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Abstract
Transcranial direct current stimulation (tDCS) is a noninvasive brain stimulation 
technique implicated as a promising adjunct therapy to improve motor function 
through the neuromodulation of brain networks. Particularly bilateral tDCS, which 
affects both hemispheres, may yield stronger effects on motor learning than uni-
lateral stimulation. Therefore, the aim of this exploratory study was to develop an 
experimental model for simultaneous magnetic resonance imaging (MRI) and bilateral 
tDCS in rats, to measure instant and resultant effects of tDCS on network activity 
and connectivity. Naïve, male Sprague-Dawley rats were divided into a tDCS (n = 7) 
and sham stimulation group (n = 6). Functional MRI data were collected during con-
current bilateral tDCS over the sensorimotor cortex, while resting-state functional 
MRI and perfusion MRI were acquired directly before and after stimulation. Bilateral 
tDCS induced a hemodynamic activation response, reflected by a bilateral increase 
in blood oxygenation level-dependent signal in different cortical areas, including the 
sensorimotor regions. Resting-state functional connectivity within the cortical sen-
sorimotor network decreased after a first stimulation session but increased after a 
second session, suggesting an interaction between multiple tDCS sessions. Perfusion 
MRI revealed no significant changes in cerebral blood flow after tDCS. Our explora-
tory study demonstrates successful application of an MRI-compatible bilateral tDCS 
setup in an animal model. Our results indicate that bilateral tDCS can locally modu-
late neuronal activity and connectivity, which may underlie its therapeutic potential.
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1  | INTRODUC TION

Transcranial direct current stimulation (tDCS) is a noninvasive neuro-
modulation technique implicated as a promising therapeutic strategy 
to modify neuronal plasticity, for example, to improve motor func-
tion (Bai et al., 2019). Through the transcranial application of weak 
direct currents, changes in intracortical excitability can be elicited 
due to subthreshold modulation of neuronal membrane potentials 
(Nitsche et al., 2003; Stagg & Nitsche, 2011; Woods et al., 2016). The 
extent of these modulations largely depends on current intensity 
and electrode montage (unilateral vs. bilateral), which can alter cor-
tical excitability in a polarity-specific manner (Jackson et al., 2016). 
Anodal tDCS has been assumed to augment neuronal excitability 
while cathodal tDCS would diminish it (Nitsche et al., 2003; Nitsche 
& Paulus, 2000). With regard to motor function, it has been sug-
gested that bilateral tDCS, with the anode over the nondominant 
motor cortex and the cathode over the dominant motor cortex, may 
yield stronger effects on motor learning as compared to unilateral 
stimulation (Halakoo et al., 2020; Vines et al., 2008). As a conse-
quence, there is a particular interest to use bilateral stimulation as 
an adjuvant therapy during physical rehabilitation of stroke patients 
with motor deficits (Di Lazzaro et al., 2014; Di Pino et al., 2014). 
Hypothetically, bilateral motor cortex modulation may particularly 
help to restore the interhemispheric imbalance associated with 
motor dysfunction, through anodal-mediated facilitation of neuronal 
activity in the damaged hemisphere while at the same time reduc-
ing neuronal (over)excitability of the unaffected hemisphere under-
neath the cathode (Sehm et al., 2013). Nevertheless, the effects of 
bilateral tDCS on brain activity and function remain incompletely 
characterized.

Direct and delayed effects of tDCS at a whole-brain network level 
may be effectively measured with in vivo neuroimaging tools, such as 
optical spectroscopy/imaging (Khan, 2013; Merzagora et al., 2010; 
Muthalib et al., 2018) and magnetic resonance imaging (MRI) (Takano 
et al., 2011). Moreover, with functional MRI, cerebral blood flow 
(CBF), neuronal activation responses, and functional connectivity 
can be measured concurrently in a single session. Several studies 
have reported tDCS-induced changes in CBF and blood oxygen-
ation level-dependent (BOLD) signal. These CBF and BOLD changes 
have been found in widespread cortical networks during motor 
tasks, with cathodal tDCS inducing the largest changes (Baudewig 
et al., 2001; Lang et al., 2005). Anodal tDCS, in contrast, seems to 
only generate modest changes after stimulation periods of varying 
duration (Baudewig et al., 2001; Jang et al., 2009; Lang et al., 2005). 
Surprisingly, the changes in CBF and BOLD signals are observed on 
a global scale, although the polarizing effects of tDCS are generally 
thought to be restricted to the cortical area under the electrodes 
(Stagg & Nitsche, 2011). Several studies have also demonstrated 
that tDCS can modulate resting-state functional connectivity across 
the brain (Amadi et al., 2014; Peña-Gómez et al., 2012; Polanía, 
Nitsche, et al., 2011; Polanía, Paulus, et al., 2011; Sehm et al., 2012). 
However, variable patterns of stimulation-induced changes have 
been reported.

Therefore, the main purpose of this exploratory study was to de-
velop and apply an experimental in vivo setting for MRI during tDCS 
(in rats) to measure instant and resultant effects of cortical stimula-
tion on whole-brain network status. This could aid in the elucidation 
of neuromodulatory actions of tDCS. We hypothesized that bilateral 
tDCS of the sensorimotor cortex induces a polarity-specific direct 
cortical activation response and, as an after-effect, polarity-specific 
modulation of functional connectivity within the sensorimotor cor-
tical network.

2  | MATERIAL S AND METHODS

All experiments were approved by the Animal Ethics Committee 
of the University Medical Center Utrecht, The Netherlands (DEC 
2014.I.10.082), and were conducted in agreement with Dutch 
laws (“Wet op de Dierproeven,” 1996) and European regulations 
(Guideline 86/609/EEC).

2.1 | Animals

Thirteen naïve, adult male Sprague-Dawley rats (9–10 weeks old; 
385 ± 23 g (mean ± SD) body weight; Charles River Laboratories, 
Sulzfeld, Germany) were group-housed under controlled environ-
mental conditions (12-hr light/dark cycle, temperature 20–24°C, 
45%–65% humidity). They were housed with a Perspex tube and tis-
sue paper as cage enrichment, and had ad libitum access to food and 
water. Animals underwent surgery for placement of tDCS cannulas 
(see Figure 1a, experimental setup) after at least 7 days of acclima-
tization in the animal facility. After the surgical procedure, animals 
were housed solitarily, in flat-roof cages (with only tissue paper as 
enrichment) to prevent removal of the Perspex cannulas on their 
skulls. Rats were divided into a tDCS (n = 7) or sham stimulation 

Significance

Accumulating evidence supports the therapeutic potential 
of transcranial direct current stimulation (tDCS) in brain 
disorders, however tDCS-induced effects on functional 
brain networks remain unclarified. Experimental animal 
models can be fundamental to unraveling tDCS-induced 
effects. In this exploratory study we applied in vivo func-
tional magnetic resonance imaging of neural activity and 
connectivity during bilateral tDCS of the sensorimotor cor-
tex in rats, similar to approaches that showed manipulation 
of motor function in humans. We found that bilateral tDCS 
affects signals and signaling within and across the sensori-
motor network, which may underlie its neuromodulatory 
potential.
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group (n = 6). Sham stimulation animals underwent the same pro-
cedures as the tDCS group, but they did not receive any stimula-
tion. Animal welfare was monitored by means of visual inspection 
and weighing every other day after surgery. Seven or 8 days after 
surgery, the animals were subjected to MRI and tDCS. Directly or 
1 week after MRI acquisition, the animals were euthanized and 
perfusion-fixated.

2.2 | tDCS

2.2.1 | Surgical placement of bilateral, 
epicranial cannulas

Animals were anesthetized with a mixture of O2/air (4:1) and iso-
flurane (5% induction). They were intubated, connected to a 

F I G U R E  1   Bilateral transcranial direct current stimulation (tDCS) setup and magnetic resonance imaging (MRI) protocol. (a) Experimental 
design. One week before bilateral tDCS, cannulas were epicranially fixed to the skull. Animals received either one or two 15-min tDCS 
sessions while inside the MRI scanner. Following MRI, animals were perfusion-fixated and their brains were extracted for histological Fluoro-
Jade B staining. (b, left view) Axial view of the rat skull indicating the positioning of the tDCS cannulas with respect to bregma (indicated 
by asterisk). Scale bars are in mm. (b, right view) Coronal rat brain slice showing the underlying cortical and subcortical regions underneath 
the stimulation cannulas (M1, M2, S1FL). The left tube (L) was used for the cathodal electrode and the right tube (R) was used for the 
anodal electrode, resulting in cathodal stimulation of the left sensorimotor cortex and anodal stimulation of the right sensorimotor cortex. 
(c) Anatomical MRI, resting-state functional MRI (rs-fMRI), and perfusion MRI were executed before the first stimulation session (15 min 
bilateral tDCS at 200 μA). In order to assess the direct effect of stimulation, fMRI was run from approximately 2 min before to 2 min after 
the onset of stimulation, as well as from approximately 2 min before to 2 min after the end of stimulation in the tDCS group. After the first 
stimulation, rs-fMRI and perfusion MRI were acquired again. In a subset of animals, a second round of stimulation and subsequent rs-fMRI 
and perfusion MRI (indicated by parentheses) were executed. Prestimulation MRI started off with seven animals in the tDCS group and six 
animals in the sham group. Animal numbers specified between the round brackets, indicate the final number of animals used in each MRI 
analysis. CC, corpus callosum; CPu, caudate putamen; L, left; LV, lateral ventricle; M1, primary motor cortex, M2, secondary motor cortex; R, 
right; S1FL, forelimb region of the primary somatosensory cortex
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mechanical ventilator (TOPO, Kent Scientific, Torrington, CT, USA), 
and positioned in a stereotaxic frame. Subcutaneous analgesia, 5 mg/
kg Carprofen, was administered preoperatively for all rats. During 
the surgical procedure, isoflurane was maintained at 2.5%, and the 
body temperature of the animals was monitored and maintained at 
37 ± 0.5°C with a circulating water heating mat. The scalp was shaved 
and disinfected, and a midline incision was made from the rostral eye 
level to the mid-ear level. The periosteum was cut and scraped to 
the edges of the skull and thoroughly wiped off. Two custom-made, 
cylindrical, Perspex cannulas (height 5.0 mm, outer/inner diameters 
3.0/2.1 mm) were lowered onto the skull using a compass connected 
to the stereotaxic frame for precise positioning (Figure 1b). The can-
nulas were positioned bilaterally over the sensorimotor cortex, which 
included the primary (M1) and secondary (M2) motor cortices and 
the forelimb region of the somatosensory cortex (S1FL) (1.0 mm an-
terior to bregma and 3.0 mm lateral from the midline). A nontoxic, 
glass ionomer cement (Ketac Cem Plus Automix, 3M ESPE, Delft, the 
Netherlands) was applied on the skull and around the cannulas to 
keep them in place. Once the cement hardened, the skin was sutured 
around the cannulas, and two Perspex caps were placed onto the 
cannulas to prevent dust or bedding material from obstructing the 
stimulation area. A drop of Lidocaine (100 mg/ml spray, AstraZeneca 
B.V., Zoetermeer) was added to the wound for additional local analge-
sia. After surgery, the rats recovered from anesthesia in a preheated 
cage before being placed back solitarily in their home cages.

2.2.2 | MRI-compatible tDCS

The MRI-compatible tDCS setup consisted of a custom-built direct 
current stimulator, connected to two platinum wires entering the 
magnet bore. The ends of the wires were led through two Perspex 
caps placed onto the cannulas. Before MRI acquisition and tDCS, the 
cannulas were filled with agarose gel (1.5%, prepared in a phosphate-
buffered solution). The anode was connected to the cannula over the 
right hemisphere while the cathode was connected to the cannula over 
the left hemisphere in all animals (Figure 1b). A tDCS session consisted 
of 15-min stimulation inside the MRI scanner, at a current intensity of 
200 μA (anodal over the right sensorimotor cortex and cathodal over 
the left sensorimotor cortex). With a single electrode contact area of 
3.5 mm2, this resulted in a current density of 57.1 A/m2 and a charge 
density of 51.4 × 103 C/m2 at the scalp. These stimulation parameters 
were assumed to be safe as they did not cause any adverse effects 
in similar studies (Liebetanz et al., 2006, 2009). To avoid stimulation 
break effects, the current was automatically ramped up and down for 
10 s at the onset and offset of stimulation (Bindman et al., 1964).

2.3 | In vivo MRI

2.3.1 | Anesthesia and physiological monitoring

Shortly before in vivo MRI, animals were endotracheally intubated for 
mechanical ventilation with 2% isoflurane in O2/air (4:1). During MRI 

acquisition the respiration rate and end-tidal CO2 were closely moni-
tored with a capnograph (Multinex 4200, Datascope Corporation, 
Paramus, NJ, USA). Heart rate and blood oxygen saturation were 
monitored with a pulse oximeter (Nonin 8600V, Nonin Medical Inc., 
Plymouth, MN, USA), and body temperature was maintained at 
37.0 ± 1.0°C using a feedback mechanism with a warm water circuit. 
Fifteen minutes prior to functional MRI acquisition, the isoflurane 
percentage was lowered to 1.5% to reduce anesthetic effects on 
subsequent functional MRI scans.

2.3.2 | Imaging protocol and timeline

For each rat, the scanning protocol started with an anatomical 
scan, followed by prestimulation measurements of resting-state 
functional connectivity with resting-state fMRI, and CBF with arte-
rial spin labeling (ASL) (tDCS group: n = 7; sham stimulation: n = 6) 
(Figure 1c). The rats then underwent a first period of tDCS (n = 7) 
or sham stimulation (n = 6), followed by poststimulation-1 measure-
ments with resting-state fMRI and ASL to assess the acute after-ef-
fects of tDCS. In addition, two short (5 min) fMRI acquisitions were 
performed at the start and end of the first tDCS period, respectively, 
to assess the activation response during and directly after stimula-
tion (tDCS group (n = 7)). To limit the fMRI data file size, we dis-
continued scanning during the ca. 10 min of tDCS in between. In 
a subset of rats (tDCS group: n = 4; sham stimulation group: n = 4), 
a second 15-min tDCS session was performed (without simultane-
ous fMRI, due to technical reasons), followed by a poststimulation-2 
measurement with resting-state fMRI and ASL, to evaluate whether 
a second stimulation would have similar or dissimilar effects. See the 
Supporting Information for the image acquisition details.

2.4 | Data processing

Image processing was performed using MATLAB (MATLAB 
R2016a, The MathWorks Inc., Natick, MA, 2016) and FSL v5.0.9 
(Jenkinson et al., 2012), unless otherwise stated. See the Supporting 
Information for the preprocessing steps that were followed for each 
image acquisition.

2.4.1 | Image registration and regions of interest

Images were registered to a high-resolution template to enable 
the selection of regions of interest (ROIs) from the Paxinos and 
Watson atlas (2005). As ROIs, the left and right sensorimotor cor-
tical network were included, consisting of the primary and second-
ary motor cortices (M1 and M2), primary somatosensory cortex 
(S1FL and S1HL for forelimb and hind limb regions, respectively) 
and the secondary somatosensory cortex (S2). In addition, as a 
control region outside the tDCS-targeted area, we selected two 
regions from the visual cortex, consisting of the left and right pri-
mary and secondary visual cortices (V1 and V2). Analyses were 
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performed on these sensorimotor and visual cortices, as well as 
on the individual ROIs, unless otherwise stated. For analyses of 
individual ROIs, only regions with sufficient assurance of spatial 
alignment were included (i.e., with more than eight voxels in indi-
vidual fMRI and ASL image space), which resulted in the exclusion 
of V1 (left and right) as an individual ROI.

2.5 | Histology

During perfusion fixation, animals were flushed with a cold saline 
solution for 5 min, followed by the infusion of 4% paraformaldehyde 
in a phosphate-buffered solution for 20 min. Brains were extracted 
and kept in 4% paraformaldehyde for 24 hr, followed by storage in 
40% ethanol for 24 hr, and finally in 70% ethanol until embedding in 
paraffin. Using a microtome, brains embedded in paraffin were sec-
tioned at 8 μm thickness at 2.5, 1.0, and −0.5 mm anterior to bregma, 
and stained with Fluoro-Jade B for the detection of degenerating 
neurons ( Schmued et al., 2005). See the Supporting Information for 
the staining protocol. To validate our Fluoro-Jade B procedure, we 
used poststroke mouse brain tissue as a positive control to show 
stroke-induced neurodegeneration.

2.6 | Statistical analyses

Statistical analyses were performed in R (3.2.3) and Rstudio (R 
Core Team, 2014). For analysis of fMRI data obtained during and 
directly after tDCS, we performed the following comparisons with 
a Wilcoxon paired signed rank test, for the left and right sensori-
motor and visual cortices: (a) mean BOLD signal intensities of the 
prestimulation baseline (first 60 s of first fMRI session) versus the 
mean BOLD signal intensities during stimulation (last 60 s of the first 
fMRI session), (b) mean BOLD signal intensities during tDCS (first 
60 s of the second fMRI session) versus the mean BOLD signal in-
tensities after tDCS was stopped (last 60 s of second fMRI session) 
(Figure 1c). Results were considered statistically significant with a 
p value lower than 0.05 after correction for multiple testing with a 
false discovery rate (FDR) correction.

For resting-state fMRI and perfusion MRI, we calculated differ-
ence values for the first stimulation (stimulation-1: poststimulation-1 
value minus prestimulation value) and the second stimulation (stim-
ulation-2: poststimulation-2 value minus poststimulation-1 value) 
for each connection (resting-state fMRI analyses) or region (ASL) of 
interest. These comparisons were performed to investigate the in-
dependent effects of the first and second stimulations on functional 
connectivity and CBF.

We applied a linear mixed model (nlme package (Pinheiro 
et al., 2018)) with the factor group (tDCS or sham stimulation) as 
between-subject variable and the factor stimulation (stimulation-1 
or stimulation-2) as within-subject variable. We corrected this model 
for multiple connections of interest measured in each rat. The model 

was hierarchically structured with random intercepts and network 
connections nested within animals. Consequently, the linear mixed 
model includes all network connections into a single model. The out-
put informs on statistical significance for the whole model, but does 
not provide statistical information for single connections. Results 
were considered statistically significant if the p value was lower than 
0.05. See the Supporting Information for additional information re-
garding the linear mixed model.

3  | RESULTS

3.1 | Final group sizes

Visual inspection of the data following initial preprocessing steps led 
to the exclusion of three animals (tDCS group: n = 1; Sham group: 
n = 2) due to the presence of MR artifacts. This led to the follow-
ing final group sizes for the fMRI and resting-state fMRI data: fMRI, 
n = 6 (tDCS group); resting-state fMRI prestimulation: n = 6 (tDCS 
group), n = 4 (sham group); poststimulation-1: n = 6 (tDCS group), 
n = 4 (sham group); and poststimulation-2: n = 4 (tDCS group), n = 2 
(sham group).

Breathing difficulties due to mucus build-up in the intubation 
tube during MRI prevented the execution of the entire MRI protocol 
and/or a second tDCS session in some animals. Consequently, ASL 
measurements from four animals had to be discarded after stimu-
lation-1 (two from both groups) and stimulation-2 (one from tDCS 
group), respectively. This led to the following final group sizes for 
the ASL data: prestimulation: n = 6 (tDCS group), n = 4 (sham group); 
poststimulation-1: n = 4 (tDCS group), n = 2 (sham group); and post-
stimulation-2: n = 3 (tDCS group), n = 2 (sham group).

3.2 | Immediate effects of bilateral tDCS on 
BOLD signal

Increases in BOLD signal following bilateral tDCS were evident in 
frontal brain regions. This was also the case in or near strongly per-
fused territories, such as sinuses and ventricles (Figure 2a).

Within 1 min after onset of tDCS, the BOLD signal increased 
with 0.68 ± 0.84% (mean difference ± SD from baseline; p = 0.13, 
FDR-corrected) in the sensorimotor cortex underneath the cathode 
(left) (Figure 2b). BOLD signal changes in the sensorimotor cortex 
underneath the anode (right) were smaller (0.27 ± 0.30% from base-
line; p = 0.13, FDR-corrected). Most animals showed an increase 
in BOLD signal intensities in the left and right sensorimotor cortex 
during tDCS stimulation, except for one animal in the left hemi-
spheric analyses and two animals in the right hemispheric analyses. 
However, there was no statistically significant difference between 
the mean BOLD signal intensities during baseline and stimulation in 
those areas. This pattern was also detected in the individual senso-
rimotor regions (see Figure S1).
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For all ROIs, when tDCS was switched off, the BOLD signal 
remained at the same level within the first 2 min. Accordingly, no 
significant differences were measured between the BOLD signals 
during and after stimulation in the second fMRI session (Figures 2c, 
S1 and S2).

Physiological conditions during simultaneous tDCS and fMRI 
were stable (see Figure S3).

3.3 | After-effects of bilateral tDCS on CBF

Bilateral tDCS, following the first and second stimulation session, 
did not induce any statistically significant CBF changes in the left or 
right sensorimotor cortex (Figures 3 and S4).

3.4 | After-effects of bilateral tDCS on resting-state 
functional connectivity

A network plot (Figure 4) shows the stimulation-induced changes 
in functional connectivity after stimulation-1 and stimulation- 2. In 
the left sensorimotor cortex, underneath the cathode, we found a 
significant interaction effect between group and time (beta = 0.169, 
95% confidence interval = 0.0596–0.277, t(degrees-of-freedom: 
58) = 3.10, p = 0.0030). Functional connectivity decreased after the 
first tDCS session and increased after the second stimulation ses-
sion in the tDCS group, whereas the opposite pattern was apparent 
in the sham group. Also see Figure S5 for further information.

For the right sensorimotor cortex, underneath the anode, 
a significant time effect (beta = 0.134, 95% confidence 

F I G U R E  2   Blood oxygenation level-dependent (BOLD) response to bilateral transcranial direct current stimulation (tDCS). (a) Activation 
maps, calculated from a generalized linear model (GLM), showing areas with a statistically significant BOLD response to bilateral tDCS (first 
fMRI session), overlaid on coronal (top), axial (middle), and sagittal (bottom) echo-planar fMRI images of the rat brain. (b) BOLD signal time-
course during the first fMRI session when tDCS was switched on, and (c) BOLD signal time-course during the second fMRI session when 
tDCS was switched off, in the left and right sensorimotor cortices, underneath the cathode and anode, respectively. The modeled BOLD 
response is overlaid on each graph as a black line. A, anterior; L, left; P, posterior; R, right [Color figure can be viewed at wileyonlinelibrary.
com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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interval = 0.0499–0.217, t(58) = 3.19, p = 0.0023) was found. The 
first stimulation session appeared to slightly decrease functional 
connectivity, but the second stimulation session was followed by a 
noticeable increase in functional connectivity. However, these ef-
fects were present in both the tDCS and sham groups.

We did not detect significant effects of bilateral tDCS on func-
tional connectivity between the visual cortical regions. Nor did we 
detect tDCS-induced changes in interhemispheric functional con-
nectivity (Figure S5b).

3.5 | Histological effects of bilateral tDCS

To test whether our bilateral tDCS approach induced histological 
damage, we applied postmortem brain tissue staining with Fluoro-
Jade B for all animals after tDCS or sham stimulation. No evidence of 
neurodegeneration was found in the tDCS or sham groups (Figure 5). 
Clear neuronal damage was detected with Fluoro-Jade B when using 
positive control tissue, that is, poststroke mouse brain (data not 
shown).

4  | DISCUSSION

We assessed the neural response to bilateral tDCS in a rat model 
using functional MRI. Simultaneous bilateral tDCS and fMRI re-
vealed increases in BOLD signal intensity in cortical brain regions, 
and in other strongly perfused regions. BOLD signal responses were 
also apparent in the sensorimotor cortex underneath the electrodes. 
Resting-state fMRI experiments showed that the first tDCS ses-
sion led to a decrease in intrahemispheric functional connectivity 
within sensorimotor cortical regions, whereas functional connectiv-
ity increased after a second stimulation session. These functional 

connectivity changes were most pronounced underneath the cath-
ode. CBF, as measured with ASL, remained relatively stable after 
tDCS.

4.1 | Hemodynamic changes in response to tDCS

Previous studies in humans (Antal et al., 2011; Muthalib et al., 2018) 
and rats (Takano et al., 2011) have reported a BOLD activation re-
sponse to tDCS, which was particularly noticeable in regions under-
neath the stimulation sites. Our results are in line with the findings 
in those studies. The observed increases in BOLD signal during bi-
lateral tDCS may reflect direct effects of tDCS on cortical vessels, 
or a hemodynamic response to neuronal activation through neuro-
vascular coupling (Stagg & Johansen-Berg, 2013). A direct effect of 
tDCS on smooth muscle cells in the vessel walls could explain co-
localization of BOLD signal increase with large vessels (Wachter 
et al., 2011). However, tDCS-induced BOLD signal changes were also 
observed in brain areas that extended beyond the direct stimula-
tion sites, including the visual cortex. This indicates that the bilat-
eral tDCS paradigm induced an activation of a large neuronal and/
or vascular network, possibly through connectivity, supportive of 
its suggested neuromodulatory capacity. In addition, the electrodes 
were relatively large compared to the rat brain, which probably 
contributed to the widespread response. In contrast, BOLD signal 
changes might have also been directly caused by systemic interfer-
ence or by the electrical currents that run through tissue between 
the electrodes, as has previously been observed in postmortem sub-
jects (Antal et al., 2014). Although electrical field distortions in the 
magnetic field cannot be excluded as a potential cause, we deem it 
unlikely that the observed BOLD response is only due to a stimula-
tion artifact, because BOLD signal changes were detected in areas 
remote from the stimulation site. Unfortunately, we did not include 

F I G U R E  3   Cerebral blood flow (CBF) change after bilateral transcranial direct current stimulation (tDCS). CBF changes after the first and 
second stimulation session (sham or tDCS) in the left and right sensorimotor cortex, that is, underneath the cathode and anode, respectively. 
The colored dots represent individual data points. L, left; R, right [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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F I G U R E  4   Changes in intra- and interhemispheric functional connectivity between cortical sensorimotor regions, following bilateral 
transcranial direct current stimulation (tDCS). (a) Representative mean resting-state fMRI (rs-fMRI) image of a coronal rat brain slice (left), 
and the regions of interest within the right (R) and left (L) sensorimotor cortex, overlaid on a rs-fMRI image. (b) Changes in intrahemispheric 
and interhemispheric functional connectivity (i.e., Fisher's z correlation) between regions of interest within the sensorimotor and visual 
cortices, following stimulation (tDCS or sham stimulation) session 1 and 2, represented by color-coded lines. LH, left hemisphere; M2, 
secondary motor cortex; M1, primary motor cortex; RH, right hemisphere; S2, secondary somatosensory cortex; S1FL, forelimb region of the 
primary somatosensory cortex; S1HL, hind limb region of the somatosensory cortex; V2, secondary visual cortex [Color figure can be viewed 
at wileyonlinelibrary.com]
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measurements of the BOLD signal during sham stimulation to rule 
out possible neural effects of sham tDCS.

Although we detected a direct BOLD activation response to tDCS, 
we did not measure significant stimulation-induced after-effects 
on CBF. This appears to be in contrast with previous animal (Mielke 
et al., 2013; Wachter et al., 2011) and human (Lang et al., 2005; Zheng 
et al., 2011) imaging studies where polarity-specific changes in CBF 
have been observed after unilateral tDCS. However, in subjects that 

received bilateral tDCS, similar to our study, no significant stimulation 
effects on CBF were measured when subjects were at rest (Paquette 
et al., 2011). Yet, when these subjects performed a motor task during 
bilateral stimulation, the change in CBF in M1 was found to be sig-
nificantly lower on the cathodal than on the anodal side, as compared 
to sham stimulation (Paquette et al., 2011). This suggests that bilat-
eral tDCS specifically modulated the task-induced neuronal activa-
tion in that study. Han and colleagues demonstrated with functional 

F I G U R E  5   Fluoro-Jade B staining of rat brain after sham stimulation or transcranial direct current stimulation (tDCS). The top row (a,b) 
illustrates where a micrograph was made from a coronal rat brain slice. Middle and bottom row: 2.5× (c,d) and 10× magnified image (e,f), 
respectively. The absence of fluorescent signal illustrates the lack of neurodegeneration. Scale bar for all sections: 100 µm [Color figure can 
be viewed at wileyonlinelibrary.com]
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near-infrared spectroscopy that a tDCS-induced increase in oxygenat-
ed-hemoglobin concentration—a measure related to regional CBF—de-
creased linearly after stimulation stopped (Han et al., 2014). In contrast, 
previous animal studies (Mielke et al., 2013; Wachter et al., 2011), using 
laser Doppler flowmetry, reported long-lasting (>30 min) polarity-spe-
cific changes in CBF after unilateral tDCS. In addition to variable ef-
fects of different stimulation paradigms, the sensitivity of methods to 
measure CBF may vary considerably. The ASL approach that we have 
used, which showed quite some variation in CBF baseline values, may 
not have been optimal for the measurement of subtle CBF changes.

4.2 | Resting-state functional connectivity 
after tDCS

We detected a significant interaction effect between group and time 
for the left sensorimotor cortex underneath the cathode. This in-
dicated that the first and second stimulations had different effects 
in the tDCS and sham groups. This was not apparent for the right 
sensorimotor cortex. The left hemisphere of the tDCS group showed 
a decrease in functional connectivity after the first stimulation and 
an increase after the second stimulation. Thus, it seems like bilateral 
tDCS affects functional connectivity differently in each hemisphere, 
and possibly the anode enhanced the induced effects of the cathode.

The effects of the cathode on the left hemisphere functional 
connectivity may be related to a hyperpolarization phenomenon 
previously hypothesized by Amadi et al. (2014) and Polanía et al. 
(2012). They found an increase in the strength of local functional 
connections after cathodal tDCS in human studies. It was hypoth-
esized that this increase in functional connectivity following cath-
odal tDCS is due to neuronal hyperpolarization. Hyperpolarizations 
would effectively reduce local neuronal noise, lead to an increase in 
signal-to-noise ratio, and increase neuronal synchronization within 
the stimulated area. However, bilateral tDCS studies have reported 
different responses. These include bihemispheric (Lindenberg 
et al., 2016) and unihemispheric (Sehm et al., 2012) polarity-specific 
changes in functional connectivity (increase after anodal and de-
crease after cathodal stimulation, respectively) and widespread bi-
hemispheric changes in connectivity (Pellegrino et al., 2018; Polanía, 
Paulus, et al., 2011). These differences emphasize the need for sys-
tematic and thorough studies on the neurophysiological effects of 
tDCS. Such studies may help to improve standardization of transla-
tional experiments in animal models.

Although speculative, the observed increase in resting-state func-
tional connectivity after the second stimulation session might be 
explained by a preconditioning effect. Since the effects of a single stim-
ulation session may last for at least 1–2 hr (Bączyk & Jankowska, 2014; 
Liebetanz et al., 2006; Nitsche & Paulus, 2001), it is conceivable that 
the first stimulation session preconditioned the targeted networks, 
that is, lowered the threshold. As a result, the second stimulation ses-
sion could have caused a reversed effect on resting-state functional 
connectivity. However, our sample size was small and further experi-
ments are needed to confirm these specific findings.

4.3 | Histological effects of bilateral tDCS

The stimulation parameters (current intensity of 200 µA, current 
density of 57.1 A/m2, and charge density of 51.4 × 103 C/m2) used 
in this study did not lead to histological damage. This suggests that 
these stimulation parameters, in line with proposed safety settings 
reported by Liebetanz and colleagues (Liebetanz et al., 2006, 2009), 
are safe. Stimulation dosage is a critical aspect in the translation 
between animal and human tDCS studies. However, comparison of 
stimulation parameters may not be straightforward (Ling et al., 2016) 
and requires further computational and physiological validation.

4.4 | Study limitations

Our study, which is exploratory in nature, is limited by the small sam-
ple size, which was further affected by a number of technical issues 
that led to the dropout of some animals. Also, we did not measure 
the modulatory tDCS effects on cortical excitability, nor did we 
include electrophysiological measurements that could provide ad-
ditional insights into to the mechanism of action of bilateral tDCS. 
Prospective follow-up studies should also consider strategies that 
minimize possible confounding effects on the BOLD fMRI signal, 
such as lower anesthesia levels, correction for signal drift, and inclu-
sion of signal from large vessels as a covariate in analyses.

4.5 | Conclusion

In conclusion, our exploratory study shows successful application 
of an MRI-compatible bilateral tDCS setup in an animal model. Our 
results demonstrate that bilateral tDCS over the sensorimotor cor-
tex affects signals and signaling within and across the sensorimotor 
cortical network in the healthy rat brain. This includes modulation of 
neuronal activity and connectivity as measured with functional MRI. 
Further studies are needed to assess these effects under pathophys-
iological conditions, such as after stroke, where (bilateral) tDCS may 
contribute to functional recovery.
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FIGURE S1 BOLD response to bilateral tDCS. BOLD signal time-
courses in individual left and right sensorimotor and visual regions, 
on the cathodal and anodal stimulation sides, respectively, in re-
sponse to bilateral tDCS. The modeled BOLD response is overlaid on 
each graph as a black line. M1, primary motor cortex; M2, secondary 
motor cortex; S2, secondary somatosensory cortex; S1FL, fore-limb 
region of the primary somatosensory cortex; S1HL, hind-limb region 
of the somatosensory cortex; V2, secondary visual cortex
FIGURE S2 BOLD signal in the visual cortex in response to bilat-
eral tDCS over the sensorimotor cortex. BOLD signal time-courses 
in the visual cortex (V1 + V2) on the side of cathodal (left) and an-
odal (right) stimulation respectively, in response to bilateral tDCS 
of the sensorimotor cortex. The modeled BOLD response is over-
laid on each graph as a black line. V1, primary visual cortex; V2, 
secondary visual cortex
FIGURE S3 Physiological parameters during simultaneous tDCS and 
fMRI. Physiological parameter values (mean (blue line) ± SD (gray 
shading), n = 5) during the first fMRI session during which tDCS was 
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switched on (left panel), and for the second fMRI session during 
which tDCS was switched off (right panel). Recordings were occa-
sionally affected by measurement drift, but levels remained within 
normal ranges. Data from one animal was excluded due to incom-
plete recording of peripheral capillary oxygen saturation and heart 
rate
FIGURE S4 Relative CBF change after bilateral tDCS. CBF changes 
after the first and second stimulation session (sham or tDCS) in the 
visual cortex (V1 + V2) and in individual left (cathodal side) and right 
(anodal side) sensorimotor and visual regions. Colored dots repre-
sent individual data-points. CBF, cerebral blood flow; L, left; M1, 
primary motor cortex; M2, secondary motor cortex; R, right; S2, sec-
ondary somatosensory cortex; S1FL, fore-limb region of the primary 
somatosensory cortex; S1HL, hind-limb region of the somatosensory 
cortex; V1, primary visual cortex; V2, secondary visual cortex
FIGURE S5 Changes in inter- and intrahemispheric functional con-
nectivity following bilateral tDCS. (a) Change in intrahemispheric 
(left and right) and (b) interhemispheric functional connectivity 

(Δ(Fisher’s z’)) between regions of interest within the sensorimotor 
and visual cortices, following stimulation (tDCS or sham stimulation) 
session 1 and 2. Colored dots represent individual data points. L, 
left; M1, primary motor cortex; M2, secondary motor cortex; R, 
right; S2, secondary somatosensory cortex; S1FL, fore-limb region 
of the primary somatosensory cortex; S1HL, hind-limb region of the 
somatosensory cortex; V1, primary visual cortex; V2, secondary vi-
sual cortex
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