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Jankowska E, Kaczmarek D, Bolzoni F, Hammar I. Long-
lasting increase in axonal excitability after epidurally applied DC. J
Neurophysiol 118: 1210–1220, 2017. First published May 17, 2017;
doi:10.1152/jn.00148.2017.—Effects of direct current (DC) on nerve
fibers have primarily been investigated during or just after DC
application. However, locally applied cathodal DC was recently
demonstrated to increase the excitability of intraspinal preterminal
axonal branches for �1 h. The aim of this study was therefore to
investigate whether DC evokes a similarly long-lasting increase in the
excitability of myelinated axons within the dorsal columns. The
excitability of dorsal column fibers stimulated epidurally was moni-
tored by recording compound action potentials in peripheral nerves in
acute experiments in deeply anesthetized rats. The results show that 1)
cathodal polarization (0.8–1.0 �A) results in a severalfold increase in
the number of epidurally activated fibers and 2) the increase in the
excitability appears within seconds, 3) lasts for �1 h, and 4) is activity
independent, as it does not require fiber stimulation during the
polarization. These features demonstrate an unexplored form of plas-
ticity of myelinated fibers and indicate the conditions under which it
develops. They also suggest that therapeutic effects of epidural stim-
ulation may be significantly enhanced if it is combined with DC
polarization. In particular, by using DC to increase the number of
fibers activated by low-intensity epidural stimuli, the low clinical
tolerance to higher stimulus intensities might be overcome. The
activity independence of long-lasting DC effects would also allow the
use of only brief periods of DC polarization preceding epidural
stimulation to increase the effect.

NEW & NOTEWORTHY The study indicates a new form of
plasticity of myelinated fibers. The differences in time course of
DC-evoked increases in the excitability of myelinated nerve fibers in
the dorsal columns and in preterminal axonal branches suggest that
distinct mechanisms are involved in them. The results show that
combining epidural stimulation and transspinal DC polarization may
dramatically improve their outcome and result in more effective pain
control and the return of impaired motor functions.

nerve fibers; epidural stimulation; direct current polarization; spinal
cord excitability

EPIDURAL STIMULATION and transspinal direct current stimulation
(tsDCS) are both used in clinical practice for pain relief as well
as for restoring motor functions after spinal cord injuries (for
recent reviews see Priori et al. 2014; Ramasubbu et al. 2013).

However, the use of epidural stimulation is restricted by the
low stimulus intensity tolerated by the patients (Ramasubbu et
al. 2013), and, consequently, a smaller number of nerve fibers
than would be optimal are activated by epidural stimuli. Ac-
cording to Holsheimer (Holsheimer 2002; Holsheimer and
Buitenweg 2015), epidural stimuli below the discomfort
threshold would only activate fibers within a thin outer layer of
the dorsal columns, as the current density is much higher
within the layer of subdural cerebrospinal fluid than within the
spinal cord (see Fig. 1D). The first aim of the present study was
therefore to examine whether the number of skin and muscle
afferent fibers stimulated within the dorsal columns might be
increased by increasing their excitability by epidural polariza-
tion to the same extent as the excitability of preterminal
branches of sensory fibers is increased by intraspinal polariza-
tion (Bolzoni and Jankowska 2015; Jankowska et al. 2016).
The second aim was to establish whether DC-induced facilita-
tion outlasts the period of DC application and to determine the
circumstances under which the facilitation may or may not be
evoked. In light of the relatively short-lasting effects of epidu-
ral stimulation (Ramasubbu et al. 2013), a long-lasting facili-
tation induced by DC polarization would be clinically relevant,
as it might prolong the pain-relieving effects as well as signif-
icantly increasing the probability of restoring deficient func-
tions after spinal injuries.

The reported results show that the increases in excitability of
myelinated fibers in the dorsal columns evoked by epidural DC
are even more potent than the increases in excitability of
preterminal axonal branches of these fibers and that their time
course is different. Thus these results suggest that the mecha-
nisms underlying DC effects on myelinated nerve fibers in the
dorsal columns and on intraspinal preterminal nerve branches
are not necessarily the same and that the reported effects
indicate a hitherto unexplored form of axonal plasticity.

METHODS

All the main experimental procedures were performed as described
in detail in previous publications of our group (Bolzoni and
Jankowska 2015; Jankowska et al. 2016; Kaczmarek et al. 2017).

Ethical Approval

All experiments were approved by the Regional Ethics Committee
for Animal Research (Göteborgs Djurförsöksetiska Nämnd) and fol-
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lowed European Union and National Institutes of Health guidelines
for animal care. The animals were bred and housed under veterinary
supervision at the Laboratory of Experimental Biomedicine at Sahl-
grenska Academy, University of Gothenburg, where the experiments
were carried out. Particular measures were taken to minimize animal
discomfort and the number of animals used.

Preparation

The experiments were performed on 17 adult rats of both sexes
(Wistar, 2–6 mo old, 200–450 g). Anesthesia was induced with
isoflurane (4% in air) (Baxter Medical, Kista, Sweden) followed by
intraperitoneal administration of �-chloralose (Acros organics, Geel,
Belgium,) at a dose of 30–40 mg/kg together with pentobarbital
sodium (Apoteksbolaget, Gothenburg, Sweden) at a dose of 20–25
mg/kg. During the course of the experiment, the anesthesia was
supplemented at regular intervals with additional doses of �-chlora-
lose (10 mg/kg; up to 60 mg/kg). The preliminary dissection included
tracheal intubation, cannulation of one or two tail veins, dissection of
the sural and peroneal nerves, as well as exposure of the second to
fifth lumbar (L2–L5) spinal segments by laminectomy. Mineral oil
pools were constructed by skin flaps above the dissected tissues.
When the neuromuscular transmission was blocked by gallamine
triethiodide (Sigma-Aldrich, G8134-5G), artificial ventilation was
applied with a respiratory pump (CWE; 65–80/min and 0.2–0.4
ml/min volume depending on animal weight), maintaining the expired
CO2 level at 3–4%. Gallamine was administered intravenously (via
the tail vein) at an initial dose of about 10 mg/kg and supplemented,
when needed, with about 5 mg/kg. CO2 level and heart rate were
continuously monitored. The experiments were continued only for as
long as these remained within physiological ranges.

The core body temperature was maintained at ~38°C by servo-
controlled heating lamps. To compensate for fluid loss and to prevent
the deterioration of the state of the animals, 10–20 ml of acetate buffer
was injected subcutaneously during the initial surgical procedures.
The experiments were terminated by a lethal dose of pentobarbital
followed by excision of the heart.

Recording

The effects of DC on the excitability of sensory fibers were
estimated from changes in antidromic compound action potentials
reflecting responses evoked in these fibers by epidural stimuli. Re-

sponses recorded from the sural nerve would primarily be evoked in
skin afferents, while those recorded from the peroneal nerve would
include responses of both skin and muscle afferents. They were
recorded via pairs of silver-silver chloride electrodes in a mineral oil
pool. Both original records and averages of records evoked by 10 or
20 stimuli were stored online with a time resolution of 30 �s per
address and were analyzed off-line with software for sampling and
analysis developed by E. Eide, T. Holmström, and N. Pihlgren (Univ.
of Gothenburg).

Stimulation

Epidural stimuli were delivered via needle tungsten electrodes
(200–500 k�) (microneurography active needle, UNA35FNM, FHC,
Bowdoin, ME), insulated except for a tip of 20–30 �m. The elec-
trodes were mounted in a double-headed manipulator, the caudal
electrode being used for stimulation and the rostral electrode for both
stimulation and polarization, as indicated in Fig. 1B. The electrodes
were positioned in contact with the dura mater within the L1–L3

segments, at approximately equal distances between the central vein
and the dorsal root entry zone. The reference electrode consisted of a
2-cm-long tungsten electrode inserted into back muscles along the
vertebral column close to the rostral edge of the laminectomy or a
crocodile clip attached to the first spinous process rostral to the
laminectomy, in both cases 10–20 mm rostral to the stimulation site.
In experiments in which stimuli were applied after the cerebrospinal
fluid was drained via a small opening in the dura mater, the epidural
stimuli were applied 2–3 mm rostral or caudal to this opening. When
the dura remained intact, epidural stimuli were applied either just at
the surface or at a slightly deeper position, with the dura indented to
a point where the distance between the dura and the surface of the
dorsal columns was reduced to the minimum or contact between them
occurred, as indicated in Fig. 1, B and C. The latter procedure was
adopted to reduce the current flow through the cerebrospinal fluid in
the subdural space rather than via the dorsal columns, as in the
situation illustrated in Fig. 1D with a reconstruction of current
densities during epidural stimulation in humans by Holsheimer
(Hernández-Labrado et al. 2011; Holsheimer 2002; Holsheimer and
Buitenweg 2015) The conditions under which the long-lasting
changes in excitability of epidurally activated nerve fibers appear and
some of the implications of these changes are discussed in the first and
second parts of DISCUSSION, respectively. Single 0.2-ms constant-
current stimuli were applied at 0.5–1 Hz, at intensities between 10 and

Fig. 1. Diagram of the basic experimental setup used in the study and examples of nerve volleys evoked by epidural stimuli before and after DC application. A: examples
of series of nerve volleys evoked by epidural stimuli at increasing intensities before (left) and 1 h after 2 min (right) of DC application (averages of 10 consecutive single
records). Note that after the DC application lower stimulus intensities sufficed to evoke similar volleys (as indicated by dashed lines). Vertical lines indicate the time
windows within which the areas were measured. B: setup of epidural electrodes in the rostrocaudal plane, when the caudal electrode was used for stimulation and the
rostral electrode for both stimulation and DC application, the distances between their tips being adjustable. C: arrangements of the stimulating and recording electrodes,
under conditions when DC was applied via the rostral stimulating epidural electrode. D: reconstruction of current densities in a model of current flow around an epidural
electrode in human subjects according to Holsheimer (Holsheimer and Buitenweg 2015, © 2015 International Neuromodulation Society; with permission). In this and
subsequent figures the negativity in the records from the peripheral nerves is upward and the positivity is downward.
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50 �A. The final rostrocaudal position of the stimulating electrodes
was guided by a preliminary localization of the area where the largest
afferent volleys were evoked by stimulation of afferent fibers in the
peroneal and sural nerves, thereby increasing the probability of
antidromic activation of these fibers by epidural stimuli. When several
series of records were possible during an experiment, the explored
areas of the spinal cord were separated by at least 2 mm.

Epidural Polarization

The polarization was applied with a custom-designed, battery-
driven, constant current stimulator (D. Magnusson, Univ. of Gothen-
burg). The stimulator supplied a continuously monitored current
within a range of intensities of 0–1.1 �A. It allowed the selection of
either cathodal or anodal DC, but only cathodal DC was used in the
present series of experiments. The polarizing current was applied for
1, 2, 5, or 25 min but in a few experiments only for a period of
seconds. The current was manually turned on and off (not ramped). It
was applied via one of the two tungsten electrodes used for epidural
stimulation. Unless specified, the current was passed with the dura
mater almost in contact with the surface of the spinal cord.

Analysis

Compound action potentials recorded in peripheral nerves after
epidural stimulation were compared when they were evoked before,
during, and after joint DC and epidural stimulation or before and after
DC application alone. Both single records and averages of 10 succes-
sive records obtained online were stored for further off-line analysis.
The comparison concerned changes in the area and/or the latencies of
the earliest and most distinct components of averages created from 10
successive records with software developed by E. Eide, T. Holm-
ström, and N. Pihlgren (Univ. of Gothenburg). The areas were
measured within time windows of 0.3–1.4 ms from their onset (as
illustrated in Fig. 1A), excluding any later components and taking into
account only the first phase of any potentials resembling biphasically
recorded potentials. All analyzed nerve volleys were evoked at the
same latencies as the afferent volleys evoked by stimulation of the
sural and peroneal nerves at the beginning of each experiment (or at
�0.3 ms longer latencies), consistent with the direct activation of the
nerve fibers and precluding records from axons of transsynaptically
activated motoneurons. In each set of measurements, the areas were
normalized with respect to the mean values of the areas sampled under
control conditions. Thereafter, the mean values of normalized areas
from all experiments were calculated for each test period and com-
parisons between these periods were performed with repeated-mea-
sures ANOVA. When a significant effect was found (P � 0.05),
Tukey honestly significant difference (HSD) post hoc comparison was
performed. Student�s paired t-test for two samples assuming equal
variance was also used to estimate statistically significant differences
within selected time periods and control values. The samples were
obtained from at least three or four experiments, with at least four
experimental series in each animal, and were considered adequate
when paired t-test and repeated-measures ANOVA allowed their
comparison.

Experimental Design

Nerve volleys were evoked by epidural stimuli during three peri-
ods, before, during, and after DC application, but the number and
duration of periods of DC application were variable. To maximize the
outcome from each experiment, nerve volleys evoked by epidural
stimuli were recorded simultaneously from the sural and peroneal
nerves. During each of the stimulation periods, we also used stimuli at
three different intensities to allow a comparison of effects evoked at
threshold and at two suprathreshold intensities. One of these stimuli
was delivered by the same electrode that was used for DC application,

while the remaining two stimuli were delivered by the epidural
electrode used exclusively for stimulation. Therefore, each sequence
of records provided data for afferents in two separate nerves and for
responses evoked at different current intensities via two epidural
electrodes. Sequences of 10 stimuli at each of these intensities were
applied at 1–2 Hz and repeated every 2 or 3 min. The main differences
in the stimulus parameters in experimental paradigms included the
intensity, duration, and number of periods of DC application, the
timing between DC and epidural stimuli, the intensity of epidural
stimuli, the distances between the two epidural stimuli, or the dis-
tances between the surface of the dura mater and the surface of the
dorsal columns. In control experiments, effects of epidural stimuli
applied via a silver ball electrode or a tungsten wire with a larger
(0.5–1 mm2) contact area were compared with effects evoked via
needle tungsten electrodes. If several sequences of observations were
made in an animal, the subsequently explored spinal cord areas were
located at least 2 mm apart. We refer to the data obtained in a
particular experimental variant as a “series,” all conclusions being
based on at least six to eight series in at least two or three animals.

RESULTS

The study revealed that DC applied via epidural electrodes
potently increases the number of sensory fibers activated
within the dorsal columns. Even more importantly, the number
of activated fibers remains elevated not only during DC appli-
cation but also during postpolarization periods lasting �1 h.
DC-evoked changes in the number of sensory fibers excited by
epidurally applied stimuli were estimated using records from
these fibers at the level of a skin nerve (sural) and a muscle
nerve (peroneal), as indicated schematically in Fig. 1C. The
area of nerve volleys evoked by the epidural stimulation was
used as the measure of the number of excited fibers, as
illustrated in Fig. 1A, even though no strict linear relationship
could be expected between the two.

Higher Efficacy of Epidural Stimulation After DC
Polarization

DC-evoked changes in the efficacy of epidural stimulation
were first analyzed when the parameters of DC were kept
constant while intensities of epidural stimulation were altered.
The epidural stimuli were delivered by two electrodes, the
caudal electrode being used only for stimulation and the rostral
electrode for both stimulation and polarization, as indicated in
Fig. 1B. Figure 1A illustrates effects of a series of epidural
stimuli of increasing intensities before (Fig. 1A, left) and 1 h
after (Fig. 1A, right) the termination of DC polarization (1 �A
for 2 min). The records show that DC reduced the threshold for
activation of the fibers from ~10 �A to ~5 �A and that
considerably larger nerve volleys were evoked at all stimulus
intensities during the postpolarization period. However, the
degree of facilitation varied, as nerve volleys evoked by
weaker stimuli, e.g., 10–15 �A, were increased by DC to a
greater extent (2- to 3-fold) than nerve volleys evoked by
stronger stimuli (� twice). As similar differences were con-
sistently found whenever effects of DC were tested on nerve
volleys of different sizes, submaximal nerves corresponding to
those evoked by 15–20 �A in the series illustrated in Fig. 1A
were routinely selected for the analysis. Figure 1A also illus-
trates a common finding that the increases in the earliest
components of the analyzed nerve volleys were not associated
with a shortening of their latencies. This is taken to indicate the
recruitment of fibers located deeper within the dorsal column
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rather than fibers with a higher conduction velocity or over
some distance in the rostrocaudal direction. No differences
were seen in effects of DC related to the age, weight, or sex of
the animals. The analysis was therefore not restricted to a
particular sample of the rats.

DC Parameters for Enhancing Effects of Epidural
Stimulation

Threshold DC. To define the lowest intensities of DC needed
to increase nerve volleys evoked by epidural stimuli, the DC
intensity was increased stepwise between 0.3 and 1.0 �A
during successive 1-min periods while the intensity of the
epidural stimulation remained constant. Such cumulative ef-
fects of DC were analyzed in 12 series of records obtained in
three rats. The first signs of a facilitation during DC application
were found when the DC was delivered at intensities of
0.3–0.5 �A, while more potent facilitation was evoked when
DC increased to 0.8 �A (filled circles in Fig. 2). A somewhat
weaker facilitation was observed during the between-polariza-

tion periods of 1 min immediately following periods of DC
stimulation (diamonds in Fig. 2). After a polarization of 0.8–
1.0 �A a similar degree of facilitation was found during a
postpolarization period lasting 10 min, and 1.0-�A DC was
therefore routinely applied. Similar ranges of DC intensities
were needed for facilitation of responses evoked in the sural
and peroneal nerves and for facilitation of responses evoked by
both the rostral and the caudal epidural electrodes.

Minimal duration of DC application. When DC was applied
at sufficiently strong intensities (0.8–1.0 �A), the duration of
the polarization period did not appear to be critical for eliciting
facilitation of effects of epidural stimulation, whether during or
after DC application. During DC polarization, the facilitation
appeared within the first 2–3 s. This is illustrated in Fig. 3B
with a series of records of nerve volleys evoked every second,
where already the second volley was larger than those evoked
during the control period (Fig. 3A). The peak amplitudes of
these volleys continued to increase, reaching a maximum ~7–
9 s after the onset of DC and thereafter remaining unaltered
until the DC application was terminated (Fig. 3C). The same
temporal development of DC-evoked facilitation was found in
all 12 series of records, irrespective of whether the nerve
volleys were evoked in the peroneal or sural nerves (Fig. 3, top
and bottom, respectively) and whether they were evoked via
the rostral or caudal epidural electrode. The increase in the
areas of the averaged records of control volleys following the
polarization (D/A) is indicated as a percentage in Fig. 3C.

The postpolarization facilitation was found after a single
period of epidural DC application and when the duration of this
period was reduced to 1 min (5 rats, 23 series, as in Fig. 3) or
even to 15–30 s (3 rats, 12 series). The effects of the shortest
tested period (15 s) of polarization are shown in Fig. 4. Records
in Fig. 4, B and C, show that after such a brief polarization the
same stimuli evoked much larger responses and that the latter
resembled the responses in Fig. 4A that were originally evoked
by much stronger stimuli. The records also illustrate the similar
degree of facilitation of responses evoked via the caudal and
rostral electrodes, the DC having been applied via the rostral
electrode. The plots in Fig. 4A show in addition that the decline
of the postpolarization facilitation during the 35-min-long
postpolarization period was only moderate and illustrate the
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similar time course of facilitation of responses of peroneal and
sural afferents.

Epidurally evoked postpolarization facilitation thus did not
require the repeated periods of DC application needed for
slowly developing facilitation via tDCS (Bą czyk et al. 2014;
Bolzoni et al. 2013) or via locally applied DC (Bą czyk and
Jankowska 2014; Bolzoni and Jankowska 2015; Jankowska et
al. 2016; Kaczmarek et al. 2017), illustrated in Fig. 5D for
comparison. In addition, the degree of facilitation of nerve
volleys following the various periods of polarization was
comparable. After 10 min, the mean increase in the volley area
exceeded 400% irrespective of whether these nerve volleys
were evoked after application of DC for 15–30 s (411 � 97%;
n � 10; illustrated in Fig. 5A), 1 min (733 � 251%; n � 23),
2 or 5 min (502 � 94%; n � 13; illustrated in Fig. 5B), or 5 �
5 min (419 � 125%; n � 9; illustrated in Fig. 5C). No
statistically significant differences between effects evoked by
different durations of DC application were indicated by t-test
(unpaired, assuming equal variance). This comparison was
made by pooling together the data from the experiments in
which DC application was either combined with epidural
stimulation or applied alone. In all experimental series in
which the postpolarization periods lasted 30–60 min (n � 30),
the facilitation of the nerve volleys evoked by the epidural
stimulation exceeded 200% throughout these periods. This is
illustrated in Fig. 4D for single series of records and in Fig. 5B
for averages of 13 series.

DC Effects Depend on Distance Between Epidurally
Stimulated Fibers and Site of DC Application

Effects of indentation of dura mater. The effects of DC
described in the preceding sections were evoked under condi-

tions expected to be optimal for activation and polarization of
fibers in the dorsal columns They were thus evoked either with
the epidural electrodes indenting the dura mater (positioned
under microscope control), to reduce the layer of the cerebro-
spinal fluid between the surface of the spinal cord and the dura,
or when the cerebrospinal fluid was drained by an intentional
or unintentional small opening in the dura. In this way, the
proportion of current passing the cerebrospinal fluid with a
much lower resistivity than that of the white matter (Hol-
sheimer and Buitenweg 2015) (see Fig. 1D) was reduced, the
density of DC within the dorsal columns increased, and the
effect of epidural stimulation potentiated.

The thresholds for activating afferent fibers in either the
peroneal or sural nerves were more than two times higher when
the epidural electrode just touched the dura surface (62.5 � 4.8
�A; n � 8) than when it nearly touched the surface of the
dorsal columns (28.7 � 2.5 �A; n � 8). The postpolarization
effects of 1-�A DC applied with the electrode just touching the
dura were also weaker (190 � 51%; n � 8; 20–25 min after
DC application). The degree to which the nerve volleys were
enhanced when the dura was indented is shown in Fig. 6A.

Effect of changes in distance between the two epidural
electrodes. The effectiveness of DC would be expected to be
highest within a small radius from the site of its application,
not only in the vertical but also in the rostrocaudal plane. In the
original study of Bindman (Bindman et al. 1979), DC applied
locally similar to the present study was found to affect cortical
neurons within the radius of ~100 �m from the electrode tip.
Under the conditions of the present study, the highest degree of
facilitation of responses evoked by epidural stimuli was ac-
cordingly expected to be evoked by DC applied via the same
electrode (distance � 0) and to decrease with increasing dis-
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tances. To define the distances within which DC of 1 �A
would be effective, the caudal epidural electrode remained
stationary while DC was applied via the rostral electrode over
a range of decreasing distances beginning at 1 mm. The
facilitatory effects of 1 �A of cathodal DC were only evoked
at distances of 400 �m or less. As illustrated in Fig. 6B,
cumulative effects of DC found under these conditions fell
within quite a large range but consistently exceeded the size of
the control volleys by at least 200%. The effects of DC were
comparable with effects on responses induced by the same
electrode only at distances of ~100–200 �m.

Sustained Increases in Excitability of Epidurally Stimulated
Fibers Are Activity Independent

Previous studies revealed that intraspinal polarization of
preterminal branches of afferent fibers evokes sustained in-
creases in excitability that do not require concomitant fiber
activation during DC application (Jankowska et al. 2016).
These effects may thus be classified as activity independent, in
contrast to long-lasting effects of tDCS with features of activ-
ity-dependent long-term potentiation (LTP)-like plasticity in
both mouse and human motor cortex (Fritsch et al. 2010; Kim
et al. 2017; Monte-Silva et al. 2010, 2013). The question
therefore arose of whether fibers running in the dorsal columns,
i.e., at a distance from their terminals, are affected by DC in the
same manner as their preterminal branches.

As shown in Fig. 4, B–D, and Fig. 5, A and C, DC applied
without concomitant stimulation of dorsal column fibers con-
siderably increased the number of fibers activated by epidural
stimuli during the postpolarization period. Postpolarization
facilitation evoked under such conditions was found in a total
of 19 series of records after 15-s to 2-min DC application in
four rats. No statistically significant differences were found
(unpaired t-test, assuming equal variance, P � 0.2448) be-
tween the degree of postpolarization facilitation after 10 min in
these 19 series and in 29 series in which epidural stimuli were
applied during DC application. In addition, irrespective of
whether the facilitation following polarization was or was not
associated with epidural stimulation, the facilitation remained
within the postpolarization periods of 35–60 min and exceeded
200% of control at the end of these postpolarization periods.

Control Data

As the most potent effects of epidural polarization were
found when DC was applied through the electrode also used for
epidural stimulation, precautions were taken to avoid unspe-
cific effects of DC caused by this arrangement. Previously, it
was verified that stimulus pulses applied during DC application
did not differ from those evoked either before or after DC
(Bą czyk and Jankowska 2014). In the present study, effects of
epidurally applied DC were examined in parallel on nerve
volleys evoked by the two epidural electrodes, one of which
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Fig. 5. Comparison of postpolarization facilitation of
nerve volleys evoked by epidural stimulation after
DC application of different durations. A: time course
of postpolarization facilitation following 15 or 30 s
of 1 �A DC polarization not associated with the
epidural stimulation. Data for changes in nerve vol-
ley areas (mean and SE) from 10 series of records in
3 rats, pooling together changes in nerve volleys
recorded in the peroneal and sural nerves as well as
those induced by the 2 epidural electrodes. B: as in
A but after 2 or 5 min of DC application concomitant
with epidural stimulation in 13 series of records in 4
rats. C: as in A but after 5 periods of 5 min of DC
application without concomitant epidural stimula-
tion in 5 series of records in 2 rats. D: as in A and C
but after 5 periods of 5 min of DC application without
concomitant intraspinal stimulation (replotted data
from Fig. 5A in Jankowska et al. 2016). Gray bars
indicate the timing of the polarization. Horizontal dot-
ted lines indicate the control level. Solid lines indicate
a steady-state level following the early decrease in the
DC effect in A–C or an increase in D. One-way
repeated-measures ANOVA indicated a significant ef-
fect of epidural stimulation on nerve volleys in both A
[F(10, 80) � 6.44, P � 0.001] and B [F(17, 102) �
11.10, P � 0.001]. *P � 0.05, **P � 0.01, ***P �
0.001; differences revealed by Tukey’s HSD post hoc
comparisons in relation to the last control. In C, t-test
(for paired 2-tailed samples) indicated differences at
P � 2.4–4.9 at time intervals 22–60 ms.
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was used for applying DC and the other exclusively for
stimulation 100–200 �m more caudally. Effects of epidurally
applied DC were evoked after both long and short periods of
DC application and were analyzed both during and after its
application. Furthermore, we verified that similarly strong
effects of epidurally applied DC were consistently evoked at
different locations of the reference electrode (at positions just
rostral to the level of the laminectomy as well as left, right, or
caudal to it).

The decrease in efficacy of DC with increasing distances
from its source indicated that the high DC density at the site of
the stimulation of the fibers may be a critical factor. We
therefore compared effects of DC evoked via silver ball or
tungsten wire electrodes, both with ~0.5-mm2 contact area,
with the effects evoked by needle electrodes in the main series
of the experiments. As the similar intensity of DC (1.1 �A)
(n � 6) increased antidromically evoked volleys during DC
application by �130%, and no facilitation outlasted DC, they
indicate that current with the same intensity but a lower density
may not suffice to induce the postpolarization effects.

DISCUSSION

The results of this study reveal that epidurally applied DC
may potently increase the excitability of fibers within the
dorsal columns. These DC-evoked changes are activity inde-
pendent, develop within seconds, and are long-lasting, extend-
ing beyond the period of DC application by tenths of minutes.
They are thus in contrast to the short-lasting increases in the
excitability of peripheral nerve fibers that were related to
effects of a relatively short electrotonus and persisted for
milliseconds or seconds (Bostock et al. 2005; Burke et al.
2009; Nodera and Kaji 2006; Shu et al. 2006). As late as in
2004, Weragoda et al. (2004) stated that “. . . we are unaware
of any reports of adaptive, long-term enhancement of excit-
ability in intact axons... even if... they can display persistent

hyperexcitability at sites of nerve injury and inflammation.”
Subsequently, long-lasting (24 h) increases in the excitability
of unmyelinated nerve fibers were found by these authors in
Aplysia, though under conditions when the fibers were depo-
larized by nerve crush, by a high concentration of K	, or by
strong depolarizing current pulses inducing repetitive dis-
charges reminiscent of injury discharges. Transcutaneous po-
larization of human peripheral nerves was found to evoke a
postpolarization increase in the excitability of motor nerve
fibers when examined 2 min after DC offset, but may possibly
have been longer-lasting (Ardolino et al. 2005), and similar
effects were found by F. Bolzoni, R. Esposti, C. Bruttini, G.
Zenoni, E. Jankowska, and P. Cavallari (submitted for publi-
cation). Effects of DC on mouse peripheral nerve fibers in vivo
reported by Ahmed (2014) provide another example of long-
lasting postpolarization changes in the excitability of nerve
fibers. However, the interpretation of the changes reported by
Ahmed is less straightforward, as they were complex, with a
reduction of the excitability induced by cathodal DC but a
significant shortening (by 0.4 ms) in the latency of action
potentials that, as a rule, is associated with an increased
excitability and, in addition, with unexpected opposite effects
of DC during and after its application. The contribution of
surround anodal or cathodal electrotonus or even block evoked
by the fairly high DC intensity used in this study (10 �A) is
likewise difficult to estimate.

In previous experiments, effects of intraspinally applied DC
were found to be both long lasting and activity independent
(Bolzoni and Jankowska 2015; Jankowska et al. 2016) but
might have involved preterminal compartments of the nerve
fibers with properties different from those of myelinated fibers
at a distance from the terminals (for review see Debanne et al.
2011). In addition, their timing differed from the timing of
effects of epidural polarization found in this study. The con-
ditions under which the long-lasting changes in the excitability
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of epidurally activated nerve fibers appear and some of the
implications of these changes are discussed in the first and
second parts of this section, respectively.

Optimal Conditions for Long-Lasting Enhancement of Nerve
Fiber Excitability Induced by DC

A high density of current in a radial electric field generated
by needle electrodes might be one of the critical factors for
inducing the reported potent effects of epidurally applied DC,
and the dependence of the efficacy of tDCS on current density
was stressed as soon as it was introduced (Nitsche et al. 2008;
Nitsche and Paulus 2000). In the original study by Bindman
(Bindman et al. 1962), long-lasting facilitation of cortical
neuronal responses was found when DC was applied via a glass
micropipette, i.e., with a current similarly applied locally and
with most likely a similar or even higher current density around
the electrode tip. Accordingly, when we reduced the current
density by replacing needle tungsten electrodes by silver ball or
tungsten wire electrodes with a larger contact area with the
dura, DC applied at the same intensity evoked only negligible
effects. We also found that the potentiation of effects of DC
attributable to the increased current density within the stimu-
lated area occurred when the distance between the DC deliv-
ering electrode and the fibers to be activated was decreased and
that this was particularly effective when indenting the dura
mater and reducing the layer of the cerebrospinal fluid and
thereby the distance between the surface of the dura and the
surface of the spinal cord. The distances between the tips of
the DC-delivering and epidurally stimulating electrodes in the
rostrocaudal plane were optimal in terms of facilitatory effects
when they were separated by 100
200 �m or when DC was
delivered by the same electrode. The possibility of evoking
facilitation of epidurally evoked effects in human subjects may
thus depend on the conditions under which epidural stimuli and
DC are delivered. Epidural stimulation in humans is applied
under conditions in which a considerable volume of the cere-
brospinal fluid separates the dura mater from the surface of the
spinal cord. Effective epidural stimuli are accordingly ~100
times stronger in humans than under our experimental condi-
tions, falling within the milliampere range, e.g., ~5 mA
(Schade et al. 2010) rather than �50 �A. Hence, much higher
intensities of DC might likewise be needed. The parameters
deemed to be the most effective might also differ depending on
the types of epidural electrodes used (Coburn 1980; Hol-
sheimer and Buitenweg 2015; Ramasubbu et al. 2013). Those
commonly used in humans have a large surface area in contact
with the dura mater and are often flanked by reference elec-
trodes in different configurations restricting the spread of
current but are also most likely modifying its relative distribu-
tion within the subdural space and the dorsal columns. Never-
theless, even a 2-fold rather than 5- or 10-fold increase in the
number of fibers activated via epidural electrodes might make
a substantial clinically relevant difference and increase the
probability of pain relief. More effective and sustained activa-
tion of spinal neuronal networks by epidural stimulation could
also increase the possibility of the return of lost motor func-
tions, including locomotion, already demonstrated to be im-
proved by electrical epidural stimulation after spinal cord
injuries (Dimitrijevic et al. 1998; Gerasimenko et al. 2008;

Harkema et al. 2011; Minassian et al. 2004) as well as by
intraspinal stimulation (Holinski et al. 2016).

The fact that the DC polarization may evoke a long-lasting
increase in the excitability of sensory fibers, even in the
absence of concomitant activation of these fibers, opens even
more promising possibilities in its use than the application of
DC simultaneously with epidural stimuli. Provided the activi-
ty-independent effects of DC are reproduced in human sub-
jects, a brief episode of polarization lasting only a few minutes
could precede a session of epidural stimulation that might be
technically easier than when DC and epidural stimuli are
delivered via the same electrodes.

Comparison Between Long-Lasting Increases in Excitability
of Dorsal Column Fibers by DC and Other DC Effects

DC-evoked increases in the excitability of fibers stimulated
within the dorsal columns appear to differ in two major ways
from those evoked intraspinally, intracortically, or transcorti-
cally, first and foremost because the postpolarization facilita-
tion of responses evoked epidurally developed within a few
seconds (see Fig. 3 and Fig. 5C), in contrast to the previously
reported DC-evoked facilitation requiring much longer-lasting
(at least a few minutes) and often repeated episodes of DC
application. (For slowly building up effects of intraspinally
applied DC, see, e.g., Bolzoni and Jankowska 2015 and Fig.
5D; for intracortically applied DC see Bindman et al. 1964; and
for tDCS effects see Jackson et al. 2016; Jamil et al. 2017;
Nitsche et al. 2012; Nitsche and Paulus 2000; Santarnecchi et
al. 2014).This discrepancy could not be related to different
kinds of electrodes or to technical aspects of DC delivery, at
least when they were same for the intraspinal and the epidural
DC application. Differences in the trajectory of the polarized
fibers, with fibers running in tightly packed parallel bundles in
the dorsal column compared with the more widespread and
separated single fibers stimulated within the spinal cord or the
cortex, might be a more essential factor, as they would allow a
larger number of fibers in the dorsal column to be accessed by
a high density of current within the DC target area. However,
it might also be considered that the much more potent increases
in the excitability of fibers stimulated within the dorsal column
are related to different properties of the myelinated axons (in
particular within the nodes of Ranvier) and of the partly
unmyelinated preterminal axon collaterals or the initial seg-
ments of axons and axon hillock in the spinal gray matter or
within the cortex. The differences between them are numerous,
in gross morphology as well as at the molecular level, in
immunocytochemistry and in physiology (for references see,
e.g., Debanne et al. 2011; Kole and Stuart 2012; Larsen and
Sjöström 2015).

A further major difference between effects of differently
applied DC lies in the degree to which effects of DC during and
after its application are coupled. For effects of epidural DC,
they appear to be very closely coupled, as the postpolarization
facilitation invariably followed the facilitation evoked during
DC application, even after periods of polarization lasting only
a few seconds, and to a very similar extent. In contrast,
postpolarization facilitation following DC applied intraspi-
nally, intracortically, or transcortically gradually developed
over longer periods of time and with indications for mecha-
nisms specific for the postpolarization effects. For instance,
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Santarnecchi et al. (2014) found only minor effects of either
anodal or cathodal tDCS during 15 min of DC application, with
a transient enhancement of effects at the beginning of the
polarization and with opposite effects of the anodal and cath-
odal tDCS developing only during the postpolarization period.
Nitsche et al. (2003) found also that the induction of long-
lasting effects of tDCS but not of changes in the excitability
evoked during DC application is prevented by antagonizing
NMDA receptors, i.e., that they are differently affected phar-
macologically.

Despite these differences, epidurally and intraspinally DC-
evoked long-lasting increases in fiber excitability share an
important feature in that both were evoked when DC was
applied without concomitant activation of the fibers and that
both may thus be classified as activity independent. The activ-
ity-independent increases in epidurally stimulated fibers are
striking in being consistently evoked after periods of DC
application as brief as 15 s and being followed by as potent
long-lasting postpolarization effects as after longer polarization
periods. Whether activity-independent DC-evoked changes
contribute to activity-dependent postpolarization effects of
tDCS remains a largely unresolved question. Certain effects of
tDCS, at least D waves involving direct activation of cortico-
spinal neurons or their axons (Di Lazzaro et al. 2013) and most
likely monosynaptic activation of finger motoneurons by trans-
cranial magnetic stimulation (TMS) expressed in the shortest-
latency motor-evoked potentials, were found when the test
stimuli were applied in humans before and after but not during
tDCS application (see Jamil et al. 2017; Lefaucheur et al. 2008;
Nitsche et al. 2008; Nitsche and Paulus 2000). Under these
conditions, they thus did not depend on activation of cortico-
spinal neurons by TMS during tDCS application, which might
classify them as activity independent. However, as stated by
Jackson et al., “...unlike in brain slice and anesthetized animal
models, the human cortex is constantly active such that tDCS
is always applied in conjunction with ongoing synaptic input
even if it is not explicitly paired with another intervention”
(Jackson et al. 2016). It would therefore be of great interest to
know to what extent mechanisms of long-lasting activity-
independent effects of DC on nerve fibers are shared with, or
differ from, mechanisms of activity-dependent tDCS actions.

Over the years, the activity-dependent tDCS actions have
been increasingly closely related to LTP and long-term depres-
sion (LTD) in the cortex and in the hippocampus. In earlier
reports, effects of tDCS were described as inducing LTP- and
LTD-like cortical excitability alterations (Nitsche and Paulus
2000) or sharing some features with the phenomena of LTP
and LTD (Nitsche et al. 2008). The latest reviews are more
decisive in this respect, referring to LTP as “ a mechanism by
which tDCS is thought to modulate brain function” (Giordano
et al. 2017) or referring to LTP/LTD as “...induced by either
tetanic stimulation or DC” (Jackson et al. 2016).

However, the relationships between tDCS and LTP/LTD
have been considered almost exclusively with respect to syn-
aptic plasticity, and the neuronal compartments listed as influ-
enced by tDCS in the latest and the most comprehensive
review by Jackson et al. (2016) include soma, dendrites, and
synaptic terminals, but not axon hillock nor initial axonal
segment, and axons only in terms of axonal grows and guid-
ance or morphological reorientation of axon terminals. These
relationships have thus been considered using “the somatic

doctrine of tDCS.” It is often accepted that tDCS may result in
nonsynaptic effects when referring to aftereffects of polariza-
tion of peripheral nerve fibers as reported by Ardolino et al.
(2005). It is also accepted that almost all nonneuronal tissues in
the brain, in particular, glial cells, may be affected by tDCS
(see Lefaucheur et al. 2017). However, these nonsynaptic and
nonneuronal mechanisms have as yet not been incorporated in
the discussions of the mechanisms underlying effects of tDCS,
except by stressing that their better knowledge would be
important. DC-evoked changes in the excitability of nerve
fibers to electric stimuli have accordingly not been incorpo-
rated in the animal models of synaptic effects of transcranial
DC stimulation (Giordano et al. 2017; Jackson et al. 2016).
Nonsynaptic mechanisms might also have been considered as
not sufficiently meaningful in the context of questions, meth-
odological approaches, and/or technical aspects of studies on
tDCS. However, even if not relevant for the analysis of
synaptic effects of tDCS, DC-evoked changes in the excitabil-
ity of nerve fibers should be relevant for theoretical aspects of
epidural stimulation and not least for the joint use of the two
techniques. Furthermore, as mutual facilitation of effects of
epidural stimulation and of epidural polarization outlasts the
period of their joint application, it adds to the repertory of DC
effects. It would thus be particularly important to establish
whether not only synaptic but also nonsynaptic effects of DC,
in particular the long-lasting increases in fiber excitability,
share some of their mechanisms with LTP/LTD, being com-
bined with, e.g., increases in BDNF secretion, TrkB activation,
and transcription of plasticity-related genes found to be asso-
ciated with repeated periods of DC application in the rat cortex
and hippocampus (see Fritsch et al. 2010; Jackson et al. 2016;
Kim et al. 2017; Nitsche et al. 2012). For the analysis of
mechanisms underlying the long-lasting increases in fiber ex-
citability evoked by epidural polarization, or DC-evoked plas-
tic changes in any other nerve fibers, the timing of these effects
and the way DC affects the sequence of events within the nodes
of Ranvier would be of particular importance. It would be also
essential for future studies of this so-far hardly explored form
of axonal plasticity.
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Bączyk M, Pettersson LG, Jankowska E. Facilitation of ipsilateral actions of
corticospinal tract neurons on feline motoneurons by transcranial direct
current stimulation. Eur J Neurosci 40: 2628–2640, 2014. doi:10.1111/ejn.
12623.

Bindman LJ, Lippold OC, Milne AR. Prolonged changes in excitability of
pyramidal tract neurones in the cat: a post-synaptic mechanism. J Physiol
286: 457–477, 1979. doi:10.1113/jphysiol.1979.sp012631.

Bindman LJ, Lippold OC, Redfearn JW. Long-lasting changes in the level
of the electrical activity of the cerebral cortex produced by polarizing
currents. Nature 196: 584–585, 1962. doi:10.1038/196584a0.

Bindman LJ, Lippold OC, Redfearn JW. The action of brief polarizing
currents on the cerebral cortex of the rat (1) during current flow and (2) in
the production of long-lasting after-effects. J Physiol 172: 369–382, 1964.
doi:10.1113/jphysiol.1964.sp007425.

Bolzoni F, Jankowska E. Presynaptic and postsynaptic effects of local
cathodal DC polarization within the spinal cord in anaesthetized animal
preparations. J Physiol 593: 947–966, 2015. doi:10.1113/jphysiol.2014.
285940.

Bolzoni F, Pettersson LG, Jankowska E. Evidence for long-lasting subcor-
tical facilitation by transcranial direct current stimulation in the cat. J
Physiol 591: 3381–3399, 2013. doi:10.1113/jphysiol.2012.244764.

Bostock H, Lin CS, Howells J, Trevillion L, Jankelowitz S, Burke D.
After-effects of near-threshold stimulation in single human motor axons. J
Physiol 564: 931–940, 2005. doi:10.1113/jphysiol.2005.083394.

Burke D, Howells J, Trevillion L, McNulty PA, Jankelowitz SK, Kiernan
MC. Threshold behaviour of human axons explored using subthreshold
perturbations to membrane potential. J Physiol 587: 491–504, 2009. doi:10.
1113/jphysiol.2008.163170.

Coburn B. Electrical stimulation of the spinal cord: two-dimensional finite
element analysis with particular reference to epidural electrodes. Med Biol
Eng Comput 18: 573–584, 1980. doi:10.1007/BF02443129.

Debanne D, Campanac E, Bialowas A, Carlier E, Alcaraz G. Axon
physiology. Physiol Rev 91: 555–602, 2011. doi:10.1152/physrev.00048.
2009.

Di Lazzaro V, Ranieri F, Profice P, Pilato F, Mazzone P, Capone F, Insola
A, Oliviero A. Transcranial direct current stimulation effects on the excit-
ability of corticospinal axons of the human cerebral cortex. Brain Stimul 6:
641–643, 2013. doi:10.1016/j.brs.2012.09.006.

Dimitrijevic MR, Gerasimenko Y, Pinter MM. Evidence for a spinal central
pattern generator in humans. Ann NY Acad Sci 860: 360–376, 1998.
doi:10.1111/j.1749-6632.1998.tb09062.x.

Fritsch B, Reis J, Martinowich K, Schambra HM, Ji Y, Cohen LG, Lu B.
Direct current stimulation promotes BDNF-dependent synaptic plasticity:
potential implications for motor learning. Neuron 66: 198–204, 2010.
doi:10.1016/j.neuron.2010.03.035.

Gerasimenko Y, Roy RR, Edgerton VR. Epidural stimulation: comparison of
the spinal circuits that generate and control locomotion in rats, cats and
humans. Exp Neurol 209: 417–425, 2008. doi:10.1016/j.expneurol.2007.07.
015.

Giordano J, Bikson M, Kappenman ES, Clark VP, Coslett HB, Hamblin
MR, Hamilton R, Jankord R, Kozumbo WJ, McKinley RA, Nitsche
MA, Reilly JP, Richardson J, Wurzman R, Calabrese E. Mechanisms
and effects of transcranial direct current stimulation. Dose Response 15:
1559325816685467, 2017. doi:10.1177/1559325816685467.

Harkema S, Gerasimenko Y, Hodes J, Burdick J, Angeli C, Chen Y,
Ferreira C, Willhite A, Rejc E, Grossman RG, Edgerton VR. Effect of
epidural stimulation of the lumbosacral spinal cord on voluntary movement,
standing, and assisted stepping after motor complete paraplegia: a case
study. Lancet 377: 1938–1947, 2011. doi:10.1016/S0140-6736(11)60547-3.

Hernández-Labrado GR, Polo JL, López-Dolado E, Collazos-Castro JE.
Spinal cord direct current stimulation: finite element analysis of the electric

field and current density. Med Biol Eng Comput 49: 417–429, 2011.
doi:10.1007/s11517-011-0756-9.

Holinski BJ, Mazurek KA, Everaert DG, Toossi A, Lucas-Osma AM,
Troyk P, Etienne-Cummings R, Stein RB, Mushahwar VK. Intraspinal
microstimulation produces over-ground walking in anesthetized cats. J
Neural Eng 13: 056016, 2016. doi:10.1088/1741-2560/13/5/056016.

Holsheimer J. Which neuronal elements are activated directly by spinal
cord stimulation. Neuromodulation 5: 25–31, 2002. doi:10.1046/j.1525-
1403.2002._2005.x.

Holsheimer J, Buitenweg JR. Review: Bioelectrical mechanisms in spinal
cord stimulation. Neuromodulation 18: 161–170, 2015. doi:10.1111/ner.
12279.

Jackson MP, Rahman A, Lafon B, Kronberg G, Ling D, Parra LC, Bikson
M. Animal models of transcranial direct current stimulation: methods and
mechanisms. Clin Neurophysiol 127: 3425–3454, 2016. doi:10.1016/j.
clinph.2016.08.016.

Jamil A, Batsikadze G, Kuo HI, Labruna L, Hasan A, Paulus W, Nitsche
MA. Systematic evaluation of the impact of stimulation intensity on neu-
roplastic after-effects induced by transcranial direct current stimulation. J
Physiol 595: 1273–1288, 2017. doi:10.1113/JP272738.

Jankowska E, Kaczmarek D, Bolzoni F, Hammar I. Evidence that some
long-lasting effects of direct current in the rat spinal cord are activity-
independent. Eur J Neurosci 43: 1400–1411, 2016. doi:10.1111/ejn.13238.

Kaczmarek D, Ristikankare J, Jankowska E. Does trans-spinal and local
DC polarization affect presynaptic inhibition and post-activation depres-
sion? J Physiol 595: 1743–1761, 2017. doi:10.1113/JP272902.

Kim MS, Koo H, Han SW, Paulus W, Nitsche MA, Kim YH, Yoon JA,
Shin YI. Repeated anodal transcranial direct current stimulation induces
neural plasticity-associated gene expression in the rat cortex and hippocam-
pus. Restor Neurol Neurosci 35: 137–146, 2017. doi:10.3233/RNN-160689.

Kole MH, Stuart GJ. Signal processing in the axon initial segment. Neuron
73: 235–247, 2012. doi:10.1016/j.neuron.2012.01.007.

Larsen RS, Sjöström PJ. Synapse-type-specific plasticity in local circuits.
Curr Opin Neurobiol 35: 127–135, 2015. doi:10.1016/j.conb.2015.08.001.

Lefaucheur JP, Antal A, Ahdab R, Ciampi de Andrade D, Fregni F,
Khedr EM, Nitsche M, Paulus W. The use of repetitive transcranial
magnetic stimulation (rTMS) and transcranial direct current stimulation
(tDCS) to relieve pain. Brain Stimul 1: 337–344, 2008. doi:10.1016/j.brs.
2008.07.003.

Lefaucheur JP, Antal A, Ayache SS, Benninger DH, Brunelin J, Cogia-
manian F, Cotelli M, De Ridder D, Ferrucci R, Langguth B, Marangolo
P, Mylius V, Nitsche MA, Padberg F, Palm U, Poulet E, Priori A, Rossi
S, Schecklmann M, Vanneste S, Ziemann U, Garcia-Larrea L, Paulus
W. Evidence-based guidelines on the therapeutic use of transcranial direct
current stimulation (tDCS). Clin Neurophysiol 128: 56–92, 2017. doi:10.
1016/j.clinph.2016.10.087.

Minassian K, Jilge B, Rattay F, Pinter MM, Binder H, Gerstenbrand F,
Dimitrijevic MR. Stepping-like movements in humans with complete
spinal cord injury induced by epidural stimulation of the lumbar cord:
electromyographic study of compound muscle action potentials. Spinal
Cord 42: 401–416, 2004. doi:10.1038/sj.sc.3101615.

Monte-Silva K, Kuo MF, Hessenthaler S, Fresnoza S, Liebetanz D, Paulus
W, Nitsche MA. Induction of late LTP-like plasticity in the human motor
cortex by repeated non-invasive brain stimulation. Brain Stimul 6: 424–432,
2013. doi:10.1016/j.brs.2012.04.011.

Monte-Silva K, Kuo MF, Liebetanz D, Paulus W, Nitsche MA. Shaping the
optimal repetition interval for cathodal transcranial direct current stimula-
tion (tDCS). J Neurophysiol 103: 1735–1740, 2010. doi:10.1152/jn.00924.
2009.

Nitsche MA, Cohen LG, Wassermann EM, Priori A, Lang N, Antal A,
Paulus W, Hummel F, Boggio PS, Fregni F, Pascual-Leone A. Trans-
cranial direct current stimulation: state of the art 2008. Brain Stimul 1:
206–223, 2008. doi:10.1016/j.brs.2008.06.004.

Nitsche MA, Liebetanz D, Antal A, Lang N, Tergau F, Paulus W.
Modulation of cortical excitability by weak direct current stimulation—
technical, safety and functional aspects. Suppl Clin Neurophysiol 56: 255–
276, 2003. doi:10.1016/S1567-424X(09)70230-2.

Nitsche MA, Müller-Dahlhaus F, Paulus W, Ziemann U. The pharmacology
of neuroplasticity induced by non-invasive brain stimulation: building mod-
els for the clinical use of CNS active drugs. J Physiol 590: 4641–4662,
2012. doi:10.1113/jphysiol.2012.232975.

Nitsche MA, Paulus W. Excitability changes induced in the human motor
cortex by weak transcranial direct current stimulation. J Physiol 527:
633–639, 2000. doi:10.1111/j.1469-7793.2000.t01-1-00633.x.

1219INCREASE IN AXONAL EXCITABILITY BY DC

J Neurophysiol • doi:10.1152/jn.00148.2017 • www.jn.org

Downloaded from journals.physiology.org/journal/jn (106.051.226.007) on August 8, 2022.

https://doi.org/10.14814/phy2.12157
https://doi.org/10.1113/jphysiol.2005.088310
https://doi.org/10.1113/jphysiol.2005.088310
https://doi.org/10.1113/jphysiol.2014.276691
https://doi.org/10.1111/ejn.12623
https://doi.org/10.1111/ejn.12623
https://doi.org/10.1113/jphysiol.1979.sp012631
https://doi.org/10.1038/196584a0
https://doi.org/10.1113/jphysiol.1964.sp007425
https://doi.org/10.1113/jphysiol.2014.285940
https://doi.org/10.1113/jphysiol.2014.285940
https://doi.org/10.1113/jphysiol.2012.244764
https://doi.org/10.1113/jphysiol.2005.083394
https://doi.org/10.1113/jphysiol.2008.163170
https://doi.org/10.1113/jphysiol.2008.163170
https://doi.org/10.1007/BF02443129
https://doi.org/10.1152/physrev.00048.2009
https://doi.org/10.1152/physrev.00048.2009
https://doi.org/10.1016/j.brs.2012.09.006
https://doi.org/10.1111/j.1749-6632.1998.tb09062.x
https://doi.org/10.1016/j.neuron.2010.03.035
https://doi.org/10.1016/j.expneurol.2007.07.015
https://doi.org/10.1016/j.expneurol.2007.07.015
https://doi.org/10.1177/1559325816685467
https://doi.org/10.1016/S0140-6736(11)60547-3
https://doi.org/10.1007/s11517-011-0756-9
https://doi.org/10.1088/1741-2560/13/5/056016
https://doi.org/10.1046/j.1525-1403.2002._2005.x
https://doi.org/10.1046/j.1525-1403.2002._2005.x
https://doi.org/10.1111/ner.12279
https://doi.org/10.1111/ner.12279
https://doi.org/10.1016/j.clinph.2016.08.016
https://doi.org/10.1016/j.clinph.2016.08.016
https://doi.org/10.1113/JP272738
https://doi.org/10.1111/ejn.13238
https://doi.org/10.1113/JP272902
https://doi.org/10.3233/RNN-160689
https://doi.org/10.1016/j.neuron.2012.01.007
https://doi.org/10.1016/j.conb.2015.08.001
https://doi.org/10.1016/j.brs.2008.07.003
https://doi.org/10.1016/j.brs.2008.07.003
https://doi.org/10.1016/j.clinph.2016.10.087
https://doi.org/10.1016/j.clinph.2016.10.087
https://doi.org/10.1038/sj.sc.3101615
https://doi.org/10.1016/j.brs.2012.04.011
https://doi.org/10.1152/jn.00924.2009
https://doi.org/10.1152/jn.00924.2009
https://doi.org/10.1016/j.brs.2008.06.004
https://doi.org/10.1016/S1567-424X(09)70230-2
https://doi.org/10.1113/jphysiol.2012.232975
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x


Nodera H, Kaji R. Nerve excitability testing and its clinical application to
neuromuscular diseases. Clin Neurophysiol 117: 1902–1916, 2006. doi:10.
1016/j.clinph.2006.01.018.

Priori A, Ciocca M, Parazzini M, Vergari M, Ferrucci R. Transcranial
cerebellar direct current stimulation and transcutaneous spinal cord direct
current stimulation as innovative tools for neuroscientists. J Physiol 592:
3345–3369, 2014. doi:10.1113/jphysiol.2013.270280.

Ramasubbu C, Flagg A II, Williams K. Principles of electrical stimulation and
dorsal column mapping as it relates to spinal cord stimulation: an overview.
Curr Pain Headache Rep 17: 315, 2013. doi:10.1007/s11916-012-0315-6.

Santarnecchi E, Feurra M, Barneschi F, Acampa M, Bianco G, Cioncoloni
D, Rossi A, Rossi S. Time course of corticospinal excitability and auto-

nomic function interplay during and following monopolar tDCS. Front
Psychiatry 5: 86–96, 2014. doi:10.3389/fpsyt.2014.00086.

Schade CM, Sasaki J, Schultz DM, Tamayo N, King G, Johanek LM.
Assessment of patient preference for constant voltage and constant current
spinal cord stimulation. Neuromodulation 13: 210–217, 2010. doi:10.1111/
j.1525-1403.2010.00284.x.

Shu Y, Hasenstaub A, Duque A, Yu Y, McCormick DA. Modulation of
intracortical synaptic potentials by presynaptic somatic membrane potential.
Nature 441: 761–765, 2006. doi:10.1038/nature04720.

Weragoda RM, Ferrer E, Walters ET. Memory-like alterations in Aplysia
axons after nerve injury or localized depolarization. J Neurosci 24: 10393–
10401, 2004. doi:10.1523/JNEUROSCI.2329-04.2004.

1220 INCREASE IN AXONAL EXCITABILITY BY DC

J Neurophysiol • doi:10.1152/jn.00148.2017 • www.jn.org

Downloaded from journals.physiology.org/journal/jn (106.051.226.007) on August 8, 2022.

https://doi.org/10.1016/j.clinph.2006.01.018
https://doi.org/10.1016/j.clinph.2006.01.018
https://doi.org/10.1113/jphysiol.2013.270280
https://doi.org/10.1007/s11916-012-0315-6
https://doi.org/10.3389/fpsyt.2014.00086
https://doi.org/10.1111/j.1525-1403.2010.00284.x
https://doi.org/10.1111/j.1525-1403.2010.00284.x
https://doi.org/10.1038/nature04720
https://doi.org/10.1523/JNEUROSCI.2329-04.2004

