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Modulation of cortical activity and excitability

of the human brain
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Actually, electrical brain stimulation
has a long history...
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Primary action of tE-stimulation:
modulation of resting membrane
potential

&
+
b
:
b
.
S

L

—
)
(4

-
(=]

plitude with/wlthout tDCS

MEP-Am
o
P

e
[z

= =)
m L")
2 X g
-g — s 'g b o
3] d 1By
45| € 5 8 7]
= - [TT] i N
i [ /
i IR
= % o - <A [—‘i"‘x i
N . DEP. T HYP.
anadal T
stimulation
m-cS J_
40 100 ms
cathodal |
stimulation I

= AP threshold
w:-40 - \
-ao —

Rahman et al. 2013



Cortical DC-stimulation of the rat
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50% (?) of transcranially
applied direct currents reach
the brain

- calculations on realistic head models, validation
In animal

experiments (Rush & Driscoll 1968)

- validation in humans (Dymond et al. 1975)



tDCS In humans




Polarity-dependent excitability-
modulation during tDCS
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Pharmacological determinants of acute tDCS
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MEP size after current stmulation / baseline

EP size after current stimulation / baseline
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Drivers and modulators of
plasticity

Glutamate

Strength of memory fields /
Working memory performance

Dopamine

Facilitation

k.
D1 Agonist Improves | OPTIMUM

Aging,
Parkinson's

izoph
(-ve symptoms)?,

NORMAL RANGE

Cortical dopamine levels / D1 receptor activation
[GoldmaRakic et d (2000) BrairRes Rev 31: 295-301]

Donchin et al. 2010, Goldman-Racic et al. 2000




Drivers of after-effects of tDCS — i1on channels
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Drivers of after-effects of tDCS - glutamate
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Drivers of after-effects of tDCS - GABA
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VGCC,YGNC
Na* I

Dopamine

Conclusion |

-Primary effects of tDCS depend
on
lon channel activity/polarization

- After-effects of tDCS depend on
glutamate

- GABA reduction might contribute

Acetvicholine

Serotonine
Adrenaline/Noradrenaline

- For tDCS, calcium-dependent
glutamatergic plasticity can be
assumed



Physiology of plasticity | -
Determinants
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Calcium concentration

Physiology of plasticity Il -
Determinants
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Calcium concentration

Physiology of plasticity Il -
Determinants
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Conclusion Il

e IDCS Is well suited to induce/model non-
focal plasticity in the human brain

* Non-linear effects, dependent on
stimulation duration, and strength

e Late-phase plasticity accomplished by
specific protocols



Network effects of tDCS

anodal cathodal

Lang et al. 2005



tDCS-induced functional connectivity
alterations in motor-related networks - fMRI

A)

fMRI-tDCS resting state sessions

10 minutes
Sham tDCS during rest

Cathode (-)

Band-pass filter

0.01-0.09 Hz
grey-matter voxel-based Voxil-based
T1 cortical Registration of the segmentation correlation matrlix undirected graph
segmentation in the subject's native functional space N ~ 16000 voxels

Polania et al. 2011a



tDCS-induced functional connectivity
alterations in motor-related networks - fMRI
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tDCS-induced functional connectivity alterations
of motor cortical networks - EEG

Experiment Off-line data processing
20 seconds Band-pas Calculate
Resting state EEG = fittering SL
20 seconds Band-pas alculate
Motor task EEG | filtering
10 minutes tDCS
S apsonds Baﬂrr':g;_;r:]ags Calculate|
Resting state EEG |-
20 seconds Band-pasqy| Calculate
Motor task EEG filtering SL

Polania et al

. 2011c



tDCS-induced functional connectivity alterations
of motor cortical networks - EEG
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Conclusion Il

 Functional MRI, and EEG allow the identification
of stimulation-induced alterations of functional
connectivity of interregional cortical networks

 Remote effects of tDCS depend at least partially
on activation of functionally defined networks



Modulation of cortical oscillations by
tES

tACS




Osclllatory stimulation with
alternating currents (tACS)

A A y = Asin (wt+ @)
5
] t

A T=2n/w

No neuroplastic effects
(?)

Table 1 Mean MEP amplitudes (SEM) before and after tACS at 1-, 5-, 10-, 15-, and 30-Hz stimulation

1 Hz 10 Hz 15 Hz 30 Hz 45 Hz Sham
Before 1.02 = 0.11 1.03 = 0.13 1.03 *= 0.09 1.03 = 0.08 1.04 = 0.09 1.02 = 0.11
0 min 1.01 = 0.30 0.93 = 0.31 1.15 *= 0.37 1.06 = 0.33 1.15 + 0.46 1.19 + 0.42
2 min 1.04 + 0.44 0.94 = 0.31 1.05 *= 0.41 1.11 + 0.38 1.11 *+ 0.47 1.20 = 0.38
4 min 1.16 = 0.37 0.91 * 0.37 1.17 = 0.34 1.16 = 0.33 1.30 = 0.51 1.20 = 0.31
8 min 1.14 = 0.35 0.92 = 0.43 0.98 = 0.27 1.15 = 0.29 1.19 + 0.45 1.20 = 0.36
10 min 1.20 = 0.45 0.99 = 0.36 1.13 =+ 0.37 1.14 = 0.29 1.06 = 0.51 1.31 + 0.46
15 min 1.32 = 0.53 1.08 = 0.40 1.13 = 0.27 1.20 = 0.20 1.09 *+ 0.41 1.16 + 0.41
20 min 1.27 = 0.52 0.99 + 0.27 1.21 = 0.20 1.11 = 0.33 1.06 = 0.43 1.04 + 0.22

A decrease of the MEP amplitude after 10-Hz stimulation was observed, but was not significant.

Antal et al. Brain Stimul 2008
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Physiology: Modulation of oscillatory activity by
transcranial alternating current stimulation (tACS) |
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Physiology: Modulation of oscillatory activity by
transcranial alternating current stimulation (tACS)
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Physiology: Modulation of oscillatory activity by
transcranial alternating current stimulation (tACS)
1l

Pre-intervention Drug Baseline tACS Post
Measurements Intervention Measurements Measurements

Dmo‘& o) "
RMT (150 mg) spMEP _ . spMEP
' ppMEP | ) 15 min ) ppMEP
SpMEP (25 pulses) - 20 Hz .

ppMEP - 1SI 2, 3, 5, 10, 15 ms PLC& Adjusted if 0, 15, 30, 45, 60 min
(15 pulses each) (150 mg) necessary post tACS

£ - MO 5 .. ™ _ Resting- %
- '.' . ... ol e p State : ... -
| 20 Hz ?C— ]
PLC 8 Resting-state 0, 15, 30, 45, 60 min

alternating between eyes
opened and closed each
minute

Resting-state
EEG

4 Minutes

(150 mg) EEG post tACS
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Physiology: Modulation of oscillatory activity by
transcranial alternating current stimulation (tACS)
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Neuroplastic effects Conclusions

- Alteration of oscillations via
250 prolonged tACS
200 - Frequency-specificity of effects
- Enhancement of

synchronization with
neighbored areas

-
&)
o

1, 100

- Relatively regional effects

[4)]
o

Percentage MEP amplitude change normalized by
pre-tACS baseline

—=—PLC - Additional neuroplastic effects

0
Baseline 0 15 30 45 60

Time course (min)

- Both, oscillatory, and
neuroplastic effects, depend
on NMDA rec tors

Wischnewski et erebral Cortex, 2019



More neuroplastic effects induced by tACS

Ripple frequencies
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Conclusion IV

e tACS entrains oscillatory cortical activity

e Like tDCS, it has a modulatory, but not
iInducing effect

 Dependent on stimulation parameters,
also neuroplastic effects are induced
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= random noise stimulation
- - sham stimulation
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Terney et al. 2008
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tRNS — physiological effects IV

Comparison of atDCS, iTBS, and tRNS
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Conclusion V

 tRNS at high frequencies induces
excitatory neuroplasticity, although mixed
effects

e not clear If it Induces random oscillations

e Effects look similar to anodal tDCS



Final Remarks

» transcranial electrical stimulation induces acute alterations
of  cortical excitability and activity

» Prolonged tDCS induces neuroplastic after-effects

» tACS entrains cortical osclillations, some stimulation
protocols also induce neuroplasticity

» tRNS induces plasticity which share similarities with anodal
tDCS
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