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that anodal tDCS elevated and cathodal tDCS suppressed 
neuronal activity in the primary motor cortex (M1). Anodal 
tDCS specifically promoted the activity of task-related M1 
neurons during task performance, suggesting that elevated 
Hebbian synaptic potentiation in task-activated circuits 
accounts for the motor learning enhancement. Thus, appli-
cation of tDCS concurrent with the targeted behavioral 
dysfunction could be an effective approach to treating brain 
disorders.

Keywords Motor learning · tDCS effect · Neural 
mechanism of tDCS · Neuronal excitability · Stroke model 
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Introduction

Transcranial direct current stimulation (tDCS) is now widely 
used for non-invasive modulation of brain functions in 
healthy subjects and patients with brain disorders, ranging 
from neurological and psychiatric diseases to stroke-induced 
dysfunction [1–4]. For example, many previous reports have 
demonstrated that tDCS applied to the primary motor cortex 
(M1) improves motor function in stroke patients [5, 6], but 
other studies have yielded no significant effects [7]. Neuro-
modulation by tDCS has also been used to alleviate cogni-
tive deficits, such as in working memory [8–10], attention 
[11–13], and the expression and comprehension of language 
[14–16], with both positive and negative results. The vari-
ability of tDCS effects could be attributed to the large vari-
ation in the stimulus parameters (current intensity, duration, 
timing, polarity, and stimulation site), electrode configura-
tions, and individual differences among patients. To define 
the optimal treatment parameters and protocols, understand-
ing the neural mechanisms underlying the action of tDCS on 

Abstract The optimal protocol for neuromodulation 
by transcranial direct current stimulation (tDCS) remains 
unclear. Using the rotarod paradigm, we found that mouse 
motor learning was enhanced by anodal tDCS (3.2 mA/cm2) 
during but not before or after the performance of a task. 
Dual-task experiments showed that motor learning enhance-
ment was specific to the task accompanied by anodal tDCS. 
Studies using a mouse model of stroke induced by middle 
cerebral artery occlusion showed that concurrent anodal 
tDCS restored motor learning capability in a task-specific 
manner. Transcranial in vivo  Ca2+ imaging further showed 
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the brain is critical. Furthermore, the effects of an individual 
patient’s cranial anatomy on the pattern of current distribu-
tion within the brain needs to be considered.

Another important parameter is the timing of tDCS appli-
cation relative to the patient’s performance of the targeted 
behavior. In treating the motor deficits of stroke patients, 
anodal [5, 6] or cathodal [5] tDCS has been found to pro-
duce positive effects on motor function. Some studies have 
also shown that tDCS combined with the targeted motor 
task improves motor function [17, 18]. However, a meta-
analysis has shown no conclusive advantage of coupling 
tDCS with cognitive training as compared to tDCS alone 
[19]. In this study, we specifically compared the effects of 
tDCS on motor learning between tDCS that was applied dur-
ing (“online”) and before or after (“offline”) the motor task 
training in mice. We found strong evidence that only online 
anodal tDCS could enhance motor learning, and the effect 
was task-specific.

Computational modeling studies have predicted the direc-
tion and distribution of electrical fields in the human brain 
produced by tDCS, demonstrating that current flows predom-
inantly parallel to the cortical surface [20, 21]. The modeling 
results also suggest that axon terminals are more susceptible 
to current-induced polarization than the soma [20]. Meas-
urements of motor evoked potentials elicited by transcranial 
magnetic stimulation (TMS) indicated that anodal tDCS of 
the human motor cortex for 9–13 min induced sustained ele-
vation of cortical excitability [22], whereas cathodal tDCS 
for 9 min caused prolonged inhibition of cortical excitability 
[23]. Direct current stimulation (DCS) of mouse brain slices 
has shown that DCS combined with low-frequency synap-
tic activation induces long-lasting synaptic potentiation, an 
effect that is dependent on N-methyl-D-aspartate receptor 
activation and brain-derived neurotrophic factor [24]. Using 
in vivo two-photon  Ca2+ imaging to directly monitor corti-
cal activity in the primary visual cortex of urethane-anaes-
thetized mice, Monai et al. [25] found that tDCS activates 
 Ca2+ elevation in astrocytes but not in neurons. The mecha-
nism underlying the cell-type specificity in the latter study 
remains unclear. It may be caused by higher expression of 
the  Ca2+-sensor in astrocytes [26] or the anaesthetized state 
of the animal. In the present study, we applied in vivo tran-
scranial two-photon  Ca2+ imaging through the thinned skull 
to examine neuronal activity in the relatively intact M1 of 
awake mice, particularly the effects of anodal and cathodal 
tDCS on the activity of M1 neurons related and unrelated to 
a motor task. Our results largely confirm the excitatory and 
inhibitory effects on cortical neurons predicted by computa-
tional modeling, and provide a direct mechanistic interpreta-
tion of the task-specific effects of tDCS on motor learning.

In the present study, we specifically tested the hypoth-
esis that modulation of neuronal spiking due to tDCS-
induced membrane potential changes [27–29] is effective in 

modulating those neural circuits that are active at the time 
of tDCS [2, 29]. Using rotarod-running and beam-walking 
paradigms, we assessed the enhancing effect and task speci-
ficity of online and offline tDCS on motor learning. In both 
normal wild-type mice and a mouse model of stroke, we 
found that applying anodal but not cathodal tDCS to M1 
during task training markedly enhanced motor learning in a 
task-specific manner. Together, our findings showed that the 
concurrent application of anodal tDCS with motor task train-
ing is effective in promoting motor learning, and provide a 
mechanistic interpretation of this effect based on cortical 
neuronal excitation.

Materials and Methods

Mice

The primary objective of this study was to investigate the 
neural mechanism underlying the modulation of motor learn-
ing by tDCS. All animal procedures were approved by the 
Animal Committee of the Institute of Neuroscience (ION)/
Center for Excellence in Brain Science and Intelligence 
Technology, Chinese Academy of Sciences. In behavioral 
experiments, male wild-type C57BL/6J mice (7–10 weeks 
old, from Shanghai Slac Laboratory Animal Co., Ltd, China) 
were randomly assigned to two groups in each experiment: 
tDCS-treated and sham (no current)-treated. Male wild-type 
C57BL/6J mice (8–14 weeks old from Slac Co.) with middle 
cerebral artery occlusion (MCAO) were used. For in vivo 
two-photon imaging of neuronal activity, transgenic mice 
expressing Thy-1 GCaMP6s (8–14 weeks old, male/female, 
background strain C57BL/6, from the Jackson Laboratory, 
Bar Harbor, USA) were used. The numbers of mice in each 
experiment are described in the figure legends and main text. 
Mice were housed under a 12-h light-dark cycle (lights on 
from 07:00 to 19:00) at room temperature (19–22°C) in the 
ION animal facility. Efforts were made to limit the number 
of animals used and to minimize their suffering. Each set of 
behavioral experiments was conducted during a fixed period 
each day. Two-photon experiments were performed either 
during daytime or at night, depending on the availability of 
the equipment.

Electrode Implantation for tDCS

We adopted a unilateral epicranial electrode configuration that 
was previously used for tDCS in rodents [30]. The stimulating 
electrode consisted of an epicranial implanted tubular plastic 
jack (inner area 3.14  mm2) for behavioral experiments and 
a circular wire surrounding the chamber above the observa-
tion window (area ~3  mm2) for imaging experiments; the 
jack and chamber were filled with saline (0.9% NaCl) prior 
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to stimulation. The reference electrode was a round tin plate 
(~5 mm in diameter) implanted under the contralateral skin on 
the back of the neck. For electrode implantation, mice were 
anesthetized by intraperitoneal (i.p.) injection of pentobarbital 
sodium (7 mg/kg) and positioned in a stereotaxic frame (model 
68030, RWD Life Science Co., Ltd, Guangdong, China), the 
scalp and underlying tissue were removed, and the center of 
the active electrode was positioned unilaterally on the skull 
over M1 at the stereotaxic coordinates: 0 mm posterior from 
bregma and 1.5 mm lateral from the midline. During surgery, 
the body temperature was maintained at 38°C with a heating 
pad. All mice were allowed to recover for 7 days before experi-
ments. tDCS (current: 0.05, 0.1, and 0.2 mA in behavioral 
experiments; 25 and 50 μA in imaging experiments) was deliv-
ered to the right M1 with a stimulator (model ST1, Quanlan 
Technology Co., Ltd, Shanghai, China). For online tDCS on 
mice performing the beam-walking task, custom-made wire-
less stimulators were used.

Training on the Rotarod Running Task

Mice were familiarized with the experiment room for 2 h. A 
5-lane rotarod (3 cm in diameter, model 47600, Ugo Basile 
Inc., Gemonio, Italy) was used to assess motor skill acqui-
sition in tDCS-treated and sham-treated mice. Prior to the 
training period each day, each mouse was given a 5-min 
familiarization period on the rotarod at a constant low rota-
tion speed (days 1 and 2, 4 r/min; days 3 and 4, 8 r/min). At 
the same time of day on each of four consecutive training 
days, the mice were trained in three 5-min rotarod running 
trials (days 1 and 2, 4–40 r/min; days 3 and 4, 8–80 r/min) 
[31], interleaved with 5-min rest periods off the rotarod. This 
procedure was a sensitive assay for assessing motor learn-
ing, because the performance of some mice on the easier 
rotarod (at 4–40 r/min) reached a ceiling at 40 r/min within 2 
days, and doubling the rotation speed allowed mice to show 
a greater degree of motor learning in the following days. We 
found that this procedure produced consistent motor learning 
behavior among different groups of mice and under several 
different test conditions, such as dual motor tasks. Each trial 
ended when a mouse fell off the rotarod or turned one full 
revolution, or had reached a duration of 300 s on the rotarod 
[32]. “Online” tDCS was applied during each trial, and the 
current stimulation was absent during inter-trial intervals 
(ITIs). “Offline” tDCS was applied when the animals were 
not performing the task. Digital video was recorded during 
the training for later analysis.

Dual‑task Training for Rotarod Running and Beam 
Walking

After the training for rotarod running each day as described 
above, the mice were allowed to rest for ~5 h in their home 

cages before training for the beam-walking task. The beam-
walking training followed that described previously [33], 
consisting of walking across a 100 cm-long beam with 25-, 
7-, or 3-mm wide. Light onset at the start point in the dark 
room triggered the mouse to walk towards the dark chamber 
at the other end of the beam. The mice were trained over four 
consecutive days. Each day, a mouse was familiarized on the 
25 mm-wide beam, followed by 3 training trials (days 1 and 
2, 7-mm beam; days 3 and 4, 3-mm beam). Mice had a 2-min 
ITI rest in their home cages. A soft cloth was stretched below 
the beam to protect mice in case of a fall. A video camera 
was placed on each side of the beam to record the crossing 
time and the number of hindlimb slips over a standard 80-cm 
length of the beam. Slips of both hindlimbs were counted for 
normal mice, and only slips of the hindlimb contralateral to 
the lesioned cortex were counted for MCAO mice.

Transcranial in vivo Two‑Photon Imaging

For two-photon imaging, surgery was performed with mice 
under anesthesia with an 1%–1.5% isoflurane and oxygen 
mixture, during which the body temperature was maintained 
at 38°C with a heating pad. After exposure of the skull, a 
metal frame was attached to the skull with dental acrylic, 
and the skull was thinned over a circular region (~2 mm in 
diameter) above M1 (window center: bregma, 0 mm; medi-
olateral, 1.5 mm), first with a high-speed micro-drill, then by 
thinning of the inner compact bone layer with a microsurgi-
cal blade until blood vessels became clearly visible under 
the skull. Final skull thickness estimated by post-thinning 
histological measurements was 15.9 ± 0.86 μm (n = 4 mice).

For two-photon imaging, mice were first trained for 1 day 
on the rotarod, and images were then acquired on a treadmill 
rotating at 23.6 mm/s (equivalent to a rotarod rotation speed 
of 15 r/min), and the animal’s behavior was monitored by 
an infrared camera. Two-photon imaging was applied with a 
resonant scanner-based B-Scope (Thorlabs Inc., Newton, NJ, 
USA), at an excitation wavelength of 910 nm (Ti-Sa laser, 
Spectra-Physics, Milpitas, CA, USA) and a field-of-view 
(FOV) of 350 × 350 μm2 (512 × 512 pixels) under a 16× 
objective (NA 0.8; Nikon Instruments Inc., Tokyo, Japan). 
Images were acquired using ThorImage software at a frame 
rate of 15.6 Hz for 25 or 30 min depending on the experi-
mental goal. Mice were trained in two behavioral paradigms 
with tDCS. In the first paradigm (Fig. 3), mice were run on 
the treadmill at a constant speed (“task” state) or rested on 
the treadmill (“rest” state). Measurements of  Ca2+ signals 
included 5 min at baseline before and after two 5-min tDCS 
sessions, which were also separated by 5-min baseline (total 
imaging time 25 min). In the second paradigm (Fig. 4), in 
the task state, mice began running on the treadmill following 
5-min rest on the treadmill, and 5-min tDCS was applied to 
M1 after running for 10 min on the treadmill, followed by 10 
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min running (total running time 25 min, total imaging time 
30 min). In the rest state, 5-min tDCS was applied 5 min 
after the onset of the experiment on the treadmill, followed 
by 10 min rest (total imaging time 20 min).

MCAO

Rodent models of focal cerebral ischemia have been devel-
oped to mimic human ischemic stroke, using the procedure 
of intraluminal suture occlusion of the middle cerebral artery 
[34]. This MCAO mouse model has been widely used to 
study stroke-induced pathophysiology such as cell death and 
changes in synaptic structures [35–37], and to design new 
prophylactic, neuroprotective, and therapeutic agents [38]. 
The mice were anesthetized with pentobarbital sodium (7 
mg/kg, i.p.) and body temperature was maintained at 38 °C 
during surgery. A midline incision was made at the neck 
and the left common carotid artery (CCA), external carotid 
artery (ECA), and internal carotid artery (ICA) were identi-
fied and ligated. For MCAO, a silicone-coated round-tipped 
MCAO suture (MSMC21B120PK50, RWD Life Science 
Co.) was gently inserted from the ECA stump to the ICA, up 
to ~10 mm, stopping at the MCA, following the previously 
reported method [39]. After 90, 60, or 0 min of occlusion, 
the MCAO suture and ligation were withdrawn. The neck 
skin was sewn back after blood reperfusion was confirmed.

TTC (2,3,5‑Triphenyltetrazolium Chloride) Staining 
and Laser Speckle Contrast Imaging (LSCI)

One day after reperfusion, mice were anesthetized with 
pentobarbital sodium (7 mg/kg, i.p.), and their brains were 
removed for histology. A series of 2-mm coronal slices were 
cut (model 68707, RWD Life Science Co.). The infarct area 
was shown using the TTC (2%, Sigma, Darmstadt, Ger-
many) staining method as described previously [40]. In the 
imaging procedure, the mice were anesthetized with pento-
barbital sodium (7 mg/kg, i.p.) and a midline incision was 
made to expose the skull for LSCI before, during, and after 
MCAO, following the previously reported method [41]. The 
LSCI images before MCAO were used as baseline images. 
The exposure time for each image was 5 msec and the frame 
rate was 50.6 frames per second. In the LSCI system (RFLSI 
III, RWD Life Science Co.), the cortex was illuminated by 
a reshaped laser beam from a 785-nm laser diode. Two hun-
dred speckle images were recorded in each imaging section.

Quantification in Two‑Photon Imaging

In two-photon imaging, the fluorescence signals were quan-
tified using Matlab-based software (The Mathworks Inc., 
Natick, MA, USA) after movement correction of the image 
stacks with a Turboreg plugin (ImageJ, National Institutes 

of Health) [42]. The fluorescence of single cells was meas-
ured over the region covering each neuronal soma, which 
was defined by the image stack. The fluorescence change 
ΔF/F0 was defined as (F–F0)/F0, where  F0 is the baseline 
fluorescence averaged over a 5-min period before the onset 
of the first tDCS. To summarize the data from all mice, we 
calculated the average ΔF/F0 during the last 2 min of tDCS 
by the average values during the 2-min baseline period prior 
to tDCS for each mouse. To analyze the persistent alteration 
of activity post-tDCS, we measured the average fluorescence 
changes (ΔF/F0) during the last 30 s of every tDCS period 
and during the subsequent post-tDCS activity in 30-s bins 
for 5 min.

Statistics

For behavioral training, rotarod data for “time on rod” and 
“terminal speed”, and beam-walking data for “number of 
slips” were analyzed by two-way ANOVA. Data for learning 
rates on the rotarod and beam walking were analyzed using 
the two-tailed unpaired t-test. For two-photon imaging data, 
significance tests were applied between data obtained dur-
ing anodal/cathodal tDCS and baseline (2 min before each 
tDCS onset) using the two-tailed paired t-test. The statistical 
analyses were calculated using GraphPad Prism (Version 
5.0, GraphPad, San Diego, CA, USA). Data were considered 
significantly different if *P < 0.05 or **P < 0.01.

Results

Online Anodal tDCS Enhances Learning of the Rotarod 
Running Task in Mice

Mice were subjected to a rotarod running task that began 
each day with a 5-min familiarization period at a constant 
low rotation speed, followed by three 5-min trials with grad-
ually increasing speed [31] that were spaced with 5-min ITIs 
off the rotarod (Fig. 1A). Mice received tDCS at designated 
times with anodal (“+”) or cathodal (“–”) currents, or with-
out current (sham control, “S”) (Fig. 1B). The mouse nor-
mally learned the task well over four training days, as shown 
by the increasing duration of staying on the rotarod (Fig. 1C) 
and increasing terminal rotor speed when the mouse fell off 
the rotarod (Fig. 1D). When tDCS was applied to the right 
M1 during the familiarization period and all three task tri-
als each day (“online” stimulation), we found a significant 
increase in both the time on the rotarod and the terminal 
speed, beginning on the second day of training (Fig. 1C, 
Online, n = 13 mice; Sham, n = 10 mice, and movies S1, 
S2). This enhancement of motor learning was still detect-
able on day 14 but not day 28 after training (Fig. S1, A, B; 
same n as above). The results were further quantified by the 
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rate of learning, as defined by the normalized difference of 
the terminal speed between the first and last training trials 
(Fig. 1E; same n as above). Doubling the anodal tDCS cur-
rent to 0.2 mA caused occasional convulsions, and reducing 
the current to 0.05 mA resulted in no learning enhancement 
(Figs 1E and S2A, B; n = 11 for both Online and Sham). 
We thus chose 0.1 mA for the standard anodal tDCS in this 
study. Furthermore, we found no enhancement of rotarod 
learning when the same online anodal tDCS was applied to 
the primary visual cortex Fig. 1E and Fig. S3A, B; Online, 
n = 11; Sham, n = 12), indicating a stimulation site-specific 
tDCS effect. The rotarod learning was not affected by the 
surgical procedure and electrode installation, as shown by 

comparison of the motor learning in mice that were not 
subjected to the procedure (Fig. S4A, B; Surgery, n = 9; 
Control, n = 12).

In contrast to the learning enhancement described above, 
we found that anodal tDCS (at 0.1 mA) applied during all 
5-min ITIs before or after rotarod running (“offline” stimu-
lation) had no effect on the rate of rotarod learning (Figs 
1F–H and S5A, B; “After”: Offline, n = 12, Sham: n = 11). 
Furthermore, no effect was found when anodal tDCS was 
applied continuously for 20 min before the task onset (Figs 
1H and S5C, D; “Contin.”: Offline: n = 12, Sham: n = 11), 
a protocol often used in clinical research [43]. In contrast to 
anodal tDCS, online cathodal tDCS (0.1 mA) at M1 also had 

Fig. 1  Effects of tDCS on mouse learning of the rotarod running 
task. A Training protocol. Each day, the mouse performs a 5-min 
familiarization trial (fam) at a constant low speed, followed by three 
5-min trials [separated by 5 min inter-trial intervals (ITI)] at a line-
arly-increasing rotation speed (days 1 and 2, 4–40 r/min; days 3 and 
4, 8–80 r/min). B Schematic of the electrode configuration [Stim, 
tDCS electrode; Ref, reference electrode; S, sham (no current); 
+, anodal; –, cathodal]. C Average time on the rotarod during each 
trial. D Terminal rotation speed at which mice fall off the rotarod 
during each trial. Online, anodal tDCS (0.1 mA) is applied during 
each trial; n, total number of mice. E Summary of results showing 
the learning rate, as defined by the normalized difference of termi-

nal speed between the last and the first trials of the entire training 
period. Data depict standard 4-day training with (colored bars) and 
without (sham, black bars) online anodal or cathodal tDCS applied 
to M1 at different current amplitudes (14d and 28d, results obtained 
with 3 additional training trials at 14 and 28 days after training. V1, 
tDCS applied to primary visual cortex instead of M1). F–H As for 
C–E, but tDCS is applied during ITIs. Before and After, average val-
ues with tDCS applied during ITIs before and after each trial; Con-
tin., 20-min continuous tDCS applied before the familiarization trial. 
Error bars, SEM; *P < 0.05, **P < 0.01, two-way ANOVA in C, D, 
F, G; unpaired t test in E, H.



74 Neurosci. Bull. January, 2023, 39(1):69–82

1 3

no effect on rotarod learning (Figs 1E and S6A, B; Online: 
n = 7, Sham: n = 5). However, when the cathodal current 
was increased to 0.2 mA, learning was impaired on days 3 
and 4 of training (Figs 1E and S6C, D; Online: n = 8, Online 
sham: n = 8). Unlike that found for anodal tDCS, both online 
and offline cathodal stimulation at 0.2 mA resulted in simi-
lar impairment of learning (Figs 1E, H and S6C, D). As 
shown later, this may be attributed to the long-lasting (>5 
min) suppression of neuronal firing by cathodal tDCS. Taken 
together, these findings showed that tDCS bi-directionally 
modulates rotarod learning, and that the enhancing effect is 
significant only when anodal tDCS is applied concurrently 
with the performance of the rotarod task.

Task‑specific Enhancement of Motor Learning 
by Anodal tDCS

The effect of online anodal tDCS on motor learning may be 
attributed to the specific enhancement of rotarod-running 
skill or improvement of motor coordination in general. To 
address this issue, we introduced a beam-walking learning 
task, in which the mouse was given a short familiarization 
period for walking along a wide beam (25 mm wide), fol-
lowed by 3 trials of walking on a narrow beam each day 
(days 1 and 2, 7 mm; days 3 and 4, 3 mm; Fig. 2A). The 
learning process was shown by a gradual reduction in the 
mean number of hindlimb slips and the mean traverse time 
during beam walking, and the learning rate was quantified 
by the normalized difference in the mean number of slips 
between the last and the first beam-walking trial on the 
3-mm beam over the 4-day training period.

In the first set of experiments, we measured beam walking 
before and after 4 days of rotarod training, and the former 
was not affected by the latter, as reflected by a reduction of 
hindlimb slips similar to that in untrained mice (Fig. S7A–C; 
Rotarod: n = 10, Control: n = 12). This implied that motor 
learning was specific to the trained motor task. In the sec-
ond set of experiments, we trained the mice to perform 
both rotarod running and beam walking (dual tasks) each 
day over four training days, and found that rotarod learn-
ing did not affect the learning rate for beam walking, which 
was comparable to that resulting from beam-walking train-
ing alone (Fig. S8A–C; Rotarod: n = 10, Control: n = 12). 
Thus, there was no transfer of learning from rotarod run-
ning to beam walking. Importantly, when we enhanced the 
rotarod learning with online anodal tDCS, the learning rate 
for beam walking was not affected in the dual-task training 
(Fig. 2B–D; Online: n = 11, Sham: n = 12). Conversely, 
when the learning of beam walking was enhanced by online 
anodal tDCS (Fig. S9A, B and movies S3–6; Online: n = 
15, Sham: n = 15), we found no enhancement of learning 
for rotarod running (Fig. S10A–D; Online: n = 18, Sham: 
n = 17). Thus, online anodal tDCS during a specific task 

did not lead to general enhancement of motor learning. In 
contrast to this specific anodal tDCS effect, we found that 
both online and offline cathodal tDCS during rotarod train-
ing had suppressive effects on learning both rotarod running 
(Fig. 2E, G; Online: n = 11, Offline: n = 12, Sham: n = 12) 
and beam walking (Fig. 2F, G; Online: n = 11, Offline: n = 
12, Sham: n = 12).

Modulation of Neuronal Activity by Anodal 
and Cathodal tDCS

We next investigated the action of tDCS on the activity of 
M1 neurons using transcranial in vivo two-photon  Ca2+ 
imaging. We used thy-1 transgenic mice expressing the 
 Ca2+-sensitive fluorescent protein GCaMP6s in cortical 
neurons, and monitored the spiking activity of individual 
neurons by measuring the elevation of GCaMP6s fluores-
cence [44] through the skull after a skull-thinning procedure. 
The activity of cortical neuron populations in layers II/III 
of M1 was recorded in head-fixed mice on a treadmill that 
alternated between “task” (during running on the steadily 
moving treadmill at 23.6 mm/s) and “rest” (during resting 
on the stationary treadmill, at zero velocity) states (Fig. 3A). 
We recorded substantial spontaneous activity in M1 neurons, 
as reflected by pulsatile changes in the fluorescence signal 
(Fig. 3B, movie S7), which is known to correlate with the 
spiking rates of neurons [44, 45]. When anodal tDCS was 
applied through a saline pool above the thinned skull, we 
recorded a gradual increase in the fluorescence signals in 
many neurons (movie S7). Figure 3C (n = 6 cells) illustrates 
the fluorescence changes (ΔF/F0) in 6 example neurons 
(boxed in Fig. 3B) during the task and rest periods when 
two consecutive anodal or cathodal tDCS were applied (each 
for 5 min). An apparent elevation of  Ca2+ activity by anodal 
tDCS (25 µA) occurred in 4/6 neurons during the task but 
not the rest period, and all 6 neurons showed strong inhibi-
tion of activity during cathodal tDCS (50 µA) (Fig. 3C). The 
same group of cells were monitored before and after two 
episodes of anodal and cathodal tDCS sequentially under 
the task and rest conditions.

The reproducibility of the effects of tDCS on neuronal 
activity was examined in separate experiments on 8 mice 
where either anodal or cathodal tDCS was repeated after 
an interval of 5 min (Fig. 3D). Significant elevation of fluo-
rescence signals was induced by anodal and suppression by 
cathodal tDCS during the task period (Fig. 3E, F; n = 8 
mice). We also noted that changes in the average fluores-
cence subsided gradually after each tDCS offset, and that 
the suppressive effect of cathodal tDCS persisted for longer 
than the enhancement effect of anodal tDCS (Fig. 3G; n = 8 
mice). This may account for the offline suppressive effect on 
the rotarod learning described above using only 5-min ITIs 
in the present paradigm.
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The M1 neurons monitored in the above experiments 
may have included neurons that were activated to perform 
the treadmill-running task and those unrelated to the task. 
We thus further inquired whether the tDCS effects dif-
fered between these two types of neuron. The activity of 
all GCaMP6s-expressing M1 cells within the field of view 
were monitored for 5 min before the task onset to obtain a 
baseline (Fig. 4A). Task-related and un-related cells were 
defined by their peak fluorescent signal (ΔF/F0) within the 
first 2-min window after the task onset that were above the 
level of baseline + 1.5 SD and below the level of baseline + 
0.5 SD, respectively. Data from all task-related cells (“+”, 
n = 247 cells; “–”, n = 158 cells) and task-unrelated cells 
(“+”, n = 22 cells; “-”, n = 54 cells) identified in 4 mice 

were summarized by activity heatmaps and average activity 
profiles (Fig. 4A). We found that, during the task period, 
anodal tDCS induced a highly significant elevation of activ-
ity in task-related cells, but not in task-unrelated cells. By 
contrast, the same anodal tDCS of this population of neurons 
during the rest period had no significant effect on either type 
of cell (Fig. 4A, B). The inhibitory effect of cathodal tDCS, 
however, was strongly pronounced during both task and rest 
periods in all neurons (Fig. 4A, B). These results support 
the notion that the specific effect of anodal tDCS on motor 
learning is due to elevation of the activity of task-related 
neuronal circuits.

Taken together, these results support the hypothesis that 
anodal and cathodal tDCS modulate neuronal firing by 

Fig. 2  Effects of tDCS-induced modulation of rotarod learning on 
the learning of beam walking. A Experimental protocol of beam 
walking. The mouse is subjected to anodal online tDCS as in Fig. 1C, 
except that the rotarod task is followed by a beam walking learning 
task in the absence of tDCS. Each mouse is familiarized to a wide 
beam (25 mm), followed by three trials on a thinner beam (days 1 
and 2, 7 mm; days 3 and 4, 3 mm). B, C Data from dual-task experi-
ments. B Average time on the rotarod is presented as in Fig.1C. C 
The average frequency of hindlimb slips is reduced during the 4-day 
training for beam walking. Note that online anodal tDCS during 

rotarod running improves rotarod learning (B), but has no effect on 
learning beam walking (C). n, total number of mice. D Summary of 
results showing learning rates for the rotarod and beam walking, as 
defined by normalized difference of the slip frequencies between the 
last and the first trials of walking on the 3-mm beam. E–G Learning 
the rotarod and beam walking with cathodal online (or offline) tDCS 
during rotarod learning. +, anodal tDCS; –, cathodal tDCS; 0, no cur-
rent. Error bars, SEM; *P < 0.05, **P < 0.01, two-way ANOVA in 
B, C, E, F; unpaired t test in D, G.



76 Neurosci. Bull. January, 2023, 39(1):69–82

1 3

inducing depolarization and hyperpolarization of cortical 
neurons, respectively, consistent with previous findings on 
isolated brain slices [24, 46, 47]. When applied at the time 
of specific motor circuit activation, as during a motor task, 

anodal tDCS facilitates the learning-associated modifica-
tion of specific motor circuits in M1 via enhancing cor-
related firing that induces Hebbian long-term potentiation 
of synapses within these circuits.
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Task‑Specific Restoration of Motor Learning by tDCS 
in a Mouse Model of Stroke

Meta-analyses have shown high variability in the clinical 
efficacy of tDCS for treating stroke patients [48, 49]. This 
variability could be attributed in part to differences in the 
tDCS protocol and individual stroke conditions. In this 
study, we examined the effect of tDCS on motor learn-
ing in a relatively well-defined mouse model of stroke. 
Standard MCAO for 60 or 90 min induced a large left 
hemisphere lesion within the left somatosensory cor-
tex and part of the motor cortex at day 1 after MCAO 
(Fig. 5A). When these mice were subjected to rotarod 
learning at 14 days after MCAO (Fig. 5A), we found their 
motor coordination was significantly impaired, as shown 
by an overall reduction in the time on the rotarod and the 
rate of rotarod learning, compared to control mice that 
underwent MCAO surgery without sustained artery occlu-
sion (Fig. 5B, C; MCAO: n = 11 mice, Control: n = 12 
mice). Furthermore, online anodal tDCS at the left per-
ilesional M1 region (Fig. 5A) largely restored the learn-
ing of motor coordination and rotarod running (Fig. 5B, 
C, E; and movie S9, 10; MCAO: n = 11, MCAO/Online: 
n = 11). In contrast, offline anodal tDCS (Figs 5F and 
S11A, B; MCAO/Offline, n = 11, MCAO, n = 11), online 
cathodal tDCS (Fig. S12A; MCAO/Online, n = 8; MCAO, 
n = 9), and offline cathodal tDCS (Fig. S12B; MCAO/
Offline, n = 7; MCAO, n = 9) at the same site all had no 
effect on learning motor coordination and rotarod running 
in MCAO mice.

In the absence of tDCS, 90-min MCAO impaired motor 
learning of both rotarod running and beam walking, com-
pared to control mice (Fig. 5B–E; MCAO: n = 11; Control, n 
= 12). However, the mice that had rotarod learning restored 
by online anodal tDCS did not show improved learning of 
beam walking, as compared to those subjected to sham tDCS 
during rotarod running (Fig. 5B–E; MCAO: n = 11, MCAO/
Online: n = 11). In contrast, offline anodal tDCS during 
rotarod training had no effect on learning either rotarod run-
ning or beam walking (Figs 5F and S13A–D; MCAO: n = 
12, MCAO/Offline: n = 14). Therefore, the restoration of 
rotarod learning in MCAO mice by anodal tDCS was task-
specific, rather than a general restoration of motor learn-
ing. Based on the above finding of elevated neuronal firing 
induced by anodal tDCS, the restoration of rotarod learn-
ing may involve the specific enhancement of residual neu-
ral circuits after MCAO that were activated during rotarod 
running, without affecting those underlying beam walking.

Discussion

The timing of tDCS relative to targeted task performance 
has been addressed in previous studies of healthy human 
subjects and stroke patients, but conflicting results have 
been reported, as summarized by meta-analyses [48, 49]. 
For example, online but not offline anodal tDCS of M1 dur-
ing a motor sequence task has been found to enhance motor 
learning, while online cathodal tDCS has no or opposite 
effects [50, 51]. However, another study using offline anodal 
tDCS prior to the motor task in human subjects showed an 
enhancing effect on motor learning [52]. In cases of pro-
longed tDCS, the effects on the human motor cortex can 
last for hours [22] and even days [53], so the timing of tDCS 
becomes less relevant. A previous study using mouse brain 
slices showed that only DCS coupled with low-frequency 
synaptic activation can induce long-lasting synaptic poten-
tiation [24]. Direct current stimulation time-locked to the 
expected onset of low-frequency oscillations (< 4 Hz) also 
significantly improves skilled reaching in stroke model rats 
[54]. Our present results further underscore the importance 
of concurrent application of neuromodulation during task 
performance, especially when brief episodes of stimulation 
are used.

Previous studies on healthy human subjects have shown 
that anodal tDCS enhances cognition or motor learning 
[55–58] and these effects are specific to different levels of 
task difficulty [59, 60] or the site of tDCS [58, 61]. We found 
that anodal tDCS on M1 specifically enhanced the learning 
of the rotarod task, without affecting the learning of beam 
walking. Thus, even within the motor domain, concurrent 
tDCS can modulate specific motor functions. The mecha-
nism underlying the task-specific tDCS effect was further 

Fig. 3  Transcranial two-photon imaging of tDCS-induced modu-
lation of cortical neuronal activity. A Schematic depicting the opti-
cal window over the thinned skull for two-photon imaging of M1 
neurons in a head-fixed mouse on a treadmill that moves at a con-
stant speed during the task. B Example images of Thy1-GCaMP6s-
expressing neurons in M1, viewed through the imaging window. 
Red-boxed region is shown at higher resolution on the right, revealing 
GCaMP6s fluorescence of individual layer II/III neurons. C Changes 
of GCaMP6s fluorescence (ΔF/F0) with time monitored in six M1 
neurons (marked by boxes in B). Pink, duration of anodal tDCS at 
25 µA; blue, duration of cathodal tDCS at 50 μA. D Fluorescence 
changes of all labelled cells within the image field, recorded from 
one mouse. Upper panel, amplitude of ΔF/F0 for each cell with time 
is color-coded (scale on right). The cells are ordered according to 
the peak values of ΔF/F0. Middle panel, average ΔF/F0 for all cells 
shown above, Lower panel, average ΔF/F0 for all cells from 8 mice. 
E, F Summary of tDCS-induced GCaMP6s fluorescence changes for 
data from all mice (n = 8). Average fluorescence changes (ΔF/F0) 
during the last 2-min of tDCS are normalized by the average values 
during the 2-min baseline period prior to tDCS, for two consecutive 
trials under task and rest conditions. Data for the same set of neurons 
in each mouse are connected by lines (*P < 0.05, **P < 0.01, paired 
t test). G Post-treatment persistence of tDCS effects shown by the 
average fluorescence changes with time, normalized by the values at 
the time of termination of anodal or cathodal tDCS, for task and rest 
conditions. Error bars, SEM.

◂
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investigated in the present study using in vivo imaging of M1 
neuronal activity. We showed that task-related M1 neurons 
were preferentially elevated by anodal tDCS, as compared 
to task-unrelated neurons, during the performance of the 
motor task. Thus, task-related circuit activation and poten-
tiation account for the increase of motor functions induced 
by anodal tDCS. The same mechanism also accounts for the 
effect of low-frequency epidural alternating current stimu-
lation (ACS) in improving grasping dexterity in macaque 
monkeys after lesion-induced stroke, where ACS has been 
shown to increase co-firing within task-related neural ensem-
bles in the perilesional cortex [62]. Similarly, in chronic 
stroke patients, tDCS combined with locomotor training 
with a robotic gait orthosis improves motor restoration [63].

The tDCS current density used in the present study (3.2 
mA/cm2) was lower than that used by Pedron et al. [30] 
to study rat addictive behavior and working memory (5.7 
mA/cm2). This current density is 3–4 times lower than the 
upper limit of safe tDCS current determined in a rat study 
[64]. Cathodal tDCS at 5.7 mA/cm2 has also been found to 
improve working memory and skill learning in rats [65]. 
Similar tDCS current levels have also been used in rats to 
treat status epilepticus (5.7 mA/cm2) [66], to promote recov-
ery from stoke-induced cognitive impairments (2.8 mA/cm2) 
[67], and to elevate dopamine release in the striatum (3.2 
mA/cm2) [68]. In a previous in vivo  Ca2+ imaging study on 
astrocyte activation by tDCS [25], the current density was 
5.0 mA/cm2, similar to the level used in our study. Notably, 

Fig. 4  Modulation of activity of task-related and task-unrelated cor-
tical cells by tDCS. A Fluorescence changes (ΔF/F0) of task-related 
cells and task-unrelated cells within the imaged field (definitions 
in Methods) shown by activity heat maps of M1 cell populations. 
Upper panels, the amplitude of ΔF/F0 is normalized for each cell by 
the baseline during the 5-min period before the task onset and color-
coded with the scale shown on the right. All cells (anodal: n = 269; 
cathodal: n = 212) recorded from 4 mice are grouped and ordered 
according to the peak values of ΔF/F0 within the tDCS time win-

dow. Lower panels, changes in the average ΔF/F0 with time during 
the experiment shown above for task-related and task-unrelated cells. 
Error bars, SEM. B Summary of tDCS-induced ΔF/F0 for data from 
all 4 mice. Average ΔF/F0 during the tDCS period (“+” or “-”) were 
compared with those during the periods before and after tDCS (“0”). 
Histograms showing the average ΔF/F0 during the last 2 min of each 
period. Error bars, SEM; *P < 0.05, **P < 0.01, n.s. no significant 
difference, paired t test.
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the standard current density applied to humans (0.029 and 
0.057 mA/cm2) [43, 69] is much lower than that used in 
rodent studies. This difference may be attributed to safety 
considerations, the effectiveness of current penetration 
through the skull and cortex, the electrode configuration, 

the extent of neuronal activity induced by the current, and 
the complexity of the neural networks.

The exact current density induced by tDCS in the cortex 
remains unclear. In our behavioral study, the effective cur-
rent density of anodal tDCS was 3.2 mA/cm2 at the surface 

Fig. 5  Task-specific restoration of motor learning by online anodal 
tDCS in MCAO mice. A TTC staining (left) and laser speckle con-
trast imaging (upper middle) showing the lesion induced by MCAO 
that was maintained for 90, 60 or 0 min prior to reperfusion. Lower 
middle, time schedule of MCAO, surgery for tDCS, and training for 
rotarod running and beam walking. Right, schematic of placement of 
tDCS electrodes in MCAO mice. The infarct area is marked in gray, 
and the stimulating electrode (“Stim”) covers parts of M1 and soma-
tosensory cortex. B, C The average time on (B) and terminal speed 
(C) of the rotarod for MCAO mice with online anodal tDCS, sham 
stimulation, and sham MCAO surgery (control) in dual-task experi-
ments, in which tDCS is applied only during rotarod running. Data 

are presented as in Fig. 1C and D. MCAO, mice subjected to 90-min 
occlusion of the MCA; Control (Sham-MCAO), mice subjected to 
the same surgery with no occlusion of the MCA; Online, MCAO 
mice with online tDCS during rotarod running; “n”, total number of 
mice. D The average frequency of hindlimb slips (contralateral to 
the lesion) during beam walking. E Learning rates for rotarod run-
ning and beam walking in MCAO mice with online anodal tDCS. 
F Learning rates of rotarod and beam walking in MCAO mice with 
offline anodal tDCS. Offline, MCAO mice with tDCS before rotarod 
running; +, anodal tDCS; 0, no current. Error bars, SEM; *P < 0.05, 
**P < 0.01, n.s. no significant difference, two-way ANOVA in B–D, 
unpaired t test in E, F.
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of the intact skull. Histological measurements of the thick-
ness of the thinned skull of mice used in our  Ca2+ imaging 
experiments yielded an average of 15.9 ± 0.86 μm (n = 
4 mice). Thus, the average current density was estimated 
to be ~0.8 mA/cm2 at the observation window (~2 mm in 
diameter) for the anodal current applied (25 µA), with a 
higher density near the center due to non-uniform current 
distribution. More precise estimation of the effective current 
density requires further analysis of the pattern of subdural 
currents, which depend on the electrode configuration and 
the resistance of various tissues.

We found that application of anodal tDCS to mouse 
M1 elevated cortical neuronal activity whereas cathodal 
tDCS suppressed it. These mechanisms could underlie the 
effects of tDCS on human motor cortex, where anodal tDCS 
increases and cathodal tDCS reduces corticospinal excit-
ability (as revealed by TMS-induced MEP amplitudes) [22, 
23, 70]. However, another study using cathodal tDCS of 
the human motor cortex showed a significant increase of 
corticospinal excitability at a total current of 2 mA and a 
decrease at 1 mA [71]. While the cause remains unclear, this 
finding underscores the importance of precise control of the 
magnitude of tDCS current. The tDCS acts by altering the 
neuronal membrane potential, and currents at different levels 
can activate or inhibit distinct populations of neurons that 
have different firing thresholds, leading to disparate func-
tional effects.

In this study, task specificity was found in the enhanc-
ing effect of anodal tDCS on motor learning, but not in the 
suppressive effect of cathodal tDCS. This difference may 
result from our specific experimental paradigm, in which we 
used a 5-min ITI between sequential cathodal tDCS. Imag-
ing experiments showed that this short interval did not allow 
complete recovery of neuronal activity following cathodal 
tDCS, thus producing offline inhibitory effect. By further 
adjustment of the ITI, it is possible that task-specific sup-
pression could also be induced by cathodal tDCS.

Conclusions

In this study, we characterized the mechanism of action 
and an appropriate paradigm for the use of anodal tDCS 
in enhancing motor learning in normal mice and a mouse 
model of stroke. Our results suggest that concurrent applica-
tion of anodal tDCS with the performance of a targeted task 
elevates the therapeutic efficacy. Our imaging results provide 
the neuronal mechanism underlying the effect of concurrent 
anodal tDCS in promoting task performance. This approach 
of concurrent neuromodulation could be applied to the treat-
ment of other brain disorders, such as obsessive compulsive 
disorder, auditory hallucination in schizophrenia, epilepsy, 
and addiction. While the exact neural circuit abnormalities 

of many brain disorders remain to be identified, neuro-
modulation applied during voluntary or triggered disorder-
associated behaviors could help to potentiate or suppress 
the underlying neural circuits, leading to therapeutic effects.
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