Sci Apr 114:1515-1520.

Saika T, Senba E, Noguchi K, Sato M, Kubo T, Matsunaga T,
Tohyama M (1991). Changes in expression of peptides in rat
facial motoneurons after facial nerve crushing and resection.
Brain Res Mol Brain Res Oct 11:187-196.

Sandberg ML, Sandberg MK, Dahl J (2007). Blood flow changes
in the trapezius and overlying skin following transcutaneous
electrical nerve stimulation. Phys Ther 87:1047-1055.

Sauer H, Wartenberg M (2005). Reactive oxygen species as
signaling molecules in cardiovascular differentiation of
embryonic stem cells and tumor-induced angiogenesis.
Antioxid Redox Signal 7:1423-1434.

80

Journal of the Peripheral Nervous System 13:71-80 (2008)

Sanchez A, Bilinski M, Villar MJ, Tramezzaini JH (2001). Coex-
istence of neuropeptides and their possible relation to neu-
ritic regeneration in primary cultures of magnocellular
neurons isolated from adult rat supraoptic nuclei. Histochem
J 33:121-128.

Sinatra RS, Ford DH, Rhines RK (1979a). The effects of acute
morphine treatment on the incorporation of [3H]L-lysine by
normal and regenerating facial nucleus neurons. Brain Res
171:307-317.

Sinatra RS, Ford DH (1979b). The effects of acute and chronic
morphine treatment on the process of facial nerve regener-
ation. Brain Res 175:315-325.

Sluka K, Walsh D (2003). Transcutaneous electrical nerve stim-
ulation: basic science mechanisms and clinical effectiveness.
J Pain 4:109-121.

Smith AA, Hui F (1973). Inhibition of neurotrophic activity in
salamanders treated with opioids. Exp Neurol 39:36-43.
Somers DL, Clemente FR (1998). High-frequency trans-
cutaneous electrical nerve stimulation alters thermal but not
mechanical allodynia following chronic constriction injury of
the rat sciatic nerve. Arch Phys Med Rehabil 79:1370-1376.

Somers DL, Clemente FR (2003). The relationship between
dorsal horn neurotransmitter content and allodynia in neuro-
pathic rats treated with high-frequency transcutaneous elec-
tric nerve stimulation. Arch Phys Med Rehabil 84:1575-1583.

Somers DL, Clemente FR (2006). Transcutaneous electrical
nerve stimulation for the management of neuropathic pain:
the effects of frequency and electrode position on prevention
of allodynia in a rat model of complex regional pain syndrome
type Il. Phys Ther 86:698-709.

Stanfa L, Dickenson A, Xu, XJ, Wiesenfeld-Hallin Z (1994).
Cholecystokinin and morphine analgesia: variations on
a theme. Trends Pharmacol Sci 15:65-66.

Stoll G, Muller H (1999). Nerve injury, axonal degeneration and
neural regeneration: basic insights. Brain Pathol 9:313-325.

Zeng YS, Nie JH, Zhang W, Chen SJ, Wu W (2007). Morphine
acts via p-opioid receptors to enhance spinal regeneration
and synaptic reconstruction of primary afferent fibers injured
by sciatic nerve crush. Brain Res 1130:108-113.

Zhang J, Gibney GT, Zhao P, Xia Y (2002). Neuroprotective role
of delta-opioid receptors in cortical neurons. Am J Physiol
Cell Physiol 282:1225-1234.

Zhou Y, Sun YH, Zhang ZW, Han JS (1993). Increased release of
immunoreactive cholecystokinin octapeptide by morphine
and potentiation of mu-opioid analgesia by CCKB receptor
antagonist L-365, 260 in rat spinal cord. Eur J Pharmacol
234:147-154.



