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22  Abstract

23 From observations in rodents, it has been suggested that the cellular basis of learning-dependent
24 changes, detected using structural magnetic resonance imaging (MRI), may be increased dendritic
25 spine density, alterations in astrocyte volume, and adaptations within intracortical myelin. Myelin
26 plasticity is crucial for neurological function and active myelination is required for learning and
27  memory. However, the dynamics of myelin plasticity and how it relates to morphometric-based
28 measurements of structural plasticity remains unknown. We used a motor skill learning paradigm
29  to evaluate experience-dependent brain plasticity by voxel-based morphometry (VBM) in
30 longitudinal MRI, combined with a cross-sectional immunohistochemical investigation. Whole brain
31 VBM revealed non-linear decreases in grey matter (GM) juxtaposed to non-linear increases in white
32 matter (WM) that were best modelled by an asymptotic time course. Using an atlas-based cortical
33 mask, we found non-linear changes with learning in primary and secondary motor areas and in
34  somatosensory cortex. Analysis of cross-sectional myelin immunoreactivity in forelimb
35 somatosensory cortex confirmed an increase in myelin immunoreactivity followed by a return
36 towards baseline levels. The absence of significant histological changes in cortical thickness further
37  suggests that non-linear morphometric changes are likely due to changes in intracortical myelin for
38  which morphometric WM volume (WMV) data significantly correlated with myelin immunoreactivity.
39  Together, these observations indicate a non-linear increase of intracortical myelin during learning
40 and support the hypothesis that myelin is a component of structural changes observed by VBM

41  during learning.
42

43 Introduction

44

45 Longitudinal structural magnetic resonance imaging (sMRI) of the human brain has revealed
46 experience-dependent local changes in estimates of grey matter volume (GMV)[1]. Recent
47 evidence suggests that these grey matter (GM) changes follow a non-linear pattern[2]. The specific
48 biological components that elicit these volumetric changes are not understood. From observations
49 in rodents, it has been suggested that the cellular basis of changes detected using sMRI may, in
50 part, be due to learning-dependent changes reported for increased dendritic spine density[3],
51 alterations in astrocyte volume[4, 5], and adaptations within intracortical myelin[6-9]. Macroscopic
52 plasticity of brain structure determined by sMRI has been directly associated with neuronal dendritic
53 spine plasticity together with astrocyte reorganization in the absence of cell proliferation[3, 10], in
54 which these plastic changes were observed to be transient. Furthermore, observations using two-
55 session sMRI (before vs. after training), indicated macrostructural volumetric increases within areas

56 involved in motor control, sensory processing, learning and memory[11]. At the microstructural
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57  level, using ex vivo diffusion tensor imaging (DTI), significant white matter (WM) differences have
58 been observed in WM underlying motor cortex[12] as well as experience-dependent DTI
59  differences observed in GM structure[13]. Estimates of changes in GM using sMRI reflect a
60  composite mixture of these biological changes. For example, changes in astrocytes or synaptic
61 remodeling may explain changes in regional GMV. However, changes in intracortical myelin may
62 also affect estimates of GMV, such that increases in intracortical myelin may reduce, and decreases
63 in myelin may increase, estimates of GMV. Despite more recent developments of quantitative
64 magnetic resonance imaging[14, 15], the mix and interplay between GM and WM changes that
65 result in non-linear, experience-dependent, adaptive brain responses observed both in rodents and

66  human studies remains unknown

67 Myelin plasticity is critical for learning and memory and myelin plasticity driven by both neuronal
68  activity and experience has been described[16-21]. Active myelination by newly recruited
69  oligodendrocytes, has been shown to be necessary for learning and memory[6, 22-24]. In addition,
70 the learning of a novel skilled reaching task in rodents is associated with functional reorganization
71 of cortical motor maps, including an expanded representation of the trained limb[25-27]. This
72 functional remapping is accompanied by a variety of structural and functional changes, including
73 synaptogenesis, increased spine formation, and glial changes[26, 28]. It was very recently
74  described that learning in a forelimb skilled-reaching paradigm transiently suppresses
75 oligodendrogenesis while increasing oligodendrocyte precursor cell (OPC) differentiation,
76  oligodendrocyte maturation and myelin sheath remodeling in forelimb motor cortex[19]. Learning-
77  induced suppression of oligodendrocytes was transient but left OPC differentiation unaffected,
78  which suggests that learning may temporarily decrease survival and integration of differentiated
79 OPCs as mature myelinating oligodendrocytes[19], in line with previous work in the developing
80 CNSJ[29]. However, it is unknown whether adaptive myelination is restricted to discrete brain areas
81 to enable fine-tuning of adaptive circuit responses. Furthermore, the temporal dynamics of myelin
82 plasticity and how it relates to volumetric-based measurements of structural plasticity remains

83 unknown.

84  In the present study, we used the single pellet skilled reaching task, a well-established paradigm
85 for motor skill learning research in rodents[30], combined with longitudinal MRI and cross-sectional
86 immunohistochemical analyses, to evaluate the time-course of experience-dependent brain
87  changes and the related links between micro- and macrostructural changes. To analyze MRI data,
88  we used voxel-based morphometry (VBM), a key technique to evaluate macroscopic changes in
89 GMV that is frequently used to investigate a broad spectrum of neurological processes spanning
90 from learning[11] and memory[3] to neurodegeneration[31, 32] and cognitive impairment[33]. This
91 morphometric technique calculates voxel-wise estimates of GMV, and in the cortex, GMV is

92  dependent upon local cortical thickness and surface area[34]. Studies in brain plasticity using sMRI
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93 often rely on T1-weighted MR images that are sensitive to myelin, rendering the signal of a single
94 voxel highly dependent on the presence of myelin, thereby influencing the estimated volume.
95 Through longitudinal in vivo sMRI of rodent brain, using a specific MR sequence with a
96 magnetization transfer (MT) pulse to increase tissue contrast, we describe structural plasticity
97  dynamics during motor skill learning and the associated adaptive cortical myelination. This was
98 studied in wild type (WT) animals during learning of a skilled, single-pellet forelimb reaching task.
99 Plasticity in human brain structure have been typically assumed to follow a continuous linear or
100 asymptotic increase throughout the time of training. However, a recent study in humans revealed
101 GM expansion in motor cortex during the first 4 weeks of training followed by partial
102  renormalization[2]. In this study, we found that motor learning dynamically modulates
103 macrostructural brain plasticity, identified non-linear decreases in GMV juxtaposed to non-linear
104  increases in white matter volume (WMYV) and that these changes are associated with adaptive

105 myelination in forelimb sensorimotor cortex.

106

107  Results
108

109 Behavioral improvement after forelimb reach-and-grasp training

110 A group of mice were trained (n = 39) each day on a forelimb-specific motor learning paradigm, the
111 single-pellet reaching task (SRT) over the course of 15 consecutive days (including 3 pre-training
112 days) and whole-brain structural images were acquired at six time points during the learning
113 paradigm (Fig. 1A-C; SI Appendix, Supplementary Video S1). Successful reaches and accuracy
114 during motor skill training significantly increased with time (F11,364 = 25.50, P < .001 and F11,364 =
115 7.976, P < .001, respectively) in trained mice (Fig. 1D, E). A higher level of skill was attained by the
116  group of trained mice compared to a group of non-trained controls (n = 16). The ability of control
117  mice to reach, grasp and retrieve pellets was measured on the final day of the motor learning
118 paradigm. At experimental day 14, trained animals successfully retrieved 47 +3 % pellets with
119  accuracy of 18 +3 % while non-trained control mice performed significantly lower (t = 8.641, df =
120 45, P <.001) than trained mice with only 7 2 % successful reaches and an average accuracy of
121 10 £2 %.

122 An additional group of mice were trained (n = 64 + 8 from the previous group), yet individuals were
123 sacrificed at specific time points during the learning paradigm for cross-sectional analysis of brain
124  tissue. This group of trained mice showed similar improvements in successful reaches and
125  accuracy over the 12 days of training (F11, 33 = 36.36, P < .001 and F11, 336 = 5.806, P < .001
126 respectively; SI Appendix, Fig. S1A, B). On the final training day, trained animals that completed
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the 15-day learning paradigm (n = 12) successfully reached-to-grasp an average of 54 +5 % of
pellets with an average accuracy of 22 +3 %, whereas non-trained controls (n = 3 + 9 from the
previous group) exhibited only an average of 7 +2 % successful reaches with an average accuracy
of 11 £3 %. Skilled reaching performance of trained mice was significantly better than performance
of non-trained control animals at the end of the behavioral paradigm (t = 7.425, df = 20, P < .001),
confirming motor skill learning in trained mice.
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Figure 1. Experimental setup and forelimb reach-and-grasp skill learning. A, B, lllustration (A)
and MR imaging timeline (B) during a motor skill behavioral paradigm (SRT: skill reaching trained;
NTC: non-trained controls). C, Example of an individual in vivo T1-weighted MRI at 9.4T at native
resolution (0.1 mm isotropic, radiological display). D, Mean performance scores during training of
a skilled, single-pellet forelimb reach task, calculated as percentage (47+ 1) of successful reaches
(D) and percent (18 * 1) accuracy (E) or percentage of successful reaches on the first attempted
reach (19 £ 1) F, during the 12-day training paradigm.

Whole-brain structural analysis identified non-linear decreases in grey matter volume

juxtaposed to non-linear increases in white matter volume during motor learning

We performed in vivo T1-weighted MR imaging at baseline, immediately prior to motor skill training
(last day of ‘pre-training) and at four time points during motor skill learning (‘training). VBM analyses
revealed changes in GM and WM structure in trained and in non-trained control mice (S/ Appendix,
Fig. S2A, B; Supplementary Table S1). To discriminate the effects of motor learning from those of
time, the learning effects were evaluated using whole-brain VBM analysis of longitudinal sSMRI data

on trained mice relative to non-trained controls (i.e., group by time interactions). Three different
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150 regression models (linear, asymptotic and quadratic), representing three different time courses,
151  were used and revealed statistically significant changes in both GMV and WMV (Prpr cor < 0.01).
152 Significant non-linear decreases in GMV relative to the control group were observed juxtaposed
153 with significant non-linear increases in WMV during learning (Fig. 2A, B). Interestingly, the
154 asymptotic model provided a much higher number of significant voxels than either the linear or
155  quadratic models and there were no significant linear changes in WM associated with learning
156 (Table 1). Areas well-known to be involved in motor learning were identified by VBM analysis,
157  following an asymptotic time course model in trained animals relative to non-trained controls (S/
158  Appendix, Fig. S3). Significant decreases in GM and significant increases in WM were observed in

159  both cortical and subcortical brain areas.

160

161 Table 1. Grey and white matter training by group interaction effects. Whole-brain between-group
162  analysis presenting the significant number of voxels (Pror corr. < 0.01 and < 0.001) together with the
163 change in volume (mm3).

164
grey matter (GM) changes white matter (WM) changes
increase decrease increase decrease
PrpR corr < 0.01

Linear - 45158 (23.12) 12407 (6.35) -

Asymptotic - 241549 (123.68) 78442 (40.16) -

Quadratic - 28615 (14.65) 2250 (1.15) -

PrpRr corr < 0.001

Linear - 1834 (0.94) - -

Asymptotic - 109811 (56.22) 22095 (11.31) -

Quadratic - 2780 (1.42) 288 (0.15) -
165
166  In addition, whole brain analysis indicated that, in some brain areas, one model fit the time courses
167 better than the others. Akaike information criterion (AIC) values were used to distinguish these
168  specific areas. Clusters for which AIC values indicated asymptotic modelling revealed GM
169  decreases in discrete brain areas including primary motor cortex (MOp), primary somatosensory
170  cortex for the forelimb (SSp-ul) and globus pallidus (GPe) (Fig. 2C). Whereas clusters for which
171 AIC values indicated preferred quadratic modelling revealed GM decreases in the paramedian
172 lobule (PRM) and vermian lobule VI of cerebellum (DEC), superior colliculus (SC) and nucleus
173 accumbens (ACb; Fig. 2D).
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contra  ipsi

contra ipsi

contra ipsi

174

175 Figure 2. Whole brain structural analysis revealed non-linear decreases in grey matter
176  volume juxtaposed to non-linear increases in white matter volume with learning. Changes in
177 GM (A) and WM (B) volumes modelled by three different time courses (linear model in red,
178 asymptotic model in green, and quadratic model in blue) overlayed on the in vivo MRI template
179  created from this study. The decreases in GM volume (cold blue scale) and the increases in WM
180  volume (warm red scale), in coronal sections ranging from A/P Bregma -0.1 to -0.7 mm, defined
181  using the asymptotic model (Pror cor < 0.01) and thresholded at Aac > 10 for asymptotic versus
182  linear and/or quadratic models (C). Cortical and subcortical areas following an asymptotic model
183 displaying GM decreases include primary motor cortex (MOp), primary somatosensory cortex for
184  the forelimb (SSp-ul) and globus pallidus (GPe) contralateral to the trained limb, among others.
185 Clusters for which AIC values indicated a preferred quadratic model (D). Preferred quadratic
186  clusters are observed in the paramedian lobule of cerebellum (PRM), superior colliculus (SC) and
187 main olfactory bulb (MOB) ipsilateral to the trained limb, medial septum and vermian lobule VI
188  (DEC), and nucleus accumbens (ACb) contralateral to the trained limb.
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VBM restricted to cortical sensorimotor areas identified non-linear decreases in grey matter

volume together with non-linear increases in white matter volume during motor learning

To explicitly investigate changes within cortical regions known to be involved in motor-skill learning,
based on previous observations, we generated a bilateral atlas-based mask of primary motor cortex
(MOp), secondary motor cortex (MOs) and primary somatosensory cortex (SSp) (Fig. 3A, B). Using
this cortical mask, the three different regression models were tested and compared (Table 2). This
analysis demonstrated that asymptotic modelling was clearly preferred and that statistically
significant decreases in GMV (Prpr corr < 0.001) overlapped with significant increases in WMV (Prpr
corr < 0.01) in trained animals relative to non-trained controls (Fig. 3A, B). These were observed in
primary motor areas (MOp) and somatosensory cortex for forelimb and hindlimb (SSp-ul and SSp-
II) contralateral to the trained limb, somatosensory barrel field (SSp-bf) ipsilateral to the trained
limb, and bilateral secondary motor areas (MOs) and bilateral somatosensory area for the mouth
(SSp-m). Additionally, we found GM decreases in contralateral somatosensory area for the nose
(SSp-n) and bilateral GM decreases in primary motor areas (MOp) and somatosensory cortex for
the forelimb and hindlimb (SSp-ul and SSp-ll), as well as in barrel field (SSp-bf). Furthermore, we
observed bilateral increases in WMV in primary motor area (MOp), somatosensory cortex for the
forelimb and hindlimb (SSp-ul and SSp-Il), somatosensory area for the barrel field (SSp-bf) and
somatosensory area for the nose (SSp-n).

Table 2. Grey and white matter training by group interaction effects. Masked cortical areas (MOp
+ MOs + SSp) between-group analysis presenting the significant number of voxels (Prpr corr. < 0.01)
together with the change in volume (mm?3).

grey matter (GM) changes white matter (WM) changes

increase

decrease

increase

decrease

PFDR corr < 001

Linear

Asymptotic

33817 (17.31)

13356 (6.83)

Quadratic -

To further constrain our analysis, structural data were extracted and analyzed using a non-biased
volume of interest (VOI) for sensorimotor cortex, based on fMRI maps of forepaw stimulation
reported by Jung and colleagues in 2019[35] (Fig. 3C, D). Non-linear decreases in GMV and
increases in WMV relative to non-trained controls were observed contralateral to the trained limb.

These changes followed a non-linear model rather than a linear one (A AICc > 2; Table 3). In
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219  addition, we created two additional VOIs based on known areas of reorganization of forelimb
220 representation using multielectrode recordings and skill reaching[27]. Structural data were
221 extracted and plotted for the caudal forelimb area (CFA) and the rostral forelimb area (RFA)
222 contralateral to the trained limb (Table 3; SI Appendix, Fig. S4) and similar non-linear changes were
223 observed. Changes in both GMV and WMV followed a quadratic/non-linear pattern rather than
224 linear (A AICc > 2) except for WM in RFA where it was not possible to discriminate which model fit
225  best (A AlCc < 2).
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227 Figure 3. Sensorimotor-restricted VBM analysis in cortex identified non-linear decreases in
228 GMV together with non-linear increases in WMV during motor learning. A, VBM analysis using
229  an atlas-based bilateral mask for primary motor cortex (MOp), secondary motor cortex (MOs) and
230  primary sensory areas (SSp) revealed significant decreases in GMV (cold blue scale) and increases
231  in WMM (warm red scale) following an asymptotic model (Pror corr < 0.001 and < 0.01, respectively).
232 B, 3D representations of the atlas-based mask for MOp+MOs+SSp together with the overlap of
233 significant GMV and WMV changes (green). C, GMV changes, relative to non-trained controls, in
234 sensorimotor cortex contralateral to the trained forelimb extracted using a VOI based on fMRI
235 mapping of forepaw stimulation (VOI represented in green). D, WMV changes, relative to non-
236  trained controls, from the same VOI in C. Non-linear decreases in GMV are observed together, and
237  overlap, with non-linear increases in WMV.

239 Motor learning evokes non-linear plasticity of cortical white matter components that are
240  associated with adaptive myelination
241  Although we employed a T1-weighted sequence specifically chosen for increased myelin detection

242 within GM, MRI metrics do not provide direct myelin measures. We therefore immunolabelled
243 myelin basic protein (MBP) in coronal brain sections at six different intervals during the learning
244 paradigm (SI Appendix, Fig. S5A). These intervals were matched to those used for MRI: baseline,
245 immediately prior to motor skill training and at four time points during motor skill training. Myelin
246  immunoreactivity was quantified in an area of SSp-ul that presented with a highly significant VBM
247 cluster contralateral to the trained limb, as well as significant changes in ipsilateral SSp-ul when an
248  atlas-based cortical mask was applied to our data (Fig. 4A). We observed a significant correlation
249  between WMV, extracted using an unbiased fMRI-based VOI from an independent study[35], with
250 myelin immunoreactivity in trained animals (Fig. 4B; Pearson’s r = .75, P = .03). In line with this
251 result, we found a non-significant trend between GMV and myelin immunoreactivity (Fig. 4B;
252 Pearson’s r=-.38, P = .35). The quantification of myelin immunoreactivity within the bilateral cluster
253 located in SSp-ul revealed significant changes with training (one-way ANOVA, Fse2 = 2.333, P <
254 .05; Fig. 4C). Specifically, myelin immunoreactivity increased up until experimental day 6 after
255  which it began to decrease towards baseline levels. From baseline measurements, at experimental
256  day 0, average MBP immunoreactivity increased by 15 % at experimental day 6 followed by an 8
257 % decrease from experimental day 6 to experimental day 14. In line with our observations using
258 VBM, the differences detected in myelin immunoreactivity preferentially followed a non-linear model
259 rather than linear (A AICc > 2) with an 87.8 % probability of a preferred non-linear model compared
260  to a linear model. No significant differences were observed in myelin immunoreactivity between
261  trained animals and non-trained controls at experimental day 14 (t = 0.4096, df = 22, P > .05) (S/
262 Appendix, Fig. S6A) nor in non-trained controls between baseline experimental day 0 and
263  experimental day 14 (S/ Appendix, Fig. S6B).

264 In addition to myelin immunoreactivity, cortical thickness was also quantified in histological sections
265 in sensorimotor cortex where myelin was evaluated (Fig. 4D-F). No significant difference was
266  observed in cortical thickness between trained mice and non-trained controls (t = 0.5561, df = 98,

267 P >.05, n animals = 72 for trained mice, n animals = 28 for non-trained controls). Similarly, no

10
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difference was found in the cumulative distribution of cortical thickness between groups (K-S test,
P> .05, D =0.08949, n = 424 for trained mice, n = 191 for non-trained controls).

Table 3. Comparison of AIC values for changes in grey and white matter taken from structural data
extracted using three unbiased cortical volumes.

Grey matter (GM) changes

fMRI VOI RFA VOI CFA VOI
Linear Quadratic Linear Quadratic Linear Quadratic
AlCc -1271 -1278 -1833 -1835 -1337 -1358

probability of | 3 500, | 96.50% | 24.00% | 75.91% | <0.01% | >99.99%

correctness
White matter (WM) changes
fMRI VOI RFA VOI CFA VOI
Linear Quadratic Linear Quadratic Linear Quadratic
AlCc -664.3 -686.6 -94.80 -95.33 -682.2 -699.8
probability of | h10, | >9000% | 4345% | 56.55% 0.02% 99.98%
correctness

Morphometric changes in WMV and myelin immunoreactivity in SSp-ul were observed to follow a
non-linear trajectory in which we observed significant increases followed by a total, or partial, return
to baseline levels during skill learning. To explore the relationship between learning and adaptive
myelination, we evaluated whether learning rate correlates with the asymptotic changes for the
WMV. We evaluated WM data extracted from the fMRI VOI contralateral to the trained limb at
experimental day 14 and found a correlation between learning rate and WMV (Fig. 4G) (Pearson’s
r = - 0.378, P = 0.0360). Animals in which changes in WMV presented a larger similarity to an

asymptotic time course (lower AlCc values) exhibited a higher learning rate.

11
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Figure 4. Motor learning evokes non-linear plasticity of cortical white matter components
that are associated with structural changes. A, Representative image of myelin
immunohistochemistry. B, Positive correlation between cortical WMV values and myelin
immunoreactivity at the individual level in trained animals (Pearson’s r = .75, P = .03) and non-
significant negative correlation between GMV and myelin immunoreactivity (Pearson’s r = -.38, P
= -.35). C, Myelin immunoreactivity increases until experimental day 6, after which it decreases
towards baseline levels. The changes detected in myelin immunoreactivity follow a quadratic model
rather than a linear one (AICc > 2). Data are represented as mean = s.e.m. D, lllustrative
representative of the three measurements acquired at the sensorimotor cortex in the same area
where myelin was quantified. E, No significant changes were observed in sensorimotor cortical
thickness between trained animals and non-trained controls and no differences in the cumulative
distribution of cortical thickness were observed between groups in SSp-ul (F). G, Correlation
between learning rate and the asymptotic fit (measured as AlCc) for WMV on an individual level
(Pearson’s r = - 0.378, P = 0.0360) in which animals with WMV that best fit an asymptotic model
(lower AICc values) exhibited higher learning rates.

Discussion

Myelination, like synaptic plasticity, contributes to learning by activity-dependent modification of an
initially ‘hard-wired’ circuitry[36]. The dynamics of myelin plasticity and how it relates to volumetric-
based measurements of experience-dependent brain changes remain unknown. In this study, we
combined motor skill learning in mice with longitudinal SMRI and immunohistochemistry to study

the nature of structural changes that take place in the brain during learning.

Longitudinal in vivo sMRI acquired throughout learning a skilled, single-pellet forelimb reach task

revealed bilateral non-linear decreases in GM juxtaposed to non-linear increases in WM modelled
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309 by an asymptotic time course function. Specifically, using an atlas-based cortical mask, we found
310 bilateral non-linear changes with learning in primary and secondary motor areas and in
311 somatosensory cortex. Supporting these results, a cross-sectional analysis unveiled an increase in
312  myelin immunoreactivity in the somatosensory cortex for the forelimb, followed by a return towards
313  baseline. The complementary cortical thickness analysis did not reveal any significant difference
314 between trained animals and non-trained controls. This multimodal approach indicates that non-
315 linear changes observed in cortical GM and WM using VBM are likely caused by changes in tissue
316 composition (e.g., more intracortical myelin, as suggested by the immunodetection analyses) rather
317  than changes in cortical thickness or surface areas of SSp-ul, which are unlikely to happen in the
318 relatively short period of a 15-day learning paradigm. These results are further corroborated by the
319 additional finding of a significant correlation between morphometric WMV and myelin
320  immunoreactivity in the same cortical area. Therefore, WMV calculated from segmented T1-
321  weighted MRI using an MT pulse represents myelin to a substantial degree. Altogether, these

322  observations indicate a non-linear increase of intracortical myelin with learning.

323 Consistent with this idea, oligodendrocyte development has been reported to be required for motor
324 learning in adult mice within the first hours after being introduced to the complex wheel running
325 learning paradigm[37]. Furthermore, a recent study demonstrated that forelimb-skill reaching
326  dynamically modulates myelination through oligodendrocyte precursor cell (OPC)
327  differentiation[19]. As well, the non-linear changes observed in somatosensory cortex for the
328  forelimb match with the well-characterized reorganization of forelimb representation during motor

329  skill learning using electrophysiological measurements[27].

330  As previously described in humans[2], and in mice[11], our in vivo morphometric analysis revealed
331 bilateral changes in several brain regions, including SSp-ul. While structural changes contralateral
332 to the trained forelimb were expected, strong cortical changes ipsilateral to the trained limb are still
333  controversial. Changes in ipsilateral motor cortices are consistent with fMRI findings in humans
334 showing bilateral MOp activation during the execution of a unilateral high-precision motor task[38].
335 This bilateral activation was later attributed to an inhibitory effect from ipsilateral motor cortex on
336  contralateral motor cortex. Interestingly, this inhibitory effect was modulated by the demand on
337  accuracy of the motor task[39]. Thus, ipsilateral changes in GM and WM with learning, may be
338 attributed to existing interhemispheric connectivity that is enhanced and re-wired during learning,

339  or possible enhanced ipsilateral inhibitory activity may also lead to changes in volume.

340 In contrast with our findings of GMV decreases, the study of experience-dependent volumetric
341 changes in primary motor cortex in human adults, trained to write and trace with their non-dominant
342 hand, revealed a bilateral GMV expansion followed by a partial renormalization[2]. It is possible
343 that the different motor skill learning paradigm used here triggered different structural changes in
344 the brain. On the other hand, these differences could also be attributed to the use of a higher
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345 magnetic field in mice than in humans (9.4T vs. 3T, respectively) or, perhaps most likely, a
346  consequence of the MRI sequence, optimized for an enhanced detection of myelin. The use of in
347  vivo sMRI in mice using two-session sMRI (before vs. after training) unveiled significant
348 enlargements in GMV in multiple brain regions[11]. In addition, rodent studies using ex vivo DTI
349 with similar motor skill paradigms, reported an overall increase in WM in cerebellum[11] and in
350  corpus callosum directly below primary motor cortex[12] after either 23-27 and 11 days of training,
351 respectively. These studies were limited to trained animals versus non-trained control animals at
352 endpoint and therefore, it is not possible to draw conclusions regarding the temporal dynamics of

353  brain plasticity with learning.

354  The WM enlargement we observed by VBM and by myelin immunohistochemistry exhibits an initial
355 expansion, followed by a (partial) renormalization. These observations support the hypothesis that
356 myelin is, at least in part, a component of an expansion-renormalization model comprising
357 exploration, selection, and refinement stages[40-42]. It is likely that newly formed connections are
358 strengthened in response to repetitive firing of neural circuits produced by a discrete sequence of
359 movements[43]. The increased activity within these circuits likely stimulates additional myelination
360  of involved axons to provide increased efficiency. Experiments utilizing two-photon imaging after
361  inducing monocular deprivation revealed neuron-class specific myelin plasticity, suggesting that
362 reconfiguration of network connectivity after sensory deprivation requires precise tuning of
363 individual myelination profiles instead of a broad addition of myelin[44]. Thus, the exploration phase
364 of learning involves an expected rise in myelination during initial motor skill improvement, or
365 acquisition. In later stages of motor learning, optimal circuitry is selected to perform the motor task
366 that is subsequently refined through reinforcement and the non-efficient candidate circuits are
367 pruned away[45]. Interestingly, once the optimal circuitry is selected and refined, active myelination
368 is no longer required to support recall and execution of a pre-learned skill[6]. Our whole brain
369  analysis comparing the different possible time-course models identified that the majority of
370 structural changes with learning follow a non-linear pattern, suggesting that expansion followed by
371 (partial) renormalization is a rather general phenomenon across regions and may be a common
372 principle that unites many manifestations of structural plasticity. Moreover, there is an interestingly
373 large, yet non-significant increase in myelin immunoreactivity during the pre-training days,
374 suggesting that pre-training and task familiarization is sufficient to trigger formation of new neuronal
375 connections, stimulating myelination. Consistent with this idea, a previous study in mice showed
376  that the proliferation of OPCs was accelerated in motor cortex within just 4 hours of exposure to
377  the complex wheel. In addition, the introduction to a novel skill learning paradigm stimulated OPC
378  differentiation into newly-forming oligodendrocytes after just 2.5 hours of self-training[37]. Although
379 previous results using the single-pellet reaching task[19] suggested that production of myelin does
380  not appear until days or weeks later (for Review see[46]), here we observe that myelination is a

381  rapid and dynamic plastic change throughout learning.
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382 Higher learning rates were associated with a non-linear/asymptotic model of the changes in the
383  MRI-derived WMV. We could speculate that the selection and refinement phases of the expansion-
384 renormalization model highly influence the proficiency of learning at the individual level. During the
385 exploration phase, a large production of candidate circuits that could potentially elicit effective
386  movements takes place, increasing myelination/myelin levels. However, the magnitude of increase
387 in candidate circuits does not imply a better performance. With a large pool of candidate circuits,
388  the serial activation of the different candidate circuits could lead to behavioral variability (a wide
389  range of diverse performances). Nevertheless, the selection and reinforcement of the circuits that
390  can reliably produce the target movement and the pruning of the non-efficient candidates to carry
391  out the task leads to a decrease in myelin levels and appears to be related with higher learning
392  rates. Decreasing the number of circuits reduce the behavioral variability and eeuld imply a better

393  performance.

394  VBM, a method that has been widely used during the past two decades to identify and characterize
395 brain changes among populations, is used to detect systematic density differences of a particular
396 tissue class. In VBM, each voxel in smoothed images contains the average amount of GM around
397  that voxel[34]. Although modulated GM density (mGM) and cortical thickness are completely
398  different measures, both are commonly used to assess GMV. However, Chung and colleagues
399  found discordances between mGM and cortical thickness analyses[47]. A strong correlation
400 between T1-weighted signal intensity and mGM was reported while no correlation was found
401 between signal intensity and cortical thickness. In cortical VBM, if each voxel is a combination of
402  mGM density, cortical thickness and surface area, the interpretation of VBM results as volume
403 alone is not entirely correct. Since we did not find significant changes in cortical thickness during
404  learning and that it is unlikely that changes in surface area were produced during the 15-day
405 learning paradigm, we can assume that the morphometric changes observed during learning are
406  consequence of changes in GM and WM density and not volume. Furthermore, this assumption is

407 in line with the changes we observed in myelin immunoreactivity at the histological level.

408 In this study, we observed the temporal dynamics of experience-dependent macrostructural brain
409 changes during motor skill learning, identified non-linear decreases in grey matter volume
410  juxtaposed to non-linear increases in white matter volume, and found that these changes are
411 associated with adaptive myelination in forelimb sensorimotor cortex. Our results empirically back
412 up the idea that myelination is a rapid initial and partly transient plastic change in learning and
413  support the use of VBM on WM structural data to evaluate myelinated fibers in cortex.

414

415  Materials and Methods

416
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417 Experimental design. To study the structural changes that occur in the brain during the acquisition

418 of a novel motor skill, two independent sets of experiments were performed:

419 i) Motor skilled training was combined with in vivo longitudinal sMRI: trained animals (SRT, n =

420 39) and non-trained control animals (NTC, n = 16) were scanned at PT1 (baseline), PT3, T4,
421 T6, T10 and T12 (Fig. 1B). Animals were sacrificed at endpoint (T12).

422 ii) Motor skilled training was performed and animals at different time points during the learning
423 paradigm were sacrificed for a cross-sectional evaluation of myelin immunoreactivity (Fig. 4A).
424 For the SRT group, 12 animals were sacrificed at PT1, PT3, T4, T6 and T10 and 4 animals at
425 T12. For the NTC group, 3 animals were sacrificed at T12. Tissue from animals sacrificed at
426 endpoint (T12) from j) above were also used for evaluation of myelin immunoreactivity (8 trained
427 animals and 9 non-trained controls for a total of 12 animals per time point).

428

429  Animal care. All procedures were in accordance with protocols approved by the Umeéa Regional
430  Ethics Committee for Animal Research (ethical permit: Dnr A 35/2016). A total of 123 young-adult
431 (8- to 11-week-old) male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME, USA) were used
432 in the study. Animals were housed in a 12-h/12h light-dark cycle under controlled humidity and
433 temperature (23°C). During initial acclimation after delivery, animals were provided food and water
434 ad libitum. All animal handling and behavioral training was carried out during the light phase of the
435 light-dark cycle. Mice were food restricted one week prior to behavioral training. Food restriction
436  was performed gradually to reach 85-90 % of their free-feeding weight (calculated by a non-food-
437 restricted control group). To familiarize mice with the precision pellets (20 mg Purified Rodent
438  Tablet, TestDiet, Richmond, IN, USA) used during motor skill training, 1 g pellets/day were placed
439 into the homecage on the two days prior to pre-training. Animal weight was monitored during the
440  entire experiment to ensure that individuals did not fall under 85 % of their calculated free-feeding

441  weight on an individual basis.

442 Behavioral training - Single-pellet Reaching Task. A skilled, single-pellet forelimb reach
443  paradigm was performed as previously described in rat[48] with some modifications to the training
444  cage (26.5 cm x 9 cm x 20 cm; with grooves to position pellets located 1 cm from inside the cage,
445 see Fig.1A). Mice were trained to reach through a narrow slit to grasp and retrieve food pellets
446 positioned within a small indentation located contralateral to the preferred forelimb for each
447  individual animal. Prior to motor skill training, mice were handled and habituated to the behavioral
448 cage during three days (‘pre-training’; 3 days of 15-min sessions). During the first pre-training day,
449  pellets were placed onto the floor close to the narrow opening at the front of the training cage.
450 During the second and the third pre-training days, pellets were placed onto the shelf located at the
451 front of the cage, outside of the narrow opening and animals occasionally reached to grasp pellets
452  which was used to determine handedness. During the subsequent 12 days (‘training’; 12
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453 consecutive days of 15-min sessions), each animal in the trained group was given a 15-minute
454 training session each day that consisted of 30 discrete trials (one pellet/trial). During the entire 15-
455 day experimental paradigm, age-matched non-trained control mice (n = 16) were placed into
456 identical training cages for 15 minutes and were provided 30 pellets on the cage floor for each
457  experimental day.

458 Behavioral analysis. Each of the 12 training sessions were recorded using a digital camera
459 positioned at the front of the training cage. To evaluate motor performance, the number of
460  successful reaches were tallied in addition to the total number of grasping attempts per trial. Video
461 recordings were reviewed if clarification of the score was required. Grasp-to-reach success was
462 calculated as the percent of trials for which food pellets were successfully retrieved from the groove
463 without exhibiting any abnormal behavior (i.e., reaching with the non-trained forelimb, or the use of
464  tongue to retrieve to pellet) divided and normalized by the number of trials completed by each
465 individual animal during the 15-minute daily training session. Accuracy was calculated as the
466  percentage of successful reaches normalized by the number of attempts performed for each
467  successful trial. The learning rate for each individual was calculated by the slope of a logarithmic
468 model fitted to the learning curve for each individual animal. To evaluate a possible improvement
469 in successful reaches and accuracy over time, restricted maximum likelihood (REML) analysis
470 (allowing for missing values from the animals sacrificed at different timepoints during the learning
471 paradigm) was calculated for the SRT group. To compare the performance of the SRT group and

472 NTC group we carried out a t-test analysis on successful reaches at experimental day 14.

473 MRI. Animals were scanned and at least 2 h transpired after waking from anesthesia to behavioral
474 training on any of the MR scan days along the experimental timeline. To prevent any possible
475 isoflurane-induced memory impairment, mice were administered a very low dose (0.7 mg/kg, s.c.)
476  of the highly selective asGABAA receptor inverse agonist, L-655,708 (Sigma-Aldrich, Stockholm,
477  Sweden AB) 15 min prior to the induction of anesthesia[49]. Anesthesia was induced using 4.0 %
478 isoflurane mixed with oxygen that was subsequently lowered to 1.5 - 2 % for maintenance during
479 experimental scans. T1-weighted images were acquired using a magnetization transfer (MT) pulse
480  for increased contrast between tissue types with different transfer susceptibilities. We used a T1
481 3D FLASH sequence (TR/TE = 50/8 ms, flip angle = 20°, using 4 repetitions) with MT-weighting by
482  Gaussian-shaped off-resonance irradiation (30 uT MT pulse, frequency offset 1.5 kHz, pulse
483 duration 1.8 ms, flip angle 351.2°) performed at 9.4 T (Bruker BioSpec 94/20, running Paravision
484 6.0 software) with 100 um isotropic spatial resolution using a 1H Quadrature transmit/receive MRI
485 cryogenic mouse brain RF coil (MRI CryoProbe, Bruker, Germany) for signal reception. The total
486  scan time was 38 min. At the end of each scan, mice were administered saline (10 mL/kg, i.p.) for
487 rehydration and individually placed into a cage to recover from anesthesia before it was returned

488  toits homecage.
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489

490 MRI Data Preprocessing Analysis. T1-weighted images were reoriented to match FSL standard
491  orientation convention and were skull stripped using a template-based approach[50]. Skull stripped
492 images were then bias-corrected for intensity inhomogeneities using the N4 Bias Correction
493  algorithm included in ANTs software package[51].

494  Bias corrected, skull stripped brains were manually realigned in SPM8 to approximate the
495 orientation of the stereotaxic, population-averaged, tissue-segmented in vivo brain templates for
496  wild type C57BI/6 mice; described and provided in Hikishima et al., 2017[52]. The origin was also
497  setto match the template. The longitudinally acquired scans for each subject were registered using
498 serial longitudinal registration SPM12 to create an average image for each subject. These averages
499  were then used to create a brain template encompassing all subjects using a serial longitudinal
500 registration of the average from each subject (SI Appendix, Fig. 7A, B). Our study-specific template
501 was subsequently coregistered and resampled (from 0.1 to 0.08 mm isotropic resolution) to C57BI/6
502  template provided in Hikishima et al., 2017[52]. Next, the individual scans, from all subjects and
503 timepoints, were coregistered and resampled to the in vivo study-specific brain template at 0.08

504  mm isotropic resolution.

505 A two-stage process was used create our own study- and sequence-specific tissue probability
506  maps (TPMs) based on the grey matter (GM), white matter (WM), and cerebrospinal fluid (CSF)
507 TPMs provided together with the in vivo C57BI/6 template provided in Hikishima et al., 2017. The
508 pre-process segmentation tool from the SPMmouse toolbox[53] (SPM8) was used for the serial
509 longitudinal average of 44 subjects, for which both handedness and training were balanced among
510 the 44 subjects, to create preliminary TPMs from our data. The data were segmented into GM, WM,
511 and CSF images using a mixture of Gaussians and tissue probability maps (TPMs) in SPMmouse.
512 An initial study-specific in vivo brain template was created using the DARTEL toolbox of
513 SPMmouse, which improves registration with an inverse consistent, diffeomorphic transformation.
514  This process was repeated a second time, segmentation followed by DARTEL, but using the
515  preliminary TPMs generated from the first DARTEL step to create our study- and MR sequence-
516 specific tissue probability maps (TPMs; S/ Appendix, Fig. 7C). These final TPMs were then used
517  to segment the individual scans, from all subjects and timepoints. Modulated and normalized
518 images of GM, WM and CSF were obtained with DARTEL, multiplied by the Jacobian determinants
519  derived from the spatial normalization. The images were spatially smoothed by convolving with an
520  isotropic Gaussian kernel (full width at half maximum) of five times the voxel size to minimize risk

521  of false positives in statistical analysis.

522 The individual smoothed and modulated GM and WM tissue probability maps were thresholded at
523 0.2 (20%) to create GM and WM masks for removal of low probability voxels. All timepoint data for
524  each subject were then concatenated into a single 4D image for further statistical analysis.
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525  VBM Statistical Analysis. Linear Mixed Effects (LME) statistical approach was used to test our
526  hypothesis on whether there are significant changes in GM and WM probabilities because of skilled
527  training over time between trained and control groups. LME was chosen as it is capable of handling
528 missing data and enables modeling of random effects in a longitudinal dataset. For this purpose,
529  Total Intracranial Volume (TIV) and amount of training sessions (or time) were defined as fixed
530 effects and subjects defined as random effects for intercept and time to analyze the data. We used
531 R version 4.0.3 (R Core Team, 2017) with Ime4 version 1.1-23[54] to perform LME analysis using
532 an in-house coded R script on Ubuntu 18.04.05 LTS workstation. FDR correction was used to

533 correct for multiple comparisons at P<.05 significance level.

534  To test for different patterns of change in GM and WM, we used three different regression models
535 (and their opposite function) representing three different time courses; 1) Linear, 2) Increase
536  followed by a stabilization (inverse-quadratic-asymptotic), and 3) Increase followed by a
537 renormalization (inverse-quadratic) as depicted in S/ Appendix, Fig. S8. We tested all three
538 regression models for each subject in separate LME analysis to detect changes in GM and WM

539  volumes, both between and within groups.

540  To study changes in GM and WM with learning specific to cortical areas, we restricted our
541 analysis to M1, M2 and S1 regions using a mask based on the Turone Mouse Brain Template
542 Atlas (TMBTA)[55] registered to our in vivo brain template.

543 Tissue processing and histology. Animals were anesthetized using 100 mg/kg pentobarbital
544 sodium (i.p., 60 mg/ml, Apotek Produktion & Laboratorier - APL, Kungens Kurva, SE) and
545  transcardially perfused using Tyrode’s solution followed by 4 % (w/v) paraformaldehyde (PFA)
546 freshly prepared on the same day. After perfusion, brains were post-fixated in 4 % PFA at 4° C for
547 48 h. Then, PFA was removed and the brains were stored in phosphate buffer (PB) pH 7.40
548 containing 0.01 % (w/v) sodium azide at 4° C. Previous to histology, the brains were cryoprotected
549  in 10 % (w/v) sucrose in PB (Na2HPO4 x 2H20, NazHPO4 x H20) with 0.01 % (w/v) sodium azide
550  at 4° C. Brains were mounted in O.C.T compound (VWR chemicals, VWR International, Inc. US),
551 snap frozen using high pressure CO2 and sectioned coronally from Bregma AP 1.70 mm to AP -
552 1.34 mm at 20 pm using a rotatory microtome cryostat (Microm Microtome Cryostat HM 500M). For
553  each brain, at least 10 series of 3 slides (Superfrost Plus, Thermo Fisher Scientific, Waltham, MA,

554 USA) each containing 6 sections per slide were obtained.

555  Immunofluorescent staining. Immunodetection of myelin was performed using anti-myelin basic
556 protein on coronal sections ranging from Bregma AP -0.1 mm to AP -0.7 mm. Tissue sections were
557  re-hydrated in PBS 0.1 M (Na2HPO4 x 2H20, NazHPO4 x H20 + NaCl + KCI) and subsequently
558  blocked using 5 % (v/v) goat serum in PBS containing 0.3 % Triton X-100 (PBST) for 1 hour at
559 room temperature. Sections were then incubated with rat monoclonal anti-Myelin Basic Protein
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560 primary antibody (1:400; Abcam - ab7349) in PBST containing 2 % (v/v) goat serum for 48 hours
561 at 4° C in a humidified chamber. Sections were washed to remove primary antibody (PBS 0.1 M)
562 and then incubated with fluorescently labelled secondary antibody (goat anti-rat Alexa Fluor 594;
563 Invitrogen - Molecular Probes A21211) in PBST containing 2 % (v/v) goat serum for 1 h at room
564  temperature in a humidified chamber. Secondary antibody was removed by washing with PBS 0.1
565 M and coverslips were mounted using Mowiol 4-88 (Sigma Aldrich, St. Louis, MO, USA) with 2.5
566  g/100 ml DABCO (Sigma Aldrich, St. Louis, MO, USA). Immunolabelled sections were stored at 4°
567 C.

568 Image acquisition and quantification. Sections ranging from Bregma AP -0.1 mm to AP -0.7 mm
569  for each animal (n = 84 animals; n = 211 sections), were selected for fluorescence-based
570 microscopy imaging. Images were acquired using a TxRed filter (excitation = 540-580 nm; emission
571 = 600-660 nm) on a Nikon Eclipse Ti-E inverted microscope with an DU897 ANDOR EMCCD
572 camera controlled by Nikon NIS Elements interface, equipped with Nikon CFI Plan Apochromat
573 20x (N.A 0.75) objective. Prior to analysis, all the images were aligned using Amira-Avizo Software
574  (version 6.3.0, Thermo Fisher Scientific, Waltham, MA, USA). A region of interest (ROI) was
575  selected based upon a significant VBM cluster in SSp-ul described in this study. The ROls were
576 manually positioned and saved for each section using FIJI[56]. Signal to noise (specific myelin
577 immunoreactivity versus background fluorescence) was determined by the segmentation of each
578 image using FIJI’'s Multi Otsu Threshold plugin using three different levels of classification. This
579  plugin is based on Otsu’s original Method but also implements an algorithm described by Liao and
580 Chung[57]. The specific signal was quantified for each section per individual to calculate a mean

581  immunoreactive value for each subject (n = 12 per time point).

582  Cortical thickness analysis. Cortical thickness (layers | to VI) was measured in SSp-ul at the
583 location of the ROI used to quantify myelin immunoreactivity. Three measurements were made in
584 both hemispheres for each animal corresponding to the area of the significant cluster observed
585 from whole-brain VBM analysis. The measurements were acquired from the length of three lines
586  that were drawn based on the ROls for myelin immunoreactivity. Data from 60 trained animals and
587 24 non-trained controls. In total, 424 measurements from trained animals and 191 measurements
588  from non-trained animals were used. Data from any images in which cortex was partially damaged,

589 confounding a proper measurement, were not included.

590  statistical analysis. Student’s T-test was used to compare two groups and One-Way ANOVA with
591 Tukey's test for multiple comparisons. Akaike’s Information Criterion was used to calculate the
592  goodness of fit. The probability of correctness for a model was computed using the next equation:
593  probability = e%5%/1+e%5* where A is the difference between the AlCc values. Figure legends specify

594 the statistical test used in each case and the number of independent measurements (n) evaluated.
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595 Behavioral improvement, myelin immunoreactivity mean intensities and cortical thickness were
596  analyzed using Prism 9.0.0 for macOS (GraphPad Software, San Diego, California USA).
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Fig. S1. Mean performance scores of animals used for a cross-sectional myelin
immunoreactivity during learning of a skilled, single-pellet forelimb reach task. Performace
calculated as percentage (54 + 5) of successful reaches (A) and percent (22 + 3) accuracy (B) or
percentage of successful reaches on the first attempted reach (C), during the 12-day training
paradigm.
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Fig. S2. Forelimb reach-and-grasp training dynamically modulates macrostructural brain
plasticity. Training mice in the single-pellet forelimb reach task produces non-linear decreases in
grey matter volume (GMV) (Pror cor < 0.001) and non-linear increases in white matter volume
(WMV) (Prorcorr < 0.01) (A), whereas a linear increase in GMV was observed in non-trained control
animals with time (B), whole-brain statistical maps (Pror corr < 0.01) are represented on a study-
specific in vivo template (AP -0.1 mm, DV -3.0 mm from Bregma; 0.08 mm isotropic, radiological
display).
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Fig. S3. Whole brain structural analysis of non-linear decreases in grey matter volume
juxtaposed to non-linear increases in white matter volume with learning. Changes in GMV
and WMV modelled using the asymptotic model and overlayed on the in vivo MRI template created
from this study. Whole-brain decreases in GMV (cold blue scale) and the increases in WMV (warm
red scale), in coronal sections ranging from A/P Bregma -4.3 to -7.5 mm.
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Fig. S4. CFA- and RFA-restricted VBM analysis identified non-linear decreases in GMV
together with non-linear increases in WMV during motor learning. A, GMV, relative to non-
trained controls, in CFA contralateral to the trained forelimb (VOI represented in green). B, WMV
extracted and plotted from CFA VOI in A. C, GMV, relative to non-trained controls, in RFA
contralateral to the trained forelimb (VOI represented in red). B, WMV extracted and plotted from
the same RFA VOl in C.
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Fig. S5. Experimental design for the cross-sectional immunohistochemistry analysis of myelin
immunoreactivity (A) and representative image of myelin basic protein immunohistochemistry (B)
highlighting the specificity of the immunodetection of myelin in cortex and striatum.
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Fig. S6. There are no differences in myelin immunoreactivity between trained animals and non-
trained control animals (A) at the last training day (training day 12). In addition, no differences in
myelin immunoreactivity were observed between non-trained control animals at experimental day
0 and at training day 12 (B).
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Fig. S7. Sagittal, coronal, and horizontal sections of an in vivo microscopic T1l-weighted image
from one individual scan during the longitudinal study (A) and the study-specific template created
for mouse brain (B). Study- and MR sequence-specific brain tissue probability maps (C). Sagittal,
coronal, and horizontal sections of tissue probability maps (TPMs) of grey matter (GM), white

matter (WM), cerebrospinal fluid (CSF).
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Fig. S8. Three different regression models representing three different time-courses were used to
test for different patterns of change in GM and WM; (A) Linear, (B) Increase followed by a
stabilization (inverse-quadratic-asymptotic), and (C) Increase followed by a renormalization
(inverse-quadratic).
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Table S1. Effect of training on grey and white matter in trained mice and the effect of time in non-
trained control mice. Whole-brain within-group analysis presenting the significant number of

voxels (Pror corr. < 0.01 and < 0.001) together with the change in volume (mm3).

grey matter (GM) changes
Trained mice (n = 39) Non-trained controls (n = 16)
increase decrease increase decrease
Prpr corr < 0.01
Linear - - 29327 (15.02) -
Asymptotic 2832 (1.45) 139233 (71.29) - -
Quadratic - 39493 (20.22) - -
Pror corr < 0.001
Linear - - 14316 (7.33) -
Asymptotic 1643 (0.84) 97106 (46.72) - -
Quadratic - 15477 (7.91) - -
white matter (WM) changes
Trained mice (n = 39) Non-trained controls (n = 16)
increase decrease increase decrease
PrpR corr < 0.01
Linear - - - -
Asymptotic 26453 (13.54) 2510 (1.29) - -
Quadratic 91 (0.05) - - -
Prpr corr < 0.001
Linear - - - -
Asymptotic 16590 (6.96) 1196 (0.61) - -
Quadratic - - - -
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Movie S1. Aforelimb-specific motor learning paradigm (single pellet skilled reaching task) providing
examples of successful skilled reaches as well as unsuccessful attempts to reach and grasp the
pellet.
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