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Presynaptic actions of transcranial and local direct current
stimulation in the red nucleus
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Neuroscience

Key points

e Transcranial direct current stimulation (tDCS) may affect both postsynaptic neurons and
presynaptic axons providing input to these neurons.

e Here, we show that presynaptic subcortical actions of tDCS outlast the duration of its
application by up to 1 h and may contribute to long-lasting facilitation of activation of neurons
in the red nucleus in experiments on deeply anaesthetized animals. This is demonstrated by
increased axonal excitability of the interpositorubral neurons that, in turn, activate rubrospinal
neurons.

e Wealso show that effects of electric fields induced by tDCS may be reproduced by local cathodal
polarization, by applying <1 pA direct current within the red nucleus. Such polarization
replicates effects of anodal tDCS in the cat as well as cathodal tDCS in the rat and evokes
similar long-lasting facilitation.

Abstract The main aim of the present study was to examine to what extent long-lasting subcortical
actions of transcranial direct current stimulation (tDCS) may be related to its presynaptic actions.
This was investigated in the red nucleus, where tDCS was recently demonstrated to facilitate
transmission between interpositorubral and rubrospinal neurons. Changes in the excitability
of preterminal axonal branches of interpositorubral neurons close to rubrospinal neurons were
investigated during and after tDCS (0.2 mA) applied over the sensorimotor cortical area in deeply
anaesthetized rats and cats. As a measure of the excitability, we used the probability of antidromic
activation of individual interpositorubral neurons by electrical stimuli applied in the red nucleus.
Our second aim was to compare effects of weak (<1 uA) direct current applied within the red
nucleus with effects of tDCS to allow the use of local depolarization in a further analysis of
mechanisms of tDCS instead of widespread and more difficult to control depolarization evoked
by distant electrodes. Local cathodal polarization was found to replicate all effects of cathodal
tDCS hitherto demonstrated in the rat, including long-lasting facilitation of trans-synaptically
evoked descending volleys and trisynaptically evoked EMG responses in neck muscles. It also
replicated all effects of anodal tDCS in the cat. In both species, it increased the excitability of
preterminal axonal branches of interpositorubral neurons up to 1 h post-tDCS. Local anodal
polarization evoked opposite effects. We thus show that presynaptic actions of polarizing direct
current may contribute to both immediate and prolonged effects of tDCS.
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Introduction

Even though the benefits of transcranial direct current
stimulation (tDCS) in clinical practice are well established
(for recent reviews see Stagg & Nitsche, 2011; Brunoni
et al. 2012; Edwardson et al. 2013), the mechanisms
underlying these effects remain under investigation. In
addition, the analysis of these mechanisms has primarily
focused on effects of polarization of the cerebral cortex,
and reduced animal preparations were used in only a
small number of studies. With respect to the issue of
postsynaptic and presynaptic effects of polarizing current
in rat cortical slices in vitro, Rahman et al. (2013)
demonstrated that the excitability of postsynaptic neurons
and presynaptic fibres may be affected to a different
extent, depending on the relative orientation of neural
processes of individual neurons in the electric field.
Similar conclusions were drawn by Bikson et al. (2004)
and Kabakov et al. (2012) regarding effects of DC in
hippocampal slice preparations, while Jefferys (1981)
concluded that the predominant effect on the population
spike in the hippocampus in his experimental conditions
was evoked on the granule cells rather than on presynaptic
axons. However, these studies concerned events occurring
during tDCS or during application of uniform electric
fields, but not the after-effects of tDCS. Long-lasting effects
of DC polarization in a slice preparation were apparently
examined only in association with long-term potentiation
evoked by repetitive stimuli in the hippocampus by Fritsch
etal. (2010).

The main aim of the present study was therefore to
examine whether polarization of presynaptic terminal
axonal branches providing input to postsynaptic neurons
does or does not contribute to the prolonged effects
of tDCS. This question was addressed with respect to
effects of tDCS in the red nucleus (RN), where these
effects may be as potent as at the cortical level (Bolzoni
et al. 2013a,b). Rubrospinal neurons may be activated
by electrical stimuli applied in the RN either directly or
indirectly, i.e. transynaptically (Baldissera et al. 1972).
Stronger actions of tDCS on trans-synaptic than on
direct activation of rubrospinal neurons demonstrated by
Bolzoni et al. (2013a) indicate that these effects of tDCS
might be related to changes in synaptic transmission or to
changes at the level of presynaptic axons, rather than to
changes in the excitability of the RN neurons themselves.
However, the after-effects of tDCS might depend on
changes induced within the postsynaptic neurons and/or
the presynaptic nerve terminals (for review see Nitsche
et al. 2012) in addition to changes in nerve fibres some
distance from the terminals (see e.g. Bostock ef al. 1998;
Nodera & Kaji, 2006; Trevillion et al. 2007) as well as
other factors, including release of transmitters and/or
modulators from other neurons and from glia and changes
analogous to long-term facilitation of synaptic trans-
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mission in the respiratory system (see e.g. Baker-Herman
& Mitchell, 2002). The possibility that polarization of pre-
synaptic axons in the RN is essential for the long-lasting
facilitation of indirect activation of rubrospinal neurons
by tDCS therefore remained to be verified. In the pre-
sent study, this was undertaken by examining changes
in excitability of axons of interpositorubral neurons,
which constitute the main source of input to rubrospinal
neurons (Davis, 1969; Toyama et al. 1970; Anderson, 1971;
Baldissera et al. 1972; Eccles et al. 1975). As a measure
of excitability of these axons, we used the probability of
antidromic activation of single neurons in the contra-
lateral nucleus interpositus (IN). Prolonged changes in the
excitability would be compatible with presynaptic actions
of tDCS, while an absence of such changes might restrict
the sites of long-lasting effects of tDCS to synaptic trans-
mission and postsynaptic neurons. The study was under-
taken in the expectation that the results obtained would
apply to mechanisms of tDCS not only in the RN but
also more generally and that a better understanding of the
mechanisms of tDCS would assist its clinical applications.

Previous experiments have indicated that subcortical
effects of tDCS in both cats and rats may be attributed
to spread of current within the brain, rather than being
mediated by activation of cortical neurons or modulation
of spontaneous activity of these neurons (Bolzoni ef al.
2013a,b). However, the intensity of current at long
distances from the source of the DC in electric fields
in vivo is not directly measurable or easy to monitor.
Direct measurements were possible in the in vitroslice pre-
parations only where the distances between the neurons
stimulated or recorded from and the sources of the
polarizing current could be reduced to 0.1-1.0 mm
(Jefferys, 1981) The distances between the sites of
application of tDCS and the explored subcortical regions
in vivo were much larger, ~30 mm in the cat and 10 mm
in the rat. Opposite effects of the anodal and cathodal
polarizing current in these species (Bolzoni et al. 2013a,b)
could therefore be related to the distribution of the electric
fields at these distances. In order to be able to analyse effects
of the polarizing current in more defined conditions, we
tried to reduce these distances to a minimum by applying
DC polarization at the stimulation site. To this end, we
applied the direct current and the stimulus pulses through
the same electrode (see Methods). However, prior to using
this approach it had to be ascertained that effects of local
polarization not only reproduce effects of tDCS during its
application, as in cortical slices of Rahman et al. (2013) or
hippocampal slices of Jefferys (1981), Bikson ef al. (2004)
and Kabakov et al. (2012), but also that these effects outlast
the duration of the local polarization. In the first part of
the present study, therefore, we compared the effects of
tDCS with effects of locally applied polarization, prior
to examining presynaptic effects of locally applied direct
current.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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Methods
Ethical approval

All  experiments were approved by the Regional
Ethics Committee for Animal Research (Goteborgs
Djurforsoksetiska Ndmnd) and comply with EU
guidelines for animal care and with the ethical policies and
regulations of The Journal of Physiology (Drummond,
2009) and of the National Institutes of Health (Bethesda,
MD, USA; Animal Welfare Assurance no. A5036-01). The
animals were bred and housed under veterinary super-
vision at the Laboratory of Experimental Biomedicine at
Sahlgrenska Academy, where the experiments were carried
out.

Preparation

The experiments were performed on 34 deeply
anaesthetized adult rats of both sexes (Wistar, 210-420 g)
and three cats (3.3-5 kg).

In rats, general anaesthesia was induced by inhalation
ofisoflurane (Baxter Medical AB, Kista, Sweden), followed
by administration of «-chloralose (Rhone-Poulenc
Santé, France; 80 mg kg™!, 1LP.) supplemented
with sodium pentobarbital (Apoteksbolaget, Goteborg,
Sweden; 10-20 mg kg~' 1.p) and with two or three
additional doses of a-chloralose up to 140-160 mg kg™
Lv. administered when increases in the continuously
monitored blood pressure or heart rate were evoked by
any experimental procedures or when muscle twitches
were evoked by any stimuli. Following the initial jugular
vein and tracheal cannulation, the head was fixed in a
stereotactic frame, and the border zone between the first
and second cervical segments was exposed over the left
ventral funiculus and dorsal columns to allow recording
of descending volleys evoked by supraspinal stimuli. The
respiration was assisted by a high-frequency (60 Hz) and
low-volume respiratory pump to maintain the CO, level
in the expired air at ~3.5-4.2%. The neuromuscular
transmission was intact, as in the study of Bolzoni et al.
(2013a), or temporarily blocked by pancuronium bromide
(Pavulon; Organon, Sollentuna, Sweden; 0.3 mg kg_1
L.P.). The core body temperature was kept at ~38°C by
servo-controlled heating lamps. In order to compensate
for fluid loss, 10—15 ml of acetate buffer (Baxter Healthcare
Ltd, Thetford, UK) was injected subcutaneously at the
beginning of the experiments, followed by slow Lv.
infusion of the buffer at a rate of 0.3-0.5 ml h™!. In some
experiments, pentobarbital (3 mg ml™'; 1 mg kg™ h™!)
was added to the infusion solution to increase the depth of
anaesthesia. The experiments were terminated by a lethal
dose of pentobarbital 1.v., transcardial formalin perfusion
and subsequent removal of the brain for histological
control.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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The brain was exposed by craniotomy to allow
stereotactic insertion of the stimulating or recording
electrodes. A tungsten electrode was introduced into the
right RN, aiming at the site 5.8 mm caudal to bregma,
1.0-1.2 mm from the mid-line and 7.2-7.8 mm from
the surface of the brain, using a NeuroStar motorized,
computer-steered stereotaxic system (Neurostar GmbH,
Tubingen, Germany). A second electrode, usually a
glass micropipette but in some experiments a tungsten
electrode, was introduced into the left IN. The electrode
was mounted in a step motor-driven electrode holder at an
angle of 20 deg from vertical, with the tip directed rostrally.
It was introduced from the site 2—-3 mm caudal to lambda,
aiming at the site 11.3 mm caudal to bregma, 2 mm from
the mid-line and 6 mm from the surface of the skull
(3.5-5.0 mm from the surface of the cerebellum), assisted
by a previous selection of the optimal co-ordinates by the
NeuroStar system. The explored areas were at locations
where the largest antidromic field potentials were evoked
by 15-30 A stimuli applied in RN.

In cats, general anaesthesia was induced with sodium
pentobarbital (40-44 mg kg~!, 1.p.) and maintained
with intermittent doses of a-chloralose (5 mg kg™!
administered every 1-3 h, up to 65 mg kg™!, Lv.).
Following the initial cannulation of the cephalic vein,
femoral artery and trachea, the head was fixed in a
stereotactic frame, and a small laminectomy was made
to expose the surface of the lateral funiculus between
the first and second or between the second and third
cervical segments as well as at the level of the 13th thoracic
segment. During recordings, neuromuscular transmission
was blocked by pancuronium bromide (0.3 mg kg™! i.v.,
supplemented with ~0.2 mg kg™! h™!), and the animals
were artificially ventilated. Mean blood pressure was kept
at 100-130 mm g and end-tidal CO, at 3.9-4.5% by
adjusting the parameters of artificial ventilation and the
rate of a continuous infusion of a bicarbonate buffer
solution with 5% glucose (1-2 ml kg~ h™!). The body
temperature was kept at ~37.5°C by servo-controlled
heating lamps. The experiments were terminated by a
lethal dose of pentobarbital i.v. followed by formalin
perfusion.

The brain was exposed by a craniotomy to allow
stereotactic insertion of the stimulating or recording
tungsten electrodes in both the left and right RN
and the left and right IN. The area in the RN was
selected by recording antidromic field potentials evoked
by stimulation of the contralateral lateral funiculus at the
Th13 level and lower threshold descending volleys from
the cervical segments, aiming at the site at Horsley—Clarke
co-ordinates A3.5, R or L2.0 and H —3.5. After having
located the RN on one side, stimuli applied in this nucleus
were used to locate the IN on the opposite side. To this
end, the electrodes were introduced into the cerebellum
at an angle of 20 or 30 deg from the vertical, aiming
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at Horsley—Clarke co-ordinates P8, R5 or L5, H1, but
exploring the areas from which most distinct and lowest
threshold descending volleys were evoked by stimuli
applied in the NR.

At the end of all experiments, the stimulation sites
were marked with electrolytic lesions by passing direct
current through tungsten electrodes. In order to mark the
recording area, the last glass micropipette was cut off and
left in situ or the recording sites were marked by electro-
lyticlesions through a tungsten electrode introduced to the
same depth as the glass microelectrode in the last track.
The locations of these sites were defined on 100-um-thick
transverse sections of the mesencephalon (Fig. 1AB) and
sagittal sections of the cerebellum (Fig. 1CD), cut using
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Figure 1. Stimulation sites in the red nucleus (RN) and
recording sites in the nucleus interpositus (IN) in rats

A and B, locations of the stimulating electrodes in the RN indicated
on representative coronal sections through caudal and rostral parts,
respectively, of the right RN nucleus. Large circles indicate the
approximate borders of this nucleus. Small circles indicate the
electrode locations defined by electrolytic lesions made at the end of
the experiments; their diameters correspond to the distances of the
estimated spread of current, within 0.2—0.3 mm from the electrode
tip for 20-30 A (see Fig. 11 of Gustafsson & Jankowska, 1976).
C and D, recording sites in the nucleus interpositus (IN) in the
cerebellum, indicated on parasagittal sections ~2.0-2.5 and
1.5-2.0 mm from the mid-line. They include only the sites at which
we found neurons that were antidromically activated by stimuli
applied in RN.
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a vibratome, mounted on slides and counterstained with
Cresyl Violet.

Stimulation and recording

The right RN was stimulated with single, double or
triple monopolar constant-current pulses of 10-50 uA
and 0.2 ms long; stimuli of 50 wA were expected to
act within ~0.5 mm radius (Gustafsson & Jankowska,
1976). They were applied via tungsten electrodes
(30—400 k2; manufactured from 0.2 mm wire, electro-
Iytically sharpened and insulated except for the tip) against
a larger electrode in contact with right paravertebral
muscles at the level of the third cervical segment.

The effects of the stimuli were analysed on the following:
(i) descending volleys recorded from the surface of the
spinal cord at the C1/C2 segments, including both directly
and trans-synaptically evoked volleys; (ii) short-latency
EMG responses from a left paravertebral muscle at the
level of the C2 segment (Bolzoni et al. 2013a), both
recorded against a reference electrode in contact with a
left neck muscle at the level of the C3/C4 segment; and
(iii) antidromically evoked responses of single neurons
recorded extracellularly in the IN contralateral to the
stimulated RN. These were recorded through either a
tungsten electrode (in rats and cats) or a glass micropipette
filled with a 3 M solution of NaCl (impedance 1.5-5 M£2;
in rats). Responses evoked in an all-or-none fashion by
near-threshold stimuli were accepted as being evoked by
a single neuron. Antidromically evoked responses were
differentiated from those evoked synaptically by their
stable and short (0.4-0.9 versus 1.2—1.8 ms) latencies and,
if possible, by collision with synaptically or spontaneously
appearing spikes. Both single records and averages of
10-50 of these records were stored online (with the time
resolution of 30 us per address).

Transcranial DC stimulation

In rats, polarizing current was applied via a sponge soaked
in 3% agar in saline (~30 mm? 0.2 mA resulting in
~0.7 A mm~2) attached to the skull over the major part
of the right sensorimotor area as described by Bolzoni
et al. (2013a). In cats, the polarizing current was applied
via 3% agar in saline contained in a chamber attached to
the skull over the pericruciate area with a contact area of
~200 mm? (0.2 mA resulting in ~1 ©A mm™?; Bolzoni
etal. 2013D). The reference electrodes were in contact with
saline-soaked cotton wool, covering an area twice the size
of the stimulated area between the ipsilateral (left) lateral
aspect of the skull and the temporal muscles in the cat or
the ipsilateral ear lobe (rat). Transcranial DC stimulation
was applied five to seven times for 5 min alternating with
between-polarization periods of 5 min, preceded by a
control period of several minutes and followed by several
postpolarization periods of 5 min.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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Local polarization

The local polarizing current was passed through the
same tungsten electrode also used to activate rubrospinal
or interpositorubral neurons and the same reference
electrode (counter-electrode according to the terminology
of Merrill et al. 2005). In order to ensure that the DC
was sufficient, we applied it at intensities estimated to
exceed the minimal effective intensity, e.g. 0.2 rather than
0.1 @A, monitored continuously on an inbuilt digital
microamperometer.

While applying DC and stimulus pulses through the
same electrode, we were aware of potential complications
due to changes in the electrode—tissue interface or
electrode polarization (for references, see Merrill et al.
2005). However, we were unable to use separate electrodes
for stimulation and polarizing within the very small areas
to be explored, especially in the rat. In addition, passing
direct current within only a few micrometres distance
would not obviate these problems, and we considered
the risk of changes in the stimuli used for the excitability
testing by polarization to be rather minimal in view of
low intensities of both the intermittent (<50 (A, 0.2 ms)
and constant stimuli (<1 wA) and because effects found
during and following application of DC were generally
similar. Given that no significant changes in electrode
impedance were found to be caused by 0.75 mA applied for
some 10-20 min in experiments of Ravid et al. (2011), the
probability of serious changes to be caused by 0.1-0.3 A
might be negligible. Nevertheless, in order to verify that
the passage of DC used in the present study did not
interfere with the intermittent constant-current stimulus
pulses delivered through this electrode, we compared the
amplitude and the shape of these pulses before, during
and after 30 min of the concurrent application of DC.
As this kind of monitoring was not possible during the
experiments, this was done while passing 0.2 uA DC
through a tungsten electrode in Ringer solution. The
current pulses were recorded to allow offline subtraction
of those passed with and without DC. As shown in Fig. 2E,
there were only marginal or non-measurable changes in
these stimulus pulses.

The local polarizing current was applied using the
same experimental protocol as for tDCS, with repeated
sequences of 5 min periods of polarization separated by
5 min between-polarization periods.

Analysis

Effects of polarizing current on antidromic field potentials,
descending volleys and EMG responses were estimated
from changes in the size and/or latencies of average
potentials evoked during control periods and during
or after application of tDCS or of local polarization.
These changes were estimated by comparing the areas
within selected time windows using software for sampling

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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and analysis developed by E. Eide, T. Holmstrom
and N. Pihlgren (University of Gothenburg). Changes
in responses of single neurons were estimated from
peristimulus time histograms and cumulative sums
constructed online as described by Jankowska et al. (1997),
allowing comparison of both the number of responses
evoked by a certain number of stimuli (routinely five
sequences of 20 stimuli, i.e. 100 stimuli) and of their
latencies (see the Results).

Data were assigned into four main groups. The control
group consisted of records made prior to the polarization,
the polarization group consisted of records made during
polarization periods, the between-polarization group
consisted of records made between polarization peri-
ods and the postpolarization group consisted of records
made following the last polarization. All data groups
were tested for normal distribution (Shapiro—Wilk test)
and for equal variance. Based on results of these tests,
the differences between the data from various periods
were assessed for statistical significance using one-way
ANOVA or one-way ANOVA on ranks. When significant
differences were found, multiple comparison post hoc tests
(Holm-Sidak method for ANOVA and Dunn’s method
for ANOVA on ranks) against the control group were
used. Additionally, when analysing the mean effects of
local cathodal and anodal polarization, data sets from
successive recording periods were compared with control
data using one-way repeated-measures (RM) ANOVA or
one-way RM ANOVA on ranks and adequate post hoctests.
An overall significance level for all ANOVA and multiple
comparison tests was set at P < 0.05.

Results

Effects of locally applied cathodal and anodal
polarizing current in comparison to effects of tDCS on
activation of rubrospinal neurons

In preliminary experiments, in which 0.4-1.0 pA
local cathodal polarization was used, no indications of
detrimental effects of such current were found, because
thresholds for effects evoked by RN stimuli were either
reduced or remained unchanged during polarization.
However, in some preliminary experiments the thresholds
almost doubled when the cathodal polarization exceeded
1 1A, indicating an effect of ‘anodal surround’” (Katz &
Miledi, 1965; see Ranck, 1975). In other experiments,
the responses evoked by RN stimuli were facilitated
during the first minutes of cathodal polarization but
thereafter disappeared, indicating a possible cathodal
block, although at a lower threshold than that found in
other preparations, e.g. 6-125 pA for frog nerves (Bhadra
& Kilgore, 2004). The increases in threshold occurred, in
particular, when the polarizing current was applied at the
sites from which interpositorubral neurons were activated
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at lowest stimulus intensities and were reminiscent of
after-effects of cathodal direct current applied to peri-
pheral nerves (Skoglund, 1945; Bhadra & Kilgore, 2004)
except for their timing, because they occurred during
minutes and not seconds. Accordingly, 0.1-0.2 nA was
subsequently used when testing effects oflocal polarization
on single neurons and 0.3-0.5 A in other tests.

Figure 2A and B shows examples of records of EMG
potentials evoked in neck muscles following RN stimuli in
a rat before, during and after local application of 0.5 ©A
direct current for 5 min. The traces illustrate an increase in
the area of the early parts of these potentials associated with
shortened latency during and after cathodal polarization

A B

Cathodal

Control
Cathodal polarization
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and the opposite effects of anodal polarization. The time
course of these effects, plotted in Fig. 2C, shows that both
the increases and the decreases occurred not only during
application of the polarizing current but also during a
period of 30-50 min after it had ceased. The changes
were found to be significant when compared with control
condtions (ANOVA, F(3,65) = 40.908, P < 0.001; post
hoc tests, P < 0.001 for cathodal polarization, P = 0.004
for cathodal between-polarization and P < 0.032 for
cathodal postpolarization; and ANOVA F(3,64) = 12.166,
P <0.001; post hoctests, P < 0.001 for anodal polarization,
P =0.013 for anodal between-polarization and P < 0.011
for anodal postpolarization).
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Figure 2. Effects of local polarization on EMG responses evoked by stimuli applied in the RN

A and B, examples of EMG potentials recorded from neck muscles before, during and after cathodal or anodal
polarization (1 wA) through the same electrodes via which a train of three 50 wA current pulses were applied to
activate rubrospinal neurons. The illustrated records (averages of 20 single potentials) followed the third of these
stimuli; the earlier parts of the records have been cropped off and the stimulus artefacts truncated. The records
are aligned according to the onset of the stimulus artefacts (horizontally) and the onset of the EMG potentials
(vertically). The dotted boxes indicate time windows during which their area was measured. C, time course of
changes in the area of the EMG potentials expressed as a percentage of the area of control responses measured
within time windows indicated by the dotted boxes in A and B. Continuous lines above the abscissa indicate the
duration of the outlasting facilitatory and depressive effects. Significant differences were found when data from
polarization, between-polarization and postpolarization groups were compared with control data. D, diagram
of the stimulation and recording sites. The arrow indicates the direction of the neural traffic. £, comparison of
constant-current 20 A stimulus pulses delivered before (left) and during (right) passage of 0.2 ©A cathodal direct
current through a tungsten electrode (150 k€2 resistance against a reference electrode in Ringer solution). Current
pulses were recorded 30 min from the beginning of application of the DC. When they were subtracted from each
other, no differences or only marginal differences were found in the case of both 0.2 and 1.0 ms pulses; the
longer-duration pulses were used to allow a better inspection of the shapes of these pulses. The difference traces

are shown below control current pulses.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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Overall, local cathodal polarization facilitated EMG
responses in five of seven rats and local anodal polarization
depressed them in all four rats. The mean degree
of facilitation and depression evoked in this way is
summarized in Table 1A and in Fig. 6A and B, where it is
also compared with mean effects of tDCS (Bolzoni et al.
2013a). Both the individual and the pooled data show that
the timing of effects of local polarization replicated the
timing of effects of tDCS with the same polarity. Note that
the mean sizes of EMG responses were doubled by local
cathodal depolarization, although the effect was not as
potent as of tDCS.

Presynaptic modulation
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The effects of local cathodal polarization differed
in the two remaining experiments, in which EMG
responses were facilitated only at the beginning of the
first period of cathodal polarization, after which the
responses were reduced or disappeared altogether. In
both these experiments, the thresholds for evoking EMG
responses were lower than in the other experiments (40
and 30 A compared with 50-70 pA), indicating that
the stimulating RN electrode was positioned closer to
the presynaptic nerve branches of the interpositorubral
neurons so that the fibres were thereby more susceptible
to the surround analectrotonus or to after-effects of
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the dotted boxes. Significant differences were — Control O Control

found for data from different periods for all
comparisons in B, D and F. G, diagram of
stimulation and recording sites
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Figure 4. Examples of changes in the threshold of antidromic activation of single interpositorubral
neurons by transcranial direct current stimulation (tDCS) in the rat

A-C, time course of facilitation of antidromic activation of three single interpositorubral neurons by near-threshold
stimuli applied in the red nucleus (56, 23 and 25 uA, respectively) during and following cathodal tDCS. Ordinate,
number of responses (n) evoked by 100 subsequent stimuli; abscissa, time from the last control records. Dotted
horizontal lines indicate control level. Continuous horizontal lines above the abscissa indicate the duration of the
outlasting facilitation. Significant differences were found for data from different periods for all comparisons in
A-C. E-P, superimposed extracellular records of responses plotted in A-D, obtained before, during and after tDCS,
with black traces representing field potentials visible when the neurons failed to be activated. Dotted horizontal
lines indicate discrimination levels; each time when the responses of the neurons crossed them, they were counted
online and used for computer-generated peristimulus time histograms and cumulative sums (Jankowska et al.
1997). Numbers below the records indicate the number of such responses evoked by 20 stimuli in a sequence and
their minimal latencies. Q, diagram of the stimulation and recording sites.
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catelectrotonus (Skoglund, 1945; see Methods). Whether
0.5 nA direct current applied within the terminal axonal
projection area could have as strong damaging effects as
more than 100 or 1000 times stronger current on peri-
pheral nerves (Ravid ef al. 2011) would remain an open
question.

Whenever the indirect descending volleys were
sufficiently distinct to be quantified, local cathodal
depolarization facilitated them during and most often
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also following its application (Table 1A). In six rats, local
cathodal polarization increased the area of the indirect
volleys to >125%, in two rats to only 110-120% and in
only two experiments was no facilitation detected. The
examples of the strongest effects and their time course are
shown in Fig. 3A-Fand the average effects in Fig. 6 C. Local
cathodal polarization likewise increased indirect volleys
evoked from RN in two cats (to 110-133%, the post-
polarization facilitation lasting for 60 min).
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Figure 5. Examples of decreases in the threshold of antidromic activation of single interpositorubral
neurons by local cathodal polarization in the rat

A-C, time course of facilitation of antidromic activation of single interpositorubral neurons by near-threshold
stimuli applied in the red nucleus (23, 25 and 24 uA, respectively) during and following local cathodal polarization
in three rats. The format is as in Fig. 4. D-M, superimposed extracellular records of responses plotted in A-C,
obtained before (blue), during (red) and after (green) depolarization by 0.1 nA, with black traces representing
field potentials visible when the neurons failed to be activated, as in Fig. 4. Numbers below the traces indicate the
number of such responses evoked by 10 stimuli in a sequence and their minimal latencies. Significant differences
were found for data from some periods in A and all periods in B and C. G, five superimposed single records
illustrating minimal jitter and following of 400 Hz stimuli of responses evoked by suprathreshold stimuli evoked
after records in £ N, diagram of the stimulation and recording sites. O, recording site of the third neuron in the left
nucleus interpositus. The location of this site is indicated by a circle along the electrode track. It was estimated from
the distance from the surface of the cerebellum. Note that responses evoked during and after the depolarization
periods appeared at a rate that was much higher than originally, indicating a marked increase in the excitability of
the stimulated fibres. The rate decreased during the postpolarization period but remained well above the control
level for >1 h. Note also shortening of latencies of responses of the first two neurons.
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Taken together, the effects of local cathodal polarization
on EMG responses and on indirect descending volleys
evoked by stimuli applied in the RN showed the same
features as effects of cathodal tDCS in rats and of anodal
tDCS in cats. The changes were in the same direction and
increased in a similar manner during subsequent periods
of polarization. Both the facilitation and the depression
outlasted the local polarization, even when the effects
of local postpolarization were weaker than in the case
of tDCS. Once the postpolarization effects reached a
plateau, they remained practically unaltered during about
0.5 h and only started to decline thereafter. For these
reasons, we used both tDCS and local DC polarization
while examining the presynaptic effects described in the
following sections.

EMG potentials
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Evidence for presynaptic actions of tDCS and of local
polarization based on facilitation of antidromic
activation of interpositorubral neurons by stimuli
applied in the RN

Effects of tDCS and local polarization on terminal axonal
branches of interpositorubral neurons in the RN were
evaluated from changes in the probability of antidromic
activation of single neurons, one of the measures routinely
used to assess the excitability of primary afferents in
the spinal cord (see e.g. Rudomin & Schmidt, 1999).
The stimuli applied in the RN were near threshold prior
to the polarization, being set to activate IN neurons in
<50% of trials. Increased proportions of effective stimuli
during or following local depolarization or tDCS were

Descending volleys Antidromic cell responses
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Figure 6. Mean effects of local cathodal and anodal polarizing current in comparison to effects of tDCS

in the rat

A and B, plots of changes in the area of EMG potentials evoked in neck muscles during and after application of
local polarizing current, examined as in the experiment illustrated in Fig. 2A-C, but each data point being a mean
of data for seven potentials found to be affected by polarization. C, similar pooled effects of local polarization on
eight indirect descending volleys, including those illustrated in Fig. 3D, mean changes in excitability of terminal
axonal branches of eight interpositorubral neurons monitored by changes in the number of antidromically evoked
responses per 100 near-threshold stimuli as illustrated in Fig. 5E, F and G, as in A-C, but from experiments of
Bolzoni et al. (2013a; see their Fig. 8CD), using the same experimental protocol except for the use of transcranially
rather than locally applied polarizing current. In A-C and E-G, the data are expressed as a percentage of the areas
of control responses before, during and after DC polarization (with standard error bars). In D and H are plotted
numbers of responses (n) evoked by 100 stimuli before, during and after DC polarization, likewise with standard
error bars. Horizontal dotted lines indicate 100% except for D and H, where they express the control rates of
activation of interpositorubral neurons. Continuous lines above abscissa indicate the duration of the outlasting
facilitatory and depressive effects. Notice similar patterns of changes evoked by locally and transcranially applied
polarization. *Significant difference from control, P < 0.05. Statistical significance of difference between control
and later periods was estimated using repeated-measures ANOVA or repeated-measures ANOVA on ranks with
adequate post hoc comparisons (for details, see Table 2).
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Table 1. Summary of effects of local DC applied in the red nucleus on trisynaptically evoked EMG responses in rat neck muscles and
descending volleys (A) and of effects of both local and transcranial DC on excitability of terminal axonal branches of interpositorubral

neurons (B)

Control, no. of

A. Local DC experiments

During polarization,
mean ar ea (% control);
+SEM; no. of
experiments

After polarization, mean
area (% control); +SBV;
no. of experiments

EMG area, local cathodal

6
EMG area, local anodal
4
Descending volleys area,
local cathodal
8

202%
+9.72%
5
45%
+3.08%
4

154%
+6.90%
8

236%
+27.47%
5
60%
+4.58%
3

165%
+9.76%
7

Control, rate of

activation; During polarization, rate After polarization, rate
+SEM; no. of of activation; £SEM; of activation; £SBV; no.
B. Local and transcranial DC cells no. of cells of cells
Antidromic IP activation 46% 81% 64%
rate, local cathodal (cats) +11% +16% +23%
4 4 3
Antidromic IP activation 47% 84% 74%
rate, local cathodal (rats) +20% +30% +10%
8 8 6
Antidromic IP activation 27% 74% 88%
rate, transcranial DC +20.19% +19.15% +16.33%
stimulation cathodal (rats) 5 5 5

Data during polarization are for the last period of DC application; they are given as means and SEMs for the indicated numbers of
experiments (A) or cells (B). Data after polarization are for effects of stimuli applied 40 min after the polarization had been stopped.
The areas are expressed as a percentage of control areas. The activation rate is expressed as the number of stimuli in a series of 100
stimuli that were followed by antidromic activation of single interpositorubral (IP) neurons. The intensity of the stimuli was adjusted

to be at threshold before application of the DC polarization.

taken to indicate that the fibres on which they acted had
become more excitable. The IN neurons were classified
as antidromically activated based on the latencies of
action potentials evoked in them (0.5-0.8 ms from the
stimulus artefacts). Asillustrated in Fig. 4 E-N, these action
potentials coincided with the antidromic field potentials
following stimuli applied in the RN, and their latencies
corresponded to latencies of antidromic activation of
neurons in the IN found in the cat (0.7-0.9 ms; see Fig. 7 of
Baldissera et al. 1972). Further criteria were the capability
of action potentials to follow high-frequency stimuli (400
or even 600 Hz; Fig. 5G) and less than 0.05 ms jitter in
latencies of potentials evoked by suprathreshold stimuli.
Effects of cathodal tDCS were tested on antidromic
activation of five interpositorubral neurons in rats (in
five experiments). The facilitation was expressed as an
increase in the number of responses evoked during five
series of 20 subsequent stimuli, e.g. from a total of 10

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society

to 40 responses per 100 stimuli prior to tDCS to a total
of 40 to 90 per 100 stimuli during or after tDCS. Such
changes will be referred to as changes in the rate of
successful antidromic activation of the neurons. In all tests,
the frequency of the stimuli remained constant, with the
neurons responding with a single spike per stimulus or
not responding, and not displaying spontaneous activity
which might collide with antidromically conducted action
potentials. As illustrated in Fig. 4A—M and summarized in
Fig. 6H and Table 1B, the number of responses of all five
neurons per 100 stimuli increased at least twofold. Plots in
Fig. 4A—C show, however, that the degree of facilitation
of activation of individual neurons and the timing of
its development varied. The duration of postpolarization
facilitation also varied, but the average rate of responses
remained increased for at least 40 min following the last
period of tDCS. In addition, the minimal latency of anti-
dromic activation decreased in four of the five neurons by
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Table 2. Analysis of pooled data for effects of local and transcranial polarization on EMG responses, descending volleys and anti-
dromic cell responses, summarized in Fig. 6 and in Table 1

Polarization Between-polarization Postpolarization
EMG cathodal
Local RM ANOVA on X2(7) = 53.476 RM ANOVA F(7,7) =4.713 RM ANOVA on X2(6) =27.893
polarization ranks (n = 14) P < 0.001 (n=28) P < 0.001 ranks (n = 12) P < 0.001
tDCS RM ANOVA on X2(7) = 34.331 RM ANOVA on X2(7) =22.105 RM ANOVA F(6,4) = 0.955
ranks (n = 12) P < 0.001 ranks (n = 10) P = 0.002 (n =5) P=0.476
EMG anodal
Local RM ANOVA on X2(7) =77.570 RM ANOVA F(6,6) = 2.873 RM ANOVA F(6,10) = 11.296
polarization ranks (n = 162) P < 0.001 (n = 56) P =0.022 (n=171) P < 0.001
tDCS RM ANOVA F(6,8) = 11.731 RM ANOVA on x%(6) = 38.762 RM ANOVA F(3,4) = 1.658
(n=29) P < 0.001 ranks (n = 9) P < 0.001 (n=05) P =0.288
Indirect volleys
Local RM ANOVA on x%(7) = 147.879 RM ANOVA on x2(7) = 71.590 RM ANOVA on x2(6) = 65.420
polarization ranks (n = 41) P < 0.001 ranks (n = 21) P < 0.001 ranks (n = 27) P < 0.001
tDCS RM ANOVA F(7,9) = 10.171 RM ANOVA F(7,9) = 8.844 RM ANOVA F(5,6) = 8.454
(n=10) P < 0.001 (n=10) P < 0.001 (n=7) P < 0.001
Antidromic cell responses
Local RM ANOVA on X2(7) =242.435 RM ANOVA F(7,79) = 25.244 RM ANOVA on X2(6) =114.11
polarization ranks (n = 98) P < 0.001 (n = 80) P < 0.001 ranks (n = 69) P < 0.001
tDCS RM ANOVA on X2(7) =95.179 RM ANOVA on X2(7) = 108.753 RM ANOVA on X2(7) = 94.900
ranks (n = 49) P < 0.001 ranks (n = 35) P < 0.001 ranks (n = 30) P < 0.001

The statistical significance of changes evoked by DC application when compared with control data was estimated using one-way
repeated-measures (RM) ANOVA for data with normal distribution and equal variance (data presented as F value; P value), while
Friedman RM ANOVA on ranks was used for data with non-normal distribution (x? value; P value); n is the number of recordings.

Abbreviation: tDCS, transcranial direct current stimulation.

0.1-0.2 ms, with respect both to the stimulus artefacts
and to the onset of the antidromic field potentials, as
illustrated in Fig. 4H-] and K—M. Significant differences
were found for data in Fig. 4BDF when compared with
control conditions (ANOVA on ranks, H=68.467,d.f. =3,
P <0.001 and post hoctests, P < 0.05 for all comparisons in
Fig. 4A; ANOVA on ranks, H=29.174,d.f. =3, P < 0.001
and post hoc tests, P < 0.05 for polarization and post-
polarization but P > 0.05 for between-polarization in
Fig. 4B; and ANOVA on ranks, H = 57.364, d.f. = 3,
P <0.001 and post hoctests, P < 0.05 for all comparisons in
Fig. 4C).

Anodal tDCS had on opposite effect on all three inter-
positorubral neurons tested in the rats. The decrease in
the number of stimuli that evoked antidromic activation
of two neurons was moderate (from ~95 to 80% and
from ~80 to 60%) but was very strong in the third
one (to nil; illustrated in Fig. 4D; ANOVA on ranks,
H = 44442, df. = 3, P < 0.001 and post hoc test,
P < 0.05 for postpolarization but not for polarization
and between-polarization).

Effects of local cathodal polarizing current were
examined on responses to stimuli applied in the RN of a
total of 12 interpositorubral neurons; eight in rats and four
in cats. Records in Fig. 5 show that local depolarization
of only 0.1 pA replicated the effects of cathodal tDCS
of 0.2 mA. Local depolarization increased the number

of responses of these neurons from, for example, 10-20
to 80-90 per 100 stimuli or from 40-60 to 90-100 per
100 stimuli. The facilitation developed as slowly as that
evoked by tDCS (Fig. 5A and B) or practically reached
its maximum during the first period of depolarization
(Fig. 5C). Following each period of depolarization, the
rate of responses was retained at somewhat lower or similar
levels, and most neurons continued to respond at increased
rate for 10-15 min following the last polarization period,
after which the rate decreased while still exceeding the
original rate for 30-60 min. This was the case for six of
eight neurons in rats (Fig. 6D and Table 1B) and three
of four neurons in cats (Table 1B). It was also true for
the population of rat neurons, with differences between
the rates of after-polarization responses and the control
responses being statistically significant for up to 60 min
(see Table 2). The increases in the number of responses
were associated with a shortening of the latency of anti-
dromic activation of the neurons by 0.06-0.1 ms, i.e. of
the same order as when evoked by tDCS. The range of
effects was similar in the rats and in the cats. Significant
differences were found for data in Fig. 5 when compared
with control conditions in Fig. 5A (ANOVA on ranks,
H=60.490, d.f. =3, P < 0.001 and post hoc test, P < 0.05
for polarization and betweenpolarization, but not for post-
polarization), for all data sets in Fig. 5B (ANOVA on ranks,
H=47.281,d.f. =3, P < 0.001 and post hoctests, P < 0.05
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for all comparisons) and all data sets in Fig. 5C (ANOVA
on ranks, H = 42.409, d.f. = 3, P < 0.001 and post hoc
tests, P < 0.05 for all comparisons).

Discussion

Evidence for long-lasting presynaptic subcortical
effects of local and transcranial DC polarization

The results of this study provide evidence that tDCS
may induce long-lasting changes in the excitability of
presynaptic terminal axonal branches within the inter-
positorubrospinal neuronal network. These increases were
expressed by the much higher probability of antidromic
activation of interpositorubral neurons by near-threshold
stimuli applied in the RN and may be related to the
depolarization of these axonal branches at the site of
application of the stimuli used to excite them. As
illustrated in the second part of the Results, these stimuli
became more effective in activating interpositorubral
neurons during cathodal tDCS in the rat, as well as
during local depolarization of the terminal branches of
interpositorubral neurons in both the rat and the cat,
while local hyperpolarization and tDCS with opposite
polarity decreased excitability of these terminal branches.
Furthermore, presynaptic effects of both local polarization
and tDCS occurred not only during the immediately
following between-polarization periods but also during
a period of at least 15 min after the last polarization and
remained up to 1-2 h. The shortest-lasting after-effects of
the local or transcranial polarization (about 15 min) may
appear relatively brief, but they differ from after-effects
of only a few seconds of a mere catelectrotonus or
analectrotonus (Skoglund, 1945). Furthermore, as the
degree of facilitation of antidromic activation of inter-
positorubral neurons increased during subsequent periods
of polarization, the facilitation appeared to accumulate on
top of the remaining effects of previously applied local
polarization and tDCS.

The interpositorubrospinal network represents only
one of the subcortical neuronal systems that are affected
by tDCS, but the results are consistent with indications
of presynaptic actions of tDCS previously found in other
networks (for references see Introduction).

Polarity of the effective tDCS and of the local
polarizing current

The facilitation of activation of human cortical neurons by
anodal tDCS was explained in a similar way to the more
potent activation of feline or primate cortical neurons
by surface anodal than by surface cathodal short-pulse
electrical stimuli (Phillips, 1956; Hern ef al. 1962). The
explanation was the relatively stronger hyperpolarization

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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of apical dendrites associated with depolarization of
deeper located initial segments of axons of pyramidal
neurons, resulting in a reduced threshold for initiation of
action potentials in these neurons (see Molaee-Ardekani
et al. 2013; Rahman et al. 2013). Effects of anodal tDCS
on subcortical neurons in the cat (Bolzoni et al. 2013b)
might be interpreted by the same token, even though the
facilitatory effects of cathodal rather than anodal tDCS in
the rat (Bolzoni et al. 2013a) could not be accounted for
in a similar manner. However, the present results show
similar effects of cathodal polarization applied in the RN
in both the cat and the rat; thereby, they indicate that
the basic phenomena are the same in these species, or
other species, even if the epiphenomena of tDCS related
to the distribution of electrical fields within the brains
of different sizes and shapes and to the arrangements
of the stimulating electrodes may differ. Long-lasting
effects of local polarization in experiments in animals
may thus provide new tools for further examination of
the mechanisms of tDCS.

On consequences of effects of polarization of
presynaptic fibres for trans-synaptic activation of
neurons and its analysis

Both the somata of cortical neurons and the terminal
axonal networks providing input to them were found
to be affected by polarization of the cerebral cortex,
with the effects depending on their orientation with
respect to the electric fields (Rahman et al. 2013). Similar
conclusions were drawn regarding the sites of action of
polarizing current applied in hippocampal slices, with a
tendency for stronger synaptic or antidromic effects of
fibres providing input to pyramidal tract neurons when
they were stimulated within more negative parts of the
uniform electric field than their target cells (Jefferys,
1981; Bikson et al. 2004; Kabakov et al. 2012). In the
context of the present study, this would correspond to an
increase in excitability of fibres running in the vicinity of
the local cathodal polarization in the RN, or to a larger
population of fibres within the whole RN with tDCS.
Increases in excitability would allow action potentials to
be initiated in a larger number of interpositorubral fibres
close to the stimulating electrode as well as in fibres at
somewhat greater distances from this electrode, thereby
increasing the input to their target neurons and, in turn,
the probability of activation of a greater proportion of
these neurons.

Effects of both tDCS and locally applied DC were
also expressed in shortening the latency of antidromic
activation of interpositorubral neurons, allowing a new
explanation of the shorter latencies of trans-synaptic
activation of rubro-, reticulo-, cortico- or vestibulospinal
neurons by tDCS. So far, we have attributed the earlier
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activation of these neurons mainly to a more effective
initiation of action potentials (Bolzoni et al. 2013a,b).
However, in view of the results of the present study,
both tDCS and local depolarization might shorten the
utilization time at the site of initiation of action potentials
in presynaptic fibres by electrical stimuli and/or increase
their conduction velocity.

The consequences of polarization of presynaptic
fibres for the resulting release of transmitter and
activation of their target cells following tDCS are less
straightforward. We have found that when DC was
applied locally, the depolarizing DC consistently facilitated
the indirect activation of RN neurons. However, hyper-
polarization rather than depolarization of terminals of
interpositorubral fibres would be expected to enhance
transmitter release in synapses between these fibres and
rubrospinal neurons, as in the case of effects of locally
applied DC close to the neuromuscular junction (Hubbard
& Willis, 1962) or of current affecting afferents terminating
on spinal motoneurons (Eccles et al. 1962).

In order to account for this discrepancy, it may be
considered that even when the stimulating electrodes
are close to some of the rubrospinal neurons, they
are at a distance from many other neurons on which
the depolarized interpositorubral fibres converge. This
would be consistent with a high degree of divergence
of interpositorubral projections within the RN, because
a considerable number of interpositorubral neurons
converge on individual rubrospinal neurons (Toyama
et al. 1970; Baldissera et al. 1972), and the majority of
rubrospinal neurons are activated by them (Baldissera
et al. 1972). Given that anodal surround (Eccles et al.
1962; Katz & Miledi, 1965; Ranck, 1975) may be induced
within very short distances from the sites of application
of even very weak direct currents, depolarization of
interpositorubral fibres at a certain location might be
associated with hyperpolarization of terminals of the same
fibres on rubrospinal neurons located further away. The
increase in fibre excitability by the depolarizing local
DC could, accordingly, be associated with facilitation of
synaptic action of the same fibres by hyperpolarization
of their terminals at a distance. If so, facilitatory effects
of the local direct depolarizing current would not be at
variance with the established effects of DC on synaptic
transmission.

With respect to the prolonged effects of tDCS, our
results show that changes in the excitability of presynaptic
fibres evoked by either tDCS or local DC are sufficiently
long lasting to account for them. Nevertheless, changes
in the excitability of presynaptic fibres might be evoked
in parallel with other effects of tDCS and may not be
essential for the long-lasting facilitation of trans-synaptic
activation.

Direct effects of tDCS on the subcortical postsynaptic
neurons (rubro- or vestibulospinal; Bolzoni et al. 20134,b)
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investigated so far were difficult to quantify, because
responses induced by stimuli applied within either the RN
or vestibular nuclei were, to a great extent, superimposed
on stimulus artefacts. Nevertheless, direct activation of
neurons in these nuclei appeared to be affected by
tDCS to a much smaller extent than when they were
activated trans-synaptically. For instance, in the cat,
directly evoked responses of rubrospinal neurons were
found to be facilitated in only two of seven experiments,
while trans-synaptically evoked responses were enhanced
in all of them (Bolzoni et al. 2013b). In addition, even when
the directly evoked activation of rubrospinal neurons in
the rat was facilitated during tDCS, the facilitation did not
outlast the duration of the tDCS (see Fig. 3D of Bolzoni
etal 2013a).

The question of the relative impact of effects of tDCS
on postsynaptic potentials evoked in target neurons of the
depolarized presynaptic fibres, as well as direct actions
of tDCS on these neurons, would therefore have to be
addressed in more favourable experimental conditions.

It should be also taken into account that depolarization
expressed as changes in the excitability of either the post-
synaptic neurons or the presynaptic fibres would not be
the only mechanism of facilitation evoked by cathodal
polarization. As indicated repeatedly (see e.g. Lang et al.
2005; Stagg & Nitsche, 2011; Brunoni et al. 2012; Nitsche
et al. 2012), effects of DC may also involve a number
of other factors, such as release of neuromodulators and
neurotransmitters by neurons and glia, changes in trans-
mission of action potentials at axonal branch points or
changes in invasion of the terminal axonal portions, post-
synaptic membrane receptors or intraneuronal calcium
concentration. They might also involve changes in synaptic
transmission similar to those found in other cases of
synaptic plasticity; in particular, in synapses on spinal
phrenic motoneurons during long-term facilitation of
their activation (see Baker-Herman & Mitchell, 2002).

Closing remarks

Irrespective of whether long-lasting facilitation of synaptic
actions of locally depolarized presynaptic fibres turns out
to be secondary to the depolarization or hyperpolarization
of their terminals, the same mechanisms might be
expected to be involved in other subcortical structures asin
the red nucleus. The same basic mechanisms might also be
hypothesized to operate within cortical neuronal networks
and in the spinal cord. Further analysis of prolonged
presynaptic actions of tDCS and of local depolarization
together with an examination of the ensuing direct
effects on postsynaptic neurons should thus provide more
information on the mechanisms of tDCS. It might also be
expected that conclusions based on such analysis would
be applicable to any neuronal systems in view of the
growing evidence that basic mechanisms of operation

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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of the nervous system are shared across various animal
species and various neuronal systems, including cortical
networks in man.

Local polarization has the disadvantage of not being
non-invasive and therefore of being applicable only in
animals. However, when compared with polarization
evoked by distant electrodes, in particular by tDCS, local
polarization has the great advantage that its effects are
much more spatially restricted and that the degree of
polarization within the selected brain region may be easier
to estimate and to control. Electrical field potentials evoked
by tDCS are always very widespread, even in conditions
of the most careful control of its strength and of the site
of its application, and the resulting transcranial currents
influence a variety of neurons that may contribute to
the ultimate effects. Local polarization might therefore
allow more specific questions on mechanisms of effects
of electric fields to be addressed than when DC is applied
via distant electrodes and may open new possibilities for
further analysis of mechanisms of tDCS.
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