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ABSTRACT

Homeostatic plasticity is a mechanism that stabilizes cortical excitability within a physiological range. Most
homeostatic plasticity protocols have primed and tested the homeostatic response of the primary motor cortex
(M1). This study investigated if a homeostatic response could be recorded from the primary sensory cortex (S1)
after inducing homeostatic plasticity in M1. In 31 healthy participants, homeostatic plasticity was induced over
M1 with a priming and testing block of transcranial direct current stimulation (tDCS) in two different sessions
(anodal and cathodal). S1 excitability was assessed by early (N20, P25) and middle-latency (N33-P45)
somatosensory evoked potentials (SEP) extracted from 4 electrodes (CP5, CP3, P5, P3). Baseline and post-
measures (post-priming, 0-min, 10-min, and 20-min after homeostatic induction) were taken. Anodal M1
homeostatic plasticity induction significantly facilitated the N20-P25, P45 peak, and N33-P45 early SEP com-
ponents up to 20-min post-induction, without any indication of a homeostatic response (i.e., reduced SEP).
Cathodal homeostatic induction did not induce any significant effect on early or middle latency SEPs. M1
homeostatic plasticity induction by anodal stimulation protocol to the primary motor cortex did not induce
a homeostatic response in SEPs.

Introduction

Synaptic plasticity is a ubiquitous mechanism that allows the ner-
vous system to adapt in an experience-dependent manner. Due to its
feedforward nature, a balance between excitation and inhibition
becomes crucial if excess neuronal excitability is to be prevented
(Turrigiano and Nelson, 2004). Homeostatic plasticity balances net
cortical excitability by shifting the threshold for inducing long-term
potentiation (LTP) or depression (LTD) based on the preceding state
of excitability (Bienenstock et al., 1982; G, 2011; Turrigiano, 2012).
This mechanism can be induced in humans using non-invasive brain
stimulation (NIBS) such as repetitive transcranial magnetic stimulation
(TMS) and transcranial direct current stimulation (tDCS) (Wittkopf
et al., 2021a). In healthy subjects, a single block (i.e., priming) of exci-
tatory NIBS to the primary motor cortex increases net cortical

excitability, which is thought to reflect the synaptic relays within the
corticomotor pathway (i.e., LTP-like) (Siebner and Rothwell, 2003;
Ziemann et al., 2008). If another block of excitatory NIBS is delivered,
separated by 10 mins or less of non-stimulation, a homeostatic
response can be shown as reflected by decreased net corticomotor
excitability (i.e., LTD-like) that lasts up to 30 mins post protocol
(Karabanov et al., 2015; Wittkopf et al., 2021b). To date, most home-
ostatic plasticity protocols have primed and tested the hand area of the
primary motor cortex (M1) and inferred homeostatic responses based
on TMS motor evoked potentials (MEP) (Karabanov et al., 2015; Thapa
and Schabrun, 2018; Wittkopf et al., 2021b). Prolonged experimental
pain is known to impair corticomotor homeostatic plasticity (Thapa
et al.,, 2021; Wittkopf et al., 2023) and affect early- and middle-
latency somatosensory evoked potentials (SEP) (De Martino et al.,
2018) and yet it is still unknown if these somatosensory excitability
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changes are related to impaired corticomotor homeostatic plasticity.
Additionally, chronic pain patients (e.g., migraine and chronic low
back pain) have shown an impaired homeostatic response
(Quartarone et al., 2005; Thapa et al., 2021), which is hypothesized
to contribute to disproportionately high synaptic strengthening,
increased pain perception, aberrant cortical reorganization, and senso-
rimotor dysfunction (Kang et al., 2011; Thapa et al., 2018, 2021).

Only two studies have explored the primary somatosensory (S1)
excitability after somatosensory homeostatic plasticity protocols
(Bliem et al., 2008; Jones et al., 2016), with inconclusive results.
Exploring S1 excitability after inducing corticomotor homeostatic plas-
ticity, may offer an approach to elucidate the known concurrent S1
and M1 excitability changes that happen during pain (Schabrun
et al., 2013; Vaseghi et al., 2015a; Wittkopf et al., 2023). If cortical
homeostatic plasticity is a global mechanism, then it is plausible that
M1-S1 connections, which have been studied in human and animal
models (Jones et al., 1978; Rocco-Donovan et al., 2011; Frot et al.,
2013), drive the homeostatic regulation of S1. In addition, considering
that tDCS is diffuse (Opitz et al., 2015), S1 could also be directly mod-
ulated by modulating M1. To study S1-specific excitability changes,
the current study will focus on the earliest SEP cortical complex
(~20 ms after stimulation, N20-P25) which originates from S1 in area
3b of the post-central gyrus (Brodmann’s areas 3b) (Bradley et al.,
2016; Rezaei et al., 2021), and the middle-latency SEP, N33-P45, gen-
erated within S1 in areas 1 and 2 at the crown of the sulcus (Allison
et al., 1991; Inui et al., 2004; Bradley et al., 2016).

Using a protocol that has shown excellent test-retest reliability for
homeostatic plasticity induction over M1 (Wittkopf et al., 2021b), this
study aimed to evaluate the somatosensory response of S1 to homeo-
static plasticity induction over M1. Thus, it was hypothesized that
the early- and middle-latency SEP components (N20-P25 and N33-
P45) would exhibit a homeostatic plasticity response by a reversal of
SEP excitability after the homeostatic plasticity protocol.

Experimental procedures
Participants

Thirty-one healthy individuals (age: 27.0 * 3.5, 12 females) partic-
ipated in the experiment (Detailed inclusion/exclusion criteria in Sup-
plementary Material) and gave written informed consent. Two subjects
had to be excluded due to data quality purposes, thus 29 subjects were
included in the final analyses. Psychological and lifestyle factors were
evaluated based on (1) Spielberger State-Trait Anxiety Inventory
(STAI), (2) Becks Depression Inventory-II (BDI-II), and (3) Pittsburg
Sleeping Questionnaire Inventory (PSQI). The demographic character-
istics of the subjects are summarized in Table 1 (see also Supplemen-
tary Material, for a detailed description of the questionnaires).

Additionally, subjects needed to confirm not being in any type of
acute pain at the time of the experiment. Prior to the start of the exper-
iment, subjects completed the Transcranial Magnetic Stimulation
Adult Safety Screen (TASS) (Keel et al., 2001), which ensures safety
for tDCS stimulation as well (Poreisz et al., 2007). This study was
approved by the Ethics Committee for the North Denmark Region
(VN-20210047) and performed according to the Helsinki Declaration.

Experimental design

The study was a randomized cross-over study comprising two ses-
sions separated by at least 1-week apart to control for carryover
effects, in which only the type of tDCS stimulation for the priming
and testing blocks varied (i.e., anodal-anodal or cathodal-cathodal).
Participants sat in a comfortable chair and were instructed to sit
relaxed with their eyes open looking at the center of a cross 60 cm
away while the EEG was recorded and the electrical stimuli were deliv-
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Table 1
Descriptive and demographic characteristics of the study sample

N = 29! Questionnaire scores”
Age 27.17 (3.34)
Sex
M 18/29 (62%)

F 11/29 (38%)

Weigth 68.13 (11.52)
Heigth 174.09 (7.57)
Handness
Right 25/29 (86%)
Left 4/29 (14%)
BDI 9(9)
Normal 18/28 (64%)
Mild 4/28 (14%)
Moderate 2/28 (7.1%)
Severe 4/28 (14%)
S-Anxiety 34 (19)
Low 19/29 (66%)
Moderate 9/29 (31%)
High 1/29 (3.4%)
T-Anxiety 38 (22)
Low 16/29 (55%)
Moderate 13/29 (45%)
PSQI 503

19/29 (65%)
10/29 (35%)

Good (PSQI < 5)
Poor (PSQI > 5)

1 Mean (SD); n/N (%).
2 Median (IQR), score calculation and details can be found in Supplementary
Material.

ered. In each session, electrically evoked SEPs were recorded at five
different time points to assess S1 cortical excitability before and after
the induction of M1 homeostatic plasticity (Fig. 1): Baseline (i.e.,
before priming block), post-priming block (Post-Priming), immedi-
ately post homeostatic induction (Post-HP), 10 min post homeostatic
induction (Post + 10 min), and 20 min post homeostatic induction
(Post + 20 min).

Electrical stimulation

A constant current stimulator (NoxiTest IES 230, Noxitest, Aalborg,
Denmark) was used to deliver electrical stimuli to the right median
nerve and controlled by LabVIEW (Aalborg University, Aalborg, Den-
mark). Each time point included one block of 500 monophasic
square-wave electrical pulses of 0.2 ms duration (Cruccu et al.,
2008). The stimulation rate was 2 Hz (Bliem et al., 2008; Bradley
et al., 2016) and had a 20% variance to avoid accommodation. The
stimulation electrodes in use were 15 mm x 20 mm Ag-AgCL elec-
trodes (Neuroline 700; Ambu, Ballerup, Denmark). The anode was
placed at the wrist crease and the cathode 2 cm proximally (Fig. 1).
The perception threshold was detected individually by the method
of limits. The stimulus intensity was then obtained three times the per-
ception threshold (Cruccu et al., 2008), and all participants confirmed
a clear but non-painful electrical sensation. The mean intensity for
stimulation for all subjects was 5.41 *= 1.77 mA and 5.16 = 1.70 m
A, for the first and second session, respectively.

Homeostatic plasticity protocol

Homeostatic plasticity was induced in the left M1 by applying tDCS
for 7 min (priming block), followed by 5 min of no stimulation and
then a testing block of tDCS lasting 5 min (Fig. 1). These stimulation
periods for priming, resting (no-stimulation), and testing have reliably
elicited homeostatic plasticity in M1 at 10 min post-testing block
(Wittkopf et al., 2021a, 2021c). A constant current of 1 mA was deliv-
ered through a tDCS system (Starstim 32, Neuroelectrics, Barcelona,
Spain) using two 12 mm diameter sintered Ag/AgCl pellet gel elec-
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Fig. 1. Experimental design for evaluating S1 excitability after the M1 homeostatic plasticity induction protocol. Two randomized cross-over sessions
were separated by at least 1-week, where the polarity of transcranial direct current stimulation (tDCS) in the homeostatic plasticity induction varied. The
homeostatic plasticity protocol consisted of two blocks of tDCS: priming (7 min), rest (5 min), and a testing block (5 min). S1 excitability was assessed through
SEPs recorded at five time points: baseline, post-priming (during the homeostatic plasticity rest, Post-Priming), immediately (Post-HP), 10 min (Post + 10 min),

and 20 min (Post + 20 min) post homeostatic plasticity induction.

A Anodal M1 Stimulating
tDCS: electrode: Right
Fp2 (-1 mA) Prefrontal cortex
C3 (1mA) /
. . ek Cathodal M1
Stimulating 7 1 @
! tDCS:
electrode: Left 1
Pri Fp2 (1 mA)
rimary Motor C3 (-1mA)
Cortex (M1) m
Averaged
electrodes:
Left Primary
Sensory
Cortex (S1)

Fig. 2. Layouts for homeostatic plasticity induction and EEG recording. A. Electrode positions for M1 homeostatic induction protocol according to anodal or
cathodal transcranial direct current stimulation (tDCS). The four electrodes (CP5, CP3, P5 and P3) which were averaged posterior of C3 are also demonstrated.
B. Topographical map for the 64 EEG channel cap according to the 10/20 system (two channels correspond to earlobe references and are not depicted).

trodes placed according to the 10/20 electroencephalogram (EEG) sys-
tem. In one session, anodal tDCS was applied at C3 (anode, 1 mA) and
FP2 (cathode, —1 mA, Fig. 2A). Conversely, in the other session,
cathodal tDCS was applied at C3 (cathode, —1 mA) and FP2 (anode,
1 mA, Fig. 2A). Subjects were told that the stimulation could be felt
as itching, slight burning, tingling, or prickling sensation that would
peak at 30 s and progressively decrease after 1 min approximately.

Transcranial direct current stimulation electrical field modeling

Electrical field modeling was used to determine the extent of stim-
ulation of the tDCS current, and whether the C3 electrode also directly
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stimulated S1 (Opitz et al., 2015), given the use of a standard con-
tralateral two-electrode montage. The electric field modeling was done
through SimNIBS 4 (https://www.simnibs.org, Copenhagen, Den-
mark) (Saturnino et al., 2019), an open-source software package for
the simulation of NIBS. The simulation was done through MATLAB
scripting where the specific size (6 mm radius) and shape (circular)
of the tDCS electrodes were configured. The magnetic resonance imag-
ing (MRI) head model (SimNIBS “m2m_ernie”) was used for anatomi-
cal estimation, as individual brain anatomy of the subjects was not
obtained. A simple ROI analysis was done to estimate the mean electri-
cal magnitude for S1 and M1 according to the three-dimensional coor-
dinates defined previously (Mayka et al., 2006).


https://www.simnibs.org
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Encephalographic recording and preprocessing

Somatosensory-evoked potentials were recorded at 2400 Hz without
filter settings (g.HIlamp biosignal amplifier g.Tec medical engineering
GmbH, Schiedlberg, Austria) and a 64-channel encephalographic elec-
trode cap (gTEC.hiAMP) according to the 10-20 international system
(Fig. 2B). Only 62 EEG channels were recorded as two were used for
stimulation (C3 and FP2). Electrode impedances were kept below 10 kQ.

EEGLAB (v2021.0) and MATLAB (2021b) were used to preprocess
and analyze data offline. First, channel baselines were removed after
which the data was referenced to the right earlobe ipsilateral to the
stimulated hand (Tomberg et al, 1991), band-pass filtered
(0.3-100 Hz, with an 8th order Butterworth filter) and notch filtered
for line noise removal (50 Hz, 4th order Butterworth filter). Transient
and large amplitude artifacts were removed using an artifact subspace
reconstruction threshold value of k = 30 (CleanRawData) (Chang
et al., 2020). Subsequently, the referenced EEG dataset (before filter-
ing) was duplicated, and EEG signals were high pass filtered at 1 Hz
(8th order Butterworth filter) for independent component analysis
(ICA). ICA components (ocular, muscular, cardiac, and channel arti-
facts) were detected using the ICLabel EEGLAB plugin (Pion-
Tonachini et al.,, 2019). Then, the ICA weights were transferred to
the original filtered data set (0.3-100 Hz), and ICA components were
examined visually and removed manually. EEG data was then seg-
mented into 300 ms epochs (from —100 ms to 200 ms) and baseline
correction was performed for each epoch (—100 to —10 ms) before
averaging across epochs.

Somatosensory-evoked potentials

After constructing a grand-average SEP across epochs and subjects
(Fig. 3). The SEP components (N20, P25, N33, P45) were defined as

Anodal P25 Peak Amplitude (uV)

Baseline Post-Priming Post-HP Post+10min Post+20min

@@@@@f

0.5

Cathodal P25 Peak Amplitude (uV)

Baseline Post-Priming Post-HP Post+10min Post+20min

856460

Amplitude (uV)

Neuroscience 551 (2024) 143-152

the most negative or positive peaks within a specific time window after
stimulation, in which the latencies of each peak were extracted. For
N20, it was 17-21 ms (Bliem et al., 2008; Bradley et al., 2016),
23-31 ms for P25, 28-35 ms for N33 (i.e., parietal component of the
N30 frontal component), and 38-50 ms for P45 (Bradley et al.,
2016). For each time point, a pool of four parietal and centro-
parietal electrodes (CP3, CP5, P3, and P5) was selected and their sig-
nals averaged to create a region of interest where the components
showed the highest amplitude. Besides the single SEP peaks, the
N20-P25 and N33-P45 peak-to-peak complexes were also calculated
and analyzed. N20-P25 was calculated from the difference between
P25 and N20. N33-P45 complex was computed from the difference
between P45 and N33. Two subjects were deleted from all analyses
for not displaying a SEP response to electrical stimulation. Addition-
ally, subjects who had baseline values below 0.1 uV (for a certain peak
or component) were also deleted from that analysis. Thus, for each
peak and complex, the following subjects were analyzed: for N20
and N20-P25, 27 subjects; for P25 and N33, 25 subjects; for P45, 26
subjects; and for N33-P45, 27 subjects.

Statistical analysis

Following data inspection, the amplitude of SEP peaks and com-
plexes was normalized to baseline values for each time point in each
session. The latencies of N20, P25, N33 and P45 were analyzed in their
raw state (ms after stimulation). Before statistical analysis, assump-
tions of normality were tested Shapiro Wilk's test for normality.
Levene's test, and Boxes M test, were used for homogeneity of vari-
ances, and homogeneity of covariances respectively. The normalized
SEP values were analyzed in a two-way repeated measure analysis of
variance (ANOVA) with time (Baseline, Post-Priming, Post-HP,
Post + 10 min, Post + 20 min) and tDCS type (Anodal or Cathodal)

Anodal P45 Peak Amplitude (uV)

Baseline Post-Priming Post-HP Post+10min Post+20min i ’
15
| i
05
4
05
Cathodal P45 Peak Amplitude (uV)
Baseline Post-Priming Post-HP Post+10min Post+20min

o

@@@@

25
2
15
1
0.
0
0.5

Time (ms)

Fig. 3. Topographical maps for P25 and P45 at every time point for both sessions. The topoplots show the evoked potentials for each session at every time
point of analysis for the 62 EEG channels. The amplitude of the topoplots is represented at 25 ms (left) and 45 ms (right). In the baseline topoplots, the black circle
highlights the electrodes that were averaged as a region of interest (CP3, P3, CP5, and P5). At the bottom, the SEP traces correspond to the grand-average baselines
of these electrodes for both sessions, identifying the peaks of activity. N20-P25 interval in red. N33-P45 interval in blue. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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as factors. Greenhouse-Geisser correction was applied if the sphericity
assumption was violated. In the case of a significant two-way interac-
tion, multiple pairwise comparisons were conducted with False Dis-
covery Rate (FDR) correction for multiple comparisons, over the
effect of tDCS type at every timepoint and the effect of time at each
level of tDCS type. Significance was accepted for p < 0.05. All compu-
tations for the statistical analysis were performed in RStudio
(1.2.5033).

Results
Safety and side effects

Most of the subjects experienced a slight local tingling or itching
under the tDCS electrodes. Only two subjects reported these sensations
as painful, which ceased the first 10-20 s of the experiment. Thus, the
experimental procedures were not interrupted by any adverse effects.
No participant reported any side effects after the stimulation ended.

Electric field modeling

The electric field modeling over C3 for anodal and cathodal tDCS
indicates modulation of both the precentral and postcentral gyrus
(Fig. 4), with a higher magnitude of electrical current reaching M1
than S1 (Table 2). The regions where M1 and S1 overlap exhibit a
lower magnitude of the electrical field than the one over M1 directly.
Thus, it can be inferred that S1 was stimulated by the M1 homeostatic
plasticity protocol, but the magnitude of current differed from that in
M1.

Early latency somatosensory evoked potentials

The N20 peak ratio of anodal and cathodal stimulation were differ-
ent (Fig. 5A) as indicated by a significant ANOVA effect of tDCS type,
but there was no significant interaction or time effect (Table 3).

The P25 peak amplitude (Fig. 5B) showed a significant interaction,
a main effect of tDCS type, and no significance for time (Table 3).
Within the anodal tDCS, the P25 peak ratio increased between Post-
Priming and Post-HP (p = 0.004), Post-Priming and Post + 10 min
(p = 0.0008), and Post-Priming and Post + 20 min (p = 0.007). Con-
versely, within the cathodal tDCS, the P25 peak ratio did not change
over time. Moreover, anodal tDCS elicited an increase in the P25 peak
ratio when compared to cathodal tDCS, at Post + 10 min (p = 0.014)
and Post + 20 min (p = 0.006).

magnE
0.151

0
[

0.302
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For the N20-P25 complex (Fig. 5C) a significant interaction was
found, with significant main effects of time and tDCS type (Table 3).
An increase in the N20-P25 complex within the anodal tDCS between
Post-Priming and Post-HP (p < 0.0001), Post-Priming and
Post + 10 min (p < 0.0001), and Post-Priming to Post + 20 min
(p < 0.0001). For cathodal tDCS, a decrease in the N20-P25 ratio
was found between Post-HP and Post + 10 min, (p = 0.015). Addition-
ally, anodal tDCS increased the N20-P25 ratio when compared to
cathodal tDCS at Post-HP (p = 0.006), Post + 10 min (p < 0.0001)
and Post + 20 min (p = 0.016). There were no differences in the laten-
cies of N20 and P25 (p > 0.05) (Supplementary Material).

Early to middle latency somatosensory evoked potentials

The N33 peak ratios had no significant interaction, while a signif-
icant main effect of tDCS type was found with higher overall N33 peak
ratios for anodal tDCS (Fig. 6A and Table 4).

The P45 peak ratio (Fig. 6B) showed a significant interaction effect
and main effect of time (Table 4). The P45 peak ratio increased across
time within anodal tDCS from Post-Priming to Post-HP (p < 0.0001),
Post + 10 min (p < 0.0001), and Post + 20 min (p < 0.0001). There
were no significant differences over time within cathodal tDCS. In
addition, anodal tDCS was different from cathodal tDCS at Post-HP
(62 0.002), Post + 10 min (p < 0.0001), and Post + 20 min
(p = 0.0001).

The N33-P45 complex (Fig. 6C) indicated a significant interaction,
main effect of time and tDCS type (Table 4). Within anodal tDCS, the
N33-P45 complex increased compared to Post-Priming at Post-HP
(p < 0.0001), Post + 10 min (p < 0.0001), and Post + 20 min
(p < 0.0001), while cathodal tDCS did not elicit any significant effects
on the N33-P45 complex ratio over time. Moreover, the type of tDCS
affected the N33-P45 complex ratio, with higher ratios for anodal tDCS
compared to cathodal tDCS at Post-HP (p = 0.002), Post + 10 min
(p < 0.0001) and Post + 20 min (p = 0.0001). There were no differ-
ences in the latencies of N33 or P45 (p > 0.05) (Supplementary
Material).

Discussion

The present study aimed to evaluate if homeostatic plasticity
induced at M1 regulates S1 excitability as reflected by early- and
middle-latency SEPs. These results suggest that M1 homeostatic plas-
ticity induction did not induce a homeostatic response as evaluated
by SEPs.

z

xly

magnE
0.151

0.302

Fig. 4. Electrical Modeling for tDCS. Lateral and frontal view of the electric field magnitude (magnE) generated in SimNIBS for tDCS over M1. The graphs
describe magnitude rather than polarity, thus representing both anodal and cathodal tDCS.
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Table 2

Mean electrical field magnitude according to three-dimensional locations for M1 and S1
ROI PEAKx PEAKy PEAK; MEAN magnE
M1 -37 —-21 54 0.158062
S1 —-40 —24 50 0.118974
SENSORIMOTOR CORTEX (SMC)’ -39 -21 54 0.159198
S1 AND M1 OVERLAPPING REGIONS —41 22 49 0.110651

Coordinates were taken from (Mayka et al., 2006). The mean electrical field magnitude in each ROI was calculated using a standard mesh head (SimNIBS) and the

size of the electrodes in this study.
1 SMC is divided into M1 (Brodmans area 4) and S1 (Brodmans area 1,2,3).
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Table 3
Main and interaction effects for the two-way repeated measures ANOVA in N20,
P25, and N20-P25

TIME GROUP TIME:Group

N20

F 1.347 21.623 1.454

P 0.269 0.000084* 0.234
P25

F 2.24 5.55 6.93

P 0.091 0.027* 0.00036*
N20-P25

F 12.374 10.582 13.371

P 0.000001* 0.003* 0.000000398*

Early latency sensory evoked potentials as S1 cortical excitability measures

To evaluate changes in S1 excitability after the M1 homeostatic
plasticity induction protocol, early SEP peaks and complexes were
investigated. It has been robustly reported that non-noxious electrical
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stimulation triggers hierarchical processing proceeding from the thala-
mus to S1 (parietal cortex) and after some tens of milliseconds to S2
(parietal operculum) (Allison et al., 1989b, 1989a, 1991; Inui et al.,
2004). N20 has been an indicator of the integrity of S1 (Desmedt
et al., 1987), where area 3b ablations have impaired all types of tactile
sensation from the lemniscal pathway (Knecht et al., 1996), and deac-
tivated the corresponding associative parts of area 1 (Garraghty et al.,
1990). Moreover, lesions in area 1 and 2 impair higher-order tasks
such as discrimination of textures (Randolph and Semmes, 1974;
Garraghty et al., 1990). These findings support that N20-P25 (area
SI-3b), and N33-P45 (area SI-1/2), indicate an excitability change
from S1 (Allison et al., 1989b, 1989a, 1991; Matsunaga et al., 2004;
Valeriani et al., 2004; Frot et al., 2013; Bradley et al., 2016). The pre-
sent study found facilitation of N20-P25, P45, and N33-P45 early SEP
components, confirming an excitability change at S1 after an anodal
M1 homeostatic plasticity induction protocol and revealing a different
tDCS effect depending on the evaluated SEP component and modality
of tDCS. For instance, the lack of effect for the N20 peak seen in this
study follows the findings of previous studies after NIBS (Enomoto
et al., 2001; Matsunaga et al., 2004; Bliem et al., 2008). N20 is a more
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Table 4
Main and interaction effects for the two-way repeated measures ANOVA in N33,
P45 and N33-P45 complex

TIME GROUP TIME:Group

N33

F 0.430 4.845 1.432

P 0.732 0.038* 0.241
P45

F 12.855 17.768 16.644

P 0.000000729* 0.000285* 0.000000022*
N33-P45

F 14.316 28.208 14.373

P 0.000000161* 0.0000148* 0.000000153*

subcortical component of pyramidal cells in layer 4 from S1 (Allison
et al,, 1991), thus unlikely to be significantly polarized by tDCS
(Matsunaga et al., 2004). Another evidence that supports the hypoth-
esis of spatially restricted effects to subcortical components (Nitsche
and Paulus, 2000) is the lack of tDCS effect on high frequency oscilla-
tions (HFOs) (Hashimoto et al., 1996), a component of SEPs originat-
ing subcortically (i.e., thalamus, thalamocortical afferents or post-
synaptic activities) (Dieckhofer et al., 2006). Additionally, there was
no change of HFOs after transcranial alternating current stimulation
(tACS) (Fabbrini et al., 2022) until tACS was synchronized to individ-
ual HFOs, supporting their thalamocortical origin and suggesting a
plausible way to modulate thalamocortical activity (Cruciani et al.,
2024). Adding to the previous knowledge, N20 revealed a significant
difference between the type of tDCS in the present study. P25 reflects
a more superficial portion of apical dendrites located in layers 2/3 of
area 3b (Allison et al., 1991) and is more likely to be polarized by the
tDCS. The tDCS effect is notably increased for N33-P45, which could
reflect the distinct processing functions of somatosensory areas within

149

SI (area 3b versus areas 1-2) (Bradley et al., 2016). From an evolution-
ary perspective, area 1-2 from S1 (N33-P45) has depended on infor-
mation relay from area 3b of S1 for activation (N20-P25) (Kaas,
2004). Notably, there is a distinction between the habituation
response within S1 between the areas 3b and 1-2, which could mainly
imply that N20 is a primary S1 response without any sensory adapta-
tion response, whereas early-to-middle SEP components, such as P45,
exhibit memory traces from secondary sensory areas (although they
originate from S1) (Bradley et al., 2016). It is possible that the effect
seen at the N33-P45 component comes from a superficial neu-
roanatomical perspective or from information being relayed from area
3b - to area 1/2 within S1. In sum, the effect on N20-P25 and N33-P45
early SEPs provides evidence that M1 homeostatic plasticity induction
influenced S1 excitability, but not in the manner that was
hypothesized.

Anodal tDCS stimulation to M1 induced lasting facilitation of S1 SEPs

Contrary to the hypothesis, the anodal tDCS homeostatic plasticity
protocol over M1 resulted in lasting facilitation of N20-P25, N33-P45
complex, and P45 peak amplitude, with no indication of a homeostatic
plasticity response in S1. The current findings are in line with an ear-
lier study, where 10 mins of anodal sensorimotor tDCS caused a lasting
increase in early parietal SEP components (P22-N33, P25-N33, N33-
P40) (Matsunaga et al., 2004). Interestingly, 20 mins of anodal tDCS
over M1 has also been shown to decrease N20-P25 amplitude and
increase in MEPs amplitude (Vaseghi et al., 2015b). However, when
anodal tDCS was applied to S1, they observed a facilitation of the
N20-P25 amplitude (Vaseghi et al., 2015b). A likely contributing fac-
tor to this confounding evidence is the inter-individual anatomical
variation (Li et al., 2015) since current flow simulations and human
studies have reported that the intensity and distribution of the electric
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field induced by tDCS is highly dependent on individual brain anat-
omy and conductivity of each tissue (Opitz et al., 2015). This suggests
that the applied current strength at electrode placement is different
than the current strength at the target site. Additionally, stimulation
time differences between studies may also contribute to this confound-
ing evidence. The above confirms the need for more neurophysiologi-
cal studies exploring the effect of M1 anodal tDCS stimulation on S1
excitability.

Cathodal tDCS stimulation to M1 did not elicit significant changes to S1
excitability

The cathodal homeostatic plasticity induction protocol over M1 did
not yield a significant homeostatic plasticity response, while a
decrease for post-10 min in the N20-P25 component was found. For
N20, P25, and N33, the type of tDCS showed a significant difference
between anodal and cathodal stimulation. In line with the current find-
ings, Matsunaga et al. (2004), found that N20-P25 remained in the
range below baseline and a slight increase above baseline was seen
for the N33-P40, after cathodal stimulation. In contrast, two studies
found inhibition of early SEPs after cathodal tDCS (Dieckhofer et al.,
2006; Vaseghi et al., 2015a). The discrepancy in the observed effects
between the latter studies (Matsunaga et al., 2004; Dieckhofer et al.,
2006; Vaseghi et al., 2015a) could most likely be due to differences
in electrical field distribution due to the location and size of electrodes.
Of note, anodal and cathodal stimulation do not always yield facilita-
tion or inhibition, respectively, and this is particularly true for areas
outside of the primary motor cortex (Jacobson et al., 2012), indicating
that the cortical response to cathodal tDCS is not always dependent on
polarity but also on the assessed cortical area (Matsunaga et al., 2004;
Marshall et al., 2005; Sparing et al., 2008; Galea and Jayaram, 2009;
Tanaka et al., 2009; Jacobson et al., 2012).

Primary motor cortex homeostatic plasticity induction did not yield a
similar response in S1

The current findings did not support the hypothesis that M1 stimu-
lation can elicit a homeostatic response in S1, as the changes in early-
and middle-latency SEPs did not follow homeostatic regulation rules.
Post-priming SEPs were not facilitated, but it is known that overt plas-
ticity between the two blocks is not necessary to induce a homeostatic
response (Karabanov et al., 2015). Moreover, early and middle-latency
SEPs at and after Post-HP were facilitated which is contrary to the
hypothesized reduction due to homeostatic regulation. One possibility
is that M1 homeostatic plasticity induction did not cause a significant
change in the somatosensory system. For M1 homeostatic plasticity
induction, the electrodes used in this experiment were smaller
(12 mm diameter, 1.131 cm?® Ag/AgCl gel electrodes) than other
homeostatic plasticity studies (Wittkopf et al., 2021b, 2021a) which
commonly employ 5x7 cm, 35 cm® sponge electrodes (Wittkopf
et al.,, 2021b, 2021a), which is important given that electrode size
can change the tDCS effect on the underlying neural tissue (Caulfield
and George, 2022). Based on the findings of the present study, it might
be speculated that the impairment of M1 homeostatic plasticity seen in
pain states (Thapa et al., 2018, 2021) may be unrelated to S1 activity.
Additionally, it may be reasonable to state that to observe a homeo-
static plasticity effect from S1 a more specific stimulation targeting
S1 is needed (i.e., rather than diffusion effects of M1 tDCS). Notably,
while M1 tDCS stimulation demonstrably affects S1 excitability
(Matsunaga et al., 2004; Vaseghi et al., 2015a), this may not be the
case for homeostatic regulation. This notion is, at least partially, sup-
ported by an earlier study where homeostatic plasticity was induced
at S1, and a homeostatic response was evaluated based on SEPs
(Bliem et al., 2008). Bliem et al. (Bliem et al., 2008), applied two dif-
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ferent PAS protocols to induce either LTP- or LTD-like plasticity, fol-
lowed by peripheral high-frequency stimulation (pHFS) of the
median nerve. Observable decreases in the excitability of P25 and
N20-P25 SEP components followed the rules of homeostatic plasticity
regulation after two LTP-like stimulation protocols (Bliem et al.,
2008). However, contrasting evidence is available where an homeo-
static plasticity response in SEPs was not found after theta-burst stim-
ulation (TBS) over S1, and both priming and homeostatic plasticity
protocols with iTBS (intermittent TBS, facilitatory) yielded an increase
in S1 excitability as reflected by N20-P25 SEPs (Jones et al., 2016).
More studies are needed to understand the potential homeostatic
plasticity manifestation in S1. A promising method to evaluate home-
ostatic responses on cortical regions outside the motor system is
TMS-EEG (Cruciani et al., 2023), with which an increase in cortical
excitability during and after 15 min of anodal tDCS has been demon-
strated (Romero Lauro et al., 2014). On the other hand, cathodal tDCS
of M1 reduced early TMS-evoked peaks, regionally, in a dose-
dependent manner, and had widespread effects at a global scalp level
(Mosayebi-Samani et al., 2023). Of interest, is that regional specific
changes where specific to M1 tDCS and not prefrontal cortex tDCS
(Mosayebi-Samani et al., 2023). Thus, using TMS-EEG to evaluate
homeostatic responses would highlight the plausible regional or global
nature of homeostatic plasticity, by simultaneously studying the
response of multiple brain regions. In sum, there is available evidence
on the priming effect of S1 anodal and cathodal stimulation on SEPs
(Matsunaga et al., 2004; Vaseghi et al., 2015a), but it is still unknown
if S1 anodal or cathodal homeostatic plasticity protocols can elicit an
S1 homeostatic response but warrants further investigation.

Limitations

This study used a reliable methodology for inducing homeostatic
responses in the corticomotor system (Thapa and Schabrun, 2018),
but the effect is variable among individuals. Thus, while several stud-
ies using this methodology have reported M1 homeostatic responses
(Thapa and Schabrun, 2018; Thapa et al., 2018, 2021; Wittkopf
et al., 2021b), the most important limitation of this study is that mea-
sures of corticomotor excitability (i.e., MEPs) were not recorded, and
M1 homeostatic plasticity can therefore only be assumed. A future
study would need to replicate these findings with an additional session
where MEPs are recorded in the same subjects and M1 homeostatic
plasticity is confirmed. A second limitation concerns the location for
M1, which was selected at electrode C3 (based on the 10-20 interna-
tional system) for all subjects without any neuronavigational tech-
niques or relation to MEP amplitude. Although M1 location can vary
among subjects (Kim et al., 2023), evidence-based guidelines for most
experimental and clinical trial studies, state that M1 has been usually
defined as the location of C3/C4 electrode in the international 10-20
system (Lefaucheur et al., 2017), and not as the motor hotspot of the
hand (i.e., abductor digiti minimi MEPs). Additionally, using the
EEG 10-20 system as a standard reference may reduce the variability
in individual measurements and has proven to be congruent with high-
resolution MRI anatomical landmarks (Herwig et al., 2003). Finally,
while anodal and cathodal are two contrasting conditions, a sham con-
dition is still needed to understand the effect of the experiment design
and time in the SEPs (e.g., habituation). Habituation is a normal phys-
iological mechanism observed in early SEPs of healthy volunteers
(Ozkul and Uckardes, 2002; Coppola et al., 2012). This is in part jus-
tified as each stimulus in this study was given to avoid habituation
(i.e., with a varying delay), which was not done in the previous studies
(Ozkul and Uckardes, 2002; Coppola et al., 2012). The lack of a sham
condition may also be partly justified by earlier studies where sham
tDCS has not significantly modified SEPs (Kirimoto et al., 2011;
Sehm et al., 2013; Vaseghi et al., 2015b, 2015a).
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Conclusion

This study is the first to evaluate whether a reliably tested M1
homeostatic plasticity induction protocol could induce changes in S1
excitability and whether these changes would yield a homeostatic plas-
ticity response. Anodal M1 homeostatic plasticity induction facilitated
early and middle-latency SEPs up to 20 min post-induction, without
any evidence of S1 homeostatic plasticity. These results suggest that
M1 homeostatic plasticity directly regulates SEPs but without a home-
ostatic response. Further research is needed to determine if a homeo-
static response can be detected in the sensory system using a different
methodology.
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