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Abstract

Previous research in young adults has demonstrated that both motor learning and

transcranial direct current stimulation (tDCS) trigger decreases in the levels of

gamma-aminobutyric acid (GABA) in the sensorimotor cortex, and these decreases

are linked to greater learning. Less is known about the role of GABA in motor learning

in healthy older adults, a knowledge gap that is surprising given the established

aging-related reductions in sensorimotor GABA. Here, we examined the effects of

motor learning and subsequent tDCS on sensorimotor GABA levels and resting-state

functional connectivity in the brains of healthy older participants. Thirty-six older

men and women completed a motor sequence learning task before receiving anodal

or sham tDCS to the sensorimotor cortex. GABA-edited magnetic resonance spec-

troscopy of the sensorimotor cortex and resting-state (RS) functional magnetic reso-

nance imaging data were acquired before and after learning/stimulation. At the group

level, neither learning nor anodal tDCS significantly modulated GABA levels or RS

connectivity among task-relevant regions. However, changes in GABA levels from

the baseline to post-learning session were significantly related to motor learning mag-

nitude, age, and baseline GABA. Moreover, the change in functional connectivity

between task-relevant regions, including bilateral motor cortices, was correlated with
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baseline GABA levels. These data collectively indicate that motor learning-related

decreases in sensorimotor GABA levels and increases in functional connectivity are

limited to those older adults with higher baseline GABA levels and who learn the

most. Post-learning tDCS exerted no influence on GABA levels, functional connectiv-

ity or the relationships among these variables in older adults.
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aging, functional connectivity, functional neuroimaging, gamma-aminobutyric acid, motor

learning

1 | INTRODUCTION

Gamma-aminobutyric acid (GABA), the primary inhibitory neurotrans-

mitter in the central nervous system, plays a vital role in maintaining

the excitation/inhibition balance that is essential for optimal brain

functioning, including the neural processes underlying learning and

memory (e.g., Le Roux, Amar, Moreau, Baux, & Fossier, 2008; Trepel

& Racine, 2000). Previous research in young adults has demonstrated

that learning a novel motor skill triggers a decrease in sensorimotor

cortical GABA levels, as assessed by magnetic resonance spectros-

copy (MRS; Floyer-Lea, Wylezinska, Kincses, & Matthews, 2006;

Kolasinski et al., 2019; Sampaio-Baptista et al., 2015). These learning-

related decreases in the level of inhibitory GABA are thought to favor

synaptic plasticity (Stagg, 2014; Stagg, Bachtiar, & Johansen-Berg,

2011b) and are paralleled by increased functional connectivity among

task-relevant brain regions in the resting state (RS) (Bachtiar, Near,

Johansen-Berg, & Stagg, 2015; Stagg et al., 2014).

While research on the relationship between motor learning and

GABA levels is abundant in young adults, considerably less is known

in the context of healthy aging. This gap in the available literature is

surprising given that older age is associated with deficits in motor

learning and memory processes (e.g., King, Fogel, Albouy, & Doyon,

2013) as well as reduced GABA levels in multiple brain regions, includ-

ing the sensorimotor cortex (Cassady et al., 2019; Chalavi et al., 2018;

Cuypers et al., 2020; Gao et al., 2013; Grachev & Apkarian, 2001;

Hermans, Leunissen, et al., 2018). It could be speculated that the

lower GABA levels observed in older adults may compromise the

reduction in GABA that is known to be critical for successful motor

learning. This potential explanation, however, has yet to be ade-

quately examined and is indeed a focus of the current investigation.

Interestingly, one avenue that has shown potential to facilitate

motor learning and memory processes in both young and older adults

is transcranial direct current stimulation (tDCS; e.g., Nitsche et al.,

2003; Rumpf et al., 2017; Stagg, Jayaram, et al., 2011, but see Chen

et al., 2019; Lopez-Alonso et al., 2018; Vancleef, Meesen, Swinnen, &

Fujiyama, 2016, for examples of no effect of stimulation). Anodal

tDCS applied over the primary motor cortex has been shown to

reduce sensorimotor GABA levels and increase connectivity within

motor RS networks in young individuals (Antonenko et al., 2019;

Bachtiar et al., 2015, 2018; Kim, Stephenson, Morris, & Jackson,

2014; Patel et al., 2019; Stagg et al., 2009, 2014; Stagg, Bachtiar, &

Johansen-Berg, 2011a). More importantly, this tDCS-induced

decrease in GABA has been shown to be positively correlated with

the magnitude of motor learning (Kim et al., 2014; Stagg et al., 2011a).

These data collectively suggest that tDCS may enhance motor learn-

ing processes by modulating GABA levels and RS functional connec-

tivity in motor-related regions. Antonenko et al. (2017) extended this

line of research to an aging population and demonstrated that anodal

tDCS to the motor cortex—relative to a sham stimulation condition—

decreased sensorimotor GABA and functional connectivity in older

adults. However, learning was not investigated in this study and thus

the link among motor learning and modulations in GABA and RS con-

nectivity in an aging population remains unknown.

Here, we examined the effects of motor sequence learning (MSL)

and subsequent tDCS to the primary motor cortex on sensorimotor

cortical GABA levels and functional communication between motor

task-relevant regions in healthy older adults. MRS from the sensori-

motor cortex and whole brain RS functional magnetic resonance imag-

ing (fMRI) data were obtained prior to and following the completion

of a motor learning task and either anodal or sham tDCS. On the one

hand, the well-documented aging-associated reductions in GABA

levels (Cassady et al., 2019; Chalavi et al., 2018; Gao et al., 2013;

Grachev & Apkarian, 2001; Hermans, Leunissen, et al., 2018) may mit-

igate the learning- and tDCS-induced modulations in GABA and RS

functional connectivity that have been previously observed in healthy

young individuals. On the other hand, and based on the aforemen-

tioned tDCS study (Antonenko et al., 2017), learning- and stimulation-

related modulations may be predominantly preserved in healthy aging

despite reductions in baseline GABA levels. The current study aims to

differentiate these two alternatives.

2 | METHODOLOGY

2.1 | Participants

Healthy, right-handed (Oldfield, 1971) older adults (>60 years of age)

were recruited from Leuven and the surrounding area to serve as par-

ticipants. Eligibility criteria included nonsmokers, free of psychoactive

and sleep-aid medications, no known history of neurological,
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psychological, psychiatric or sleep disorders (based on self-report), no

signs of cognitive impairment, as indicated by the Mini-Mental State

Examination (Cockrell & Folstein, 1988), and free of MRI and tDCS

contra-indications. To ensure minimal experience in tasks requiring

dexterous finger movements similar to that employed in the current

study, professional musicians and typists were excluded. Similarly,

individuals that previously participated in research involving a MSL

task were excluded. Those who worked night shifts or took trans-

meridian trips in the month prior to the experiment were also not per-

mitted to participate. Of the 44 participants who met these criteria

and were assigned to an experimental group (anodal or sham tDCS;

see below for details), 8 were excluded from all analyses: 4 failed to

appropriately perform the MSL task (i.e., >2.5 SD below the mean for

sequence accuracy) and 4 had unuseable/missing data from one of

the MRS acquisition time points. Participant characteristics of the 36

individuals included in the MRS and behavioral data analyses are pro-

vided in Table 1. Note that an additional three participants (one

anodal, two sham) were excluded from RS connectivity analyses due

to excessive head motion during acquisition. Specifically, frame-wise

displacement exceeded 0.5 mm in more than 33% of the acquired vol-

umes in at least one RS time point. Accordingly, less than 100 volumes

were remaining for analyses after scrubbing (i.e., see details in RS

fMRI preprocessing section below) of these high-motion volumes and

thus these individuals were removed from further RS analyses only.

Written informed consent was obtained before testing. The local

ethics committee for biomedical research approved all experimental

procedures. Participants received monetary compensation for their

time, effort, and incurred travel costs.

2.2 | Experimental design

Following a screening session in which questionnaires were com-

pleted to assess eligibility, participants returned to the University Hos-

pital of KU Leuven. Note that the full protocol consisted of a second

experimental session later on the same testing day (see Figure S1);

however, the focus of the current manuscript is limited to the motor

learning- and stimulation-induced changes in GABA levels and RS

functional connectivity assessed within a single experimental session

(Figure 1).

Participants first completed the psychomotor vigilance test (PVT;

Dinges & Powell, 1985) and the Stanford sleepiness scale (SSS;

MacLean et al., 1992) to provide objective and subjective, respec-

tively, measures of vigilance at the time of testing (results presented

in Table 1). Participants were subsequently positioned supine in the

MRI scanner at approximately 11 a.m. Following localizer and struc-

tural brain scans, baseline (i.e., prior to the motor task and tDCS) RS

fMRI and MRS data were acquired (see below for scan details). All par-

ticipants then completed a MSL task while functional blood oxygen

TABLE 1 Participant characteristics

Anodal Sham Group differences

n 17 19 –

Females 8 8 –

Mean age (years) 66.6 ± 4.1 67.6 ± 4.4 p = .47

Handedness 86.4 ± 20.8 89.9 ± 14.7 p = .55

BAI 3.8 ± 4.1 3.2 ± 3.8 p = .62

BDI 2.8 ± 4.4 3.8 ± 2.5 p = .39

PSQI 2.4 ± 1.4 3.3 ± 2.0 p = .12

MMSE 29.4 ± 0.9 29.4 ± 1.1 p = .96

SSS 1.9 ± 0.8 1.9 ± 0.6 p = .95

PVT (ms) 396 ± 29 399 ± 31 p = .78

Note: Group means ± SD for participant characteristics, standardized ques-

tionnaires as well as the vigilance assessments administered at time of

testing. Handedness scores are from (Oldfield, 1971). Statistical informa-

tion in the column “Group Differences” reflect results from independent

samples t tests. The two groups did not differ on any of the measures.

Abbreviations: BAI, Beck's anxiety inventory (Beck, Epstein, Brown, &

Steer, 1988); BDI, Beck's Depression Inventory (Beck, Steer, Ball, &

Ranieri, 1996); MMSE, Mini-Mental State Examination (Cockrell &

Folstein, 1988); PSQI, Pittsburgh Sleep Quality Index (Buysse, Reynolds,

Monk, Berman, & Kupfer, 1989); PVT, psychomotor vigilance task (Dinges

& Powell, 1985); SSS, Stanford Sleepiness Scale (MacLean, Fekken, Saskin,

& Knowles, 1992).

F IGURE 1 Following completion of a MSL task with the
nondominant left hand inside the MRI scanner, participants were
randomly assigned to either an anodal or sham tDCS experimental
condition (anodal electrode centered above right primary motor
cortex). MRS from the right sensorimotor cortex (contralateral to the
hand used to perform the motor task) and whole brain RS fMRI data
were obtained prior to and following the MSL task/tDCS intervention.
The experiment was completed between approximately 11 a.m. and
1 p.m. for all participants. The approximate durations (in minutes) for
each of the various measurements are provided in the figure. As the
number of sequence repetitions was held constant in the MSL task,
the duration of the training session varied depending on the
participants movement speed (mean = 16 min; range = 12–24 min).
Note that participants were removed from the MRI scanner and taken
to an adjacent testing room to complete the stimulation session. The
tDCS electrode positions were marked, but not attached, prior to
entering the scanner in order to minimize the time between end of
the learning episode and the onset of stimulation (mean
duration = 8 min; range = 5–16 min). As the participants were
removed from the scanner for the tDCS, the delay between post-
learning/stimulation MRS time point and the end of MSL training and
the end of stimulation varied. The post-MRS measurements started
approximately 32 min (range = 27–40) and 8 min (range = 5–15) after
the completion of the MSL and stimulation, respectively. Previous
research in young healthy adults has indicated that modulations in
GABA are detectable up to 20–50 min after a learning or stimulation

intervention (Bachtiar et al., 2018; Floyer-Lea et al., 2006; Patel
et al., 2019). Changes in RS connectivity have been observed hours
following motor learning (e.g., Sami, Robertson, & Miall, 2014). fMRI,
functional magnetic resonance imaging; GABA, gamma-aminobutyric
acid; MRS, magnetic resonance spectroscopy; MSL, motor sequence
learning; tDCS, transcranial direct current stimulation; RS, resting
state
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level-dependent (BOLD) images were obtained. Note that analyses of

task-related imaging data for this manuscript are restricted to identify-

ing regions of interest (ROIs) for the analysis of RS fMRI data. Follow-

ing the completion of the MSL task with their nondominant left hand,

participants were removed from the MR scanner and taken to an adja-

cent testing room to complete either anodal or sham tDCS (randomly

assigned; see below for details) applied to the right motor cortex (i.e.,

contralateral to the hand used to practice the task). We elected to

remove participants from the scanner for the tDCS; otherwise, partici-

pants would have remained in the scanner for two consecutive hours

in order to complete the full imaging protocol. tDCS was administered

immediately after (i.e., in the offline state), as opposed to during (i.e.,

online), the learning session in order to avoid confounds related to the

known beneficial effects of online stimulation on motor performance

(e.g., Hamoudi et al., 2018; Hummel et al., 2010; Nitsche et al., 2003;

Zimerman et al., 2013). Specifically, with an online stimulation proto-

col, any observed effects on GABA or RS connectivity could be attrib-

uted to tDCS directly influencing GABA/connectivity; or, alternatively,

tDCS enhancing motor performance which in turn influences GABA/

connectivity (i.e., an indirect effect of tDCS on GABA/connectivity).

Our design then allows us to differentiate the effect of learning only

(i.e., sham group) versus learning potentiated by stimulation (i.e.,

anodal group) on GABA levels and connectivity patterns. Thus, the

differences between the anodal and sham groups reflect the effect of

anodal tDCS beyond any motor learning-related effects. After com-

pleting the tDCS session, participants immediately returned to the

scanner and post-learning/stimulation RS fMRI and MRS sequences

were completed. It is worth explicitly mentioning that, as stimulation

was administered immediately after motor task performance in our

design, we aimed to examine the effects of motor learning and subse-

quent tDCS on GABA and functional connectivity and not the influ-

ence of tDCS on motor behavior as investigated in previous research

(e.g., Reis & Fritsch, 2011).

2.3 | Motor sequence learning task

MSL was tested with an adapted version of the sequential finger tap-

ping task (Karni et al., 1995) that has been employed extensively by

members of our team (Dan, King, Doyon, & Chan, 2015; Fogel et al.,

2014; King, Saucier, et al., 2017). Prior to the initial training session,

participants were shown a PowerPoint (Microsoft Corporation, Red-

mond, WA) presentation providing detailed instructions on the series

of tasks described below. While positioned supine in the scanner, par-

ticipants were instructed to use fingers of their (nondominant) left

hand and the corresponding buttons of a custom-made MR-

compatible response box with four buttons in order to perform an

explicitly known sequence of finger presses: 4–1–3–2–4, where 1–4

correspond to the index, middle, ring, and little fingers, respectively.

To ensure that participants knew the appropriate sequence of finger

movements prior to beginning the MSL task, they completed three

consecutive sequences slowly and without errors. Subsequently, for

the training phase, participants were then asked to execute the

sequence of finger movements as fast as possible while making as few

errors as possible. Participants were required to continuously repeat

the motor sequence when a fixation cross, displayed on the rear-

projected screen, became green and to rest when the cross was red

(20-s rest breaks). Unbeknownst to the participants, the cross

remained green until the completion of 60 presses (ideally

corresponding to 12 correct sequences). Participants were instructed

to return to the beginning of the sequence if an error was made. The

initial training session consisted of 12 blocks of practice followed by

an immediate (�1–2-min pause) posttest of four blocks, affording an

end-of-training performance assessment following the dissipation of

mental and physical fatigue.

During the MSL session, the timing of all key presses was recorded

for subsequent data processing. The primarydependent measure was

sequence duration, which reflects movement speed and was computed

as the average time in seconds to complete a correct sequence within a

block (i.e., smaller values are indicative of increased speed). Although

sequence accuracy can also be a viable measure and has been used

extensively in previous research (e.g., Albouy et al., 2016; Dan et al.,

2015; Dolfen, King, Schwabe, Swinnen, & Albouy, 2019), the percent-

age of correct transitions was high in the current study (92% on aver-

age) and participants, on average, did not exhibit practice-dependent

modulations in accuracy. As such, we elected to only report results

related to the speed measure in the main text. Additional information

on movement accuracy is provided in Figure S2.

2.4 | Transcranial direct current stimulation

Parameters for the post-learning tDCS were selected based on previ-

ous research by members of our team (Rumpf et al., 2017, 2018). Spe-

cifically, stimulation was administered with a DC-Stimulator Plus from

Neuroconn (Ilmenau, Germany). Two 5 × 5-cm2 rubber electrodes

were placed inside sponges soaked in a saline solution. The anode

was placed at the C4 position defined in the international 10–20 sys-

tem, which is located approximately over the hand area of the right

primary motor cortex (i.e., contralateral to the hand used to perform

the motor task). The cathode was placed on the left supraorbital

region contralateral to the anode. For the anodal stimulation group,

current was increased in a ramp-like manner over a duration of 8 s

until the desired current of 1 mA was reached (surface current density

= 0.04 mA/cm2). This stimulation intensity is identical to earlier work

demonstrating tDCS-induced modulations of GABA and functional

connectivity in younger and older adults (Antonenko et al., 2017;

Bachtiar et al., 2015) as well as improvements in motor performance

in healthy older individuals (Rumpf et al., 2017). Although stimulation

intensity was matched to these previous studies, note that the size of

the electrodes in the current research (5 × 5 cm2) was smaller. The

duration of stimulation at 1 mA was 15 min. For sham stimulation,

current ramped to and stayed at 1 mA for only 30 s, and then faded

out over a duration of 8 s. This procedure is successful in blinding the

subject to experimental condition (Gandiga, Hummel, & Cohen, 2006;

Nitsche et al., 2008). The researcher was also blind to stimulation
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condition using the “study mode” available in the DC-Stimulator Plus.

Consistent with earlier research (Rumpf et al., 2017), participants

viewed nature images without sound during the stimulation session.

2.5 | Brain imaging data acquisition and processing

A Philips (Philips Healthcare, Amsterdam, the Netherlands) Achieva

3.0T MRI system with 32-channel head coil was used for image

acquisition.

2.5.1 | Structural images

A three-dimensional (low-resolution) T1-weighted structural image

was acquired with a magnetization-prepared rapid-acquisition

gradient-echo (MPRAGE) sequence prior to each of the MRS time

points (repetition time (TR) /echo time (TE) = 9.6/4.6 ms; voxel size =

1.2 × 1.2 × 2.0 mm3; field of view = 250 × 250 × 222 mm3; 111 cor-

onal slices). These lower-resolution images were acquired due to time

constraints during the experimental protocol. They were of sufficient

quality to position the MRS voxel, but not for subsequent data

processing. Therefore, a high-resolution T1-weighted structural image

was acquired with a MPRAGE sequence during a separate scanning

session later in the same day (TR/TE = 9.6/4.6 ms; voxel size =

0.98 × 0.98 × 1.2 mm3; field of view = 250 × 250 × 192 mm3; 160

coronal slices). This high-resolution T1-weighted image was indepen-

dently coregistered to the two low-resolution images with SPM12,

thus resulting in a high-resolution structural image for each MRS time

point that was used in data processing.

2.5.2 | Magnetic resonance spectroscopy

The quantification of GABA in a predefined ROI was assessed via in-

vivo proton (1H) MRS (Mullins et al., 2014; Puts & Edden, 2012). For

each of the two MRS time points in the current study, spectra were

acquired from the right sensorimotor cortex (contralateral to the hand

used to perform the motor task, but directly below the anodal tDCS

electrode positioned at C4). The exact positioning of the

3 × 3 × 3 cm3 MRS voxel was based on the acquired time point-

specific T1 image, centered above the right hand knob area (Yousry et

al., 1997) and rotated in the coronal and sagittal planes to align with

the cortical surface of the brain (Figure 2(a)). The average within-

subject overlap in voxel position for the two time points was equal to

83.88 ± 7.1% (mean ± SD), suggesting high consistency in the place-

ment of the MRS voxels (see Figure S3 for heat maps depicting the

degree of spatial overlap across all participants and time points). Data

were acquired using the Mescher–Garwood point resolved spectros-

copy sequence (Mescher, Merkle, Kirsch, Garwood, & Gruetter, 1998),

with parameters similar to previous research (Hermans, Levin, et al.,

2018; Maes et al., 2018; Mikkelsen et al., 2017; 14-ms editing pulses

applied at an offset of 1.9 ppm in the on experiment and 7.46 ppm in

the off experiment, TR = 2 s, TE = 68 ms, 2-kHz spectral width, multi-

ple optimizations insensitive suppression train water suppression, 320

averages, scan duration of 11 min, 12 s). Sixteen water-unsuppressed

averages were acquired from the same voxel and interleaved to allow

for real-time frequency correction (Edden et al., 2016), which is of

particular importance after fMRI scanning (Harris et al., 2014). Scan

parameters were identical for the two MRS time points. During data

acquisition, a dark screen (i.e., no visual stimulus) was presented; par-

ticipants were simply instructed to remain still for the duration of

the scan.

MRS data were analyzed with the Gannet software 3.0 toolkit

(Edden, Puts, Harris, Barker, & Evans, 2014). Individual frequency

domain spectra were frequency- and phase-corrected using spectral

registration (Near et al., 2015). Data were subsequently filtered with a

3-Hz exponential line broadening. Individual ON and OFF spectra

were averaged and subtracted, resulting in an edited difference spec-

trum. The GABA signal from this difference spectrum was modeled at

3 ppm with a single Gaussian peak and a 5-parameter Gaussian model

whereas the unsuppressed water signal, to be used as the reference

F IGURE 2 (a) Depiction of MRS voxel positioning in the right sensorimotor cortex of a randomly selected participant and time point. The
MRS voxel is overlaid on the participant and time point-specific T1 structural image. Image created in the software MRIcro available at https://
www.mccauslandcenter.sc.edu/crnl/mricro. (b) Spectra from all participants and time points included in the analyses (n = 72;
36 participants × two time points). GABA+ peak is visible at 3 ppm. Green and magenta represent the baseline and post-learning/stimulation time
points, respectively (thick black line = mean spectrum collapsed across time points and participants). GABA, gamma-aminobutyric acid; MRS,
magnetic resonance spectroscopy

3684 KING ET AL.

https://www.mccauslandcenter.sc.edu/crnl/mricro
https://www.mccauslandcenter.sc.edu/crnl/mricro


compound (Mikkelsen et al., 2019), was fit with a Gaussian–

Lorentzian model. The integrals of the modeled data were then used

to quantify uncorrected GABA levels. It should be emphasized that

this scheme edits GABA as well as macromolecules at 3 ppm (Edden,

Puts, & Barker, 2012; Rothman, Petroff, Behar, & Mattson, 1993) and

thus GABA levels reported herein are referred to as GABA+ (i.e.,

GABA+ macromolecules). To adjust GABA+ levels for heterogeneity

in voxel tissue composition, MRS voxels coregistered to the high-

resolution T1 were segmented into different tissue fractions (gray

matter [GM], white matter [WM], and cerebrospinal fluid [CSF]) with

SPM12. These voxel compositions were used to compute tissue-

corrected GABA+; specifically, it was assumed that GABA+ levels are

negligible in CSF and twice as high in GM relative to WM (Harris,

Puts, & Edden, 2015). Tissue-specific relaxation and water visibility

values were also considered as in Harris et al. (2015). Last, GABA+

levels were normalized to the average voxel composition in our sam-

ple of older adults (Harris et al., 2015). As such, the reported GABA+

values reported in this manuscript, specified in institutional units (i.u.),

correspond to the “QuantNormTissCorrGABAiu” variable in Gan-

net 3.0.

Quality of the MRS data was assessed with the following mea-

sures: GABA signal-to-noise ratio, fit error of the GABA peak, SD of

the water frequency offset and linewidth (LW), quantified as the full-

width half-maximum (FWHM) of the modeled N-acetylaspartate

(NAA) signal. These data quality metrics and MRS voxel tissue frac-

tions, as well as corresponding statistical analyses to assess potential

effects of experimental group and MRS time point, are detailed in

Table S1. In brief, the averaged quality and tissue fraction values are

comparable to a recent, large multicenter study (Mikkelsen et al.,

2017) as well as in previous research in our laboratory (Hermans,

Levin, et al., 2018; Maes et al., 2018). There were no group differ-

ences (i.e., anodal vs. sham) or group × time point effects in any of the

data quality metrics or tissue fractions. There were, however, signifi-

cant time point effects for NAA LW and the SD of the water fre-

quency offset, with the post-learning/stimulation time point having

significantly worse data quality. Although these time point effects

were unexpected, the differences in data quality did not exert a signif-

icant influence on GABA+ levels (Figure S4). Specifically, the GABA+

levels were uncorrelated with both NAA LW and SD of the water fre-

quency offset (both p > .68).

2.5.3 | Resting-state fMRI

Functional RS data were acquired with an ascending gradient

echoplanar imaging (EPI) pulse sequence for T2*-weighted images (TR

= 2,500 ms; TE = 30 ms; flip angle = 90�; 45 transverse slices; inter-

slice gap = 0.25 mm; voxel size = 2.5 × 2.5 × 3 mm3; field of view =

200 × 200 × 146 mm3; matrix = 80 × 78; 162 dynamic scans plus

four dummy scans discarded at the beginning of the sequence). Dur-

ing data acquisition, a dark screen (i.e., no visual stimuli) was pres-

ented; participants were instructed to remain still, close their eyes and

to not think of anything in particular for the duration of the scan.

Preprocessing

Functional volumes were preprocessed using SPM12 (http://www.fil.

ion.ucl.ac.uk/spm/software/spm12/; Wellcome Department of Neu-

roimaging Neuroscience, London, UK) implemented in Matlab. Specifi-

cally, each participant's functional volumes were realigned to the first

volume of the session using rigid body transformations and then slice

time corrected to the middle slice (reference slice = 22). Functional

images were coregistered to the high resolution T1-weighted anatom-

ical image using a rigid body transformation optimized to maximize

the normalized mutual information between the two images. The

structural image was segmented into GM, WM, CSF, bone, soft tissue

and background. An average subject-based template was created

using DARTEL in SPM 12 and registered to the Montreal Neurological

Institute (MNI) space. All functional and anatomical images were then

normalized to the resulting template.

Head motion in six dimensions (i.e., rotations and linear transla-

tions in three planes of movement) was quantified for each subject

during the RS scan as a result of the functional realignment

preprocessing step. Across all subjects included in the RS analyses (n =

33) and the two time points, the average ± SD of the maximum dis-

placements across all 162 volumes and the three planes of movement

were 0.51 ± 0.33 mm and 0.57 ± 0.40� for translations and rotations,

respectively, suggesting minimal participant head movement. Criti-

cally, there were no significant group, time point, or group by time

point effects on these movement parameters (all p > .10; see

Table S2).

Defining motor task-relevant ROIs

We were interested in the effect of learning/stimulation on RS func-

tional connectivity between the right motor cortex (i.e., the same

region from which GABA data were acquired) and other task-relevant

areas. As such, task-based functional connectivity analyses were used

to identify which areas of the brain exhibited a significant increase in

connectivity with right M1 as a function of performance improve-

ments. To do this, we performed PsychoPhysiological Interaction (PPI)

analyses on fMRI data collected during task practice with an ascend-

ing gradient EPI pulse sequence for T2*-weighted images (TR =

3,000 ms; TE = 30 ms; flip angle = 90�; 54 transverse slices; interslice

gap = 0.20 mm; voxel size = 2.5 × 2.5 × 2.5 mm3; field of view =

210 × 210 × 146 mm3; matrix = 84 × 82; 2 dummy scans discarded

at the beginning of the run). PPI analyses were seeded in the right pri-

mary motor cortex that exhibited the local maximum of brain activity

during MSL task practice. Specifically, and similar to our previous work

(King, Saucier, et al., 2017), fMRI data were preprocessed similarly as

described above and then were analyzed in two serial steps to

account for intraindividual (fixed effects) and interindividual (random

effects) variance. Changes in brain responses were estimated, for each

subject, by a model including the responses to the learned sequence

and their linear modulation by performance speed (mean time to per-

form a correct sequence per block). These regressors consisted of box

cars convolved with the canonical hemodynamic response function.

High-pass filtering was implemented in the design matrix using a cut-

off period of 128 s to remove slow drifts from the time series. Serial
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correlations in fMRI signal were estimated using an autoregressive

(Order 1) plus white noise model and a restricted maximum likelihood

algorithm. Linear contrasts tested the main effect of task practice at

the individual level were then further spatially smoothed (Gaussian

kernel 6-mm FWHM) and entered in a second-level analysis, account-

ing for intersubject variance and allowing inferences to be made at

the population level. A one-sample t test was run on the entire sam-

ple, resulting in an activation map of the t-statistic (SPM[T])

thresholded a p < .001 uncorrected. The main effect of practice at the

group level revealed a peak of activation within right M1 (MNI coordi-

nate: x = 38, y = −20, z = 54) that was subsequently used as a seed

region for PPI analyses.

PPI analyses were conducted to test the changes in functional

connectivity of this right M1 seed region with the rest of the brain as

a function of task practice. To do so, time series were extracted from

a 6-mm radius sphere centered on the right M1 seed region identified

as described above. Importantly, this sphere was located within the

group-averaged MRS voxel (see Figure S5). Linear models were gener-

ated, at the individual level, with a first regressor representing the

practice of the motor sequence modulated by performance speed, a

second regressor corresponding to the BOLD signal in the M1 seed

and a third regressor representing the interaction between the first

(psychological) and second (physiological) regressors. To build this

regressor, the underlying neuronal activity was first estimated by a

parametric empirical Bayes formulation, combined with the psycho-

logical factor, and subsequently convolved with the hemodynamic

response function (Gitelman, Penny, Ashburner, & Friston, 2003). The

linear contrast testing for the interaction between the psychological

and physiological regressors at the individual level was then further

spatially smoothed (Gaussian kernel 6-mm FWHM) and entered in a

second-level analysis, accounting for intersubject variance and all-

owing inferences to be made at the population level. A one-sample t

test including all participants was performed to assess which brain

regions exhibited increased functional connectivity with the right M1

seed as a function of performance improvement (p < .001

uncorrected). A significant PPI therefore indicated a change in the

regression coefficient (i.e., a change in the strength of the functional

interaction) between any reported brain area and the M1 seed, related

to improvement in performance speed during training. From this con-

nectivity map, we extracted the coordinates of the local maxima

within clusters that were at least 20 voxels in size and greater than

20 mm apart from one another. This resulted in 14 regions, including

left M1, left supplementary motor area, left superior parietal cortex

(two regions), left precuneus, bilateral rolandic operculum, bilateral

frontal cortices, bilateral cerebellar lobule VIII, left cerebellar lobule VI,

and cerebellar vermis. A ROI with a 6-mm radius sphere centered on

each peak voxel was then built with the MarsBAR toolbox in Matlab

and used in subsequent RS functional connectivity analyses. Figure S5

and Table S3depict and list, respectively, these 15 ROIs constituting

the task-relevant motor network (i.e., the initial right M1 seed identi-

fied based on the activation analysis plus the 14 regions that exhibited

increased connectivity with right M1 as a function of performance

improvements as revealed by the PPI analysis).

Functional connectivity of the task-relevant motor network

during RS

The analysis pipeline was conducted in Matlab and was similar to that

employed in our previous research (King et al., 2018). Prior to running

the connectivity analyses, additional preprocessing steps were com-

pleted to remove variance from spurious sources. First, to minimize

the impact of motion on the correlations between ROIs, data were

“scrubbed” to remove volumes in which the scan-to-scan displace-

ment exceeded 0.5 mm (e.g., Power, Barnes, Snyder, Schlaggar, &

Petersen, 2012). Data were then high-pass filtered with a cutoff of

0.01 Hz. Regression analyses were performed on the fMRI time series,

including the six-dimensional head motion realignment parameters,

the realignment parameters squared, their derivatives, the square of

the derivatives, as well as the first three principal component time

series extracted from WM and CSF masks as regressors. The resulting

residuals were then low-pass filtered with a cutoff of 0.08 Hz. Data

filtering served to minimize high-frequency noise that may be the

result of cardiac and respiratory factors (Fox et al., 2005; Fox &

Raichle, 2007).

At the individual level, the time-series across all voxels within

each region were averaged and Pearson correlation coefficients

between the right M1 seed and the other 14 ROIs were computed.

We restricted our analyses to right M1 connectivity to match the

GABA data acquired from the right sensorimotor cortex. Each correla-

tion coefficient r was converted to z-values with the formula:

z = arctanh rð Þ�√ nvols−3ð Þ,

where nvols = number of BOLD volumes recorded (Fox et al., 2005).

Statistical analyses of the correlation data were performed on these z-

values.

2.6 | Statistical analyses

Behavioral data were analyzed using repeated measures analysis of

variances (ANOVAs) on the dependent measure sequence duration

for the training and test runs separately with block and group

(anodal/sham) as factors of interest. In case of violation of the sphe-

ricity assumption, Greenhouse–Geisser corrections were applied. In

order to assess the relationship between motor learning and mea-

sures of GABA+ levels, a learning magnitude measure was computed

as the percent decrease in sequence duration from the first block of

the initial training run to the last three blocks of the immediate post-

test run. This measure was computed based on the last three—as

opposed to four—blocks of the test run, as performance was stable

across this subset of blocks (i.e., no significant block effect; see

Section 3). An independent samples t test was used to assess group

differences in learning magnitude. It is worth explicitly stating that

no group (i.e., anodal/sham) differences were expected on the motor

task, as the stimulation was administered after the learning episode.

Threshold for significance was set at α = .05 for all behavioral

contrasts.
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GABA+ levels were analyzed using a repeated measures ANOVA

with time point (baseline, post-learning/stimulation) and experimental

group (anodal/sham) as factors of interest (α = .05). We then adopted

an individual differences approach in order to assess the pairwise

relationships—and the modulatory influence of experimental group—

among the following four variables of interest: age, MSL magnitude,

baseline GABA+, and percent change in GABA+ across the two time

points (i.e., reflecting learning/stimulation-induced modulations). For

each of the six pairs of variables, within-group (i.e., anodal/sham)

Pearson's correlation coefficients between the two variables of inter-

est were transformed to z-scores using Fishers' r-to-z transformation

and these z-scores were statistically compared to assess if the stimula-

tion modulated the relationship between the two continuous vari-

ables. A single and z-transformed Pearson's correlation coefficient

was subsequently computed across groups when the within-group

correlation coefficients were not statistically different from one

another (i.e., effectively collapsing across the nonsignificant factor of

group). Within each family of hypothesis tests, corrections for multiple

correlations were conducted using the false discovery rate (FDR)

method with the desired FDR value for significance testing set

to 0.05.

With respect to the RS connectivity data, we first assessed con-

nectivity during the baseline time point (i.e., prior to the motor learn-

ing session) to determine if the ROIs extracted based on the task-

related functional connectivity analyses (i.e., PPI) were connected to

the right M1 seed at rest. To this end, one-sample t-tests were con-

ducted on the z-transformed correlation coefficients to assess base-

line connectivity between the right M1 seed and each of the 14

ROIs. Next, to assess group and time point effects, RS connectivity

scores were analyzed with a repeated measures ANOVA with time

point (baseline, post-learning/stimulation) and experimental group

(anodal/sham) as factors of interest (α = .05). We then adopted an

individual differences approach to assess the relationships between

baseline connectivity and the following set of variables: age, baseline

GABA, percent change in GABA across the two time points and MSL

magnitude. Similarly, we assessed the relationship between the

intersession change in connectivity, computed as baseline connectiv-

ity subtracted from post-learning/stimulation connectivity, and the

above-mentioned set of variables. We followed the identical correla-

tional approach as outlined in the preceding paragraph. Specifically,

within-group (i.e., anodal/sham) Pearson's correlation coefficients

were computed and transformed with Fishers' r-to-z to quantify the

relationship between change in connectivity and the specific variable

of interest (i.e., age, learning magnitude, baseline GABA, and change

in GABA). An across-group single correlation coefficient was com-

puted if the within-group correlations did not statistically differ. For

all connectivity analyses, the statistical probabilities associated with

each family of hypothesis tests were considered significant if surviv-

ing the FDR method for multiple comparisons (i.e., correcting among

the 14 seed/ROI connectivity pairs). The desired FDR value for sig-

nificance testing was set to 0.05. For completeness, figures indicate

significance at thresholds of both p(FDR) < .05 as well as p

(uncorrected) < .05.

3 | RESULTS

3.1 | Motor sequence learning

To verify that participants learned the motor sequence and to a similar

extent in the two experimental groups, a 2 (anodal/sham) × 12 (prac-

tice blocks) ANOVA on the dependent measure sequence duration

was conducted for the initial training run. Sequence duration

decreased across the 12 blocks of training, as indicated by a signifi-

cant main effect of block (Figure 3a; F3.58,121.86 = 61.52, p < .001).

Both the group effect (F1,34 = .25, p = .62) and the block × group

interaction were not significant (F3.58,121.86 = 0.94, p = .44), as

expected. A similar pattern of results was obtained for the analysis of

performance during the immediate post-training test (block: F2.20,74.63

= 8.75, p < .001; group: F1,34 = 1.11, p = .30; block × group: F2.20,74.63

= 2.02, p = .14) and a performance plateau was achieved across the

last three blocks, as indicated by a non-significant effect of block

(F22,68 = 0.63, p = .54). These results collectively indicate that, as

expected, the two groups learned the explicit sequence of finger

movements to a similar extent. This was further supported by the lack

of a statistically significant group effect on the learning magnitude

measure, computed as the percent improvement from the beginning

of the training session to the end (last three blocks) of the test session

(Figure 3b; t34 = 1.72, p = .095).

3.2 | Sensorimotor cortex GABA+ levels

GABA+ levels did not significantly differ between the two experimen-

tal groups or across the two MRS time points (Figure 4a; Session main

effect: F1,34 = 1.42, p = .24; group: F1,34 = 1.30, p = .26;

F IGURE 3 (a) Sequence Duration plotted for the anodal and sham
tDCS experimental groups across the 12 blocks of training and the
four blocks of the posttest (Test) administered immediately following
training. Shaded regions represent SEM. (b) Learning magnitude,

computed as the percent change from the first block of the training
run to the last three blocks of the test run, plotted for the two
experimental groups. Higher scores are indicative of greater within-
session learning. Error bars = SEM. Small circles and crosses depict
individual data for the anodal and sham groups, respectively. An,
anodal; SEM, standard error of mean; Sh, sham; tDCS, transcranial
direct current stimulation
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session × group: F1,34 = 0.02, p = .90). This indicates that, at the group

level, neither motor learning nor subsequent anodal tDCS significantly

modulated GABA+ levels in healthy older adults. We assessed the

effect of group (anodal/sham) on the pairwise relationships among

the following four variables of interest: age, MSL magnitude, baseline

GABA+, and percent change in GABA+ levels across the two time

points. As the within-group Pearson's correlation coefficients did not

statistically differ between the two experimental groups for each of

the six pairs of variables (all uncorrected p > .14; see Tables S4 and

S5), correlations were conducted across the anodal and sham groups.

Results revealed that changes in GABA+ levels from the baseline to

the post-learning/stimulation session were significantly correlated

with age, baseline GABA+ levels and the magnitude of motor learning

(Figure 4b–d; see Table 2 for full correlational matrix specifying all six

pairwise relationships). Participants that were younger, had higher

baseline GABA+ levels, and exhibited the greatest amount of motor

learning were more likely to exhibit a decrease in GABA+ across the

learning/stimulation interval.

To ensure that the significant relationships among GABA+ mea-

sures, age and motor learning (Figure 4b–d) were not attributed to the

decrease of some data quality markers during the post-learning/stim-

ulation MRS time point (Table S1), we computed partial correlations

among our variables of interest (i.e., age, baseline GABA, change in

GABA, and learning magnitude) after controlling for the NAA LW and

SD of the water frequency offset in the post-learning/stimulation time

point (Tables S6 and S7). Critically, the significant relationships

reported in the main text remained after removing the variance

explained by these MRS data quality metrics.

As a final point of emphasis, the relationship between change in

GABA+ and learning magnitude (Figure 4d) appears to be specific to

learning and not motor execution per se. There was no significant

relationship between change in GABA+ and individuals' average per-

formance speed during the training session (averaged time to com-

plete a sequence; r = .18; p = .28). Moreover, the partial correlation

between change in GABA+ and MSL magnitude remained significant

after accounting for the averaged time to complete a sequence (r =

−.43; p = .011).

3.3 | RS functional connectivity

RS connectivity between right M1 and the identified motor task-

relevant network is shown in Figure 5. One-sample t tests performed

across all participants on the baseline z-transformed correlation coef-

ficients, representing connectivity prior to MSL, are shown in the top

row. As expected, the vast majority of these ROIs, including left M1,

SMA, left superior parietal cortex, left precuneus, bilateral rolandic

operculum, and three cerebellar ROIs (bilateral lobule VIII and left lob-

ule VI), were significantly connected with the right M1 seed at rest

prior to the task. Thus, and unsurprisingly, the regions that exhibited a

F IGURE 4 (a) GABA+ levels plotted for the anodal (red) and sham (blue) stimulation groups for the baseline and post-learning/stimulation
sessions. Error bars = SEM. Small circles and crosses depict individual data for the anodal and sham groups, respectively. See Figure S6 for a
depiction of the intraindividual change in GABA+ levels across the two time-points. (b–d) Relationships between % change in GABA+ levels
between the two MRS sessions and age (b), Baseline GABA+ levels (c) and motor sequence learning magnitude (d). Solid dark lines represent
linear regression fits; dashed lines depict 95% prediction intervals of the linear function. The relationships between any pair of variables were
significant across groups (n = 36). For completeness, however, the anodal and sham participants are shown in red circles and blue crosses,
respectively. All three correlations survive FDR correction for multiple comparisons (FDR-adjusted p-values provided in the plots). Collectively,
these three variables account for 41.24% of the variance in % change in GABA+. FDR, false discovery rate; GABA, gamma-aminobutyric acid; i.u.,
institutional units; MRS, magnetic resonance spectroscopy; SEM, standard error of mean

3688 KING ET AL.



significant increase in connectivity with the right M1 seed as a func-

tion of performance improvements during the MSL task were also sig-

nificantly connected with the right motor cortex at rest prior to

the task.

Functional connectivity between the right M1 seed and the

motor task-relevant network did not significantly differ between the

two experimental groups or across the two RS time points (bottom

three rows of Figure 5). These data indicate that, at the group level

and similar to the results on GABA+ levels, neither motor learning nor

subsequent anodal tDCS significantly modulated functional connectiv-

ity between the right motor cortex and other task-relevant regions in

healthy older adults.

We first assessed the relationships between baseline functional

connectivity and age, MSL magnitude, baseline GABA+ and percent

change in GABA+ across the two MRS time points. The anodal and

sham experimental groups did not differ in the relationships between

baseline RS connectivity and any of the aforementioned variables

after correction for multiple comparisons. Subsequent correlation ana-

lyses collapsed across the two groups also did not reveal any signifi-

cant relationships after correction for multiple comparisons between

baseline connectivity and age, baseline GABA+, learning magnitude,

and change in GABA+ (see Figure S7). Of note, and consistent with

previous research in young (Bachtiar et al., 2015; Stagg et al., 2014)

and older adults (Antonenko et al., 2017), baseline connectivity

between bilateral M1s did exhibit a negative relationship with base-

line GABA+ (r = −.35; p = .043). That is, higher baseline GABA+ levels

were related to lower M1-M1 functional connectivity. This result,

however, did not survive FDR correction for multiple comparisons.

Last, the relationships between the change in connectivity across

the two RS time points and age, MSL magnitude, baseline GABA+,

and percent change in GABA+ were assessed via the computation of

Pearson's correlation coefficients. Critically, the anodal and sham

stimulation groups did not differ in the relationships between change

in connectivity and any of the variables of interest after correction for

multiple comparisons (see Figures S8 and S9). Correlation analyses

across the two groups revealed that the changes in connectivity

between right M1 and two task-relevant regions (i.e., left M1 and left

superior parietal cortex) were significantly and positively correlated

with baseline GABA+ levels (Figure 6). That is, individuals with higher

baseline GABA+ levels in the right sensorimotor cortex were more

likely to exhibit a motor learning-related increase in functional con-

nectivity between the right M1 seed and two nodes of a task-relevant

network. As these effects did not differ between the two groups, it

can be inferred that learning, rather than stimulation-mediated

changes in functional connectivity are related to the level of GABA

TABLE 2 Correlations among age, GABA+ measures and motor sequence learning magnitude

Age Base GABA+ % ΔGABA+ Learn Mag

Age – – – –

Base GABA+ −.32 (.056) – – –

% ΔGABA+ .45 (.006) −.51 (.001) – –

Learn Mag −.29 (.083) .22 (.196) −.41 (.013) –

Note: Pearson's correlation coefficients and corresponding uncorrected p values (parentheses) are shown for each pair of variables. Those in bold remained

significant after correction for multiple comparisons using the FDR approach (adjusted critical p = .013). Correlations were conducted across the two exper-

imental groups (n = 36), but see Tables S4 and S5 for within-group correlations and group comparisons of the within-group correlation coefficients,

respectively.

Abbreviations: Base, baseline time point; FDR, false discovery rate; GABA, gamma-aminobutyric acid; % ΔGABA+, percent change in GABA+ from the

baseline to post-learning/stimulation magnetic resonance spectroscopy time points; Learn Mag, magnitude of motor sequence learning in the initial training

session.

F IGURE 5 RS functional connectivity between the right M1 seed
and the 14 motor-task relevant ROIs. Top row depicts connectivity
during the baseline RS time point collapsed across the two groups
(n = 33). Values represent t statistics based on the z-transformed
correlations. Tests of statistical significance were based on a one-
sample t test corrected for multiple comparisons with a FDR
threshold set to 0.05. Corrected p value threshold is .0297. • = p
(FDR) < .05; o = p(uncorrected) < .05. The bottom three rows depict
main effect of time point, group, and the time point by group
interaction. Values represent F statistics based on the repeated
measures ANOVA conducted on the z-transformed correlations.
There were no significant time point, group, or time point × group
effects. The numbers 6 and 8 represent the cerebellar lobules.
ANOVA, analysis of variance; CB, cerebellar; FDR, false discovery
rate; IF, inferior frontal; L, left; M1, primary motor cortex; MF, medial
frontal; Precun, precuneus; R, right; RO, rolandic operculum; ROIs,
regions of interest; RS, resting state; SMA, supplementary motor area;
SP, superior parietal
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during baseline. Age, change in GABA+ levels and learning magnitude

were not related, after FDR correction, to the change in connectivity

across the learning/stimulation interval in any of the seed/ROI pairs

(Figure 6).

4 | DISCUSSION

Our results demonstrate that although MSL did not significantly modu-

late GABA+ levels or RS functional connectivity at the group level, indi-

vidual differences in the learning-related modulations in GABA+ levels

were associated to the participants' age, baseline GABA+ levels and the

magnitude of learning. That is, the younger old participants with higher

baseline GABA+ levels and who exhibited the greatest amount of learn-

ing were more likely to show the learning-related decrease in GABA

that has been previously observed in young adults. Higher baseline

GABA was also linked to a learning-related increase in RS functional

connectivity between motor task-relevant regions, including bilateral

motor cortices. Post-learning anodal tDCS exerted no influence on

GABA+ levels, functional connectivity or the relationships among

GABA, connectivity and behavioral measures in healthy older adults.

4.1 | No effects of post-learning tDCS on GABA
levels or RS functional connectivity

Previous research has demonstrated that anodal tDCS triggered a

decrease in sensorimotor GABA relative to a sham control in both

F IGURE 6 (a) Relationships between the change in RS functional
connectivity between the right M1 seed and the 14 motor task-
relevant ROIs across the two RS time points and age (top row),
baseline GABA+ levels (second from top), change in GABA+ (second
from bottom) and motor sequence learning magnitude (bottom row).
Values represent Pearson's correlation coefficients conducted across
the anodal and sham groups (n = 33). Tests of statistical significance
were based on comparisons of the coefficients to a correlation of
0 and corrected for multiple comparisons with a FDR threshold set to
0.05. Corrected p value threshold for the relationships between
change in connectivity and baseline GABA+ was .0064. • = p(FDR)
< .05; o = p(uncorrected) < .05. (b,c) Significant relationships between
baseline GABA+ and the change in connectivity across the two RS
time points between right M1 and left M1 (b) and left SP cortex
(c) are depicted. Solid dark lines represent linear regression fits;
dashed lines depict 95% prediction intervals of the linear function.
Correlations were conducted across the two experimental groups
(n = 33), but the anodal and sham participants are shown in red circles
and blue crosses, respectively. Note that these significant correlations

survive FDR correction for multiple comparisons. The numbers 6 and
8 represent the cerebellar lobules. CB, cerebellar; FDR, false discovery
rate; GABA, gamma-aminobutyric acid; IF, inferior frontal; i.u.,
institutional units; L, left; M1, primary motor cortex; MF, medial
frontal; Precun, precuneus; R, right; RO, rolandic operculum; ROIs,
regions of interest; RS, resting state; SMA, supplementary motor area;
SP, superior parietal
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young and older individuals (Antonenko et al., 2017; Bachtiar et al.,

2015; Kim et al., 2014; Patel et al., 2019; Stagg et al., 2009, 2011a).

The lack of an effect of post-learning tDCS reported in the current

manuscript is thus not entirely in line with this earlier research. There

are a few key methodological differences that deserve mentioning.

First, in the current experiment, tDCS followed the completion of the

MSL protocol. It could be suggested that the learning task masked any

stimulation-induced changes in GABA. Although we cannot

completely discount this possibility, it is unlikely given our results.

Specifically, the most likely scenario of a learning task preventing sub-

sequent tDCS-induced modulations of GABA levels would be the

presence of a learning-induced floor effect on GABA levels; that is,

tDCS would fail to decrease GABA beyond what was already

observed with learning. However, there was no learning-related mod-

ulation in GABA within our sham group and thus learning by itself did

not cause GABA levels to reach a “floor” that then masked further

stimulation-induced decreases. Nonetheless, without additional

experimental groups that did not complete the learning task, we are

limited in making direct comparisons to Antonenko et al. (2017). Sec-

ond, and consistent with previous research (e.g., Albouy et al., 2016;

Karni et al., 1995; King, Saucier, et al., 2017), participants in the cur-

rent experiment completed the MSL task with the nondominant (left)

hand and thus tDCS was administered to the contralateral (right)

hemisphere. Conversely, earlier research has predominantly stimu-

lated the dominant, left hemisphere (e.g., Antonenko et al., 2017;

Stagg et al., 2009, 2011b). There is evidence suggesting that both

GABA levels (Cuypers et al., 2020) and the behavioral effects of tDCS

differ between the two hemispheres (Schambra et al., 2011); however,

any hemispheric differences of tDCS on GABA levels or functional

connectivity have yet to be examined.

It is worth noting that anodal stimulation in the work of

Antonenko et al. (2017) exhibited decreased GABA in healthy older

adults relative to the sham condition, but not a decrease in absolute

terms. Anodal tDCS actually resulted in an averaged 8% increase in

GABA, a change that was significantly less than the 18% increase fol-

lowing sham stimulation. The authors suggested such increases in

GABA levels may be attributed to technical, scanner-related issues,

such as MR gradient-induced frequency drifts (Harris et al., 2014).

Nonetheless, this result is different from the available literature in

healthy young individuals, in which anodal stimulation resulted in an

absolute decrease in GABA (Bachtiar et al., 2015; Kim et al., 2014;

Patel et al., 2019; Stagg et al., 2009, 2011b).

In addition to modulations of GABA, previous research has dem-

onstrated that anodal tDCS decreased connectivity within a motor

network as well as between motor and posterior (visual) areas in older

adults (Antonenko et al., 2017, 2018). It was suggested that the stimu-

lation may serve to mitigate known aging-associated increases in

functional connectivity (e.g., Damoiseaux, 2017). In contrast, post-

learning tDCS in our study did not modulate RS connectivity among

motor task-relevant regions. Similar to above, we cannot definitively

rule out the possibility that post-learning anodal tDCS differentially

influences connectivity relative to stimulation in the absence of a

learning task. Alternatively, perhaps the inconsistency in the results

across studies can be best conceptualized within the growing body of

literature highlighting the heterogeneous nature of transcranial elec-

trical stimulation (see Wiethoff, Hamada, & Rothwell, 2014). The neu-

rophysiological effects of tDCS are dependent on multiple

interconnected factors, including the strength and flow of the

stimulation-induced electrical field, individual variability in the ana-

tomical features of the brain and skull, baseline neurochemical levels,

as well as baseline resting motor thresholds (Antonenko et al., 2019;

Datta, Truong, Minhas, Parra, & Bikson, 2012; Filmer, Ehrhardt,

Bollmann, Mattingley, & Dux, 2019; Laakso, Tanaka, Koyama, De

Santis, & Hirata, 2015; Labruna et al., 2019; Opitz, Paulus, Will,

Antunes, & Thielscher, 2015). It is vital for the field to better under-

stand the effect of these interindividual factors in order for

approaches such as tDCS to be considered a reliable option to modu-

late underlying neurophysiology and ultimately behavior.

4.2 | Influence of motor learning on GABA levels
and functional connectivity

The lack of a significant effect of motor learning on GABA levels and

functional connectivity at the group level in healthy older adults is in

contrast to previous research in young individuals (e.g., Albert, Robert-

son, & Miall, 2009; Floyer-Lea et al., 2006; Kolasinski et al., 2019;

Sami et al., 2014; Solesio-Jofre et al., 2018). As healthy aging is associ-

ated with significant reductions in GABA (e.g., Chalavi et al., 2018;

Gao et al., 2013; Hermans, Leunissen, et al., 2018), it is likely that

lower baseline GABA levels observed in older adults effectively

prevented substantial group-level decreases across the two MRS time

points (i.e., less room to exhibit a significant modulation). This inter-

pretation is consistent with our correlation analyses. The younger old

participants with higher baseline GABA levels (i.e., similar to previ-

ously reported estimates for young adults collected on the same MR

scanner and with similar acquisition parameters; see Hermans,

Leunissen, et al., 2018) were more likely to exhibit the learning-related

decreases in GABA and increases in RS connectivity that have been

previously reported in young adults (e.g., Albert et al., 2009; Floyer-

Lea et al., 2006; Kolasinski et al., 2019; Sami et al., 2014). Perhaps

most importantly, those that exhibited greater learning during the

training session also exhibited greater decreases in GABA, effectively

linking behavior to changes at the brain level. These data collectively

suggest that higher (i.e., “young-like”) sensorimotor GABA levels in

older adults are favorable for the neuroplastic processes that underlie

successful motor learning.

These results are in line with previous research that assessed

motor cortical inhibition across the adult lifespan with a short-interval

intracortical inhibition protocol (Heise et al., 2013). This study demon-

strated that aging-related reductions in motor cortical RS inhibition

were associated with worse motor performance as well as an impaired

modulation of inhibition during movement preparation. Thus, and

analogous to the current research, older individuals with young-like

levels of cortical inhibition showed an enhanced modulatory capacity

that was linked to better motor functioning (Heise et al., 2013).
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It is possible that the significant relationship between baseline

GABA levels and the change in GABA across the learning/stimulation

interval reported in the current study reflects, in part, a homeostatic

process that maintains GABA levels within bounds. In other words,

individuals with low or high baseline GABA levels tended to regress

toward the mean after learning/stimulation. Although such a homeo-

static process is certainly plausible, a critical finding of this research is

that such a regulatory mechanism was found to be significantly asso-

ciated with the plasticity observed at the behavioral level (i.e., the

magnitude of motor learning). Interestingly, an analogous relationship

has been previously and extensively observed with respect to the

homeostatic regulation of synaptic strength during sleep and learning

processes (Tononi & Cirelli, 2006, 2014).

To date, investigations into GABA and motor learning in older

adults are relatively limited, making it difficult to situate the current

results within the available aging literature. Nonetheless, a recent

study from our own group indicated that practice on a bimanual,

visuomotor tracking task failed to modulate sensorimotor cortical

GABA levels in older adults (Chalavi et al., 2018). It is worth noting,

however, that the same paradigm induced no changes in sensorimotor

GABA in young individuals. Thus, the lack of an effect in older adults

in this earlier study appears to not be the result of an aging-associated

impairment, but perhaps can be attributed to the nature of the spe-

cific task employed. Consistent with such an interpretation, occipital—

but not sensorimotor—GABA levels decreased in both young and

older adults as a result of a random practice regime for this

visuomotor task (Chalavi et al., 2018).

4.3 | Limitations

There are several limitations that warrant further discussion. First, and

applicable to all MRS of GABA experiments, the estimates derived

from such an approach reflect the total amount of GABA within the

voxel and thus it is not possible to assess the relative contributions of

the various pools of GABA found in the brain (see Stagg, 2014; Stagg

et al., 2011a; Stagg, Bestmann, et al., 2011, for expanded discussion).

There is evidence suggesting that MRS-quantified GABA reflects

extracellular pools of GABA, rather than GABAergic synaptic transmis-

sion (Dyke et al., 2017; Stagg, Bestmann, et al., 2011). As such, it has

been proposed that MRS-measured GABA levels can best be concep-

tualized as markers of GABAergic tone (Rae, 2014). This issue, how-

ever, is an ongoing debate and thus all results must be interpreted in

the context of the limitation outlined above. Second, it is worth

explicitly stating that the primary, statistically significant results

reported in the current research are based on correlations and thus

we are restricted to discussing associations among variables of inter-

est as opposed to inferring causality of the effects. Moreover, many

of the variables of interest (i.e., age, MSL magnitude, baseline GABA,

and modulation in GABA) are interrelated (see Table 2), making it diffi-

cult to decipher the precise relationship between any two variables

independent of the influence of the remaining factors of interest.

Third, the current research did not include groups of young

participants. Even though we are comfortable making comparisons

with the literature based on the plethora of previous studies

highlighted above that demonstrated learning- and tDCS-dependent

modulations in GABA and functional connectivity, the inclusion of

young adults would have facilitated interpretation of the results in the

context of aging-associated changes. Fourth, and as discussed earlier,

additional groups of participants that completed the anodal or sham

stimulation in the absence of learning would have provided a more

direct assessment of the effects of tDCS on GABA levels and RS func-

tional connectivity in older adults (see Antonenko et al., 2017). Simi-

larly, the inclusion of additional groups that completed an analogous

motor task without a learning component would allow us to more

clearly differentiate the effects of motor execution versus motor

learning on both GABA levels and functional connectivity in older

individuals (see Floyer-Lea et al., 2006). Last, the assessment of rele-

vant neurometabolites in our experiment was limited to GABA in the

sensorimotor cortex. Examining additional neurometabolites (see

Levin et al., 2019) and acquiring data from other ROIs, including motor

learning-relevant deep structures such as the hippocampus and stria-

tum (see Albouy, King, Maquet, & Doyon, 2013; King, Hoedlmoser,

Hirschauer, Dolfen, & Albouy, 2017, for reviews), would be of great

interest for future research.

5 | CONCLUSIONS

Although MSL did not significantly modulate sensorimotor GABA or

RS functional connectivity at the group level in older adults, those par-

ticipants with “young-like” GABA levels exhibited similar learning-

dependent changes in both GABA and connectivity as previously

observed in healthy young individuals. This result suggests that the

well-documented age-related reductions in cortical GABA levels may

compromise the neuroplastic processes known to underlie successful

motor learning in young adults. We found no evidence that post-

learning anodal tDCS influenced GABA, functional connectivity or the

relationships among GABA, connectivity, and behavioral measures in

older individuals.
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