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Low intensity repetitive 
transcranial magnetic stimulation 
modulates skilled motor learning in 
adult mice
Alexander D. Tang  1,2, William Bennett  3, Claire Hadrill3, Jessica Collins3, Barbora 
Fulopova3, Karen Wills4, Aidan Bindoff  3, Rohan Puri5, Michael I. Garry5, Mark R. Hinder5, 
Jeffery J. Summers5,6, Jennifer Rodger  1 & Alison J. Canty3

Repetitive transcranial magnetic stimulation (rTMS) is commonly used to modulate cortical plasticity 
in clinical and non-clinical populations. Clinically, rTMS is delivered to targeted regions of the cortex at 
high intensities (>1 T). We have previously shown that even at low intensities, rTMS induces structural 
and molecular plasticity in the rodent cortex. To determine whether low intensity rTMS (LI-rTMS) alters 
behavioural performance, daily intermittent theta burst LI-rTMS (120 mT) or sham was delivered as a 
priming or consolidating stimulus to mice completing 10 consecutive days of skilled reaching training. 
Relative to sham, priming LI-rTMS (before each training session), increased skill accuracy (~9%) but did 
not alter the rate of learning over time. In contrast, consolidating LI-rTMS (after each training session), 
resulted in a small increase in the rate of learning (an additional ~1.6% each day) but did not alter the 
daily skill accuracy. Changes in behaviour with LI-rTMS were not accompanied with long lasting changes 
in brain-derived neurotrophic factor (BDNF) expression or in the expression of plasticity markers at 
excitatory and inhibitory synapses for either priming or consolidation groups. These results suggest 
that LI-rTMS can alter specific aspects of skilled motor learning in a manner dependent on the timing of 
intervention.

Repetitive transcranial magnetic stimulation (rTMS), a non-invasive form of brain stimulation is widely used 
to modify neural plasticity in clinical and non-clinical populations. In addition to the targeted cortical region/
behaviour to be modulated, there are many rTMS parameters that can be adjusted (e.g. pulse frequency/protocol, 
stimulation intensity, timing of intervention when combined with behavioural training etc.) to produce differ-
ent neurophysiological effects. Of the numerous rTMS protocols available, intermittent theta burst stimulation 
(iTBS), has gained considerable interest as it can induce long term potentiation (LTP) like plasticity in the human 
motor cortex1 with cortical excitability changes persisting up to 60 minutes after a single stimulation2, albeit with 
substantial variability between individuals3.

In addition to modulating cortical excitability, iTBS can be used to modify motor learning in humans4–6. This 
can be achieved by delivering rTMS as a priming stimulus (i.e. rTMS given prior to motor training)4,6 or as a 
consolidating stimulus (i.e. rTMS given after motor training)5. However, the stimulus intensities needed to alter 
motor behaviour and the potential mechanisms underlying iTBS induced neural plasticity remain unclear.

Rodent models provide a valuable adjunct to human rTMS studies, due to the powerful but invasive tech-
niques available to investigate plasticity and its associated mechanisms (for review see Tang et al.)7. Similar to 
outcomes in humans, iTBS in rodents at high intensities has been shown to induce neural plasticity in the motor 
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cortex using several outcome measures including increased motor evoked potential amplitudes8, changes in 
sensory-motor learning9 and in immediate early gene expression10. Potential mechanisms of iTBS induced plas-
ticity in rodents come from histological and molecular studies, which suggest alterations in both excitatory and 
inhibitory activity11–14 and changes in brain derived neurotrophic factor (BDNF) expression15. A limitation of 
current rodent rTMS studies is the use of existing stimulator coils that are larger than the rodent brain, resulting 
in high intensity (HI; e.g. 1 T) but non-focal stimulation16. This offered us the opportunity to build a smaller 
coil that delivers more focal stimulation but at the expense of stimulation intensity17. We have shown that these 
smaller coils can induce cortical plasticity in vivo by potentiating the amplitude of motor evoked potentials in rats. 
In brain slices from the mouse motor cortex we have also recently shown that LI-rTMS with the iTBS protocol 
increases the excitability of layer 5 pyramidal neurons18, suggesting that even at low intensities iTBS can induce 
plasticity. Here we examined whether chronic low-intensity rTMS (LI-rTMS:120 mT) delivered at the iTBS fre-
quency would have an effect at the network level by investigating changes to skilled motor behaviour in mice. 
In particular, we investigated whether delivering LI-rTMS to the motor cortex immediately prior to or after a 
skilled motor learning task (forelimb pellet reaching task19) would alter performance speed (number of reaches 
per minute) or performance accuracy in adult mice over 10 consecutive days of training. Furthermore, potential 
molecular and biochemical mechanisms underlying LI-rTMS-induced plasticity were investigated with western 
blot and ELISA assays to assess changes to excitatory and inhibitory post-synaptic proteins and brain derived 
neurotrophic factor (BDNF) at the conclusion of 10 days of motor learning.

The selected synaptic proteins were chosen as they have potential overlap between synaptic plasticity and 
rTMS-induced plasticity. Given the key involvement of α-amino-3-hydroxyl-5-methyl-4-isoxazolepropionic 
(AMPA) glutamate receptors in high intensity rTMS-induced plasticity20,21, we selected protein targets indicative 
of AMPA receptor expression, the receptor subunits GluR1 and GluR2, whose differential expression is linked to 
synaptic plasticity22. BDNF was selected given its upregulation with high and low-intensity rTMS15,23–25 and its 
involvement in motor learning26. As a marker of plasticity at the inhibitory synapse, we investigated gephyrin, a 
scaffolding protein at the post-synaptic membrane to which GABAA receptors anchor27,28. Moreover, gephyrin 
expression has previously been shown to be modulated with HI-rTMS29.

Our results suggest that LI-rTMS can alter specific aspects of skilled motor learning in a manner dependent 
on the timing of intervention, but the molecular basis for these effects remains unclear.

Results
Accuracy of reaching. As expected for this task, mice (irrespective of stimulation group) became more 
accurate (0.6–1.4%) each day over the 10-day period (p < 0.001, see Supplementary Tables S1a and S2 for 
summary of statistics). Treatment with LI-rTMS significantly affected accuracy, however priming and consol-
idating LI-rTMS acted in different ways (Fig. 1). Priming LI-rTMS did not alter the rate of learning (priming 
LI-rTMS*Time interaction, p = 0.26), however mean accuracy for mice in the priming group was ~9% higher 
(p = 0.02) than mice in the sham group, when averaged across the entire 10 days. Taken together, a significant 
main effect of priming LI-rTMS and non-significant interaction with time suggests that priming LI-rTMS has an 
acute effect on accuracy.

In contrast, consolidating LI-rTMS altered the rate of increase in learning (consolidating LI-rTMS*Time, 
p = 0.03), with mice in this group becoming more accurate than sham by a further ~1.6% per day. Consolidating 
LI-rTMS did not significantly alter mean accuracy. Effect sizes, expressed as Cohen’s ƒ2 were small (ƒ2 = 0.04 for 

Figure 1. Mean reaching accuracy over 10 consecutive days with priming (n = 16 sham, n = 16 LI-rTMS) and 
consolidation (n = 16 sham, n = 16 LI-rTMS) stimulation. Priming LI-rTMS (a) increased mean skill accuracy 
(p = 0.02) when averaged across the whole 10 days but did not alter the rate of learning whereas consolidating 
LI-rTMS (b) increased the rate of learning (consolidating LI-rTMS*time p = 0.03) but did not alter mean skill 
accuracy. Only data from days 2–10 were used in the statistical model for consolidating LI-rTMS. All error bars 
represent 95% confidence intervals.
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priming LI-rTMS, ƒ2 = 0.01 for consolidating LI-rTMS). (By convention, 0.02 is considered small, 0.15 is consid-
ered medium for ƒ2 statistics)30.

Speed of reaching. Analysis of the speed of reaching showed that, mice in the priming LI-rTMS cohorts 
(whether sham or treatment) did not show an overall increase in speed of reaching over the time course of the 
experiment and that priming LI-rTMS did not alter this (see Supplementary Table S3 for priming LI-rTMS speed 
statistics summary). By contrast, mice in the consolidating LI-rTMS cohorts (sham or treatment) showed a slight 
increase in speed over time (p < 0.001, see Supplementary Table S4 for consolidating LI-rTMS speed statistics), 
after adjustment for weight loss (from food deprivation), with treatment acting to suppress this increase in speed 
relative to sham. However, the effect of consolidating LI-rTMS on speed, expressed as Cohen’s ƒ2, was small 
(ƒ2 = 0.027). By contrast, the effect of weight loss was ƒ2 = 0.112. A similar effect size differential was estimated for 
the priming LI-rTMS cohort, with effect sizes ƒ2 = 0.006 and ƒ2 = 0.119 for treatment and weight loss respectively.

Molecular analysis. We investigated the molecular changes persisting 24 hours after long term LI-rTMS 
with motor learning, using western blot and ELISA analysis on cortical tissue collected from the stimulated hem-
isphere, (i.e. collected 24 hours after the last stimulation on day 11) (Fig. 2).

Western Blots. Kruskal-Wallis analysis of western blots revealed no significant differences between groups for 
GluR1 (H (2) = 3.73, p = 0.16), GluR2 (H (2) = 0.27, p = 0.91) or gephyrin (H (2) = 1.50, p = 0.50) (Fig. 2a–c).

Bdnf Elisa. BDNF concentrations in sham, priming and consolidating LI-rTMS animals were 32.18 ± 3.73, 
35.33 ± 5.47, 28.03 ± 1.92 pg/ng of total protein respectively (Fig. 2d). A one-way ANOVA showed no statistically 
significant differences between the stimulation conditions F (2,18) = 1.26, p = 0.32. Follow up Dunnett’s post-hoc 

Figure 2. Molecular analysis of the stimulated hemisphere 24 hours post last stimulation. Semi-quantitative 
western blot analysis of cortical lysates showed no statistically significant differences between groups for (a) 
GluR1, (b) GluR2, or (c) Gephyrin (p > 0.05). Values on the y-axis are expressed as relative density, with all 
values normalised to the intensity of the β-actin loading controls. (d) Analysis of the BDNF ELISA showed 
no statistically significant differences between stimulation groups (p > 0.05). All error bars represent 95% 
confidence intervals.



www.nature.com/scientificreports/

4SCIENTIfIC RePoRTS |  (2018) 8:4016  | DOI:10.1038/s41598-018-22385-8

analysis confirmed no significant differences between sham and priming LI-rTMS (p = 0.77) or sham and con-
solidating LI-rTMS (p = 0.59) groups.

Discussion
Our findings demonstrate that LI-rTMS induces behavioural plasticity which is dependent on the timing of inter-
vention. Priming and consolidating LI-rTMS modulated specific aspects of skilled motor behaviour in adult mice. 
Priming LI-rTMS significantly increased skill accuracy, without altering the rate of learning (change in accuracy 
over time). In contrast, consolidating LI-rTMS increased the rate of learning relative to sham without altering skill 
accuracy. Molecular analysis of the stimulated cortical hemisphere at the conclusion of the experiments showed 
no change in the protein levels of AMPA receptor subunits, GABA receptor anchoring proteins and BDNF.

Our results contrast with similar priming iTBS studies in both animals and humans, in which higher rTMS 
intensities altered the rate of learning. Rats receiving priming iTBS at a moderate intensity (3 sessions of rTMS 
and training per day) learned a sensorimotor task significantly faster than sham stimulated animals9. Similarly, 
in humans, high intensity priming iTBS combined with a simple ballistic motor task resulted in an increased rate 
of improved performance but did not alter baseline performance4. Taken together these two studies suggest that 
moderate and high intensity priming rTMS can be used to modify the rate of motor learning but these intensities 
do not affect performance (i.e. skill accuracy in this study). In contrast, low-intensity priming rTMS increased 
performance without affecting the rate of learning.

Differences in the effect of high and low intensity rTMS on motor learning may be due to differences in the 
recruitment of homeostatic plasticity. In humans, four days of high intensity iTBS to the dorsal premotor cortex 
prior to daily mirror training resulted in significantly less skill improvement compared to controls6. The authors 
suggest that priming rTMS induces a homeostatic interaction with subsequent motor learning, such that high 
synaptic activity (i.e. induced with priming rTMS) increases the threshold for subsequent long term potentiation 
(LTP) (i.e. motor learning) and decreases the threshold for long term depression (LTD)31. Our results suggest that 
low-intensity priming rTMS has a non-homeostatic interaction with subsequent motor learning, because priming 
LI-rTMS increased skill accuracy but did not change the rate of learning relative to sham stimulation. Although 
Laapchen and colleagues stimulated the dorsal premotor cortex rather than the primary motor cortex, we suggest 
that the use of lower intensities may have prevented a homeostatic interaction, such that weak synaptic stimula-
tion with priming LI-rTMS was insufficient to induce homeostatic mechanisms, but strong enough to facilitate 
transient increases in accuracy.

The non-homeostatic interaction of LI-iTBS with motor learning is perhaps more evident in the consolidation 
group, as the rate of motor learning was greater than sham. This finding further suggests that subthreshold inten-
sities are strong enough to enhance LTP mechanisms but too weak to induce homeostatic interactions.

In contrast to previous studies on motor learning in mice19 and humans32, we did not see a clear-cut increase 
in speed over time. We found it difficult to fully account for the observed variance in speed, but notably, weight 
loss appeared to have a larger effect on speed than upon accuracy. Levels of hunger (satiety) therefore affect this 
outcome measure strongly, with mice being driven more by motivation to obtain food than by operant learning.

Despite mixed evidence33,34, transient enhancements in motor behaviour in humans following rTMS have 
been attributed to transient increases in corticospinal excitability such that motor learning may be enhanced by 
up-regulating the excitability of the “learning” motor cortex35. Although not tested in this study, we have previ-
ously investigated the acute effects of LI-rTMS on excitability within the rodent motor cortex. In acute mouse 
brain slices, we investigated the effect of low-intensity iTBS on neuronal excitability using single cell patch clamp 
recordings from layer 5 pyramidal neurons. During the 20 minutes post-stimulation (i.e. similar in time course to 
each motor training that proceeded priming LI-rTMS in this study), increased excitability was observed through 
increased evoked spike firing frequency and hyper-polarised action potential thresholds18. Similarly, we have 
shown that 10 Hz LI-rTMS to the rat motor cortex increases corticospinal excitability (increased motor evoked 
potential amplitudes immediately after stimulation)17. Therefore, combined with our previous work, the mecha-
nisms underlying priming induced enhancements in skill accuracy may in part be due to enhanced excitability of 
the motor cortex (irrespective of which excitatory frequency is used) as previously suggested by human studies.

When applied as a consolidating stimulus, LI-rTMS had the opposite effect to priming, whereby consolidating 
LI-rTMS did not alter daily accuracy but led to an increase in the rate of motor learning over the 10 days relative 
to sham. Although little is known on the effect of consolidating LI-rTMS on motor behaviour, particularly over 
multiple sessions, our results are in contrast to the report of high intensity rTMS using iTBS, which degraded 
prior motor learning in humans within a single experimental session5. Whilst Stockel et al. tested motor perfor-
mance immediately after the consolidating iTBS, in our study, changes in motor behaviour were not assessed until 
the next day (24 hours after the delivery of iTBS). Therefore, intensity aside, it is possible that as a consolidating 
stimulus, iTBS has different effects on early (e.g. within 30 minutes of stimulation) and later aspects of motor 
consolidation, such as sleep-dependent and structural mechanisms. In mice, repeated skilled pellet reaching 
leads to complex structural remodelling of dendritic spines36,37, such that there is an increase in the number of 
new dendritic spines formed (spinogenesis) and a destabilisation of pre-existing spines during motor learning36. 
Therefore, our increase in motor learning following low-intensity consolidating iTBS may be due to changes in 
structural plasticity, as shown in vitro20 and will require further investigation.

Interestingly, molecular analysis of the stimulated cortical hemisphere with priming and consolidating 
LI-rTMS revealed no long lasting changes to key synaptic plasticity markers or BDNF. It is possible that we did 
not detect changes in protein expression because our methods were based on homogenised tissue of the stim-
ulated hemisphere and did not examine changes in protein localised to specific brain regions (i.e. purely motor 
cortex), neuronal subtypes, or even subcellular localisation. The importance of subcellular protein trafficking 
in mediating rTMS effects has been recently shown by altered distribution of gephyrin protein clusters, in hip-
pocampal cultures following 10 Hz repetitive magnetic stimulation (rMS)29. Interestingly, changes in gephyrin 
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cluster size and number were not accompanied by changes in the amount of gephyrin mRNA or protein expres-
sion29. Therefore, the plasticity induced by LI-rTMS in our study may have been underpinned by mechanisms 
similar to those known to occur following 10 Hz rMS in vitro, involving changes in protein trafficking and distri-
bution rather than changes in the amount of expression.

Alternatively, as our analysis was conducted on tissue collected 24 hours after the last stimulation (i.e. day 11), 
we cannot rule out the possibility that changes in molecular markers occurred between days 1 and 10 but were not 
sustained to day 11. Similarly, stimulation may have induced transient changes (e.g. <24 hours post-stimulation) 
which we could not detect at the time point investigated. This is supported by the evidence that a single session of 
rMS in organotypic slice cultures induces structural and functional plasticity that occur ~2 hours post-stimulation 
but are absent at 6 hours post stimulation20.

To our knowledge, this is the first study to investigate the effect of chronic low-intensity iTBS on skilled motor 
behaviour. Compared to previous studies that use commercial human rTMS coils in laboratory animals, the use of 
a custom rodent-specific coil allowed for preferential (more focal) stimulation of the motor cortex17 contralateral 
to the dominant forepaw and avoided direct stimulation of the ipsilateral motor cortex and other motor regions 
such as the cerebellum, known to influence motor learning in humans38 and rodents39. However, it is possible 
that cortical regions adjacent to the targeted motor cortex may have been stimulated. In particular, stimulation of 
the dorsal anterior cingulate cortex (adjacent to the secondary motor cortex), implicated in attention control40, 
may have contributed to the observed effects on motor-skill, particularly in the priming LI-rTMS animals (i.e. 
LI-rTMS primed animals may have been more attentive to the presence and replacement of the food pellets). 
Another limitation of our small coils is the inability to stimulate at high intensities due to high mechanical insta-
bility and heat generation41. Therefore, although a direct comparison of low and high intensity rTMS is of great 
interest, focal high intensity rTMS in mice will require other tools, such as intracortical electrical stimulation as 
a proxy for rTMS42. Alternatively, studies may be carried out in rats, where a degree of focality can be achieved 
with commercial coils8,43.

Whilst our results suggest that LI-rTMS may be more beneficial for chronic and repeated stimulation in the 
intact nervous system to avoid homeostatic interactions, the effect sizes observed were modest (e.g. ~9% greater 
increase in accuracy with priming rTMS). Therefore, it is unclear whether LI-rTMS offers meaningful benefit to 
the intact motor system. However, it is worth noting that in line with our results, intact wild-type mice typically 
show a maximum increase in accuracy of 15% over the training period in the single pellet reaching task36,44. 
Future studies employing skilled motor tasks that allow for a larger range of improvement (i.e. >20%) or in com-
bination with other skilled motor tasks (e.g. rotarod) will be necessary to determine the potential of LI-rTMS in 
the intact motor system.

Similarly, the use of LI-rTMS for the treatment of neurotrauma and neurological disorders where cortical 
plasticity may be abnormal, may have greater benefit than in the intact nervous system. For example, rats with 
stroke infarcts of the forelimb area were ~20% more accurate in pellet retrieval after combined intracortical 
stimulation of the motor cortex and training than training only animals45. Therefore, future studies investigating 
LI-rTMS on functional outcomes in pre-clinical injury and disease models would reveal which populations and 
disorders might benefit from LI-rTMS.

Materials and Methods
Animals. 10 week old male C57Bl/6 J mice (Mus Musculus) (UTAS colony originally derived from Jackson 
Laboratory stock) were group housed on a 12-hour light/dark cycle. Two days prior to the commencement of 
behavioural testing, animals began food restriction (~2 hours of food:Barastoc irradiated mouse cubes, 6% fat 
content per day, given each afternoon after the end of behavioural testing) to reduce and maintain animals at 
~90% of baseline weights throughout the experiment (animal weights were recorded daily prior to behavioural 
testing and factored into the analysis as weight loss). Water was provided ad libitum. 24 hours after the end of 
experimentation, mice were euthanized with an overdose of pentabarbitone (>160 mg/kg i.p injection). All ani-
mal experimentation was performed in accordance with the Australian code of practice for the care and use 
of animals for scientific purposes and was approved by the University of Tasmania Animal Ethics Committee 
(A0013168).

Custom rodent rTMS coil. A custom rodent-specific circular coil (8 mm height × 8 mm outer diameter, 
steel core, 780 turns of 0.125 mm diameter wire) was used to deliver more focal rTMS and avoid direct stimu-
lation of other cortical regions involved in motor function (e.g. cerebellum) that might occur with larger com-
mercial coils (for further coil specifications see Tang et al.)17. Monophasic stimulation pulses (400 µs rise time) 
were delivered by a waveform generator (Agilent 335141B, USA) connected to a bipolar voltage programmable 
power supply (KEPCO BOP 100-4 M, USA). Experiments were conducted at 100% of the maximum power sup-
ply output (±100 V) (Agilent Benchlink Waveform Builder, USA). Peak magnetic field strength was 120 mT at the 
surface of the coil (measured with a Hall-effect probe Honeywell SS94A2D, USA). Maximum stimulation at the 
base of the coil equated to a dB/dT of 400 T/s.

Repetitive Transcranial Magnetic Stimulation. iTBS patterned LI-rTMS or sham stimulation was 
delivered daily for 10 consecutive days to the motor cortex contralateral to the dominant/trained forelimb of 
lightly restrained awake mice, by placing the mouse in a restraint bag with a breathing hole at one end (Able 
Scientific). The TMS coil was positioned over the mouse cranium, such that the coil windings overlaid the domi-
nant motor cortex, with the coil offset laterally to minimise direct stimulation of the non-dominant motor cortex. 
During stimulation, the coil was held ~1 mm over the mouse cranium. Six hundred pulses of iTBS (pulse trains 
consisting of 3 pulses at 50 Hz, repeated at 5 Hz and delivered for 2s, with an inter-train interval of 8s)1, lasting 
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190 seconds was delivered once daily for 10 consecutive days, either immediately before or after motor training. 
Sham stimulation consisted of manual restraint for 190s as described above.

Skilled Motor Training: Single-Pellet Reaching Task. The single pellet-reaching task is a skilled fore-
limb behavioural task that is analogous to throwing darts or shooting basketballs in humans46. Briefly, a single 
animal was placed into a clear perspex chamber (20 cm tall, 15 cm deep and 8 cm wide). A vertical slit (10 mm 
wide) in the centre of the chamber allowed the animals to retrieve a food reward (2.5 mm diameter, 20 mg choc-
olate flavour grain pellet, Bio-Serv, New Jersey) placed on a 10 mm high platform in front of the slit. Pellets were 
replaced by the experimenter immediately after (i) the pellet was grasped by the animal or (ii) the pellet was 
displaced following the previous reaching attempt.

Animals underwent pre-training (“shaping”) once a day until a baseline level (20 reaches made within a 
20-minute training session) was achieved. In addition, the animals’ individual learning abilities were defined 
based on the number of shaping days needed until baseline level was achieved (“fast learner” = 1 day of shaping 
required, “intermediate learner” = 2 to 3 shaping days required or “slow learner” = 4 shaping days required). 
Animals that did not reach baseline level after 4 days shaping were excluded from further testing. For shap-
ing, pellets were placed in the centre of the slit, allowing the animal to reach with both forelimbs. The domi-
nant forelimb was defined as the forelimb used in >70% of reaching attempts. Groups were counterbalanced 
such that an equal number of learning abilities (shaping speed and paw dominance) were placed into sham and 
treatment groups. Groups were also balanced by litter wherever possible, with equal numbers from each box of 
group-housed males in sham and treatment groups. After stratification by shaping speed, paw dominance and 
litter, mice were randomly allocated to treatment groups. Four cohorts of animals were tested in separate experi-
ments (two cohorts receiving priming LI-rTMS or sham, two receiving consolidating LI-rTMS or sham). In total, 
priming LI-rTMS n = 16, consolidating LI-rTMS n = 16 and n = 16 sham animals were tested in each of these two 
experimental groups

Once shaped, animals underwent 10 consecutive days of motor training, with each daily session consist-
ing of 30 reaches or 20 minutes of training, whichever was achieved first (see Fig. 3 for outline of experimental 
paradigm). Animals received one session of motor training and stimulation at the same time each day for 10 
consecutive days and each training session was recorded with a digital camcorder to verify online scores with 
offline analysis. The pellet was placed to one side of the slit midline such that the animal could only collect it by 
reaching with its pre-determined dominant forelimb (preventing reaching with non-dominant hand and tongue). 
Reaching attempts were scored as a success (dominant forelimb grasped and retrieved pellet and then placed it 
into the mouth), a drop (dominant forelimb grasped and retrieved pellet but dropped it before placing it into the 
mouth) or a fail (an attempt with the dominant forelimb that missed or misplaced the pellet). Drops and fails were 
grouped together and classified as fails overall.

Molecular Biology Tissue preparation. Twenty-four hours after the last period in the testing chamber, 
mice were terminally anaesthetised with 160 mg/kg pentabarbitone sodium. Brains were rapidly removed and 
dissected for hippocampus or overlying cortex (a region including both motor and sensory cortex). Samples were 
taken from the dominant hemisphere (i.e. the hemisphere that received stimulation). Samples were snap frozen 
with liquid nitrogen and stored at −80 °C.

Western blotting. Dominant hemisphere samples were homogenised in 1 mL of ice-cold lysis buffer 
designed to maximise yield of BDNF47 (100 mM PIPES pH7, 500 mM NaCl, 0.2% Triton X-100, 2 mM EDTA) 
containing EDTA-free protease inhibitor cocktail (Roche Biochemicals). Homogenised lysates were sonicated 
then centrifuged (3320 × g at 4 °C for 1 hour) and supernatants stored at −80 °C. Protein levels were quanti-
tated via the bicinchoninic acid assay as per manufacturer’s instructions (Thermo Fisher) and equal amounts 
(approx. 10 µg) loaded onto 10% or 12% Tris-glycine reducing SDS-PAGE gels. Gels from all 3 groups were trans-
ferred onto a single PVDF membrane (Millipore) for each synaptic marker in an interleaved fashion, so that 
each group was evenly distributed across the entire width of the membrane to minimise intra-group errors due 
to localised differences in staining. Membranes were blocked with PBS + 0.1%Tween containing 5% skimmed 

Figure 3. Outline of experimental paradigm. Animals were food restricted to ~90% of baseline weight 
throughout the experiment. Following 4 days of shaping (pre-training), animals were allocated into stimulation 
groups (sham or LI-rTMS) followed by 10 consecutive days of skilled pellet-reaching training. LI-rTMS or 
Sham stimulation was given immediately before (priming) or after (consolidation) each training session. 
24 hours after the last stimulation, cortical tissue from the stimulated/dominant hemisphere was collected for 
molecular analysis of select neuroplasticity markers.
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milk powder and probed with primary antibodies for synaptic markers and beta-actin simultaneously as fol-
lows: GluR1 (Abcam ab31232); GluR2 (Neuromab L:21/3275-002); Gephyrin (Abcam ab25784); β-actin (Sigma 
A2228). Membranes were incubated with peroxidase-conjugated secondary antibodies to rabbit or mouse (Dako) 
and imaged with chemiluminescent substrate (Millipore) using an Amersham Imager 600 (GE Healthcare) then 
quantitated using ImageJ, with targets of interest normalised to β-actin.

Bdnf Elisa. Cortical lysates were assayed using a commercial sandwich ELISA kit as per manufacturer’s 
instructions (Chemikine, Millipore) and all samples run in triplicate. BDNF levels were normalised to total pro-
tein concentration.

Data Analysis and Statistics. Behavioural videos for each training session were analysed for two outcome 
measures of skilled motor learning: accuracy and speed. Accuracy was defined as the percentage of successful 
reaches relative to the total number of reaches made. Speed was defined as the total number of reaches made per 
minute, regardless of success. Rate of learning was defined as the change in accuracy across sessions.

Linear mixed effects models were used to estimate the effect of Ll-rTMS treatments on pellet reaching tasks, 
using the nlme package v3.1-13148 and lme4 package v1.1-1349 in R v3.4.1 (R Core Team, 2017). Mixed-effect 
models are more appropriate than repeated measures ANOVA for these data sets because they allow for missing 
data, the estimation of multiple random effects and the treatment of time as a continuous covariate. The initial 
full model included: a random slope within-subject, to take into account variability in motor learning for indi-
vidual mice; a random intercept for each animal, to account for individual differences in baseline performance 
levels and learning ability; and a random intercept for cohort, to model potential differences between groups 
of animals (experiments) caused by uncontrolled external factors (e.g. time of year and ambient temperatures 
when experiments were performed). Model selection proceeded using a top-down approach50 and the initial 
full models specified fixed effects for time (day), stimulation (as a two-level factor for sham and either priming 
LI-rTMS or consolidating LI-rTMS), weight loss (%) and shaping speed (as a three-level factor for fast/inter-
mediate/slow learners) and included a term for interaction between time and stimulation. Preliminary model 
fitting used Akaike’s Information Criterion (AIC) and F-tests on models fitted using Restricted Estimation of 
Maximum Likelihood (REML) to estimate informative random effects. An unstructured covariance matrix was 
used to model the random effects. Fixed effects were then selected using Likelihood Ratio Tests (LRT), compar-
ing the model with the fixed effect of interest against a model without it, fitting each model using the Maximum 
Likelihood (ML) method. The speed variable (reaches/minute) was log transformed. Residual diagnostics were 
assessed using standard graphical methods for linear models. Observations for day 1 were stripped from the 
dataset for the consolidation experiment, as these observations preceded treatment. These models therefore only 
include data from days 2 to 10.

A single, parsimonious model was specified to explain accuracy and speed for both priming and consolidation 
treatments,

= + + + ∗ + | + |Y weight_loss treatment day treatment day (day id) (1 cohort)

where weight loss is expressed as a percentage, treatment is a factor with two levels denoting treatment with 
LI-rTMS or sham treatment and the terms in brackets specify the random effects structure in lme4, with a ran-
dom slope and intercept for each animal and a random intercept for each cohort51.

Type III F-tests were computed using the Kenward-Roger approximation for estimating degrees of freedom 
and the F statistic. Cohen’s ƒ2 statistics for standardized local effect size (ƒ2 = (R2

AB − R2
A)/(1 − R2

AB)) were calcu-
lated using marginal R2 coefficients following the method described by Nakagawa & Schielzeth30. Post-hoc tests 
to examine mean differences between sham and LI-rTMS groups on each day was not conducted as they do not 
account for multiple random effects or weight loss, which would result in greater likelihood of type 1 error.

To analyse the western blot intensities (normalised to β-actin), Kruskal-Wallis tests were performed.
The datasets generated during and/or analysed during the current study are available from the corresponding 

authors on reasonable request.

References
 1. Huang, Y.-Z., Edwards, M. J., Rounis, E., Bhatia, K. P. & Rothwell, J. C. Theta burst stimulation of the human motor cortex. Neuron 

45, 201–206 (2005).
 2. Wischnewski, M. & Schutter, D. J. Efficacy and time course of theta burst stimulation in healthy humans. Brain Stimul. 8, 685–692 

(2015).
 3. Hinder, M. R. et al. Inter-and Intra-individual variability following intermittent theta burst stimulation: implications for 

rehabilitation and recovery. Brain Stimul. 7, 365–371 (2014).
 4. Teo, J. T., Swayne, O. B., Cheeran, B., Greenwood, R. J. & Rothwell, J. C. Human theta burst stimulation enhances subsequent motor 

learning and increases performance variability. Cereb. Cortex 21, 1627–1638 (2011).
 5. Stöckel, T., Summers, J. J. & Hinder, M. R. Reversed effects of intermittent theta burst stimulation following motor training that vary 

as a function of training-induced changes in corticospinal excitability. Neural plasticity (2015).
 6. Läppchen, C. et al. Daily iTBS worsens hand motor training—A combined TMS, fMRI and mirror training study. Neuroimage 107, 

257–265 (2015).
 7. Tang, A., Thickbroom, G. & Rodger, J. Repetitive Transcranial Magnetic Stimulation of the Brain. Neuroscientist 23, 82–94 (2017).
 8. Hsieh, T.-H. et al. Functional dopaminergic neurons in substantia nigra are required for transcranial magnetic stimulation-induced 

motor plasticity. Cereb. Cortex, bht421 (2014).
 9. Mix, A., Benali, A., Eysel, U. T. & Funke, K. Continuous and intermittent transcranial magnetic theta burst stimulation modify 

tactile learning performance and cortical protein expression in the rat differently. Eur. J. Neurosci. 32, 1575–1586 (2010).
 10. Aydin Abidin, S., Trippe, J., Funke, K., Eysel, U. & Benali, A. High- and low-frequency repetitive transcranial magnetic stimulation 

differentially activates c-Fos and zif268 protein expression in the rat brain. Exp. Brain Res. 188, 249–261 (2008).
 11. Trippe, J., Mix, A., Aydin Abidin, S., Funke, K. & Benali, A. Theta burst and conventional low-frequency rTMS differentially affect 

GABAergic neurotransmission in the rat cortex. Exp. Brain Res. 199, 411–421 (2009).



www.nature.com/scientificreports/

8SCIENTIfIC RePoRTS |  (2018) 8:4016  | DOI:10.1038/s41598-018-22385-8

 12. Labedi, A., Benali, A., Mix, A., Neubacher, U. & Funke, K. Modulation of inhibitory activity markers by intermittent theta-burst 
stimulation in rat cortex is NMDA-receptor dependent. Brain Stimul. 7, 394–400 (2014).

 13. Hoppenrath, K. & Funke, K. Time-course of changes in neuronal activity markers following iTBS-TMS of the rat neocortex. 
Neurosci. Lett. 536, 19–23 (2013).

 14. Hoppenrath, K., Härtig, W. & Funke, K. Intermittent Theta-Burst Transcranial Magnetic Stimulation Alters Electrical Properties of 
Fast-Spiking Neocortical Interneurons in an Age-Dependent Fashion. Front. Neural Circuit 10, 22 (2016).

 15. Castillo-Padilla, D. V. & Funke, K. Effects of chronic iTBS-rTMS and enriched environment on visual cortex early critical period and 
visual pattern discrimination in dark-reared rats. Dev. Neurobiol. 76, 19–33 (2015).

 16. Weissman, J. D., Epstein, C. M. & Davey, K. R. Magnetic brain stimulation and brain size: relevance to animal studies. 
Electroencephalography and clinical neurophysiology evoked potentials 85, 215–219 (1992).

 17. Tang, A. D. et al. Construction and Evaluation of Rodent-Specific rTMS Coils. Front. Neural Circuit 10 (2016).
 18. Tang, A. D. et al. Low-intensity repetitive magnetic stimulation lowers action potential threshold and increases spike firing in layer 

5 pyramidal neurons in vitro. Neuroscience 335, 64–71 (2016).
 19. Chen, C.-C., Gilmore, A. & Zuo, Y. Study motor skill learning by single-pellet reaching tasks in mice. Journal of visualized 

experiments: JoVE (2014).
 20. Vlachos, A. et al. Repetitive magnetic stimulation induces functional and structural plasticity of excitatory postsynapses in mouse 

organotypic hippocampal slice cultures. J. Neurosci. 32, 17514–17523 (2012).
 21. Lenz, M. et al. Repetitive magnetic stimulation induces plasticity of excitatory postsynapses on proximal dendrites of cultured 

mouse CA1 pyramidal neurons. Brain Struct Funct. 220, 3323–3337 (2014).
 22. Chater, T. E. & Goda, Y. The role of AMPA receptors in postsynaptic mechanisms of synaptic plasticity. Front. Cell. Neurosci. 8, 401 

(2014).
 23. Gersner, R., Kravetz, E., Feil, J., Pell, G. & Zangen, A. Long-term effects of repetitive transcranial magnetic stimulation on markers 

for neuroplasticity: differential outcomes in anesthetized and awake animals. J. Neurosci. 31, 7521–7526 (2011).
 24. Rodger, J., Mo, C., Wilks, T., Dunlop, S. A. & Sherrard, R. M. Transcranial pulsed magnetic field stimulation facilitates reorganization 

of abnormal neural circuits and corrects behavioral deficits without disrupting normal connectivity. FASEB J. 26, 1593–1606 (2012).
 25. Makowiecki, K., Harvey, A., Sherrard, R. & Rodger, J. Low-intensity repetitive transcranial magnetic stimulation improves abnormal 

visual cortical circuit topography and upregulates BDNF in mice. J. Neurosci. 34, 10780–10792 (2014).
 26. Fritsch, B. et al. Direct current stimulation promotes BDNF-dependent synaptic plasticity: potential implications for motor learning. 

Neuron 66, 198–204 (2010).
 27. Kneussel, M. & Betz, H. Receptors, gephyrin and gephyrin‐associated proteins: novel insights into the assembly of inhibitory 

postsynaptic membrane specializations. J. Physiol. 525, 1–9 (2000).
 28. Tyagarajan, S. K. & Fritschy, J.-M. Gephyrin: a master regulator of neuronal function. Nat. Rev. Neurosci. 15, 141–156 (2014).
 29. Lenz, M. et al. Repetitive magnetic stimulation induces plasticity of inhibitory synapses. Nat. Comm. 7, 10020 (2016).
 30. Nakagawa, S. & Schielzeth, H. A general and simple method for obtaining R2 from generalized linear mixed-effects models. Methods 

in Ecology and Evolution 4, 133–142 (2013).
 31. Abraham, W. C. & Bear, M. F. Metaplasticity: the plasticity of synaptic plasticity. Trends Neurosci. 19, 126–130 (1996).
 32. Narayana, S. et al. Concurrent TMS to the primary motor cortex augments slow motor learning. Neuroimage 85, 971–984 (2014).
 33. Kim, Y.-H., Park, J.-W., Ko, M.-H., Jang, S. H. & Lee, P. K. Facilitative effect of high frequency subthreshold repetitive transcranial 

magnetic stimulation on complex sequential motor learning in humans. Neurosci. Lett. 367, 181–185 (2004).
 34. Agostino, R. et al. Effects of 5 Hz subthreshold magnetic stimulation of primary motor cortex on fast finger movements in normal 

subjects. Exp. Brain Res. 180, 105–111 (2007).
 35. Reis, J. et al. Consensus: Can transcranial direct current stimulation and transcranial magnetic stimulation enhance motor learning 

and memory formation? Brain Stimul. 1, 363–369 (2008).
 36. Xu, T. et al. Rapid formation and selective stabilization of synapses for enduring motor memories. Nature 462, 915–919 (2009).
 37. Fu, M., Yu, X., Lu, J. & Zuo, Y. Repetitive motor learning induces coordinated formation of clustered dendritic spines in vivo. Nature 

483, 92–95 (2012).
 38. Hardwick, R. M., Rottschy, C., Miall, R. C. & Eickhoff, S. B. A quantitative meta-analysis and review of motor learning in the human 

brain. Neuroimage 67, 283–297 (2013).
 39. Nguyen-Vu, T. B. et al. Cerebellar Purkinje cell activity drives motor learning. Nat. Neurosci. 16, 1734–1736 (2013).
 40. Koike, H. et al. Chemogenetic inactivation of dorsal anterior cingulate cortex neurons disrupts attentional behavior in mouse. 

Neuropsychopharmacology 41, 1014–1023 (2016).
 41. Cohen, D. & Cuffin, B. N. Developing a more focal magnetic stimulator. Part I: Some basic principles. J. Clin. Neurophysiol. 8, 

102–111 (1991).
 42. Barry, M. D. et al. Utility of intracerebral theta burst electrical stimulation to attenuate interhemispheric inhibition and to promote 

motor recovery after cortical injury in an animal model. Exp. Neurol. 261, 258–266 (2014).
 43. Rotenberg, A. et al. Lateralization of forelimb motor evoked potentials by transcranial magnetic stimulation in rats. Clin. 

Neurophysiol. 121, 104–108 (2010).
 44. Lambot, L. et al. Striatopallidal Neuron NMDA Receptors Control Synaptic Connectivity, Locomotor and Goal-Directed Behaviors. 

Journal of Neuroscience 36, 4976–4992 (2016).
 45. Kleim, J. A. et al. Motor cortex stimulation enhances motor recovery and reduces peri-infarct dysfunction following ischemic insult. 

Neurol. Res. 25, 789–793 (2003).
 46. Chen, C.-C., Gilmore, A. & Zuo, Y. Study Motor Skill Learning by Single-pellet Reaching Tasks in Mice. JoVE (Journal of Visualized 

Experiments), e51238-e51238 (2014).
 47. Szapacs, M. E. et al. Exploring the relationship between serotonin and brain-derived neurotrophic factor: analysis of BDNF protein 

and extraneuronal 5-HT in mice with reduced serotonin transporter or BDNF expression. J. Neurosci. Methods 140, 81–92 (2004).
 48. Pinheiro, J. et al. Package ‘nlme’. (2016).
 49. Bates, D., Maechler, M., Bolker, B. & Walker, S. lme4: Linear mixed-effects models using Eigen and S4. R package version 1 (2014).
 50. West, B. T., Welch, K. B. & Galecki, A. T. Linear mixed models: a practical guide using statistical software, (CRC Press, 2014).
 51. Bates, D., Machler, M., Bolker, B. M. & Walker, S. C. Fitting Linear Mixed-Effects Models Using lme4. Journal of Statistical Software 

67, 1–48 (2015).

Acknowledgements
This work was supported by a National Health and Medical Research Council (NHMRC) of Australia project 
grant (APP1050261 to JJS, AJC, MRH, MIG and JR). JR was supported by an NHRMC senior research fellowship 
(APP1002258). MRH was supported by Australian Research Council DECRA (DE120100729) and Future 
(FT150100406) Fellowships. AT received doctoral scholarship from an Australian Postgraduate award, the 
University of Western Australia and the Bruce and Betty Green Foundation.



www.nature.com/scientificreports/

9SCIENTIfIC RePoRTS |  (2018) 8:4016  | DOI:10.1038/s41598-018-22385-8

Author Contributions
A.D.T., W.B., R.P., M.I.G., M.R.H., J.J.S., A.J.C. and J.R. designed the experiments. A.D.T., W.B., C.H., J.C. and B.F. 
performed the experiments. A.D.T., W.B., C.H., J.C., B.F., K.W., A.B., A.J.C. and A.J.C. analysed the results. A.D.T. 
and W.B. wrote the manuscript. All the authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-22385-8.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-22385-8
http://creativecommons.org/licenses/by/4.0/

	Low intensity repetitive transcranial magnetic stimulation modulates skilled motor learning in adult mice
	Results
	Accuracy of reaching. 
	Speed of reaching. 
	Molecular analysis. 
	Western Blots. 
	Bdnf Elisa. 


	Discussion
	Materials and Methods
	Animals. 
	Custom rodent rTMS coil. 
	Repetitive Transcranial Magnetic Stimulation. 
	Skilled Motor Training: Single-Pellet Reaching Task. 
	Molecular Biology Tissue preparation. 
	Western blotting. 
	Bdnf Elisa. 
	Data Analysis and Statistics. 

	Acknowledgements
	Figure 1 Mean reaching accuracy over 10 consecutive days with priming (n = 16 sham, n = 16 LI-rTMS) and consolidation (n = 16 sham, n = 16 LI-rTMS) stimulation.
	Figure 2 Molecular analysis of the stimulated hemisphere 24 hours post last stimulation.
	Figure 3 Outline of experimental paradigm.




