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The ability to learn novel motor skills is both a central part of our daily
lives and can provide a model for rehabilita on a er a stroke. However,
there are s ll fundamental gaps in our understanding of the physiologi-
cal mechanisms that underpin human motor plas city. The acquisi on
of new motor skills is dependent on changes in local circuitry within the
primary motor cortex (M1). This reorganisa on has been hypothesised
to be facilitated by a decrease in local inhibi on via modula on of the
neurotransmi er GABA, but this link has not been conclusively demon-
strated in humans. Here, we used 7TMR Spectroscopy to inves gate the
dynamics of GABA concentra ons in human M1 during the learning of
an explicit, serial reac on me task. We observed a significant reduc on
in GABA concentra on during motor learning that was not seen in an
equivalent motor task lacking a learnable sequence, nor during a passive
res ng task of the same dura on. No change in glutamate was observed
in any group. Furthermore, baseline M1 GABA was strongly predic ve
of the degree of subsequent learning, such that greater inhibi on was
associated with poorer subsequent learning. This result suggests that
higher levels of cor cal inhibi on may present a barrier that must be sur-
mounted in order achieve an increase in M1 excitability, and hence en-
coding of a new motor skill. These results provide strong support for the
mechanis c role of GABAergic inhibi on in motor plas city, raising ques-
ons regarding the link between popula on variability in motor learning

and GABA metabolism in the brain.

Abbrevia ons: GABA: gamma-Aminobutyric acid, MR: magne c resonance, M1: primary motor cortex

*Equally contribu ng authors.
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1 | INTRODUCTION

Motor learning describes the process bywhichwe change and adapt in our interac onswith the external world (Dayan
and Cohen, 2011). The ability to acquire new motor skills has been strongly associated with plas c changes both the
in structure and func onal organisa on of the primary motor cortex (M1) (Dayan and Cohen, 2011; Sampaio-Bap sta
et al., 2018). Specifically, evidence from both human and non-human primate studies suggests that repeated prac ce
of a motor skill is associated with changes in the topographic organisa on of the region (Nudo et al., 1996; Karni et al.,
1998). Further, the learning of fine motor skills has been associated with synaptogenesis in M1 (Kleim et al., 2002), as
well as changes in the myelina on of the underlying white ma er (Sampaio-Bap sta et al., 2013). Understanding the
physiological processes that drive the observed structural and func onal changes in M1 to support motor learning
are necessary for the development of therapeu c approaches to promote adap ve plas city a er brain injuries, such
as stroke, via facilita on of the re-learning of motor skills compromised by brain pathology.

There is a strong body of evidence to suggest that a reduc on in cor cal inhibitory tone is cri cal for the induc-
on of M1 plas city (Bach ar and Stagg, 2014; Peters et al., 2017). Specifically, a reduc on in γ-Aminobutyric acid

(GABA)-ergic signalling appears crucial to the induc on of LTP-like plas city in M1 (Trepel and Racine, 2000; Castro-
Alamancos et al., 1995), poten ally by unmasking or poten a ng latent pre-exis ng horizontal connec ons in the
cortex (Huntley, 1997). In addi on, par cularly compelling evidence for the role of GABAergic disinhibi on in pro-
mo ng M1 plas city is provided by recent work using in-vivo two-photon imaging in mouse M1. Learning resulted
in a significant reduc on in axonal boutons observed on somatosta n-expressing inhibitory neurons (Chen et al.,
2015). Optogene cally manipula ng ac vity in this inhibitory neuronal popula on during learning disrupted both the
observed dendri c structural changes and also affected motor performance.

Changes in human M1 GABAergic ac vity have been observed during human motor learning using Transcranial Mag-
ne c S mula on (TMS) (Rosenkranz et al., 2007), though this has not been consistently reported. Using Magne c
Resonance Spectroscopy (MRS), decreases in GABA in response to the non-invasive brain s mula on approach tran-
scranial direct current s mula on (tDCS) have been shown to be predic ve of learning a motor task in healthy con-
trols(Stagg et al., 2011a). Evidence for a reduc on in cor cal GABA has also previously been reported in the context
of motor learning over the course of weeks, with correlated changes in the strength of connec vity in the res ng
state motor network as a whole (Sampaio-Bap sta et al., 2015). Lower levels of M1 GABA have also been reported
in the chronic stages of recovery a er stroke, rela ve to unaffected individuals; in these pa ents a reduc on in M1
GABA is associated with a favourable clinical response to a therapeu c interven on (Blicher et al., 2015). However,
to date, only one study has reported direct evidence for a reduc on in MRS-assessed M1 GABA in humans during
the learning of a new motor skill (Floyer-Lea, 2006); a result which has proven difficult to replicate.

Here, we take advantage of the increased spa al, temporal, and spectral resolu on afforded by acquiring MRS data
at ultra-high field (7T) to inves gate the changes in M1 GABA in M1 during motor learning (Figure 1). We sought to
address the hypothesis that MRS-assessed M1 GABA will decrease during learning of a motor task, and further that
GABA concentra on early in learning will predict the magnitude of subsequent motor learning (Stagg et al., 2011a).



KOLASINSKI, HINSON ET AL. 3

F IGURE 1 Experimental design and MR spectroscopy data acquisi on MRS data were acquired in six independent blocks
during a concurrent taskwhich differed across the three experimental groups (A): the Learning group performed a 16-bu on press
repea ng serial reac on me task; the Movement group performed a serial reac on me task without a repea ng sequence; the
Rest group passively observed a video. The Learning group performed the same 16-bu on press sequence (B): 3 repeats per
epoch (48 seconds), with each epoch separated by a 12 second rest period. MRS data were acquired in each block (64 averages)
and analysed using LCModel (Provencher, 2001) (C): representa ve acquisi on from one par cipant in one M1 block, including
model fit). (D): M1 MRS voxels were centred over the le (contralateral) hand knob illustrated in as heatmaps in the three
experimental groups: colour bars represent number of par cipants.
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TABLE 1 Par cipant breakdown across experimental groups

Learning Movement Rest

Par cipants recruited 18 19 14

Exclusion: CRLB 6 7 2

Exclusion: Grubb’s test

MRS
0 0 1

Exclusion: Grubb’s test

Reac on Time
1 0 0

Total usable par cipants 11 12 11

Age 24.2±3.7 24.6±4.1 23.3±4.8

Gender 7 Female 6 Female 5 Female

2 | MATERIALS AND METHODS

2.1 | Par cipants

51 healthy par cipants gave wri en informed consent to par cipate in the study (Oxford University Central Research
Ethics Commi ee: MSD-IDREC-C1-2014-100). Par cipants were right handed according to the Edinburgh Handed-
ness Ques onnaire (Oldfield, 1971) and met local safety criteria for scan par cipa on at 7T. Par cipants were al-
located to one of three experimental groups: Learning, Movement, or Rest (Figure 1A). A full breakdown of group
alloca on is provided in Table 1. No par cipant was recruited to more than one group. All par cipants a ended one
scanning session.

2.2 | MR data acquisi on

MRI and MRS data were acquired using a 7 tesla Siemens Magnetom System (Siemens, Erlangen, Germany) with a
32-channel head coil (Nova Medical Inc, Wilmington, MA, USA). A dielectric pad (barium tanate: 0.5 × 11 x 11 cm)
was posi oned dorsally on the scalp over le central sulcus to increase B1 efficiency in the M1 voxel of interest (VOI)
(Lemke et al., 2015). B1 efficiency was imaged using actual flip angle imaging (AFI): FOV 240x240, TR1 6 ms, TR2: 30
ms, TE 2.58 ms, non-selec ve flip angle 60°, slice thickness 2.5 mm.

To enable placement of the MRS voxel, structural MRI data were acquired with a Magne za on Prepared Rapid
Acquisi onGradient Echo (MPRAGE) sequence: TR=2200ms, TE=2.82ms, slice thickness 1.0mm, in-plane resolu on
1.0 × 1.0 mm, GRAPPA factor = 2.

MRS data were acquired using a semi-LASER sequence (van de Bank et al., 2015): TR=5000 ms, TE=36 ms, 20x20x20
mm voxel, 64 averages per block, TA=5 mins 20 secs, using VAPOR (VAriable Power RF pulses with Op mized Re-
laxa on delays) water suppression (Tkác et al., 1999). The VOI was manually posi oned in the le M1, covering the
whole hand knob (Yousry et al., 1997) (Figure 1D) and excluding the dura. MRS data were acquired in six blocks of
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approximately 5 minutes each (Figure 1A). During the acquisi on of the MRS data, par cipants performed either an
explicit sequence learning task, a motor task without a learnable sequence, or watched a video.

2.3 | MRS task s muli

Both the Learning and Movement groups were engaged in a visually-cued serial reac on me task (SRTT). Responses
were made with the right hand via a four-bu on bu on box res ng on the par cipants’ thigh. Visual cues consisted of
four horizontal lines displayed on a screen, represen ng the four bu ons (Figure 1B). Each cue consisted of one line
being replaced with an asterisk for 150 ms. Par cipants were instructed to respond by pressing the corresponding
bu on as quickly and accurately as possible, and not to press in an cipa on of an upcoming cue. There was an
inters mulus interval (ISI) of 850 ms between cues. 48 cues were presented in each epoch, followed by a rest period
of 12 seconds. The task repeated throughout MRS acquisi on (Figure 1A).

In the Learning group par cipants were explicitly informed to expect a repea ng sequence in the cues (Figure 1B: a
16-item sequence repeated three mes per epoch). In the Movement group, par cipants were told not to expect a
sequence; cues were pseudo-randomised to produce different sequences of 48 cues in each epoch, the number of
bu on presses for each finger was matched to the learning task.

In the Rest group, par cipants watched a 40 minute excerpt from a nature documentary. Between each MRS block,
par cipants were cued to press a bu on.

2.4 | MR data analysis

Raw MRS data from each block separately were corrected using the unsuppressed water signal acquired from the
same VOI, and were subject to eddy current correc on and a zero-order phasing of array coil spectra using in-house
scripts. Any residual water signal was removed using Hankel-Lanczos singular value decomposi on (Cabanes et al.,
2001). LCModel analysis was used to quan fy a concentra on of neurochemicals within the chemical shi range 0.5
to 4.2 ppm (Provencher, 2001). The exclusion criteria for data were as follows: Cramer-Rao bounds (CRLB) > 50%,
water linewidths at full width at half maximum (FWHM) > 15 Hz, or SNR < 40. There was no strong correla on (>
±0.3) between GABA and other metabolites, indica ng good spectral separa on was achieved.

To quan fy the propor on of white ma er (WM), grey ma er (GM), and cerebrospinal fluid (CSF) in the VOI, FMRIB’s
Automated Segmenta on Tool (FAST) (Zhang et al., 2001) was applied to the T1-weighted MPRAGE scan. GABA and
glutamate peaks were corrected for the propor on of GM in the VOI. Total crea ne (including phosphocrea ne: tCr)
peaks were corrected for the propor on of total brain ssue in the VOI.

MRS data analysis therefore yielded independent quan fica on of neurochemical concentra ons corresponding of
each of the six MRS blocks, expressed as a ra o of tCR, for example GABA:tCr and Glu:tCr (Figure 1A).
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2.5 | MRS motor task data analysis

In the Learning and Movement groups, task performance was assessed by quan fying response me (RT) between
s mulus presenta on and bu on press response for correct response only. RT data were divided into blocks cor-
responding to the six independent MRS acquisi ons. Median RT were then calculated within each block for each
par cipant and used for subsequent analysis. The summary measure of learning was defined as the difference be-
tween the median RT in block 1 and the lowest reac on me across blocks 2-6. This metric aimed to capture the
peak learning, which, dependent on the rate of learning, might not necessarily occur in the block 6, par cularly in
par cipants who exhibit rapid learning early in the task.

2.6 | Sta s cs

Sta s cal analyses and graphing were conducted using JMP (Version 13.0, SAS Ins tute, Cary, NC, USA) and Sta s-
cs Package for the Social Sciences (SPSS, Version 22.0, IBM Corpora on, Armork, NY, USA). To compare changes

in RT across the Learning and Movement groups, median RT data for each block were subject to a two-way mixed
ANOVA: Between-subjects factor: experimental group (Learning or Movement), Within-subjects factor: me (Block
1-6). To make similar comparisons regarding changes in the MRS concentra on of GABA across the three experimen-
tal groups, GM-corrected GABA:tCr values were also subject to a two-way mixed ANOVA: Between subjects factor:
experimental group (Learning, Movement, or Rest), Within-subjects factor: me (Block 1-6). Significant interac ons
were followed up with analysis of simple main effects within each experimental group. Correla ons were assessed
using Pearson’s correla on coefficients (two-tailed). Comparison of correla on sta s cs was undertaken using Hit-
tner’s test (Hi ner et al., 2003). A total of 17 par cipants were excluded on the basis of pre-defined criteria (Table 1):
15 par cipants were excluded on the basis of their MRS CRLB exceeding 50%; one par cipant was excluded from the
Rest group due to a sta s cal outlier in their GABA:tCr values (±2 SD); one par cipant was excluded from the Learn-
ing group due to a sta s cal outlier in the median RT values (±2 SD). Normality of the remaining data was confirmed
using Shapiro-Wilk tests.

3 | RESULTS

3.1 | Motor sequence learning is associated with a reduc on in M1 GABA concentra on

We observed a significant reduc on in MRS measures of M1 GABA over me in the Learning group, in line with the
significant reduc on in RT over me in this group. No change was observed in RT in the Movement group, and no
reduc on in GABA:tCr was observed in either the Movement group, nor the Rest group.

In the analysis of RT data, a two-way mixed ANOVA revealed a significant interac on between experimental group
(Learning or Movement) and me on RT: F(1.49,105) = 10.52 p=0.001, par al η2 = 0.334 (Greenhouse Geisser
corrected), therefore simple main effects were analysed (Figure 2). In the Learning group there was a significant main
effect of me on RT: F(1.41,14.0) = 9.33 p=0.005, par al η2 = 0.483 (Greenhouse Geisser corrected). Post-hoc
paired-samples t-tests revealed a significant reduc on in RT in the Learning group in blocks 4 and 6 compared with
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block 1 (p<0.05, Bonferroni adjusted). In the Movement group there was no significant main effect of me on RT:
F(5,55) = 0.89 p=0.496, par al η2 = 0.075.

F IGURE 2 Learning of motor sequence serial reac on me task. Group mean response me data showing a decrease in
response mes in the Learning SRTT as the par cipants learned the four-bu on 16-press sequence (magenta). No equivalent
learning was observed in the Movement group SRTT of equivalent dura on, which contained no repea ng sequence (blue). Two-
way Mixed ANOVA: Between-subjects factor: experimental group (Learning or Movement) and Within-subjects factor: me
(Block 1-6): F(1.49,105) = 10.52 p=0.001, par al η2 = 0.334 (Greenhouse-Geisser corrected). This effect was driven by a
reduc on in response me in the Learning group (Simple main effect of block: F(1.4,50) = 9.33, p=0.005, par al η2 = 0.483,
Greenhouse-Geisser corrected). * p<0.05 Bonferroni adjusted post-hoc pairwise comparison compared with block 1. Within-
subject error bars calculated across each group (Cousineau, 2005).

In the analysis of MRS GABA:tCr data, a two way mixed ANOVA revealed a significant interac on between exper-
imental group (Learning, Movement, or Rest) and me on GABA:tCr: F(10,155) = 2.03, p=0.034, par al η2= 0.116,
(Figure 3) therefore simple main effects were analysed. In the Learning group there was a significant main effect of
me on GABA:tCr: F(5,50) = 4.16, p=0.003, par al η2= 0.294. Post-hoc paired-samples t-tests revealed a significant

reduc on in GABA:tCr in block 6 compared with block 1 (p<0.05, Bonferroni adjusted). There was no significant main
effect of me on GABA:tCr in the Movement group (F(5,55) = 1.16 p=0.339, par al η2 = 0.096), nor in the Rest
group (F(5,50) = 0.226 p=0.949, par al η2 = 0.022).

To inves gate whether the observed decrease in GABA:tCr during learning might results from longitudinal changes in
the fit or SNR of the MRS data specific to the Learning group we performed a two mixed ANOVA on SNR values and
CRLB values. These revealed no significant interac on between experimental group (Learning, Movement, or Rest)
and me (SNR: p=0.658, CRLB: p=0.273).

3.2 | Early M1 GABA concentra on is predic ve of subsequent learning performance

The next ques on we wished to address was whether levels of M1 inhibi on early in learning predicted subsequent
learning. This was inves gated in the Learning cohort (N=15), including addi onal par cipants whose GABA:tCr in
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F IGURE 3 Motor learning is associated with a reduc on in motor cortex GABA concentra ons. Group mean GABA:tCr
and Glu:tCr concentra ons presented normalised to block 1 for six serial MRS acquisi ons measured during task performance.
During motor sequence learning, a reduc on in the concentra on of motor cortex GABA:tCr is observed (pink) that is not seen
in a motor task of equivalent dura on lacking a learnable sequence (blue), nor during a passive res ng task of the same dura on
(green). Two-way Mixed ANOVA with one factor of experimental group (Learning, Movement, or Rest) and one factor of block
(1-6): F(10,155) = 2.03, p=0.034, par al η2= 0.116. This effect was driven by a drop in GABA:tCr concentra on in the Learning
group (Simple main effect of block: F(5,50) = 4.16, p=0.003, par al η2 = 0.294). Equivalent measures of glutamate showed
no evidence of a change specific to the Learning group: a two-way mixed ANOVA revealed no significant interac on between
experimental group (Learning, Movement, or Rest) and me on Glu:tCr: F(10,155) = 0.780 p=0.648, par al η2 = 0.048*. p<0.05
Bonferroni adjusted post-hoc pairwise comparison compared with block 1. Within-subject error bars calculated across each
group (Cousineau, 2005).

block 1 met the CRLB quality criteria (<50%). There was a strong posi ve correla on between Block 1 GABA:tCr
and the peak change in RT, defined as the maximal decrease between RT in block 1 and the RT value of any other
block (r(15)=0.658, p=0.0077), such that lower inhibi on in M1 is predic ve of greater subsequent motor learning
(Figure 4A). No such rela onship was observed between the baseline measure of M1 Glu:tCr and peak change in
RT (r(15)=-0.0408, p=0.8851; Figure 4B). The correla on between M1 GABA:tCr and peak learning was significantly
stronger than the equivalent rela onship for Glu:tCr (Hi ner’s Z=2.23, p=0.026). There was no correla on between
the magnitude of the change in GABA:tCr and the magnitude of learning (p>0.05).

4 | DISCUSSION

This study was performed to inves gate the role of motor cor cal GABA in human skill learning. We provide strong
evidence for a reduc on in the concentra on of inhibitory GABA:tCr in M1 early during the acquisi on of a learned
sequence of movements. The observed reduc on in GABA:tCr was specific to the learning observed in the Learn-
ing group: it was observed neither in the context of the same finger movements not associated with learning in the
Movement group, nor during the Rest group which did not involve finger movements. Furthermore, the observed
change in GABA concentra on associated with motor learning was not mirrored in changes on glutamate concentra-
ons also derived from MRS. The magnitude of motor learning in the Learning group also strongly predicted by the

concentra on of baseline GABA:tCr. Taken together these results highlight the poten ally crucial and early role for
the disinhibi on of M1 in suppor ng a learned movement.
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F IGURE 4 Baseline concentra ons of GABA:tCr are strongly correlated with the magnitude of subsequent motor learning.
A strong posi ve correla on was observed between the concentra on of GABA:tCr in motor cortex and the peak reduc on in
response me observed during subsequent motor learning. The same pa ern was not observed with equivalent concentra ons
of excitatory Glutamate (Glu:tCr), sugges ng that the level of inhibitory tone present in the sensorimotor cortex may present
a barrier to be surmounted for the increase in excitability strongly associated with the acquisi on of a new motor skill. *: The
correla on of GABA:tCr and Glu:tCr with peak learning differ significantly: Hi ner’s Z=2.23, p=0.026.

Beyond the phasic GABAergic inhibi on central to mechanisms such as lateral inhibi on, the tonic ac vity from extra-
cellular GABA is thought to mediate a basal level of inhibitory tone (Semyanov et al., 2004). This ambient inhibitory
ac vity acts via extra-synap c GABAA receptors, altering proper es such as the membrane refractory period (Glykys
and Mody, 2007; Belelli et al., 2009; Isaacson and Scanziani, 2011). This tonic signalling is thought to affect local
network ac vity through a sort of paracrine signalling: the GABAergic overspill from phasic GABA release leads to an
tonic extracellular concentra on of GABA, whose signalling impacts the excitability of neighbouring neurons (Farrant
and Nusser, 2005). MRS measures of GABA concentra on are thought to more closely represent the extracellular
pool of GABA responsible for this tonic inhibitory ac vity, rather than the vesicular pool of GABA responsible for
phasic signalling, which is bound to macromolecules and therefore less visible to MRS (Stagg et al., 2011b,c). Tonic
inhibi on, is thought to result from the extrasynap c overspill of GABA media ng phasic accumula on in the extra-
cellular space of GABAergic ac vity. The evidence of decreased extracellular GABA during learning reported in this
study is in keeping with observa ons of reduced frequency of axonal boutons on inhibitory interneurons immediately
a er the ini a on of training from murine studies of motor learning (Chen et al., 2015): a reduc on in the phasic
ac vity of GABAergic neurons may result in a reduc on the tonic extracellular GABA pool, which has a subsequent
impact on the membrane refractory period and ac vity of local neurons. The widespread effect of network inhibi on
is in keeping with observa ons of heightened M1 excitability a er learning (Muellbacher et al., 2001), poten ally
unmasking latent connec ons and facilita ng plas c change in the connec ons within M1 (Huntley, 1997).

The strong correla on between the M1 GABA in the earliest stages of task performance and the magnitude of sub-
sequent motor learning (Figure 4 is in keeping with the no on of M1 disinhibi on ac ng as a precursor to the M1
plas city associated with motor sequence learning. Specifically, greater levels of extracellular GABA ac ng tonically
on local circuits in M1 may prevent or slow the process of local disinhibi on associated with learning, such that the
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magnitude of learning observed in this study was less than that observed in par cipants whose extracellular GABA
concentra on was already compara vely low at baseline. In addi on, this rela onship could also result from the
fact individuals showing an early drop in GABA concentra on go on to learn more in the study, whereas those who
maintain rela vely high GABA concentra ons early in the task go on to learn less.

We observed no rela onship between the magnitude of the reduc on inM1GABA and the change in RT as a measure
of learning. However, we are cau ous about drawing a firm conclusion from this null finding. It may be that the lack of
a rela onship between changes in GABA and changes in RT reflects the act that changes in the M1 concentra on of
GABA reflect only one aspect of learning, which interacts with a variety of other neuronal sub popula ons and cor cal
regions (Chen et al., 2015). However, we cannot rule out that the null result could arise from a limita on of the MRS
method, par cularly the limited temporal resolu on of the GABA:tCr measurements. It is also highly likely that the
dynamics of the GABA:tCr signal would con nue to evolve beyond the 40 minute period of measurement. The me
constraint here represents the prac cal feasibility of acquiring high quality spectra over prolonged con nuous periods.
Further work focused on understanding the dynamics of the GABA signal during learning could poten ally overcome
these limita ons, and may reveal a rela onship between GABA change and learning.

No change in the MRS concentra on of glutamate was observed alongside the reduc on of GABA in the context of
motor learning, movement, or rest. Glutamatergic signalling encompasses a broad range of processes in the cerebral
cortex; our results do not exclude the possibility of a change in glutamatergic signalling associated with learning, but
rather than our quan fica on of glutamate may represent a composite of its various roles as both a neurotransmi er
and a metabolite. The applica on of short echo me MRS acquisi ons in this study may also have limited the ability
to measure changes in the glutamatergic system due to the predominance of a signals from restricted vesicular pools,
reducing sensi vity to change (Mullins, 2018). In addi on, MRS measures are also not able to quan fy changes in
glutamate receptor density, which could impact its signalling across the course of learning.

We observed a specific reduc on in GABA during Motor Learning; no change in GABA was observed during simple
movement. This finding is consistent with the one previous study highligh ng reduced MRS-assessed GABA concen-
tra ons in human M1 observed during a force-tracking learning task but not in an analogous Movement condi on
(Floyer-Lea, 2006). However, these results are in contrast to a recent study repor ng evidence of a reduc on in MRS
measures of GABA during a bi-manual whole-hand clench task (Chen et al., 2017). In light of differences in the rela ve
balance of le and right M1 in the context of unimanual versus bimanual tasks (Koeneke et al., 2004), it is difficult
to interpret the present results in the context of this study, where the concentra on of M1 GABA change may be
impacted by a mixture top-down signals and M1-M1 interhemispheric signals that differs from those occurring in a
unimanual task.

This work represents an important replica on and extension of previous findings regarding the role of M1 inhibi on
in motor learning. We provide strong evidence for a learning-specific reduc on in the measured concentra on of
M1 GABA, likely to represent a change in the level of local inhibitory tone affected by extrasynap c GABAergic
signalling. Further, we demonstrate a cross-sec onal predic ve rela onship between the concentra on of M1 GABA
at an early me point in the task and the magnitude of subsequent motor learning, providing ini al support for a
poten al causal link between the set point of local inhibitory tone and the propensity for subsequent plas c change
to support behavioural change. Taken together these findings suggest that altera ons in inhibitory signalling in M1
likely represent an important step in the mechanism of plas city that supports motor learning. From a methodological
perspec ve, this paper highlights a step-change in the applica on of MR spectroscopy, towards more func onal-MRS
approaches, such that the quan fica on of trace neurochemicals such as GABA can be tracked over independent scan
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acquisi ons to assess dynamic changes in their concentra on in the context of a specific task or exposure.
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SUPPORTING INFORMATION: FOR REVIEW PURPOSES ONLY

F IGURE 5 Motor learning associated changes in absolute GABA concentra on not corrected for voxel grey ma er par al
volumeor referenced to tCr. Groupmean absoluteGABA and absoluteGlu concentra ons presented normalised to block 1 for six
serial MRS acquisi ons measured during task performance. During motor sequence learning, a reduc on in the concentra on
of motor cortex absolute GABA is observed (pink) that is not seen in a motor task of equivalent dura on lacking a learnable
sequence (blue), nor during a passive rest task of the same dura on (green). Two-way Mixed ANOVA with one factor of group
(Learning, Movement, or Rest) and one factor of block (1-6): F(10,155) = 2.21, p=0.020, par al η2= 0.125. This effect was
driven by a drop in absolute GABA concentra on in the Motor sequence group (Simple main effect of block: F(5,50) = 4.25,
p=0.003, par al η2 = 0.298). Equivalent measures of glutamate showed no evidence of a change specific to the Learning
group: a two-way mixed ANOVA revealed no significant interac on between experimental group (Learning, Movement, or Rest)
and me on absolute glutamate: F(10,104.70) = 0.306 p=0.979, par al η2 = 0.019, Greenhouse-Geisser corrected. * p<0.05
Bonferroni adjusted post-hoc pairwise comparison compared with block 1. Within-subject error bars calculated across each
group (Cousineau, 2005).


