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Transcranial Direct Current Stimulation (tDCS) is a non-invasive brain stimulation technique
that is affordable and easy to operate compared to other neuromodulation techniques.
Anodal stimulation increases cortical excitability, while the cathodal stimulation decreases
it. Although tDCS is a promising treatment approach for chronic pain as well as for neu-
ropsychiatric diseases and other neurological disorders, several complex neurobiological
mechanisms that are not well understood are involved in its effect. The purpose of this
systematic review is to summarize the current knowledge regarding the neurobiological
mechanisms involved in the effects of tDCS. The initial search resulted in 171 articles. After
applying inclusion and exclusion criteria, we screened 32 full-text articles to extract find-
ings about the neurobiology of tDCS effects including investigation of cortical excitability
parameters. Overall, these findings show that tDCS involves a cascade of events at the
cellular and molecular levels. Moreover, tDCS is associated with glutamatergic, GABAergic,
dopaminergic, serotonergic, and cholinergic activity modulation. Though these studies pro-
vide important advancements toward the understanding of mechanisms underlying tDCS
effects, further studies are needed to integrate these mechanisms as to optimize clinical
development of tDCS.

Keywords: tDCS, neurobiology, neuromodulation, functional effects, long-term depression, long-term potentiation

INTRODUCTION

Transcranial Direct Current Stimulation (tDCS) has been utilized
for the modulation of cortical excitability (Nitsche and Paulus,
2000; Fregni et al., 2005; Dieckhofer et al., 2006; Nitsche et al.,
2007; Wagner et al., 2007b) in various diseases, such as depression,
chronic pain, stroke, and Parkinson’s disease (Hansen et al., 2010;
Lindenberg et al., 2010; Antal and Paulus, 2011; Borckardt et al.,
2011, 2012; Riberto et al., 2011; DaSilva et al., 2012; Knotkova
et al., 2012; Kumru et al., 2012). tDCS consists of applying direct
current (DC) over the scalp using electrodes that are enclosed in
perforated sponge pockets soaked with a saline solution or a rub-
ber electrode with conductive gel (Vanneste et al., 2010; DaSilva
et al,, 2011). It effects depend on the following factors: the size,
polarity and position of the electrodes, the applied current inten-
sity, the density and duration of stimulation, and the properties of
the tissue in the stimulated area.

This technique can induce long-lasting and polarity-specific
changes in the excitability of the motor cortex in humans (Nitsche
and Paulus, 2001; Lang et al., 2004). Depending on the current
flow, it can increase or decrease neuronal excitability. The mech-
anisms are electrode-dependent and involve either (1) membrane

depolarization (increased spontaneous firing and excitability of
the cortical neurons for anodal stimulation) or (2) membrane
hyperpolarization (decreased neuronal firing and excitability for
cathodal stimulation; Nitsche and Paulus, 2000, 2001; Nitsche
etal.,2003a). In the most commonly used procedure, one electrode
is placed over a specific site while the other reference electrode
is placed over another location to complete the circuit of cur-
rent flow. The electrode positioning is critical for determining
the direction and spatial distribution of the current flow and,
ultimately, the effectiveness of the treatment (Utz et al., 2010).
The exact pathways involved in the effects of tDCS are not
fully understood (Wagner et al., 2007a; Utz et al., 20105 Stagg and
Nitsche, 2011). Thus, more studies to support its clinical appli-
cation are needed. It is known that weak fields are the basis of
the biological effects of tDCS. It is thought that the application
of an electric field with sufficient strength and duration can cause
a rapid increase in the electrical conductance of biological mem-
branes. This is associated with an increased permeability for ions
and small and large molecules. However, the knowledge about
the effects on neurotransmission, neurochemical markers, neural
pathways, neural tracts, or neural interfaces is incomplete.
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Few tDCS studies have been published that assess its underlying
neurobiological mechanism. Thus, there is need for further stud-
ies to broaden our understanding of the possible neurochemical
and neurobiological mechanisms involved. In addition, a better
understanding of its possible mechanisms is essential to advance
the research and to supportits application in a clinical setting. Cur-
rently, there are only 123 clinical trials published in English using
tDCS. We found 32 studies that assessed the some neurobiological
mechanisms.

Neurophysiologists have shown great interest in investigating
the effects of low-intensity electrical stimulation, in which the
currents used are typically equal to or less than 2 mA, applied to
humans (Zaghi et al., 2009). However, studies in human are some-
times insufficient to understand the underlying mechanisms. To
address this, we use the translational approach of animal research.
The purpose of this review is to summarize the current knowledge
and to improve the understanding of the neurobiological mecha-
nisms that may be involved in the effects of tDCS. Moreover, we
aim to reveal novel insights into the mechanism of action of the
observed clinical responses.

METHODS

This systematic review is based on a literature search using
PubMed, Web of Science, OVID MEDLINE, and the Cochrane
Library. The keyword “tDCS” was used in combination with other
keywords such as “pain,” “chronic pain,” “depression,” “Parkin-
son,” “stroke,” “cell mechanisms,” “neurobiological mechanisms,”
“functional effects,” “intracellular effects,” “receptor,” “long-term
depression (LTD),” and “long-term potentiation (LTP).” The term
“AND/OR” was used in each combination. The reference sections
of the studies that met our inclusion criteria were also manually
screened for relevant publications.

INCLUSION CRITERIA

Studies had to meet the following criteria: (1) published in Eng-
lish between 2002 and 2012, (2) report original research, (3)
tDCS, (4) the main factors of interest were neurotransmitters,
peptides, neurochemical markers, neural pathways, neural tracts,
or neural interfaces, and (5) had outcome measures regarding
changes in symptoms or electrophysiological or biochemical para-
meters. Full-text records of each retrieved article were reviewed to
determine which studies would be included. We collected informa-
tion regarding neurobiological mechanisms from human, animal,
and cell-culture studies. Moreover, we extracted information on
cortical parameters. We systematically screened all articles for the
following information: experimental design, sample size, stimu-
lation details (stimulation paradigm and parameters), and main
results regarding neurobiological mechanisms. As this review is
mainly focused on the neurobiology of tDCS effects, we did not
conduct statistical analyses, but instead summarize the results in
a narrative format. The exclusion criterion was a lack of original
data, such as review articles.

RESULTS

The final search identified 171 studies. After applying the inclu-
sion and exclusion criteria, we included 32 studies for full-text
analysis. We screened the articles according to neurobiological

mechanisms, and summarized the results separately for in vivo
(humans and animals) and in vitro studies. Tables 1-4 show the
main findings.

NEUROBIOLOGICAL MECHANISMS

One of the most common ways that we can improve our under-
standing of neurobiological mechanisms is through pharmacolog-
ical intervention. Numerous studies have attempted to understand
the mechanism of action related to the tDCS neuromodulation
technique (Liebetanz et al., 2002; Nitsche et al., 2006; Monte-Silva
etal.,2009).Itisimportant to note that these investigations include
healthy volunteers as well as patients. In addition, in vitro studies
and experimental research in animal models can help elucidate the
possible mechanisms involved in tDCS.

In vivo — humans

A total of 20 articles reported tDCS experiments in humans. The
results are presented in Table 1. Most of the articles used pharma-
cological interventions to characterize the after-effects of tDCS,
some of them analyzing the short and long-lasting effects after
tDCS. The use of drugs that interact in diverse systems, such as
GABAergic, serotoninergic, and cholinergic, can contribute to clar-
ify the some of the neurobiological mechanisms of action related
to after-effects of tDCS. The results from these studies demon-
strate that a variety of systems can be involved in the mechanisms
of action of tDCS. All these articles investigated healthy subjects,
except for one case report (Antal and Paulus, 2011).

In vitro

A total of six articles reported basic DC experiment. The results
are given in Table 2. Studies in vitro can bring us the membrane
and intracellular mechanisms involved in the effects of DC stimu-
lation. The studies described that the intracellular calcium can be
related to one pathway mechanism of tDCS. The BDNF-secretion
may be other pathway that can explain the after-effects of DC
stimulation.

In vivo — animals

A total of three articles reported DC stimulation experiments in
animals. The results are summarized in Table 3. These results
demonstrate that DC stimulation can promote neuroprotective
or neuroplasticity effects in rat animal models. In addition, it was
demonstrated modulation in the learning process after stimulation
using rabbits.

CORTICAL EXCITABILITY

We included four articles that associated cortical excitability
parameters with neurobiological mechanisms. The parameters
of cortical excitability can contribute to a better understand-
ing of the effects of neuromodulatory techniques, such as tDCS.
Transcranial magnetic stimulation (TMS) is a tool that can be
used for evaluating the parameters of cortical excitability in
response to neurostimulatory interventions. The results demon-
strated the polarity-specific response of tDCS, anodal stimula-
tion increases MEPs and cathodal decreases it. Most of studies
were performed in healthy subjects. The results are given in
Table 4.

Frontiers in Psychiatry | Neuropsychiatric Imaging and Stimulation

December 2012 | Volume 3 | Article 110 | 2


http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation
http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation/archive

Neurobiology of tDCS

Medeiros et al.

(penuiuo)

Svd! Ag peonpul uoinuiwip Alljigeloxs

3} pue Syde Ag paonpoud juswsdueyus Alljiqenoxs

a3 pabuojoid pue pedueyus pue ‘uoniigiyul padnpul

8} 8zljiqels 01 Jele| Uyl pue SO} [ePOU1ed Ag uoniqiyul
8y} 9onpal 1811} 0} Aduspus) e pamoys ‘SO} |epoue Jaye
1UsWadUBYUS A}I|IgRIIOXS JO UOIONPUI 8Y1 Pa3d0|q WYAIY

SD@} [BPOYIED Jole 8SBRI08p Al|IGRNOXS 8y} pehuojoid
pue ‘SD} [epoue Jaye 8sesaloul AlljIgeloxe peAejep eyl
paysiioge ‘SOl Aq peonpul seBueyo 8yl ysijgelse-a. 1ou
PIP 19d/1NS "SI} [BPOUE I8l AM[IGRIOXS 4O 8SBaIOUl
8y} ul Aejop e pelowoid pue ‘SO [BPOYIED pue [epoue
JO s108ye-I8)e 8y} paysijoqe Ajeie|dwod 1sowle NS

SDQ1 [BPOYIRD pue [epoue
40 S108jj8-19}je By} JO Uollednp 8yl paysiuiwip Odd 'SOdi
|epoue Ag psonpul Juswadueyus Aue paxoo|q 4AV/OING
'SDQ! [epoue Jaye sabueyd Aljigelioxs Bunsel-Buol
Ay} Jo 8sealoul 8y} pabuojold pue padsueyus dIAY

SDQ1 [epoue Ag paonpul Alljiqenoxs
pasealoul JO UolleINp 8yl paleiiualod AjoA1los|es DAD-P

SO} [epoue Ag peonpul Alljigeloxe Jo asealoul
pebuojoid pue ‘padueyus ‘pahejep e pajowoid YO

Apnis snoinaid e Ul paAISSqo 9SOy} 0} Je[iwis

alam s} nsal OINJ 9YL ‘Soaye Jejwis sey N4 'SOA}
Jele pue Bulnp s108448 [epoue sy} Ajuo paeuiwi|e 7g)d

S108}40 |epoue
8y} Ajuo paleulwi|e 7gd "UOIIRINUIIS [BPOYIRD pUE [BPOUE
4104 Jo s1oeye-194e 8y} Jo uoissaiddns e peonpul QNG

ogaoe|d
10 (YAIY) sulwbnseAly

ogeoe|d 10
‘(19d) epijobiad/epuidins
'(INS) epuiding

0ge2e(d Jo (ONQ)
ueydioylowonnxep

/luiwelaydwe
'(OYd) |ojouedouid

"dAV) Jluiwersydwy

ogeoe|d
10 (DAD-P) 8UIBSO|2AD-P

ogaoe|d
10 (4O7) wedazeio

ogaoe|d
JO ‘ueydioyrouwoixep

"(N14) surzueunyy
‘auidezeweqle)

ogaoe|d 10 ‘(OINQ)
ueydioylowoixap
"(z90) suidezeweqie)

sy1oslgns
Agyesy z1-0L

s1oelgns
Aqiesy zL-v

s1o08lgns
Aqyesy z1-G

(18w g) s108lgns
Agiesy z|

syoslgns
Aqyesy z1-9

s1o09lgns
Aqyeay -1

(slew g)
sy09lgns Ayyesy
pepuey-ybu ||

SVd® 10 Svd!

Aq pemoj|o} [ LA Ue| Jeno
(Ul gl) |BpOUE 10 ‘(UlW B)
[BpOYIeD "YW | SOQ

LN 48| Jeno
(U 1) [BPOUR 10 ‘(LI 6)
[EPOYIED YW | SO}

(uwel)

[BPOUR PUE (UIW G IO ‘UIW /
'S¥) [epoyied 'yw | SOQ1
LN Yo| Jono

(UIW €1) [EPOUE JO (UIL B)
[epoy1ed 'YW | SO}

LA 48] Jeno (uiw | 1)
|epoue 10 (Ul g pue ‘Ui g
'S p) [epOY1eD YW | SO}

LN W8] JeAo (Ul gl—LL)
SO} |epoue o ‘(Ui g
'S ) [BPOYIED "YW | SO}

LN 48| J8AO |epOY1LD 1O
[ePOue (Ul G) YW | SOQ}

X81109
Jo30W uewny sy} ul Ayonsejdolnau
uo 8UI|0Yd|A182. JO 10818 BuIsndo4

X81109
Jolow uewNy 8y} 40 UONE|NWIS
1ua.Ind 10811p Bunsel-buol

JO uole|npow oibisuiwedoq

suewny
ul Auonse|dolnau |BO110D J0JOW
4O UOI1BPI|OSU0D 21BJ8UIWE|0Y081R))

BUII8S0|0AD-p
Ag Anonse|dolnau B911109
10]0W UBWNY JO UOIIEPI|OSU0D

suewny ul syiys Aljigeioxs
X810 JOJ0W PaoNpUI-UoIIBINWILS
0 4o uonenpow d1b1eaygyD

suewiNy Ul UOIBINWILS
JUS.1IND 1081Ip |eluelosueRl} Ag
paoNpu| "SYIYS AM|IGeHOXS [BD1310D
1O uoneNpow |eo1BojoorWIRYY

AMI|I0BHIOXS X8102 JOJOW Uewny Jo
S108}40-1914e PaONpUI-UOIIRINWIS-)(J
|elURIOSURI) JO SWSIUBYDBW

2y 0} yoeoidde |eoibojodoewleyd

(£002)
‘le 10 ony|

(9002)
‘|e 18 8YoSN

(0%0072)
‘le 18 8yos1N

(a002)
‘e 18 8YoSIN

(ev002)
HEREEEWISN

(a€002)
‘le 18 8Yos1N

(¢002) "le 12
zuelager

sjyBisul/synsay

UOIJUAAIB}U|

N

Juawadxy

9L

(1edA) J0yiny

(02 = ) S91IpNIS OAIA Ul uewny :swisjueydsaw [esibojoiqoinay | | ajqer

December 2012 | Volume 3 | Article 110 | 3

lersin.org

www.front


http://www.frontiersin.org
http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation/archive

Neurobiology of tDCS

Medeiros et al.

(penupuo)

S|9A9| VYEVD
Ul UOIONPaI B YIM Pale|aliod Yolym ‘|ans| siewein|b

UOIBINWIS |BIUBIOSUE}

pasealoap e Ul paynsal SO} [BPOYIRD 8JIYM ‘JIajIuISueRI] s108lgns (Ul QL) weys Jo ‘|lepoyied AQ sJeniwisuelloinau |Bo11109 (6002)
vgVvD JO UoIONpal [BO0] B Ul pa}nsal SO} [epouy Ayyesy |-/ ‘lepoue pue W | SO} JO UOIBINPOW SAINISUSS Allle|od ‘le 1o Bbe1g
(U g) suewny
paoNpuI-SH} |BPOYIRD paulny 1l sealaym ‘SO} [epoue ogeaoe(d (ejew g) s108lgns [epoyied Jo ‘(Ui g1) ul Ajoisejdoinau paonpul-luaiIng (@6002)
Ag paonpul uonel|ioe} ayy pabuojoid pue padsueyus ||) 10 (1]1D) weidojeyn) Auiesy z1 |lepoue ‘yw | SO} 108lIp |BIUBIOSUEJ} S}08}4E UIUO}OISS ‘|e 18 8YosHN
ogeoe(d SVd® 10 Svd!
Svd! Aq paonpul uonigiyul sy} 1o epuidins/(edop-|) Aq pamoio} [ LIN YB| Jeno
ysijgeise-al 01 a|ge sem edop-| ‘Syyde Aloiell|ioe} Buinoays edopons| s1o8lgns (Ul g) [EPOYIED “(UIW §1) suewny ur Ayonsejdoinau (e6002)
INOYUM "Syd! Ag paonpul uonigiyul 8yl paystjode 41NS "dINS) epuiding Auresy z1-0L lepoue "YW | SOQ} uo Joedul Joydedsl-1Qq ‘|B 18 BUOSUN
Aluo sH@1 SVd@ 10 SYd! Aq pemoj|o} suewny ul Ayonseld |eooy-uou
Jaye Ayonse|d Alolgiyul 10} 10848 SUIeS 8y} PaMoys (elew ‘LN 48| JOA0 Weys 10 pUE [BOO} UO UOIIBAIIOE J0}d8d8l
pUE SYdd pue SO: Jeye Auonseld Aloiel|ioe) ul 8AIND 9) slosun|on (Ul B) [BPOYIRD ‘(UIW E1L) (&Y1]-z@) dulwedop 40 10848 (6002) ‘1818
asuodsal-asop padeys , N, PaLSAUI ue padonpoid 4y 0gsde|d 10 (4Y) sjodidiuoy Aulesy z1 |lepoue ‘yw | SO padeys-n paueAul Juspuadsp-8s0Q BA|IS-01UOIA|
suewny ui sjeiuslod paxons-lase|
ulw O 01 dn Joj uonesuss uled ul uononpal (s1ew 40 apnijdwe sy} eonpa. 01
8y} pue Yz dn 1o} Jusuodulod ZN 8y} 0 uononpal ogooe(d G) SI99IUNJOA ||| JOAO |0JIUOD IO (Ul GL) UOI1B|NWIS 1U8.1IND 1081Ip [EPOYIRD (8002)
8y} Bulpn|oul ‘s1oae-ale |epoyied ay) pabuojoid 19d 10 (19d) op!jobliad Auleay z1| YW | [epoyied §Ol 10 Aoeoiye 8y} sasealdul apljobiad ‘le 1o Aeula|
Apnis SHIA-H | & :semnuiw 4o Jepew
LN e Ul UOIIB[NWILS 1US1IND 1081Ip
9p0J108|8 BY} MO|ag AJUO INg ‘UOIBINWILS (sejew 9) s108lgns 146l J8A0 Weys 1o [epoue |elueIOSURIY AQ paljipoW SI Uleiq (8002)
Jaye uiw g 01 dn |01SOUIOAW 8y} pasealdoul SO} [epouy Ayyeay QL (UWGL) YW Gl SOQL UBWNY 8y} Ul 1UBIUOD [OLSOUIOAIA ‘le 18 obuey
asea.oul
All|Ige11oxa o1y10ads-asdeuAs paonpul-Syd @yl pazi|igels
pue ‘SO |BPOYIRD Ag padnpul uonnuiwip Aljiqeyoxe LN H3| Jeno (uiw g)
oy} pabuojoid ‘uonigiyul oul SH L |epoue Ag peasned ogaoe|d s1o8lgns |[epoy1ed Jo ‘(U gl) aulwedop Ag Ayonsed (8002)
1usWBoUBYUS All|I0EIIOXS Ol108dsun ay) pauln) edop-| 10 (edop-|) edopors Ayyesy |-/ |lepoue ‘yw | SO uleiq paonpul Ajleao} Bunsoog ‘|e 1o ony
SINL 0}
asuodsal ey} pue Anonseld |10
SINL! ZH | Ag Buimojjoy SOQ3 [BPOUIED YUM Svd uewny salenpow (4NQg) eusb
Buluoiipuod-aid 1ok Pa1oadxs 10840 211e1SOBWOY Byl SJ981uUN|oA ‘SINLL ZH | (U QL) YW | 101084 01ydoJ10INaU paALIBp-Ulelq (8002)
Jussald 1ou pIp 19|\ 99/eA WisiydiowAjod yim sjenpiaipu| Ayyeay L9 SDQ} [BPOYIeD ‘Sg! ‘'Sglo 8y} Ul wisiydiowAjod uowwod ‘|e 18 ueleay)
syybisul/syinsay uonuaAIAU| N Juadwpadxy 9L (1edA) 10yiny

panuiuog | | sjqer

December 2012 | Volume 3 | Article 110 | 4

Frontiers in Psychiatry | Neuropsychiatric Imaging and Stimulation


http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation
http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation/archive

Neurobiology of tDCS

Medeiros et al.

Aydeibojeydeouso.os)e Aq psainsesw S|eilus10a-pale|sa.i-1usnd AQ pajearal se sw 0z Alerewixoidde enem aazebau ‘Jusuoduwiod N ‘UoneINUWILS AIJBIO0SSE
pa.ied ‘Syd ‘uonenwils onaubew aAiledal ‘SALJ [1SINg elayl JuspiwIeIul ‘Sq 1 ‘1SINq Bleyl Snonujuod ‘Sg o [Uonenuils aA1lel00sse palied A10]elioxe ‘Syy4e ‘uonenwiils eAleinosse palied Aiolqiyul 'Syl

(uone|NWIS [BPOYILD-|EpOUE

pue [epoue-|epoy1ed 8y} Ylog 10}) POAISSO

SeMm UoIIgIYul AJUO “DAD-P 181y "UOIIBINWIIS [BPOYIED
BUIMOJ||0} UOIIGIYUI PUB UOIIRINWILS [Bpoue BUIMO||O}
AM|IQBIIOXS Ul S8SB8IOUI PaONPOId UOIIEINWILS PU0D8S 8y |

syeamg 01 dn 1o} uoiesuss Jaljal uied Jo [oAs] JuedIIUBIS
e se |jom se uondeolad uied ul uononpal 909 e
Ul peyNsal SO} [ePOUE YLM PBUIqUIOD 8ullasojoAd-p ey

aunoodIu Ag pabuojoid Apyblls sem (Sde)

Anonse|d Alojeljioey [eooy ay] "SHQ} |epoue Ag paonpul
Alonse|d Aloelljioe) eyl pue SOl |BPOYIRD pue Syd! Joye
Auonse|d Asonqiyul ey peonpal 1o Paysi|oge sullodIN

Buiules| Buunp LN o]

ay} ulyum abueyd |eubis |Y|AlL J0 8816ep oyl pue ‘Buluies|
Jojow Jo 8a.b8p ay1 ‘SO} |PPOUE J8)e 8SBaI08p

VgVvD 8yl UBaMIaq POAISSHO SBM UOIR|91I09 aAllIsod

SOQ3 Jo s108ye Alolgiyul pue
AJo1ell|1oe) 8y} paysijoge edop-| Jo sesop ybiy pue moT

(DAD-P) BULIBSO[OAD-P

10 (edop-|) edopone

ogeoe|d
10 '(719d) epijobied  (ejew Q) s1oalgns

Auyeay 8

uled |e1oej0.I0
jualsisiad yum

BUII8S0|0AD-p Jueled sjewsy |

yoied ogeoe|d SJ991UN|OA
10 yoied auodIN Ayyeay 8t
(ssjew 9)

s108lgns Ayijesy
papuey-1ybu z|

(uswi g)
s108lgns Ayijesy
papuey-1yBu z|

ogeoe|d

LI Uo| J8A0 (BSIOA-9DIA
10 [BPOY1IED UIW G—|Bpoue
Ui G) uii oL 'yw L SO

sAep g 10} (Ulw 0Z)
VW | SO} [epoue 1ISIA 1S |

LIA 48] 1910 (Ui B)
[epoues 10 ‘(Ui g1)
[epoue ‘yu | SO}

ARE]]
JOAO (Uil QL) YW | SOQ?

LIN 18] J8A0 (Ui 6)
[epoyed Jo ‘(U g1)
[epoue "YW | SO}

X81100 JOJoW uewny

8U1 JOAO UOIIB|NWILS 1US1IND 1081Ip
onsiuobejue jo syoeye Buise-Loys
8y1 JO uone|npow [esibojooewleyd

LA JeA0 y1oq ‘YW Z 18 shep G

104 (Ul OZ) YW Z [BPOY3IeD :MISIA pUZ
ayelul bnip 1siuobe

VAN YHM UOIIBUIGUIOD Ul BSJE
10}0W pueYIaAO0 paljdde uolenwiis
1U81IN9 1081Ip |elUBIOSURI] AQ paleal)
uled |e1oejol1o Alojoeljel JO 8sed

suewny Buryjows-uou

Ul UOIIBINWIS UlRIg SAISBAUI-UOU

Agq peonpul Ayoisejdoinau |e00-Uou
pue |eoo} uo 3oeduwll 21B18UI0DIN

Buiuies|
J0}OW UBWINY Ul gD 4O 8|04 8y

Avonseld
X81109 JOj0W uewny uo edop-| Jo
108448 Ieaull-uou Juepuadep-ebesoq

(c102) "le 18 geleyd

(1102)
snjned pue [eluy

(LL0Z) ‘le3e
wepuequueseueubniiy

(1102) ‘e 10 Bbelg

(0L02)
‘|e 18 BA|IS-8IUOIN|

spyBisul/synsay

uonuanIau| N

jJudwadxy

|SML

(4eaA) 1oyiny

panunuog | | ajqeL

December 2012 | Volume 3 | Article 110 | 5

lersin.org

www.front


http://www.frontiersin.org
http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation/archive

Medeiros et al.

Neurobiology of tDCS

Table 2 | Neurobiological mechanisms: in vitro studies (N = 6).

Author (year)

Title

Experiment

N

Model

Results/insights

Khatib et al.
(2004)

Radman et al.
(2009)

Fritsch et al.
(2010)

Dubé et al.
(2012)

Physiologic electrical
stimulation provokes
intracellular calcium
increase mediated by
phospholipase C
activation in human
osteoblasts

Role of cortical cell type
and morphology in
subthreshold and
suprathreshold uniform
electric field stimulation
in vitro

Direct stimulation
promotes
BDNF-dependent
synaptic plasticity:
potential implication for
motor learning

Human keratinocytes
respond to direct
stimulation by
increasing intracellular
calcium: preferential
response of poorly
differentiated cells

Electrical stimulation,
2V/em

DC stimulation, anodal
~5mV/mm up to
~=£30mV/mm

DC stimulation 10 pA

Electrical field of
200 mV/mm

Cells at 60-70%
confluence

Coronal slices
(300 wm) of
primary motor
cortex (M1) =51
neurons
(Pyramidal cells)

Not described

The cells were
plated into six
wells culture
dishes) cells/cm?
and cultured until
80% confluence
was reached

Ruohonen and  tDCS possibly DC stimulation in Theoretical
Karhu (2012) stimulates glial cells E-field — 2-mA current analysis

for tDCS - 20 mV

(2mA/50 mA) =0.8mV
Ranieri et al. Modulation of LTP atrat  DCS anodal or cathodal,  Not described
(2012) hippocampal CA3-CA1 50 stimuli at 100 Hz

synapses by direct
current stimulation

(500 ms each) repeated
every 20s

Osteoblasts cell
culture

Tissue model

Coronal mouse
slices

Keratinocytes cell
culture

Glial cells

Hippocampal slices

from male Wistar
rats

Electrical stimulation promoted an
increase in [Ca2t]; that showed a
partial inhibition after blocking cation
channels or chelating [CaZt]. A
phospholipase C inhibitor
completely abolished the [CaZt];
increase

The cells responded to DC in a
subthreshold and suprathreshold
uniform electric field. The
importance of the morphology and
type of cell in mediating the
response to the stimulus was
discussed

They proposed that DCS could
induce synaptic plasticity in vitro in
brain regions that do not respond to
conventional protocols. This was
dependent on enhanced
BDNF-secretion and TrkB-activation

Stimulation induced an increase in
intracellular [CaZ*]. The extracellular
calcium was responsible for this
increase, and it was mediated in
part by L-type voltage-gated calcium
channels. The increase was only
detected in involucrin-negative
keratinocytes

They considered the possibility of
glial mechanisms could be
modulated by tDCS

They suggested that tDCS can
modulate LTP in intact human brain

DC, direct current stimulation; [C&?* ], calcium intracellular; BDNF, brain-derived neurotrophic factor; TrkB, tyrosine kinase B; LTP long-term potentiation.

DISCUSSION
Overall, we reviewed 32 articles in full-text extracting the main
findings of tDCS on neurobiological mechanisms. TDCS effects
appear to be multifactorial and capable to induce changes in
different systems. Thus, the effects underlying tDCS cannot be
simplified to only one mechanism. tDCS induces physiological
changes that result in local and distant plastic changes. Some of
the tDCS effects seem to be associated with homeostatic effects in
a facilitatory and/or inhibitory way.

The studies reviewed in this article demonstrate that the plastic
changes induced by tDCS involve regulation of a broad vari-
ety of neurotransmitters including dopamine, acetylcholine, and

serotonin (Kuo et al., 2007; Monte-Silva et al., 2009; Nitsche et al.,
2009b), and also affect a variety of different neuronal membrane
channels, such as sodium and calcium. Furthermore the induc-
tion of tDCS after-effects is associated with synaptic modulation.
The after-effects of anodal and cathodal tDCS are influenced
by the potentiation of synaptic glutamatergic receptors (Nitsche
et al., 2003b). Furthermore, anodal tDCS is also influenced by
GABAergic neurotransmission via interneurons (Nitsche et al.,
2004a).

We showed several consistent pharmacological approaches
to understand the mechanisms of tDCS (Table 1). The DMO
(a NMDA-receptor antagonist) induces suppression of the
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Table 3 | Neurobiological mechanisms: in vivo animals (N =3).

Author (year) Title Experiment N Results/insights
Kim et al. Functional and histological changes Anodal or cathodal tDCS, 41 Sprague- Anodal stimulation showed a neuroprotective
(2010) after repeated transcranial direct 0.1 mA for 30 min for 2weeks Dawley effect (functional improvement and
current stimulation in a stroke model rats well-preserved white matter axons)
Marquez-Ruiz ~ Transcranial direct current stimulation Anodal or cathodal tDCS from 13 rabbits Associative learning is modulated by tDCS.
et al. (2012) modulates synaptic mechanisms 0.5 to 2mA (immediate Changes were observed in the amplitude and
involved in associative learning in effects) and 1 mA for 20 min area of the S1 components following anodal or
behaving rabbits (aftereffects) over cathodal stimulation. tDCS modulates
somatosensory (S1) cortex paired-pulse responses. LTD evoked in the
somatosensory cortex after cathodal tDCS is
prevented by blocking adenosine A1 receptors
Yoon et al. Functional improvement and Anodal or sham tDCS, 0.2mA 30 male Anodal tDCS modulated neural plasticity
(2012) neuroplastic effects of anodal for 20 min for 5 days Sprague- around the ischemic penumbra and even in
transcranial direct current stimulation Dawley the contralesional area without aggravating the
(tDCS) delivered 1day vs. 1 week after rats infarction volume or causing metabolic

cerebral ischemia in rats

alterations

LTD, long-term depression.

Table 4 | Cortical parameters (N =4).

Author (year)

Title Experiment

N

Results/insights

Lang et al.
(2004)

Hasan et al.
(2011)

Polania et al.
(2011)

Scelzo et al.
(2011)

tDCS 1 mA anodal or
cathodal (10 min)
over left M1

Effects of tDCS stimulation
over the human motor cortex
on corticospinal and
transcallosal excitability

tDCS 1 mA (3min)
anodal over left M1

Dysfunctional long-term
potentiation-like plasticity in
schizophrenia revealed by
tDCS

tDCS 1 mA (10 min)
anodal or sham over
left M1

Introducing graph theory to
track for neuroplastic
alterations in the resting
human brain: a tDCS study

tDCS 1 mA (13 min)
anodal over primary

Increased short latency
afferent inhibition after anodal

tDCS motor cortex

8 right-handed healthy
subjects (5 male)

44 individuals (22
paranoid schizophrenia
were compared with 22
matched healthy
subjects)

13 healthy volunteers (6
male)

12 subjects (4 male)

Increased or decreased MEPs according to the
specific polarity in the left hemisphere. The duration
of TC evoked from the right M1 was shortened or
prolonged according to the specific polarity

Anodal tDCS resulted in a reduction in LTP-like
plasticity in multi-episode schizophrenia patients
compared to recent-onset schizophrenia patients
and healthy controls. All schizophrenia patients
demonstrated reduced cortical inhibition

Anodal tDCS increased the nodal minimum path
lengths in the left somatomotor (SM1) cortex, i.e.,
the number of direct functional connections from
the left SM1 to the topologically distant gray matter
voxels was significantly decreased. The functional
coupling between the premotor and superior parietal
areas with the left SM1 was significantly increased.
The nodal connectivity degree in the left posterior
cingulated cortex area and in the right DLPFC was
significantly increased

Anodal tDCS promoted increased short latency
afferent inhibition (SAI), which can be related to
central cholinergic interneuronal circuits

M1, primary motor cortex; MEPSs, motor evoked potentials, TC, transcallosal inhibition; LTF long-term potentiation, DLPFC, dorsolateral prefrontal cortex.

after-effects of both anodal and cathodal stimulation (Liebetanz
et al., 2002), while the CBZ (a sodium use-dependent channel
blocker) eliminates only the anodal effects (Liebetanz et al., 2002).
Similar effect was observed using flunarizine (a calcium chan-
nel blocker) in the study of Nitsche et al. (2003¢); however with

partial NMDA ago

smaller magnitude of effects as compared with carbamazepine.
Lorazepam (a GABAergic agonist) and p-cycloserine (p-CYC, a

nist) selectively potentiate the effects of anodal

DC with increased excitability (Nitsche et al., 2004a,b). Pro-
pranolol (a non-selective B-adrenergic antagonist) decreases the
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duration of the after-effects of anodal and cathodal stimulation
(Nitsche et al., 2006). These data demonstrate the involvement of
multiple neurotransmitter functions in the mechanisms of action
of tDCS.

Therefore one important concept when understanding the
effects of tDCS is to understand that its initial effect on inducing
neuronal depolarization or hyperpolarization(Creutzfeldt et al.,
1962; Bindman et al., 1964) results also in lasting effects charac-
terized by LTP and LTD like effects (Hattori et al., 1990; Moriwaki,
1991; Islam et al., 1995; Paulus, 2004). These mechanisms are sup-
ported by clinical findings, such as enhanced in the learning and
antidepressant effects using tDCS over several weeks (Fregni et al.,
2006; Boggio et al., 2008; Loo et al., 2010; Brunoni et al., 2011).
Overall, these studies provide valuable insights into the mecha-
nisms of action that tDCS exerts on neuronal tissue (for a review,
see Nitsche, 2005).

This systematic review also highlights that the anodal effects are
associated with modulation of GABAergic interneurons (Nitsche
etal.,2004a; Stagg et al., 2009; Stagg and Nitsche, 2011). This effect
is evidenced by the effects of tDCS on short-interval intracorti-
cal inhibition and intracortical facilitation (Nitsche et al., 2005;
Stagg et al., 2009; Stagg and Nitsche, 2011). Given that GABAergic
cortical inhibitory interneurons play a role in the early stage of
Alzheimer’s disease (Koliatsos et al., 2006), modulation of these
interneurons by tDCS is a potential disease-modifying mecha-
nism. Also, a previous magnetic resonance spectroscopy (MRS)
study found that tDCS reduces GABA cortical concentrations
and this effect is correlated with impaired glutamatergic neu-
ronal activity (Stagg et al., 2009). These tDCS effects reduce the
imbalance between these excitatory and inhibitory neurotrans-
mitter systems. In contrast, carbamazepine selectively eliminated
the anodal effects, suggesting that the anodal tDCS require ini-
tially depolarization of neuronal membrane potentials (Liebetanz
etal.,2002). Liebetanz et al. (2002) provided pharmacological evi-
dence that the induction of the after-effects of tDCS requires a
combination of glutamatergic and membrane mechanisms, sim-
ilar to the induction of established types of short or long-term
neuroplasticity.

An important concept when considering the mechanism of
TDCS is its association with other interventions such as behavioral
and/or pharmacological interventions. The combined application
of cathodal/anodal tDCS and p-CYC (a partial agonist of NMDA
receptors) during a motor learning task showed that the excitabil-
ity diminution induced by cathodal tDCS prior to motor learning,
or an excitability enhancement induced by anodal tDCS combined
with p-CYC, impairs learning performance. Neurophysiologically,
a decrease in MEP amplitude was observed (Chaieb et al., 2012).
In studies combining tDCS with pharmacological interventions,
authors found that application of nicotine patch reduces both
inhibitory plasticity after cathodal tDCS and the facilitatory plas-
ticity induced by anodal tDCS (Thirugnanasambandam et al,,
2011), while acetylcholine enhances the synapse-specific corti-
cal excitability after anodal tDCS (Kuo et al., 2007). In addition,
the inhibitory effect of rivastigmine (a cholinesterase inhibitor)
on neuroplasticity induced by anodal tDCS seems contradictory
to the results obtained from animal studies in which LTP was
facilitated by cholinergic stimulation (Brocher et al., 1992; Abe

et al., 1994; Hasselmo and Barkai, 1995; Patil et al., 1998; Kuo
et al., 2007). However, these different results might be due to
methodological difference between these studies. It is possible that
synapses that are globally modified by tDCS are more suscep-
tible to cholinergic suppression of synaptic transmission during
plasticity induction.

Other neuropsychotropic drugs showed similar modulation
of tDCS-induced plasticity. In fact, TDCS effects are short-
ened by propranolol following 13 min of anodal and 9 min of
cathodal tDCS but does not eliminate those (Nitsche et al.,
2004c). Moreover, B-adrenergic receptor stimulation may have
an important role for the effects of amphetaminil (a precur-
sor of amphetamine) to increase the consolidation of externally
induced excitability enhancements. Similar to results obtained
for the B-adrenergic receptor in the hippocampus, it has been
also shown that dopamine via the D1-receptor facilitates NMDA-
dependent excitability and facilitates NMDA-dependent LTP
through Cyclic-adenosine-monophosphate-dependent (cAMP)
mechanisms (Otmakhova and Lisman, 1996, 1998; Bailey et al,,
2000). Furthermore, it was shown that a single administration
of amphetaminil induces prominent and long-term enhance-
ments of cortical dopamine signaling (Vanderschuren et al.,
1999). In this way, prolonged dopaminergic activation could sta-
bilize the tDCS-induced NMDA-receptor-dependent excitability
enhancements.

Additionally, tDCS promotes changes in brain-derived neu-
rotrophic factor (BDNF; Fritsch et al., 2010). The BDNF promotes
the survival of neurons (Lefaucheur, 2008a,b) and is important
for cell proliferation (Tessarollo, 1998). Given the results from
the study of Cheeran et al. (2008) demonstrating that a com-
mon polymorphism in the BDNF gene modulates human cor-
tical plasticity, BDNF could be a marker (and potentially also
a pathway) for assessing the effects of tDCS on the nervous
system.

Also, new approaches, such as BOLD fMRI, can provide critical
information on the mechanisms of tDCS. Furthermore, assess-
ments during the execution of tasks or tDCS stimulation both
alone and in combination with other interventions can provide
new insights into tDCS effects. Overall, there are many neurophar-
macological and neurophysiological methods that can improve
our understanding in the neurobiological mechanisms involved
in the therapeutic effects of tDCS intervention.

LIMITATIONS IN THE CURRENT KNOWLEDGE

Although tDCS is one of the most investigated techniques of
non-invasive brain stimulation, there are relatively few studies
investigating the neurobiological mechanisms associated with the
tDCS (Tables 1-4). This article provides information regarding
mechanisms of action of tDCS, however most of the mechanistic
literature investigated tDCS-related neuroplasticity in the motor
cortex. Although motor cortex related data may be of some rele-
vance for treatment of disorders such as chronic pain and motor
rehabilitation after stroke where the targeted area is M1, results
from experiments in this area are less relevant for other critical
targets such as dorsolateral prefrontal cortex. Further research is
needed to determine if mechanisms found in studies investigating
M1 are also relevant to brain target regions.
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Another important issue that has not been adequately
addressed is whether the neurophysiological findings can be
translated into clinical effects. For instance, whether an increase
in excitability induced by anodal tDCS translates into increased
motor consolidation. Further larger studies need to address this
important question. Finally, it is also important the impact of
parameters of stimulation in neuroplasticity — i.e., whether longer
periods of stimulation lead to beneficial or harmful effects and
also to understand the interaction of tDCS with pharmacological
treatment in real clinical practice where patients are taking several
medications simultaneously.

CONCLUSION AND PERSPECTIVES

In this review, we discuss the mechanisms of the action of tDCS
as to understand neurobiology and cell-signaling pathways asso-
ciated with tDCS effects. Although initial tDCS studies, showed
that its effects are related to the intensity, polarity, and dura-
tion of stimulation and the brain region stimulated, it is still not
clear the optimal parameters of stimulation especially given the
dynamic changes of brain excitability. Recent studies in animal
and cell models have suggested that tDCS induces plasticity, neu-
ronal viability, neuronal morphology, modulates synaptic trans-
mission, and biosynthesis of molecules. TDCS induces a cascade

of events associated with glutamatergic, GABAergic, dopaminer-
gic, serotonergic, and cholinergic activity modulation. In addi-
tion, we also show the importance of conducting both exper-
imental and clinical studies to understand tDCS-induced neu-
roplasticity. Overall, compelling evidence from studies reviewed
in this article emphasizes possible approaches to understand
the neurobiology of tDCS mechanisms. Additionally, it opens
new possibilities for future tDCS research in basic and clinical
neuroscience.
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