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Abstract

Transcranial direct current stimulation is a noninvasive technique that has been experimentally tested for a number of 
psychiatric and neurological conditions. Preliminary observations suggest that this approach can indeed influence a 
number of cellular and molecular pathways that may be disease relevant. However, the mechanisms of action underlying 
its beneficial effects are largely unknown and need to be better understood to allow this therapy to be used optimally. In 
this review, we summarize the physiological responses observed in vitro and in vivo, with a particular emphasis on cellular 
and molecular cascades associated with inflammation, angiogenesis, neurogenesis, and neuroplasticity recruited by direct 
current stimulation, a topic that has been largely neglected in the literature. A better understanding of the neural responses 
to transcranial direct current stimulation is critical if this therapy is to be used in large-scale clinical trials with a view of 
being routinely offered to patients suffering from various conditions affecting the central nervous system.
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Introduction
Transcranial direct current stimulation (tDCS) is a noninvasive 
experimental therapy used to stimulate the brain with externally 
applied direct current electric fields (DCEFs). The promising clin-
ical outcomes obtained in various conditions coupled with the 
fact that this approach is safe, well tolerated, inexpensive, and 
simple to administer has catalyzed the popularity of tDCS and 
its potential use in routine clinical practice. To date, it has been 
tested to treat aspects of stroke (Sohn et al., 2013), multiple scle-
rosis (Ferrucci et al., 2014), Parkinson’s disease (Benninger et al., 
2010), schizophrenia (Andrade, 2013), and depression (Dell’Osso 
et al., 2012). Despite accumulating evidence supporting the effi-
cacy of tDCS as a treatment option for these conditions, there 

is only one single Phase III trial currently taking place (http://
www.prnewswire.com/news-releases/soterix-medical-inc-
announces-phase-3-clinical-trial-for-depression-comparing-
tdcs-lte-against-antidepressant-drug-escitalopram-229718911.
html); all previous trials having been conducted to confirm 
safety and targeted end-points in small cohorts. Sizable studies 
will thus be critical to confirm its true effectiveness for specific 
disorders.

However, the impact of DCEF on cellular elements has been 
recognized for nearly a century (Ingvar, 1920), and DCEF is well 
known to be involved in numerous physiological processes such 
as wound healing and embryogenesis. Despite the fact that 
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DCEF is also recognized to influence phenotypic and functional 
parameters such as the morphology, orientation, migration, 
growth, and metabolism of several mammalian cells, includ-
ing neurons and neural stem cells (McCaig et  al., 2005), little 
is known about the mechanisms of action that govern these 
effects.

In this review, we summarize the current state of knowledge 
regarding the cellular and molecular mechanisms of action of 
DCEFs, as revealed in vitro and in animal studies. By so doing, 
we provide a comprehensive understanding of the impact of 
tDCS on cells of the central nervous system, which includes the 
molecular cascades known to be affected by it to the more global 
physiological responses associated with this manipulation.

The Basics of TDCS

Amongst all existing brain stimulation therapies, tDCS is the 
only one that uses DCEF to stimulate the brain. A weak current 
is conveyed via electrodes positioned on the scalp; the stimu-
lation electrode is located above the region of interest and the 
reference electrode placed elsewhere on the body (eg, the con-
tralateral orbit or the deltoid muscle) (Nitsche et al., 2008). The 
anode or the cathode can be used to stimulate the brain, with 
anodal stimulation generally augmenting neuronal excitabil-
ity, whereas cathodal stimulation produces the opposite effect 
(Cambiaghi et al., 2010; Fritsch et al., 2010; Kabakov et al., 2012). 
In both cases, the current induces a sustainable response in the 
form of a long-term potentiation (LTP)- or long-term depression 
(LTD)-like plasticity. However, it is now also becoming clear that 
this relationship is more complex than once thought, in that 
anodal tDCS can actually lead to decreased excitability when 
the stimulation time is increased (Monte-Silva et al., 2013), and 
cathodal tDCS can lead to increased excitability when intensity 
is augmented (Batsikadze et  al., 2013). Thus, the relationship 
between the stimulation and neural response is not dependent 
on just the electrode type but also the length and strength of the 
stimulation applied through it.

To date, tDCS has been primarily recognized and used for its 
localized cortical LTP- and LTD-like effects (Ranieri et al., 2012), 
but recent animal studies have revealed that tDCS (1–4.16 A/m2) 
can also affect subcortical structures, such as the red nucleus, 
medial longitudinal fascicle (Bolzoni et  al., 2013a, 2013b), and 
thalamus, as shown in variations of regional cerebral blood 
flow (Lang et al., 2005). However, it has yet to be demonstrated 
whether these changes result from the direct influence of the 
applied DCEF or if they are driven by increased excitability of the 
cortical neurons connecting to these deeper structures (Im et al., 
2012; Bolzoni et al., 2013a).

Effects of DCEFs on Membrane Polarity

One of the most accepted effects of tDCS is its ability to modify 
neuronal membrane polarity and, by so doing, its threshold for 
action potential generation (Nitsche and Paulus, 2001; Liebetanz 
et al., 2002; Stagg and Nitsche, 2011). As in ephaptic coupling, 
which consists of extrasynaptic communication between cells 
via extracellular electric fields (EFs) (such as local field poten-
tials), tDCS does not trigger action potentials but most likely 
affects the spike timing of individual neurons receiving suprath-
reshold inputs (Anastassiou et al., 2011). In clinical studies, the 
explanation for this is thought to simply reflect the depolariza-
tion of neurons during anodal stimulation and hyperpolariza-
tion during cathodal stimulation (Brunoni et al., 2012; Nitsche 
et al., 2012). However, in the EF, each feature of a single cell is 

differentially affected. Structural components of cellular ele-
ments (eg, neurite, nucleus, etc.) at the cathode are subject to 
depolarization, whereas those facing the anode are more prone 
to hyperpolarization (Bedlack et  al., 1992; Bikson et  al., 2004; 
Arlotti et al., 2012; Rahman et al., 2013).

The changes in the cell firing rate, leading to an overall 
modulation of cortical excitability (Cambiaghi et al., 2010), were 
initially hypothesized to derive from somatic membrane polari-
zation rather than dendritic or axonal polarization (Liebetanz 
et al., 2006b). This has been suggested to be because of higher Na+ 
channel density in the soma than in the apical dendrite, or its 
proximity to the axon hillock (Liebetanz et al., 2006b). However, 
recent findings in rat hippocampal slices have shown that the 
excitatory or inhibitory effects of DCS are determined by the ori-
entation of the axons in the EF (Kabakov et al., 2012), supporting 
the importance of the presynaptic modulation of neurons put 
forward by Purpura and McMurty (1965), namely that DCS works 
at the level of synaptic inputs and not just action potential gen-
eration in the efferent neuron per se (Kabakov et al., 2012). In 
this study, measurements of the paired-pulse facilitation and 
the field excitatory postsynaptic potential to direct current 
stimulation of the hippocampus suggested that cathodal DCS 
inhibits field excitatory postsynaptic potential and increases 
the paired-pulse ratio, with opposite effects for anodal stimula-
tion. Interestingly, if the anodal stimulation is too strong, the 
effects are cancelled, an observation that may relate to it being 
able to hyperpolarize the membrane when delivered in this way 
(Kabakov et al., 2012; Rahman et al., 2013). Another example has 
been described with the primary motor cortex, where the affer-
ent axonal synaptic input (Figure 1) can be facilitated by anodal 
tDCS (Rahman et  al., 2013), leading to the increase in motor 
evoked potentials (Liebetanz et  al., 2002; Stagg and Nitsche, 
2011). Indeed, variations of paired-pulse recordings, when 
simultaneously applied to tDCS in free-moving rabbits, further 
support the notion that the changes are due to presynaptic 
modifications (Marquez-Ruiz et  al., 2012). Even if the modula-
tion is likely dependent on the orientation of the neurons in the 
EF, the polarization of neuronal subcompartments is difficult to 
establish in complex brain structures such as the primary motor 
cortex (Radman et al., 2009; Rahman et al., 2013), as the axons 
and dendrites forming synapses are not all oriented in the same 
direction.

Putative Molecular Mechanisms of tDCS

DCEFs can also govern cell migration, a phenomenon referred 
to as electrotaxis (McCaig et al., 2005; Zhao, 2009), as well cell 
orientation (growth cone direction), differentiation, and metab-
olism, the responses of which vary depending on the cell type 
(summarized in Figure 2). However, although the mechanisms 
of action underlying these effects remain unknown, there is 
evidence to suggest that the changes in the orientation and 
speed of cell migration and neurite growth could be explained, 
at least in part, by localized shifts of intracellular Ca2+ (Palmer 
et al., 2000; Mycielska and Djamgoz, 2004). Linked to this is the 
asymmetrical relocalization of receptors within the membrane 
brought about by DCEFs (McLaughlin and Poo, 1981; McCaig 
et al., 2005). In many cell types, membrane receptors, such as 
acetylcholine receptors and the tropomyosin-receptor-kinase 
(Trk) families, move and accumulate at one end of an EF to 
cause an electrotaxis effect (McCaig et  al., 2005). In neurites, 
this may then contribute to the long-term neuromodulation 
observed in structures targeted by the tDCS treatment (McCaig 
et al., 2000) (Figure 1). However, other receptors at the synapse 
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may also be involved in this response, as the size of the DCS-
induced LTP is influenced by the orientation of the dendrites in a 
DCEF (Kabakov et al., 2012) and N-methyl-d-aspartate receptors 
(NMDARs) (Figure 1) (Liebetanz et al., 2002). This facilitation is 
greatest when the postsynaptic membranes, on soma or den-
drites, are depolarized (Kabakov et al., 2012). This is seen when it 
is closest to the negative end of the field and under such circum-
stances, this also facilitates the opening of voltage-dependent 

ionic channels and NMDAR activation (by removal of the block-
ing Mg2+ ions) (Kampa et al., 2004). There are also other contribut-
ing factors to this neuromodulatory action, including changes in 
brain-derived neurotrophic factor (BDNF) expression. Although 
approximately 0.75 V/m anodal DCS increases the peak ampli-
tude of the excitatory postsynaptic potentials, it is completely 
absent in slices from BDNF knockout mice or when the TrkB 
receptor is blocked (Fritsch et al., 2010). In individuals expressing 

Figure 1. Putative molecular mechanisms of action of anodal transcranial direct current stimulation (tDCS). Schematic illustrating the effects of anodal tDCS on the 

synapses of pyramidal neurons in the primary motor cortex. Note that cathodal tDCS is not represented, as it largely generates the opposite effects of anodal tDCS, 

except for the mechanisms involving brain-derived neurotrophic factor (BDNF), which is described below. Anodal tDCS hyperpolarizes the membrane of the axon ter-

minal facing the anode (Bikson et al., 2004). Despite the hyperpolarization, there is greater neurotransmitter release, which is caused by an increase in intracellular Ca2+ 

in response to anodal tDCS, whereas a decrease of Ca2+ leads to lower neurotransmitter release (Perret et al., 1999; Stagg et al., 2009a).

Tropomyosin-receptor kinase (Trk) receptors may also be attracted to the synapse in anodal tDCS (if the presynaptic synapse faces the skull, as illustrated here) 

(McCaig et al., 2000; Viard et al., 2004). The activation of Trk receptors suggests a role for BDNF in anodal tDCS, which further increases the probability of synaptic vesicle 

docking and neurotransmitter release (Pozzo-Miller et al., 1999).

Direct current electric fields (DCEFs) also directly affect the postsynaptic neuron by depolarizing (basal dendrites and soma, represented in the figure) or hyper-

polarizing (apical dendrites) the membrane in anodal tDCS, or the opposite with cathodal tDCS (Kabakov et al., 2012), which further facilitates/inhibits α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)- and N-methyl-d-aspartate receptor (NMDAR)-mediated ionic changes.

Overall, with long-term potentiation (LTP) responses, there is an upregulation of neurotransmitter release that facilitates the opening of AMPARs and indirectly that 

of NMDARs (Derkach et al., 2007). The opposite is true for long-term depression (LTD). The Ca2+ influx has been demonstrated to increase AMPAR phosphorylation and 

their incorporation into the membrane (Opazo et al., 2010). Ca2+ further increases the release of neurotrophic factors into the synaptic cleft and its absence decreases 

it (Neal and Guilarte, 2010). Once activated, postsynaptic Trk receptor induces later phase LTP (L-LTP) and favors the opening of NMDARs, which also promotes L-LTP, 

whereas the opposite is involved in cathodal tDCS, promoting later phase LTD (L-LTD) (Minichiello, 2009). Both L-LTP and L-LTD are dependent on modifications of gene 

expression (Frey et al., 1996; Smolen, 2007). PSD, postsynaptic domain; Cav; voltage-gated calcium channel.
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the BDNF Val66Met polymorphism, which affects the release 
of BDNF, motor skill acquisition after a 5-day tDCS treatment 
is significantly lower than in healthy volunteers (Fritsch et al., 
2010). This polymorphism further abolishes changes of spinal 
cord excitability usually observed during stimulation (Lamy and 
Boakye, 2013), all of which highlights the importance of this 
growth factor in DCEF-mediated changes at the synapse. Further 
support for this comes from a study in which DCS was applied to 
brain slices of the motor cortex and the LTP-like effects observed 
were found to be partly dependent on the activation of TrkB, the 
main receptor of BDNF. The activation of this receptor is neces-
sary to initiate LTP but does not seem to be needed to sustain or 
promote LTP-associated plasticity (Fritsch et al., 2010).

Most neurons change their growth direction in an EF, which 
is further associated with increases in the number of dendritic 
spines, as shown in vitro (Figure  2). To date, the best-known 
effects of tDCS are on the sustained modulation of neuronal 
excitability measured by motor evoked potential and functional 
magnetic resonance imaging in humans (Nitsche et al., 2008). In 
mice, motor evoked potential can be facilitated or suppressed, 
for up to 10 minutes, using anodal and cathodal tDCS, respec-
tively (Cambiaghi et al., 2010). This has also been confirmed in 
rats by measuring the changes in blood flow after tDCS (Takano 
et  al., 2011; Wachter et  al., 2011) and by electrophysiological 
measures in awake rabbits (Marquez-Ruiz et al., 2012).

Other factors and neurotransmitters are also involved. 
Following tDCS delivered over the primary motor cortex, 
γ-aminobutyric acid levels (measured by magnetic resonance 
spectroscopy) are further reduced in healthy human volun-
teers (Stagg et  al., 2009a). Blockade of serotonin reuptake 
increases LTP induced by anodal tDCS of the motor cortex and 
reverses cathodal LTD into LTP (Nitsche et al., 2009), whereas D2 
antagonists abolish cathodal and delay anodal tDCS-induced 

plasticity in healthy volunteers (Nitsche et  al., 2006), demon-
strating the importance of dopamine and serotonin in human 
tDCS. Interestingly, stimulation of the rat frontal cortex signifi-
cantly enhances extracellular striatal dopamine but only in the 
context of cathodal tDCS (Tanaka et al., 2013). In mouse models 
of ischemic stroke, there is an increase of lactate after anodal 
tDCS and a decrease of glutamate concentration and levels of 
NR2B (a subunit for NMDAR) after cathodal tDCS (Peruzzotti-
Jametti et  al., 2013) (Table  1). Taken together, the release of 
neurotrophic factors (eg, BDNF), the growth and orientation of 
dendritic spines, and the release of a number of neurotransmit-
ters support a role for tDCS in neuronal plasticity, all of which 
may be mediated through NMDARs.

The Effects of tDCS on Other Neural and 
Inflammatory Processes

Although tDCS can affect synaptic processes, it is also clear that 
DCEFs generated in the stimulated cerebral tissue (Nitsche et al., 
2008; Rahman et al., 2013) can influence physiological processes, 
including inflammation, neurogenesis, neuroplasticity, and 
angiogenesis (Figure 3; Table 1).

Effects of tDCS on inflammation
DCEFs have demonstrated significant effects on the inflamma-
tory response both in the central and peripheral nervous sys-
tems. For example, in vitro DCEFs can accelerate and polarize the 
migration of several types of peripheral immune cells, including 
lymphocytes (Li et al., 2011a), monocytes (Lin et al., 2008), neu-
trophils (Zhao et  al., 2006), macrophages (Orida and Feldman, 
1982), and polymorphonuclear cells (Franke and Gruler, 1990) 
(Figure  2). Cultured primary astrocytes as well as astrocytic 
cell lines (Pelletier et al., 2014) align perpendicularly to an EF 

Figure 2. Cell types and their responses to transcranial direct current stimulation (tDCS).
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(Borgens et al., 1994; Alexander et al., 2006) and have increased 
energy metabolism when stimulated by DCEFs (Huang et  al., 
1997). We have also recently observed that high-voltage EFs may 
provoke an inflammatory response in quiescent BV2 microglial 
cells, as shown by the increase in  cyclooxygenase-2 expression 
(Pelletier et al., 2014). This is in agreement with studies in rats in 
which daily anodal (5 consecutive days) or cathodal stimulation 
over the primary motor cortex increases the number of cortical 
microglial cells on the ipsilateral side of the stimulation (Rueger 
et al., 2012) (Table 1). This, however, may be secondary to tissue 
damage, because despite the fact that the stimulation param-
eters chosen for this particular study were not reported to lead to 
apparent brain lesions, another study established that cathodal 
stimulation at this level can create discernable cortical lesions 
(Liebetanz et al., 2002), and it is this that drives the inflamma-
tory response. In contrast, in mice stimulated with cathodal 
tDCS 30 minutes after a middle cerebral artery occlusion (model 
of ischemic stroke), the number of cortical Iba1+ and CD45+ (ie, 
microglial) cells was actually reduced (Peruzzotti-Jametti et al., 
2013). This coupled to the reported decrease in hippocampal 
tumor necrosis factor-α levels 48 hours following the last of 8 
daily anodal tDCS sessions of the parietal cortex in a rat model of 
chronic restraint stress (Spezia Adachi et al., 2012) suggests that 
there are both anti-inflammatory and pro-inflammatory effects 
of tDCS depending on EF direction and intensity (Figure 3).

Effects of tDCS on angiogenesis
In vitro application of DCS can accelerate the migration of 
endothelial cells to the anode (Zhao et  al., 2004; Long et  al., 
2011) and their orientation (Zhao et al., 2004, 2012; Long et al., 
2011) (Figure  2). In addition, when EFs exceeding 100 V/m 
are applied, cultured endothelial cells not only elongate but 
secrete higher levels of vascular endothelial growth factor, 
nitric oxide, and interleukin-8 (Bai et  al., 2011), all critical 
players in angiogenesis. This helps explain that when a DCEF 
is applied in vitro to an aortic ring dissected from rodents, 
vessel-like structures orient toward the anode (Song et  al., 
2007). Furthermore, DCS has been shown to increase capillary 
density in a rabbit model of myocardial infarction when the 
stimulation is applied directly on the epicardium (Zhang et al., 
2011). These data all support the idea that tDCS can influence 
the vasculature and drive angiogenesis, although how this 
specifically relates to angiogenesis within the central nervous 
system is still unclear.

Effects of tDCS on Apoptosis, Neurogenesis, and 
Neuroplasticity

Apoptosis and Neurogenesis
DCS has been shown to affect apoptotic processes. In ischemic 
mice, tDCS significantly decreases the number of caspase-3 
positive cells in the cortex and striatum 24 hours following 
cathodal stimulation but increases it when anodal stimulation 
is used (Peruzzotti-Jametti et al., 2013). We know from in vitro 
studies that anti-apoptotic proteins, namely apoptosis inhibitor 
5, caspase 8, and Fas-associated death domain-like apoptosis 
regulator and the protein kinase C epsilon, are all upregulated 
in fibroblasts exposed to a 100-V/m stimulation (Jennings et al., 
2008), which may help explain these data.

In addition to its effects on apoptosis, cathodal tDCS of the rat 
primary motor cortex for 10 consecutive days has been reported 
to increase (by 160%) the number of proliferating cells and neu-
ral stem cells within the stimulated region (Rueger et al., 2012). 
Although the impact of this type of stimulation on behavioral R
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phenotypes was not investigated, it is important to remember 
that this study actually used a current intensity (142.9 A/m2) that 
greatly exceeded that being used for humans. Nevertheless, it 
should be noted that neural precursor cells exposed to DCEFs 
may not only increase in number but also preferentially migrate 
towards the cathode in vitro (Cooper and Keller, 1984; Li et al., 
2008; Ariza et al., 2010; Meng et al., 2011; Feng et al., 2012), and 
this could be exploited to direct neural stem cell migration 
towards a lesion or damaged location.

Neurite Outgrowth
In vitro studies have further demonstrated that weak DCEFs 
applied to neurons can increase the total number of neurite 
branches at the cathode, which is decreased with anodal stimu-
lation (McCaig et  al., 2005). DCEFs can also induce more rapid 

neurite growth (Wood and Willits, 2009; Koppes et al., 2011) and 
modulate their orientation. Depending on the cell type, differen-
tiation stage, or animal model used, neurites can be redirected 
towards the cathode (Patel and Poo, 1982; Erskine et  al., 1995; 
Palmer et al., 2000; Rajnicek et al., 2006; Wood and Willits, 2009; 
Koppes et al., 2011), the anode (Cork et al., 1994), align perpen-
dicularly to the EFs (Pan and Borgens, 2010) or not be affected at 
all (Cormie and Robinson, 2007) (Figure 2). In vivo, daily tDCS over 
a period of 2 weeks following ischemia in rats increases spine 
density in the remaining cells at the infarct site, which is further 
accompanied by improved motor function (Jiang et al., 2012). In 
addition, upregulation of MAP-2, a critical protein in dendritic 
outgrowth and remodeling, and GAP-43, a protein found in 
axonal growth cones, further support this specific effect of tDCS 
on dendritic as well as axonal regrowth following tDCS (Yoon 

Figure 3. Putative cellular mechanisms of action of anodal transcranial direct current stimulation (tDCS). Anodal tDCS has been demonstrated to increase the ampli-

tude and reduce the timing of glutamatergic neuronal firing (the opposite effect is observed for cathodal stimulation) (Cambiaghi et al., 2010; Hunter et al., 2013). In 

contrast, the firing of interneurons is decreased in both anodal and cathodal tDCS in healthy human subjects, as suggested by decreased γ-aminobutyric acid (GABA) 

release (Stagg et al., 2009a). Glutamate is also reduced by cathodal tDCS in healthy human subjects, whereas dopamine has been reported to be increased in normal 

rats with such therapy (Stagg et al., 2009a; Tanaka et al., 2013). Increases in growth associated protein-43 (GAP-43), a protein synthesized during axonal growth, and 

microtubule-associated protein-2 (MAP-2), involved in dendritic remodeling along with an increase in dendritic density, has been reported in stimulated brain struc-

tures in rats with ischemic lesions, which further suggests that anodal tDCS may have neuroprotective as well as neurorestorative properties (Yoon et al., 2012). There 

are, however, no data on their modulation by cathodal tDCS. In ischemic mice, cathodal tDCS also decreases ionized calcium-binding apater molecule-1 (Iba1+), CD45+, 

and caspase-3+ cell numbers, whereas the opposite is seen with anodal tDCS (Peruzzotti-Jametti et al., 2013). In a rat model of chronic stress-induced pain, tumor 

necrosis factor-α (TNF-α) is also downregulated by anodal tDCS, but an increase in the number of Iba1+ cells is observed in both anodal and cathodal tDCS at high 

intensity in normal rats (Spezia Adachi et al., 2012). Angiogenesis and increases in vascular endothelial growth factor (VEGF) levels have been reported in peripheral 

tissues exposed to DCEF (Bai et al., 2011). Finally, anodal tDCS in ischemic mice may also exacerbate cortical hemorrhage and provoke the disruption of the blood-brain 

barrier (BBB; Peruzzotti-Jametti et al., 2013). Taken together, all of this suggests that tDCS affects a number of physiological processes in both the central and periph-

eral nervous systems that may be relevant to its effects in disease states. AP, action potential; BDNF, brain-derived neurotrophic factor; DA, dopamine; Glu, glutamate.



Pelletier and Cicchetti | 9

et al., 2012). GAP-43 expression also raised following low-inten-
sity DCEF stimulation of differentiated neurons in vitro (Pelletier 
et al., 2014), and when a cathodal stimulating electrode deliv-
ering a weak DCS is implanted into the hemi-lesioned spine of 
guinea pigs, there is increased axonal regrowth that further leads 
to the recovery of the cutaneous trunci muscle reflex created by 
this type of lesion (Borgens et al., 1987, 1990). These axons are 
also able to grow through the glial scar, something that is not 
observed in sham lesions. Finally, in paraplegic dogs, subcuta-
neous application of DCEF has been shown to lead to improve-
ments in neurological measures such as recovery of deep and 
superficial pain sensation, proprioceptive reflexes, and locomo-
tor ability (Borgens et al., 1993). Taken as a whole, DCEF seems to 
be able to induce robust axonal outgrowth in vitro and in vivo.

Can DCEF Observations Made in Vitro and in Small 
Animals Be Extrapolated to Humans?

In vitro and in vivo animal studies conducted thus far are too 
few to answer this question, especially given that the stimula-
tion parameters are very different from one study to the other. 
This, of course, complicates the interpretation and the extrapo-
lation of data to the clinical setting. Nevertheless, the use of in 
vitro models offers some advantages. Simpler models where the 
basic parameters can be controlled are ideal to dissect cellular 
and molecular mechanisms. For example, the use of brain slices 
permits simultaneous stimulation at different intensities, which 
would be difficult to perform in animals. It is also possible in 
these model systems to investigate various electrophysiologi-
cal properties that would be otherwise impossible to observe 
in vivo, for example, cell behavior in EFs (eg, orientation in the 
field). The strength of working with isolated tissue is that one 
can control the direction of current flow and monitor its behav-
ior at all times (Bikson et al., 2012). Certainly, in vitro observa-
tions must be interpreted with care as they may not always 
reflect what takes place in the more complex environment of 
the mature nervous system. Whenever possible, results should 
be confirmed by in vivo studies.

In vivo studies in small animals are also extremely valu-
able. In stimulation studies conducted in rodents, electrodes 
are usually fixed to the skull and because it has a low conduct-
ance, there is almost no diffusion of the electric current before 
it reaches the brain. The electrode size (2 mm diameter) further 
allows one to stimulate a relatively specific area of the brain and 
to consistently stimulate the same region in the same or differ-
ent animals of the same cohort. It also enables one to stimulate 
freely moving animals, bypassing potential artifacts created by 
anesthesia (Gersner et al., 2011). Importantly, there are now an 
infinite number of animal models of various pathological condi-
tions. Despite the fact that these models do not perfectly mimic 
all aspects of disease, they do replicate several behavioral and 
pathological features that allow to study and better understand 
the various mechanisms driving anomalies and how these 
respond to tDCS interventions.

Lastly, we must keep in mind that the stimulating parameters 
reported in in vitro and in vivo studies are admittedly higher than 
those typically used in human tDCS, where stimulation amounts 
to approximately ≤1 V/m, for a maximum of 0.28 A/m2 brain cur-
rent density (Im et al., 2012). However, this does not invalidate 
preclinical data, and trying to replicate the exact parameters used 
in the clinic from small animals may not be that logical given the 
differences in brain size and cellular composition (Bikson et al., 
2012). Despite the significantly higher current intensities used in 

small animals, several responses resemble those measured in 
humans. For example, tDCS applied to tobacco smokers led to 
reduced smoking (Fecteau et al., 2014), just as it has been associ-
ated with reduced addictive behavior in mice treated with nico-
tine (Pedron et al., 2014). tDCS treatment of Parkinson’s disease 
patients reveals long-term improvements of some motor fea-
tures (Benninger et al., 2010), which has also been reported in the 
rat 6-hydroxydopamine (6-OHDA) lesion model of parkinsonism 
(Li et al., 2011b). Cathodal tDCS significantly attenuates epileptic 
discharge frequency in patients (Auvichayapat et al., 2013), with 
similar anticonvulsive properties also being observed in rats 
following cathodal tDCS (Liebetanz et  al., 2006b). Finally, tDCS 
applied to stroke patients improves gait performance (Tahtis 
et  al., 2014), hand dexterity, and selective attention (Au-Yeung 
et al., 2014), whereas motor and cognitive improvements were 
also seen in animal models of stroke (Kim et al., 2010).

An overview of the data available has shed light on the impact 
of tDCS on a number of biological phenomena. tDCS can gen-
erate LTP- and LTD-like effects and modulate cell morphology, 
orientation, migration, and growth. Although affecting primarily 
the cortex, it has the capacity to reach deeper structures, and its 
effects include neuroprotection, axogenesis, and neurogenesis 
as well and the modulation of inflammatory responses. Despite 
the inherent limitations of in vitro settings and animal models 
of disease, the information derived from these model systems 
is quite insightful and will help identify putative mechanisms 
of action of tDCS responsible for the clinical outcomes reported. 
However, Phase III clinical trials will be critical to unveil the true 
potential of this methodology as a treatment option.

Conclusion

Taken together, the data for tDCS hold promise for the treatment 
of diseases affecting the central nervous system. However, a sig-
nificant amount of fundamental research still needs to be done 
to support the therapeutic usefulness of tDCS. Furthermore, 
stimulation dose response curves also need to be performed 
to identify the most effective conditions and thus optimize the 
therapy, as stimulation parameters are critical in determining 
outcome. At this stage, a deeper and better understanding of the 
mechanisms of action of noninvasive brain stimulation is nec-
essary to unveil the true potential of tDCS in the clinical treat-
ment of a range of neurological and psychiatric conditions.
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