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N E U R O S C I E N C E

Exercise training improves motor skill learning via 
selective activation of mTOR
Kai Chen1, Yuhan Zheng1, Ji-an Wei1, Huan Ouyang1, Xiaodan Huang1, Feilong Zhang2,  
Cora Sau Wan Lai3,4, Chaoran Ren1,5,6, Kwok-Fai So1,4,5,6*, Li Zhang1,6*

Physical exercise improves learning and memory, but little in vivo evidence has been provided to illustrate the 
molecular mechanisms. Here, we show that chronic treadmill exercise activates the mechanistic target of rapamycin 
(mTOR) pathway in mouse motor cortex. Both ex vivo and in vivo recordings suggest that mTOR activation leads 
to potentiated postsynaptic excitation and enhanced neuronal activity of layer 5 pyramidal neurons after exercise, 
in association with increased oligodendrogenesis and axonal myelination. Exercise training also increases dendritic 
spine formation and motor learning. Together, exercise activates mTOR pathway, which is necessary for spino-
genesis, neuronal activation, and axonal myelination leading to improved motor learning. This model provides 
new insights for neural network adaptations through exercises and supports the intervention of cognitive deficits 
using exercise training.

INTRODUCTION
Physical exercise has beneficiary effects on both mental and cogni-
tive functions (1–4). In particular, acute (5, 6) or chronic aerobic 
exercises (7) improve the acquisition or retention of complex motor 
skills in humans, in association with enhanced activities of motor- 
related brain regions (8). However, the molecular mechanism for 
exercise-improved learning remains poorly understood and lacks in 
vivo evidence. Most of our current knowledge specifies that exercise 
training enhances the expression of brain-derived neurotrophic factor 
(BDNF) (9–11), which can stabilize dendritic spines of mouse barrel 
cortex for improving the sensory-dependent working memory (12). 
BDNF potentially activates the mechanistic target of rapamycin (mTOR) 
pathway (13), which is crucial for spinogenesis (14), axonal regener-
ation (15), and synaptic transmission (16). Furthermore, accumu-
lating evidence has demonstrated the activation of mTOR pathway 
by physical exercise in peripheral tissues (17), while its central role 
is still unclear. The neurobiological study of mTOR pathway thus 
may help to further elaborate the molecular mechanisms governing 
exercise-related learning enhancements.

Motor memory can be acquired and stored in the form of cortical 
spine plasticity (18, 19), and the memory retrieval process is de-
pendent on cortical neuron activities, their connection with other 
cortical (20) or subcortical regions (21), in addition to axonal 
myelination (22). Among those cellular processes, long-term treadmill 
exercise stabilizes dendritic spines of mouse barrel cortex by up- 
regulating BDNF (12). However, the molecular mechanism of exercise 
training on the neural network is far from complete. We propose 
that mTOR pathway might be the pivotal intracellular mediator for 
exercise-enhanced learning functions based on the following reasons: 

First, the exercise training activates mTOR in various peripheral tissues 
(23) such as skeletal muscles (24–26). Second, mTOR activation 
mediates neural network remodeling, including spine plasticity 
(14, 27, 28), synaptic transmission (29, 30), and axonal myelination 
(31, 32). Last, mTOR pathway is necessary for the acquisition and 
maintenance of memory paradigms, including spatial (33, 34), social 
(35), and motor functions (36). Therefore, we hypothesize that 
exercise activates mTOR to improve learning functions.

After chronic treadmill exercise training, we found that mTOR 
pathway was activated in mouse motor cortex to potentiate the synap-
togenesis. Both ex vivo and in vivo assays showed that exercise training 
enhanced postsynaptic excitability and neuronal activity of layer 5 
pyramidal neuron (L5PRN) in mouse motor cortex and potentiated 
axonal myelination. Those structural and functional changes are 
dependent on mTOR activation, as proved by rapamycin inhibition 
assay. Last, exercised mice presented elevated dendritic spine forma-
tion in the motor cortex and enhanced motor learning functions. 
Together, our findings demonstrate the pivotal role of mTOR in 
exercise-dependent cortical neural remodeling, which helps to 
improve the acquisition of motor skills. This model provides new 
insights for cellular and molecular basis of exercise-induced learning 
enhancement and further supports the intervention of cognitive 
deficits by exercise training.

RESULTS
Treadmill exercise training activates mTOR and strengthens 
postsynaptic densities in mouse motor cortex
We first investigated the molecular pathways after chronic tread-
mill exercise on mice. Both human studies (37) and mouse models 
(12) have demonstrated the involvement of BDNF in cortical re-
organization by exercise training. Consistent with those results, 
matured BDNF and phosphorylated receptor tyrosine kinase B (Trkb) 
were up-regulated in mouse motor cortex after 21-day treadmill 
training (P = 0.0001 and P = 0.0398; Fig. 1, A and B). At the down-
stream of Trkb, mTOR is known to modulate spine plasticity (16). 
We found elevated phosphorylated levels of mTOR core protein in 
runner mice (P = 0.0181; Fig. 1C), indicating the activation of mTOR 
by chronic exercise. As further evidence, runner mice also had elevated 
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phosphorylation of ribosomal protein S6 (p-S6; P = 0.0376) and 
suppressed expressions of elongation factor 4E-BP2 (P < 0.0001; 
Fig. 1C). The elevated p-S6 was further validated by the immu-
nohistochemistry staining (fig. S1). These data collectively 
demonstrated exercise-induced mTOR activation in mouse motor 
cortex.

The mTOR-S6 pathway facilitates the synthesis of synaptic 
proteins (38) for potentiating synaptic transmissions (39). In 
exercised mice, postsynaptic density of 95 kDa (PSD95) and pre-
synaptic synaptosomal-associated protein 25 (SNAP25) were sub-
stantially up-regulated (P = 0.0005 and P = 0.0373; Fig. 1D). 
Consistent with those results, both lengths and thicknesses of 
PSDs in the motor cortex were increased in runner mice by elec-
tron microscopy (EM) studies (PSD length, 515 ± 14 nm versus 
409 ± 13 nm, P < 0.0001; thickness: 73.68 ± 2.25 nm versus 
59.82 ± 1.50 nm, P < 0.0001; Fig. 1, E to G). Together, chronic 
treadmill exercise activates the mTOR pathway and enhances 
synaptogenesis.

Synaptic transmission is potentiated by  
exercise-induced mTOR activation
Having observed enhanced expressions of synaptic proteins by the 
exercise training, we next investigated whether the synaptic trans-
mission was also facilitated by performing the whole-cell patch-
clamp recording on L5PRN from acute brain slices (Fig. 2, A to C). 
We chose L5PRN as the recording target due to its role as the major 
excitatory output of the motor cortex via contralateral and subcor-
tical projections to modulate the motor system and its higher spine 
plasticity within the apical tuft after motor learning (19). Exercise 
training remarkably elevated the amplitude of miniature excitatory 
postsynaptic current (mEPSC), and this potentiation was depen-
dent on mTOR activation, as shown by intraperitoneal injection of 
mTOR inhibitor rapamycin (3 mg/kg body weight, every 3 days) 
during the 21-day training paradigm (nonrunner + saline, 7.8 ± 0.5 pA; 
runner + saline, 9.5 ± 0.3 pA; nonrunner + rapamycin, 6.1 ± 0.1 pA; 
runner + rapamycin, 5.2 ± 0.3 pA; F3,27 = 32.64, P < 0.0001; Fig. 2, D to I). 
No significant change, however, was found in mEPSC frequencies 

Fig. 1. Long-term exercise activates mTOR and facilitates PSD formation in mouse motor cortex. (A) Representative Western blotting bands using total protein 
extracts from the motor cortex. MW, molecular weight. (B to D) Quantification of protein expression levels between runner (n = 6) or nonrunner (n = 6) mice. (B) Exercise 
elevates matured BDNF (m-BDNF; two-sample student t test, t10 = 7.531, P = 0.0001), phosphorylated/total (p/t) Trkb (t10 = 2.362, P = 0.0398), and phosphorylated/total 
AKT (t10 = 3.391, P = 0.0069). (C) Phosphorylated/total mTOR protein (t10 = 2.281, P = 0.0181), phosphorylated/total ribosomal S6 protein (t10 = 2.395, P = 0.0376), and inhibited 
elongation factor 4E-BP2 (t10 = 6.543, P < 0.0001) in exercised mice. (D) Treadmill exercise also elevated postsynaptic protein PSD95 (t10 = 5.012, P = 0.0005) and vesicular 
protein SNAP25 (t10 = 2.401, P = 0.0373). (E) EM images in mouse motor cortex. Bo, axonal bouton; Sp, dendritic spine; white arrows, PSD complex. Scale bar, 500 nm. 
(F) Histogram for the PSD lengths between runners (n = 105 synapses from five mice) and nonrunners (n = 107 synapses from five mice). Inset: Mean PSD lengths were 
increased in runner mice (t210 = 5.495, P < 0.0001). (G) Histogram for PSD thickness. Inset: Mean PSD thickness were higher in runner group (t210 = 5.133, P = 0.0001). 
*P < 0.05, ***P < 0.001. Error bars, SEM.
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(P > 0.05; Fig. 2, J and K). These data seem to indicate potentiated 
postsynaptic response, rather than enhanced presynaptic vesicle 
release after exercise. Our rapamycin infusion effectively suppressed 
mTOR pathway, as suggested by lower p-S6 levels in the motor cortex 
(fig. S1). The chronic treadmill training thus effectively potentiates 
synaptic transmissions of L5PRN in the motor cortex via mTOR 
activation.

mTOR activation is necessary for exercise-enhanced  
neuron activity in vivo
We further examined whether this exercise-potentiated excitatory 
postsynaptic transmissions ex vivo can be translated into neuronal 
activities in vivo. Using immediate early gene c-Fos and Arc as the 
markers, the activities of pyramidal neurons in both layer II/III and 
layer V of motor cortex were elevated after 3-week exercise (c-Fos+/
CaMKII+, 105 of 376 in nonrunner group and 275 of 423 in runner 
group, P < 0.05; Arc+/CaMKII+, 211 of 215 in runner group only but 
none in nonrunner group; fig. S2). To provide further in vivo evi-
dences, mice received adeno-associated virus (AAV)–mediated 
transfection of genetically encoded calcium indicator GCaMP6s 
into L5PRN of the motor cortex, followed by 21-day treadmill exercise 
training (Fig. 3, A to C). Using transcranial two-photon imaging on 
head-fixed awakened mice, we recorded calcium transients of L5PRN 
from both apical tufts and somas (fig. S3). The peak amplitudes of 
calcium transients were increased in runner mice (apical dendrites: 
nonrunner, 2.0 ± 0.1, runner, 3.2 ± 0.2; soma: nonrunner + saline, 

3.2 ± 0.2, runner + saline, 4.6 ± 0.2; all in F/F0, P < 0.0001; 
Fig. 3, D and E). No significant change, however, was found when 
enumerating the total number of calcium transients (P > 0.05; 
fig. S4, A and B). We then asked whether mTOR activation was also 
involved in exercise-induced neuronal activity by rapamycin adminis-
tration (Fig. 3B). The pharmaceutical inhibition of mTOR eliminated 
exercise-elevated calcium peak amplitudes (P < 0.05; Fig. 3, D and E) 
but did not affect frequencies (P > 0.05; fig. S4). Together, both ex 
vivo and in vivo recordings demonstrate the involvement of exercise- 
activated mTOR in facilitating synaptic transmissions and neuronal 
activities.

Exercise training increases axonal myelination  
by activating mTOR
Axonal myelination is necessary for neural network processing 
and can be conferred by optogenetic excitation of cortical pyrami-
dal neurons (40). As our in vivo calcium imaging has demonstrated 
potentiated neuronal activities after the exercise training, we further 
investigated the myelination pattern (Fig. 4, A and B). First, the 
intensity of myelin basic protein was elevated in medial corpus cal-
losum (CC) regions, where L5PRN send out their projecting fibers. 
This enhancement in exercised mice also followed mTOR-dependent 
manners (P = 0.0003; Fig. 4, C and D). An EM-based morphometry 
study was then performed and found exercise-induced thickening 
of the myelin sheath, which was weakened after rapamycin injection 
(Fig. 4E). The g-ratio, which is calculated as the axonal perimeter 

Fig. 2. Exercise training potentiates synaptic transmissions via mTOR activation. (A) Illustration for whole-cell recordings of mEPSC of L5PRN in Thy1-YFP mice. 
(B) Schematic diagram for experimental protocols. Rapamycin administration was executed every 3 days during 21-day treadmill training. D0, day 0. (C) Bright-field (left) 
and epifluorescent (right) images of one YFP-labeled L5PRN for the whole-cell recording. (D to G) From left to right, representative traces of mEPSC extracted from non-
runner + saline (n = 8 neurons from four mice), runner + saline (n = 7 neurons from three mice), nonrunner + rapamycin (n = 8 neurons from four mice), and runner + rapamycin 
groups (n = 8 neurons from three mice). (H to K) Cumulative distributions of mEPSC amplitudes (H) and mEPSC frequencies (J) were plotted. Quantitative analysis (I and K) 
showed elevated mEPSC amplitudes in runner mice [one-way analysis of variance (ANOVA), F3,27 = 32.64, P < 0.0001; Tukey post hoc comparison, q27 = 4.966, P = 0.0081 (I)] that 
was subsequently abolished by rapamycin (q27 = 12.95, P < 0.0001). No significant change was found in mEPSC frequencies [q27 = 0.7616, P = 0.9488 for nonrunner + saline 
versus runner + saline and q27 = 3.112, P = 0.1487 for runner + saline versus runner + rapamycin (K)]. **P < 0.01, ***P < 0.001. Error bars, SEM.
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divides the myelin sheath perimeter, also suggested facilitated 
myelination in the exercised mice (runner + saline, 0.74 ± 0.07; non-
runner + saline, 0.82 ± 0.05; P < 0.0001; Fig. 4F). Rapamycin injection 
abolished this enhancements of myelination (runner + rapamycin, 
0.87 ± 0.04; P < 0.0001 comparing to runner + saline group; Fig. 4F), 
supporting the necessary role of mTOR activation.

We then explored the cellular mechanism for exercise-enhanced 
myelination. Myelin sheath is formed by oligodendrocytes (OLs) that 
are differentiated from their progenitor cells (OPCs). We injected 
5-bromo-2-deoxyuridine (BrdU) during the last 5 days of the 21-day 
exercise paradigm to label newly formed cells (Fig. 4G). In runner 
mice, we found more BrdU+ cells within the CC region (P < 0.0001; 
Fig. 4, H and I). Those BrdU+ cells were not microglial or astrocytes (fig. S5), 
but mostly belonged to OLs lineage in the CC region (Olig2+BrdU+; 
P = 0.0058; Fig. 4, J and N) or in the motor cortex (fig. S6). Exercised 
mice had more OPCs (PDGFR+BrdU+; P = 0.0002; Fig. 4, K and O] 
and more matured OLs (CC1+BrdU+; P = 0.0008; Fig. 4, L and P). 
These exercise-enhanced OL-populating events were dependent on 
mTOR activation (runner + saline versus runner + rapamycin, P < 0.001 
for Olig2+BrdU+, PDGFR+BrdU+, and CC1+BrdU+; Fig. 4, N to P). 

Moreover, fewer newly generated OLs stayed in the proliferating 
phase in runner mice (Ki67+BrdU+; P = 0.031; Fig. 4, M and Q). 
Together, the treadmill exercise enhances OPCs proliferation and 
promotes their differentiation toward mature OLs for enhancing 
axonal myelination, which is dependent on mTOR activation.

Exercise training persistently promotes dendritic spine 
formation and enhances motor learning
After demonstrating enhanced neural activity and axonal myelination 
in exercised mice, we next asked whether the learning function can 
be improved. A single bout of motor learning task induces the forma-
tion of dendritic spines (19), which may constitute the structural 
basis of motor memory (18). We thus examined the dendritic spine 
formation of L5PRN apical tufts using Thy1–yellow fluorescent protein 
(YFP) transgenic mice during treadmill paradigms (Fig. 5, A to C). 
The chronic training persistently elevated spine turnover and for-
mation rates (runner versus nonrunner: turnover rates, 15.1 ± 0.5% 
versus 10.2 ± 0.4% at day 3, 22.1 ± 0.6% versus 14.0 ± 0.7% at day 7, 
and 30.5 ± 0.9% versus 26.5 ± 0.6% at day 15; F1,36 = 127.1, 
P < 0.0001; Fig. 5D; formation rates, 10.2 ± 0.4% versus 5.0 ± 0.2% 

Fig. 3. Exercise training enhances neuronal activity in vivo. (A) Illustrations of in vivo calcium recordings for apical dendrites and somas of L5PRN. (B) Schematic 
diagram of experimental protocols. Mice received AAV-GCaMP6s virus injection before 21-day treadmill training. Rapamycin was administrated every 3 days. At the end 
of exercise training, calcium imaging was performed. (C) Coronal section of mouse primary motor cortex showing GCaMP6s-transfected neurons after 3 weeks. (D) Rep-
resentative z-stacked imaging planes (left) and calcium fluorescent traces (right) obtained from apical dendrites (top) and somas (bottom) of L5PRN. White arrowheads, 
active apical dendrite or somas. (E) Quantification of calcium peak F/F0 values in apical dendrites (top) and somas (bottom). Runner mice showed significantly higher 
peak values (apical dendrite: one-way ANOVA, F3,195 = 16.89, P < 0.0001; Tukey post hoc comparison, q195 = 10.58, P < 0.0001 for nonrunner + saline versus runner + saline 
and q27 = 12.33, P < 0.0001 for runner + saline versus runner + rapamycin; soma: F3,456 = 14.78, P < 0.0001; q456 = 8.683 and P < 0.0001 for nonrunner + saline versus runner + 
saline and q456 = 12.03, P < 0.0001 for runner + saline versus runner + rapamycin). ***P < 0.001. n = 6 animals in each group. Error bars, SEM.
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Fig. 4. The activation of mTOR is necessary for exercise-enhanced axonal myelination in the CC region. (A) Illustrations of L5PRN axonal myelination, which is formed by 
mature oligodendrocytes (OLs) in the CC region. (B) Schematic diagrams of experimental protocols. Mice received 21-day exercise and rapamycin or saline injection every 3 days. 
(C) Representative images for myelin basic protein (MBP) staining in the medial CC region. Scale bar, 250 m. (D) Quantitative analysis of fluorescent intensities of MBP (n = 4 
animals in each group) showed elevated myelination level in runner + saline group (one-way ANOVA, F3,11 = 3.353, P = 0.0591; Tukey post hoc test, q11 = 8.721, P = 0.0003) 
and subsequent decrease after mTOR inhibition (q11 = 8.852, P = 0.0003). A.U., arbitrary units. (E) EM images showing myelinated axonal fibers. Scale bars, 500 nm. (F) Distri-
bution of g-ratios. Kruskal-Wallis test showed significantly lower g-ratios in runner + saline mice comparing to nonrunner + saline group (P < 0.0001). (G) Schematic illus-
trations for the experimental design of oligodendrogenesis. Daily 5-bromo-2-deoxyuridine (BrdU) injections were given during the last 5 days of exercise training. 
(H) Representative images of BrdU-incorporated (BrdU+) cells in the medial CC region. Scale bar, 200 m. (I) Chronic exercise increased BrdU+ cells (F3,40 = 6.727, P < 0.001; 
q40 = 7.519, P < 0.0001), and rapamycin injection significantly decreased BrdU+ cells (q40 = 13.51, P < 0.0001). (J to M) Double immunostaining of BrdU+ cells with OL linage 
marker Olig2 (J), OL progenitor cells (OPCs) marker PDGFR (K), mature OL marker CC1 (L), and cell proliferation marker Ki67 (M). Scale bar, 50 m. (N to P) Quantification 
across groups showed that exercise increased the number of Olig2+BrdU+P (F3,11 = 20.89, P < 0.0001; q11 = 6.084, P = 0.0058) (N), BrdU+PDGFR+-labeled OPCs (F3,11 = 47.05, 
P < 0.0001; q11 = 9.328, P = 0.0002) (O), and BrdU+CC1+-labeled, matured OL (F3,11 = 27.16, P < 0.0001; q11 = 7.906, P = 0.0008) (P) after exercise. The OLs proliferation and 
maturation were reduced by rapamycin treatment (runner + saline versus runner + rapamycin groups: BrdU+Olig2+, q11 = 10.77, P < 0.0001; BrdU+PDGFR+, q11 = 15.27, 
P < 0.0001; BrdU+CC1+, q11 = 12.13, P < 0.0001). (Q) Exercise also facilitated OL differentiation as suggested by fewer BrdU+Ki67+ cells (F3,11 = 14.26, P = 0.0004; q11 = 6.655, 
P = 0.0031), which was not affected by mTOR (runner + saline versus runner + rapamycin groups, q11 = 1.838, P = 0.5819). *P < 0.05, **P < 0.01, ***P < 0.001. n = 4 animals in 
each group. Error bars, SEM.
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Fig. 5. Treadmill exercise promotes cortical dendritic spine formations and motor learning via mTOR activation. (A) Illustration of Thy1-YFP mice and imaging 
planes. (B) Schematic diagram of experimental protocols. Mice received treadmill exercise from days 0 to 15 and were imaged on the same region of primary motor cortex 
on days 0, 3, and 7 or 15. (C) Z-axis stacked images showing the same dendritic branches of L5PRNs at day 0 (first imaging), day 3 (second imaging), and day 7 (third 
imaging) between runner or nonrunner mice. Arrowheads, eliminated spines; arrows, newly formed spines. Scale bars, 5 m. (D) Overall spine turnover rates of runner 
mice were higher than nonrunner animals [two-way ANOVA(group effect), F1,36 = 127.1, P < 0.0001]. (E) Spine formation rates of L5PRN were persistently increased in runner 
mice compared to nonrunner controls [two-way ANOVA(group effect), F1,36 = 184.4, P < 0.0001]. (F) Spine elimination was not affected [two-way ANOVA(group effect), 
F1,36 = 0.5791, P = 0.4516]. (G) Newly formed spines on day 3 had higher survival rates in exercised mice on days 7 or 15 [two-way ANOVA(group effect), F1,24 = 79.33, P < 0.0001]. 
(H) Experimental protocols and (I) representative images of EM showing pre- and postsynaptic (in pink color) complexes in the motor cortex. Scale bars, 2 m. (J) Histo-
gram showed more synapses in runner mice (two-sample student t test, t58 = 5.791, P < 0.001). (K) Schematic illustration studying the effect of mTOR on spinogenesis. 
Rapamycin was applied daily for 3 days between repeated imaging. (L) Rapamycin treatment significantly decreased exercise-induced spine formation (one-way ANOVA, 
F3,18 = 15.75, P < 0.0001; Tukey’s post hoc test, q18 = 6.234, P = 0.0018). (M) Elimination of spines was not affected (F3,18 = 1.508, P = 0.2465). (N) Experimental designs of 
accelerating rotarod assay. (O) Similar motor performances on day 1 (nonrunner + saline, n = 8; runner + saline, n = 8; nonrunner + rapamycin, n = 9; runner + rapamycin, n = 8). 
(P and Q) Improvements of motor performances (in percentage) on days 2 and 3. Exercised significantly improved motor learning that was abolished by rapamycin injection 
(day 2: one-way ANOVA, F3,28 = 7.43, P = 0.0008; Tukey’s post hoc test, q28 = 4.70, P < 0.05; day 3: F3,28 = 10.64, P < 0.0001; q28 = 3.88, P < 0.05). *P < 0.05, **P < 0.01, ***P < 0.001. 
Error bars, SEM.
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at day 3, 12.6 ± 0.5% versus 6.3 ± 0.7% at day 7, and 15.1 ± 0.5% 
versus 10.5 ± 0.6% at day 15; F1,36 = 184.1, P < 0.0001; Fig. 5E). The 
spine elimination rate, however, was not affected (F1,36 = 0.5791, 
P = 0.4516; Fig. 5F). Consistent with our previous findings in barrel 
cortex (12), physical exercise increased the survival rate of day 3 
newly formed spines in the motor cortex (runner versus nonrunner, 
75.9 ± 3.5% versus 45.0 ± 4.6% at day 7 and 62.4 ± 3.1% versus 
31.3 ± 2.1% at day 15; F1,24 = 79.33, P < 0.0001; Fig. 5G). By EM 
examination, we also found elevated synapse densities in the motor 
cortex from exercised mice (t58 = 5.791, P < 0.0001; Fig. 5, I and J). 
In summary, exercise training facilitates the dendritic spine forma-
tion of the motor cortex. The mTOR pathway can regulate spino-
genesis both in vitro (41) and in vivo (14), and we thus examined 
the role of mTOR in exercise-induced spine formation. After daily 
rapamycin injection during 3-day treadmill exercise (Fig. 5K), we 
totally abolished the exercise-enhanced spine formation without 
sacrificing the basal level of spinogenesis (nonrunner + saline, 
5.2 ± 0.4%; nonrunner + rapamycin, 5.3 ± 0.6%; runner, 9.5 ± 0.5%; 
runner + rapamycin, 6.4 ± 0.6%; F3,18 = 15.75, P < 0.0001; Fig. 5L). 
No effect was observed on spine elimination rates (Fig. 5M). These 
data collectively suggested that chronic exercise activates mTOR for 
facilitating new spine formation in the motor cortex.

Motor skill learning can be improved by enhanced spine forma-
tion (42), cortical network activity (43), and axonal myelination 
(22), all of which have been observed in exercised mice. We thus 
asked whether the exercise training helps to enhance the motor 
learning function using the accelerating rotarod test (Fig. 5N). Similar 
performances at the first test session (Fig. 5O) suggested minimal 
effects from the muscular strength that may also be enhanced by the 
exercise. With repeated training, exercised mice showed better 
acquisitions as indicated by higher percentages of performance 
improvements (runner versus nonrunner, 63.3 ± 8.3% versus 
29.5 ± 5.3% at day 2 and 78.8 ± 9.1% versus 44.5 ± 5.6% at day 3; 
q28 = 4.94 and 5.32 for days 2 and 3, respectively, P < 0.01; 
Fig. 5, P and Q). Rapamycin inhibition assay further demonstrated that 
the mTOR activation is necessary for this exercised-enhanced motor 
learning (runner + rapamycin, 30.0 ± 4.0% on day 2 and 52.9 ± 4.0% 
on day 3; q28 = 4.70 and 3.89 comparing between runner + rapamycin 
and runner + saline groups at days 2 and 3, respectively, P < 0.05; 
Fig. 5, P and Q). Together, chronic exercise training activates 
mTOR pathway to induce motor cortex remodeling, including 
enhanced spinogenesis and synaptic transmissions, potentiated neu-
ronal activities, and increased axonal myelinations, all of which further 
contribute to better motor learning functions.

DISCUSSION
The current study, to our knowledge, provides the first piece of in 
vivo evidence showing that the exercise training enhances motor 
skill learning via mTOR-dependent spinogenesis, neuronal activity, 
and axonal myelination. Despite dozens of studies reporting the 
beneficiary effects of exercise on learning and memory functions, 
little has been known about its molecular basis besides the BDNF 
model. Our results thus identify one critical intracellular pathway 
for the exercise mediation of cognitive functions and address the 
long-standing question for the role of mTOR underlying structural 
and functional adaptations of neural networks in response to the 
exercise (44). Previous findings supported the improvement of hip-
pocampal neurogenesis and spinogenesis by the voluntary running 

(45) and enhanced spine survival in mouse barrel cortex after the 
treadmill exercise (12). The current data broaden our understandings 
for central effects of exercise, which leads to the neural remodeling 
covering spines or synapses, neuronal somas, and axons. Those 
structural and functional enhancements help to explain the improved 
learning after the exercise training.

We obtained higher mEPSC amplitudes but unchanged frequen-
cies of L5PRN in the motor cortex in exercised mice, indicating 
enhanced postsynaptic transmissions rather than presynaptic vesicle 
release. These data are consistent with stronger calcium transients 
of L5PRN in awake mice by in vivo recordings. These enhanced 
neural transmissions have a structural basis, including the elevated 
synthesis of postsynaptic protein PSD95. Although presynaptic pro-
tein SNAP25 was also modestly elevated by exercise training, no 
change was found in synaptophysin (Fig. 1D), which is critical for 
presynaptic vesicle release (46). The enhanced synaptic transmission 
was further substantiated by the EM study, which showed elonga-
tion and thickening of PSD complexes (Fig. 1, E to G). These exercise- 
induced structural alternations help to facilitate the excitatory 
postsynaptic transmission via mTOR activation. It also agrees 
with previous knowledge showing the facilitation of synaptic 
protein synthesis by mTOR-S6 activation (38), resulting in potenti-
ated synaptic transmissions (39). As both enhanced synaptic trans-
missions and neuronal activities benefit the acquirement of complex 
motor skills (43, 47), our studies strongly suggest the facilitation of 
motor memory acquisitions by exercise training via mTOR-mediated 
neural activities.

Besides enhanced synaptic transmissions and neuronal activities, 
long-term treadmill exercise also facilitates the axonal myelination 
within CC regions, where the majority of L5PRN forms efferent 
fibers. Although enhanced myelination may limit the axonal growth 
during the critical developmental period to impair the neural plas-
ticity (48), enhanced adult myelination has been reported to improve 
motor learning functions (22). Recent findings suggest that myelin-
ation is one highly dynamic process that can be potentiated by neuron 
activities in adult mice (49). Therefore, the exercise-induced 
myelination in this study is probably caused by mTOR-enhanced 
neuron activities. An alternative explanation also exists, as mTOR 
activation facilitates OPCs proliferation and differentiation to 
enhance axonal myelination (31, 32, 50). Our cell linage studies par-
tially support this model, as endurance training facilitates de novo 
OPCs proliferation and differentiation that are dependent on mTOR 
activation. One question remains about the mechanism governing 
exercise-induced OPCs proliferation, which can be caused by the 
enhanced neuron activity as in previous findings (40), or the cell- 
autonomous regulation by mTOR in OPCs. The cell-specific depri-
vation of mTOR activity can address this issue in future. It is further 
noticed that the overactivation of mTOR in Tsc1 gene knockout mice 
leads to hypomyelination (51). Although seemingly contradictory 
to our observations showing exercise-activated mTOR activation 
for enhanced myelination, these data highlight the pivotal role of 
maintaining mTOR activity within normal physiological ranges 
for axonal myelination.

Runner + rapamycin mice presented even lower neuronal activities 
(Figs. 2I and 3E) and worse oligodendrogenesis (Fig. 4, I to P) com-
pared to nonrunner + rapamycin animals. This difference suggests 
that exercise may not directly activate mTOR pathway in a straight-
forward manner. Accumulating studies have shown that mTOR 
works as one “energy sensor” and can be activated upon higher 
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metabolic rates of cells (52). We thus examined the level of phos-
phorylated adenosine 5′-monophosphate–activated protein kinase 
(p-AMPK), which is one sensitive marker for cellular energy re-
quirements (53). Only runner + rapamycin mice presented higher 
p-AMPK levels compared the other three groups (fig. S7, A and B). 
This evidence supports that exercise elevates the energy requirement, 
which is subsequently satisfied by mTOR activation [fig. S7C, 
scenario (i)], and further rapamycin inhibition of mTOR leads to 
insufficient energy supply in exercised brain tissues, causing impaired 
cell activities [fig. S7C, scenario (ii)]. In addition, AMPK phospho-
rylation can further suppress the mTOR pathway (53), thus exert-
ing synergistic effects with rapamycin to further down-regulate 
cell activities. Last, nonrunner + rapamycin mice displayed normal 
cell activity or oligodendrogenesis because mTOR activation is not 
necessary under low energy requirement [fig. S7C, scenario (iii)]. 
This feedback model of exercise activation of mTOR supports its 
roles under metabolic stress of brain tissues, similar to those in 
peripheral organs (54).

Motor learning in adult brains is associated with cortical spine plas-
ticity (19), which can be impaired by glucocorticoid or physically 
restrained stress causing memory loss (55, 56), and can be improved by 
environment enrichment (56) or physical exercises (12). In motor 
cortex, a single bout of motor learning rapidly stimulates spinogenesis 
(57), which lays the structural basis for motor memory consolidations 
(18). Our data suggest that dendritic spines can be generated and 
maintained during the exercise training. This exercise- induced spine 
formation is different from previously reported phenotypes after short-
term motor learning, as being interpreted from two aspects: First, 
rotarod learning can induce branch-specific spine formations (57), 
while our exercised mice did not present branch-dependent patterns of 
spinogenesis. Second, the majority of motor learning– induced newly 
formed spines disappeared within days (58), while exercise- associated 
spinogenesis can be sustained for up to 14 days. We thus argue that 
the physical exercise promotes spinogenesis of motor cortex in a more 
persistent and broadened manner. Mechanistic studies showed that 
mTOR activation is necessary for exercise-mediated spine formation but 
not for basal levels of spine formation or maintenance (Fig. 5, M and N). 
Our data thus establish the necessary role of mTOR in exercise- 
promoted spinogenesis, which provides the structural basis for 
improved motor learning. Nevertheless, the modulation of exercise 
training on different cortical neuron subtypes other than the L5PRN is 
not investigated here and may provide more insights for exercise- 
induced neural remodeling.

In summary, exercise activates mTOR to improve motor skill 
learning, which can be attributed to the enhancement of spinogenesis, 
synaptic transmissions, neuron activities, and axonal myelinations. 
The activation of mTOR is necessary for cortical neural remodeling 
and improves motor learning under exercise paradigms. One may ex-
pect that mTOR activation directs exercise-induced enhancements of 
other learning and memory paradigms. Our results collectively estab-
lish the central role of mTOR pathway for neural network adaptations 
to exercises and provide more evidence for clinical intervention of psy-
chiatric diseases and cognitive deficits using exercise training.

MATERIALS AND METHODS
Experimental design
Male C57BL/6J mice (4 weeks old) were purchased from Guangdong 
Medical Laboratory Animal Center and were used for Western 

blotting, in vivo calcium recording, BrdU incorporation assay, and 
behavioral assays. Male Thy1-YFP transgenic mice (4 weeks old) 
were obtained from the Jackson Laboratory (Bar Harbor, ME) and 
were bred in house. Thy1-YFP mice were used for in vivo dendritic 
spine imaging and patch-clamp recording. The exact n number for 
each experiment was specified in relevant result or figure legend 
sections. All animals were group-housed under normal light-dark 
cycle with food and water ad libitum. All animal experimental pro-
tocols were preapproved by the Ethics Committee of Experimental 
Animals of Jinan University in accordance with Institutional 
Animal Care and Use Committee guidelines for animal research.

The treadmill exercise was performed as previously described 
(12). One six-channel treadmill apparatus (Model JD-PT, Jide In-
struments, Shanghai, China) was adopted (12 m/min, 1 hour daily, 
for 3 weeks unless otherwise specified). Control (nonrunner) mice 
were put onto the fixed treadmill device for 1 hour within the same 
environment. After 21-day treadmill exercise training, animals 
were sacrificed for further assays. For in vivo spine imaging, Thy1-
YFP animals received the first imaging before exercise initiation 
and were reimaged on exercise day 3, 7, or 14. The rapamycin 
administration (3 mg/kg body weight) was performed every 3 days 
during the exercise training, or on each day within 3-day treadmill 
training for spine imaging assays.

Western blotting
Tissue lysates were extracted from the mouse primary motor cortex 
in radioimmunoprecipitation assay buffer containing protease and 
phosphatase inhibitors. After quantification using bicinchoninic 
acid kit (Beyotime, Shanghai, China), 10 g of protein samples were 
separated by SDS–polyacrylamide gel electrophoresis under 90 mA 
for 90 min and were transferred to the polyvinylidene fluoride 
membrane at 200 V for 30 min. After washing in phosphate-buffered 
saline (PBS) with Tween 20 and blocking in 5% bovine serum albumin 
(BSA), the membrane was incubated with the primary antibody 
(table S1) at 4°C overnight. The membrane was washed and incu-
bated in secondary antibody (table S1) for 2 hours. Protein bands 
were visualized using an imaging system (Bio-Rad, Hercules, USA). 
Integrated gray values of each band were measured using ImageJ 
(National Institutes of Health, Bethesda, USA).

Immunofluorescence staining
Mice were euthanized by isoflurane and were perfused with para-
formaldehyde. Whole brain tissues were dehydrated with 30% 
sucrose overnight and were sectioned into 40-m coronal slices using 
a sliding microtome (Leica, Germany). After PBS washing and BSA 
blocking, the brain slices were incubated with primary antibody at 
4°C for 48 hours, followed by secondary antibody (table S1). Images 
were captured with a confocal microscope (ZEISS, Germany), and 
the fluorescent intensity was analyzed using ImageJ.

Virus injection and in vivo two-photon calcium imaging
Mice were anesthetized using 1.25% Avertin. After local sterilization 
and incision of head skins, the primary motor cortex (1.0 mm 
posterior and 1.5 mm lateral from Bregma) was localized under a 
stereotaxic instrument (RWD Life Science Inc., China). After drill-
ing a hole by the high-speed microdrill, 0.1 l of AAV serotype 2/9 
carrying genetically encoded calcium indicator GCaMP6s under 
hSyn promoter (viral titer, >1  ×  1013 genome copies/ml; Taitool 
Bioscience, China) was slowly injected into layer V (500 to 700 m 
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from the pia) using a glass micropipette connected to an ultra-
micro injection pump (Nanoliter 2010, World Precision Instruments, 
Sarasota, USA). The micropipette was retained for 10 min before 
retraction. The head skin was closed for postsurgery monitor. The 
calcium imaging was performed 21 days later.

In vivo calcium recording was performed as previously de-
scribed (59). Briefly, the head skin and skull covering motor cortex 
were removed to create an imaging window (2 mm by 2 mm), which 
was covered by a glass coverslip. The calcium activities of apical 
dendrites (0 to 60 m from the pia) and layer V somas (500 to 600 m 
in depth) were recorded at 2 Hz with a water-immersed objective 
(20×, 1.1 numerical aperture; ZEISS) during a 2.5-min period under 
an LSM780 two-photon microscope (ZEISS, Germany). During 
imaging, the laser was tuned to the 920 nm, and the laser power was 
restricted below 25 mW.

Acquired time series images were corrected by TurboReg module 
of ImageJ. The fluorescent value F was quantified by average pixels 
extracted from designed region of interest covering identifiable 
soma or apical dendrite with >30 m in length. The ∆F/F0 was 
calculated as (F − F0)/F0, where the F0 was averaged F values during 
the first 10% recording period as the basal level. A calcium transient 
was defined when the ∆F/F0 is higher than threefold SDs.

Dendritic spine imaging
In vivo imaging of dendritic spines was performed by creating a 
thin-skull imaging window as previously described (60). Briefly, 
male Thy1-YFP mice were anesthetized, and the skull was exposed 
by the incision of head skins. The primary motor cortex was identi-
fied as abovementioned, and a circular imaging window was created 
by a high-speed microdrill. Images of apical dendritic spines were 
captured at 920-nm laser excitation. Both low-magnification z-
stack image and vascular distribution map were recorded for reim-
aging. About seven high-magnification z-stack images (4× digital 
zoom, 0.75-m interval, 1024 × 1024 pixels) were obtained for den-
dritic spines quantification. After imaging, mice were returned to 
their own homecage for recovery until reimaging.

The analysis of dendritic spine followed previous publication (42). 
Briefly speaking, acquired stacking images were projected to a sin-
gle plane with one or more dendrite(s) with signal-to-noise ratio of >3. 
The same dendritic segment at different time points were compared 
for spine formation and elimination rates, which are based on the 
total spine numbers at the first imaging. All geometric measure-
ments and spine enumerations were performed using ImageJ.

Whole-cell patch-clamp recording
Male Thy1-YFP mice were deeply anesthetized with isoflurane. 
Brain tissues were extracted and dissected into 250-m coronal slices 
on a Vibratome (Leica, Germany). Cortical slices were incubated in 
oxygenated artificial cerebrospinal fluid (aCSF; consisting of 119 mM 
NaCl, 2.5 mM KCl, 1 mM NaH2PO4, 11 mM glucose, 26.2 mM 
NaHCO3, 2.5 mM CaCl2, and 1.3 mM MgCl2) for 1 hour recovery 
and were transferred to the recording chamber with continuous 
perfusion of oxygenated aCSF containing 1 M tetrodotoxin.

Whole-cell recording was performed on cortical L5PRN as indicated 
by YFP signals using an epifluorescence microscope (Olympus, Japan). 
A glass pipette (3- to 5-megohm resistance) was filled with internal solu-
tions [135 mM CsMeSO3, 8 mM NaCl, 10 mM Na2-phosphocreatine, 
0.25 mM EGTA, 2.17 mM Mg–adenosine 5′-triphosphate, 0.34 mM 
Na3–guanosine 5′-triphosphate, and 10 mM Hepes (pH 7.4) with 

CsOH]. Neurons were clamped at −70 and 0 mV for miniature excitato-
ry mEPSCs recording. Traces were collected by a MultiClamp 700B 
amplifier (Molecular Devices, USA), filtered at 4 kHz, and digitized 
at 10 kHz (Digidata 1550A, Molecular Devices, USA). Events were 
analyzed by Clampfit 10.0 (Molecular Devices, USA).

Electron microscopy
EM was performed as previously described (61). Briefly, mouse 
brain tissues were blocked in the fixative reagent (G1102, Service-
bio) at 4°C for 2 hours and were postfixed with 1% osmium tetroxide 
for 2 hours. Tissues were dehydrated in graded ethanol solutions 
(50 to 100% and two times of acetone, 15 min each) and were embedded 
in EMbed 812 (90529-77-4, Structure Probe Inc., West Chester, USA) 
at 60°C for 48 hours. Brain tissues were prepared in ultrathin slices 
(60 to 80 nm) with an ultramicrotome (Leica EM UC7, Leica). Slices 
were stained with uranyl acetate in pure ethanol for 15 min, in lead 
citrate for 15 min and were air-dried. Images were captured with a 
transmission electron microscope (Hitachi, Japan). Both synapse 
density and axonal myelination were counted under the 13,500× 
magnification, postsynaptic (PSD) length and thickness were calculated 
under 46,000× magnification by ImageJ.

Motor learning behavior
The motor learning ability was assessed by an accelerating rotarod 
(Ugo Basile, Comerio, Italy), which started at 5 rpm and sped up to 
80 rpm within 5 min. Each mouse received three training sessions at 
9:00 a.m., with each session on one of three consecutive days.

Statistical analysis
All data were presented as means ± SEM. Two-sample student’s 
t test, one-way analysis of variance (ANOVA), and Tukey post hoc 
test were used to compare differences among two or multiple groups, 
respectively. For two independent variables, two-way ANOVA and 
Bonferroni post hoc comparison were adopted. For comparison of 
g-ratios, Kruskal-Wallis test was adopted because of non-Gaussian 
distribution of sample data. A significant level was defined when 
P < 0.05. All statistical analysis was performed by GraphPad Prism 
7.0 (La Jolla, CA, USA).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/7/eaaw1888/DC1
Fig. S1. Exercise-activated ribosomal protein S6 in motor cortex.
Fig. S2. Exercise-induced neuron activity of cortical pyramidal neurons.
Fig. S3. Calcium spike dynamics of apical tuft and soma of L5PRN.
Fig. S4. Calcium transients of L5PRN.
Fig. S5. Subtyping of BrdU+ cells in the CC region.
Fig. S6. Immunofluorescence labeling of BrdU and Olig2 in mouse motor cortex after exercise.
Fig. S7. Energy requirement of cells under exercise.
Table S1. Primary and secondary antibody used in Western blotting and immunofluorescence 
staining.
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