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Abstract 8 

Background: Transcranial electrical stimulation (tES) is a popular method to modulate brain 9 

activity by sending a weak electric current through the head. Despite its popularity, long-term 10 

effects are poorly understood.  11 

Objective: We wanted to test if anodal tES immediately changes cerebral responses to visual 12 

stimuli, and if repeated sessions of tES produce plasticity in these responses. 13 

Methods: We applied repeated anodal tES, like transcranial direct current stimulation (tDCS), 14 

but pulsed (8 s on, 10 s off), to the visual cortex of mice while visually presenting gratings. We 15 

measured the responses to these visual stimuli in the visual cortex using the genetically 16 

encoded calcium indicator GCaMP3.  17 

Results: We found an increase in the visual response when concurrently applying tES on the 18 

bone without skin (epicranially). This increase was only transient when tES was applied through 19 

the skin (transcutaneous). There was no immediate after-effect of tES. However, repeated 20 

transcutaneous tES for four sessions at two-day intervals increased the visual response in the 21 

visual cortex. This increase was not specific to the grating stimulus coupled to tES and also 22 

occurred for an orthogonal grating presented in the same sessions but without concurrent tES. 23 

No increase was found in mice that received no tES.  24 
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Conclusion: Our study provides evidence that tES induces long-term changes in the mouse 25 

brain. Results in mice do not directly translate to humans, because of differences in stimulation 26 

protocols and the way current translates to electric field strength in vastly different heads.  27 

 28 

Highlights 29 

 Concurrent anodal tES increases calcium response in the mouse visual cortex 30 

 Anodal tES over the visual cortex enhances visual responses over multiple sessions 31 

 The increase in visual response is not specific to the visual stimulus coupled to the tES 32 

 33 

Keywords: calcium imaging, potentiation, tES  34 
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Introduction 35 

Transcranial electrical stimulation (tES) is the technique of running a weak electric current 36 

through the head. Particularly transcranial direct current stimulation (tDCS) has gained 37 

popularity in the last decade and by now it has been applied to more than 7000 subjects in over 38 

17,000 sessions [1] in reported studies alone. It has been used in a research setting to treat 39 

stroke [2], depression [3], tinnitus [4], chronic pain [5] and a number of other neurological and 40 

psychiatric disorders [1]. In addition, tDCS has been reported to change a remarkably broad list 41 

of aspects of cognition, such as attention, learning, memory and decision making [6]; [7]; [8]; [9]; 42 

[10]. Concomitant with clinical work that evaluates whether tDCS is effective in treating the 43 

mentioned disorders [11]; [12]; [13], the beneficial effects of tDCS are also studied in rodent 44 

models of e.g. ADHD [14], pain [15] and food craving [16]. This rodent research can help to 45 

understand the mechanisms underlying changes induced by tES [17]. In human tDCS, typically 46 

1–2 mA is applied through 5x5 cm plate electrodes wrapped in a saline-soaked sponge for ten 47 

minutes or more, though the used ranges vary widely [1]. There is doubt about how this weak 48 

current, of which less than 10% enters the brain, can influence neural processing [18]. First, it 49 

was shown in humans that tDCS can lead to changes in excitability directly after application 50 

[19]. Later animal work confirmed that weak DC currents can modulate cortical excitability and 51 

plasticity in vitro [20]; [21] and in vivo [22]; [23] and that these effects can last for minutes to 52 

hours after electrical stimulation [17]; [24]. 53 

In vivo work on the mechanism underlying these changes has focused on the motor cortex, 54 

which has the advantage of being close to the observable output of the brain. The visual cortex 55 

may be an equally interesting model to understand the effect of tDCS, because much is already 56 

known about plasticity in the visual cortex [25] and it is synaptically close to the brain’s sensory 57 

input. Research in humans has shown that tDCS with one electrode placed over the occipital 58 

(visual) cortex modulates contrast sensitivity in both healthy [26]; [27]; [28] and amblyopic 59 
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individuals [29]. Anodal stimulation, i.e. the positive electrode placed over visual cortex, affects 60 

the strength of the visually evoked response in the occipital cortex with after-effects that can last 61 

for several minutes [30]; [31]; [32]; [33]. These findings have been replicated in mice, where 62 

anodal tDCS increases visual evoked potentials with after-effects persisting for ten minutes [34] 63 

or hours [24]. TDCS is often applied repeatedly over several days in therapeutic settings [35] or 64 

when used to enhance skill acquisition [7] or memory consolidation [6]. There are, however, no 65 

data yet from animal models about the effects on neural responses to sensory stimuli if tDCS is 66 

applied repeatedly. To understand the mechanisms underlying the effects of tDCS, it is useful to 67 

know what happens to neural activity during the electrical stimulation. We investigated this by 68 

measuring the effects of anodal direct current stimulation applied over short periods of time on 69 

the visual responses in the anesthetized mouse visual cortex by calcium imaging [36]; [37]. The 70 

advantage of calcium imaging is that there are no electrical artefacts in the measurement. 71 

Furthermore, we can image through the intact skin, and thus match the human situation more 72 

closely than is common in animal studies investigating neural responses. In addition, imaging 73 

through the intact skin prevents changes in sensory responses due exposure of the skull. We 74 

repeated the tES paradigm over several sessions spanning days to measure the chronic effect 75 

of anodal tES on visual responses. 76 

Materials and Methods 77 

Animals 78 

We used 14 male and female, 2-7 months old offspring of a cross between cre-dependent 79 

GCaMP3 mice (Ai38 - B6;129S-Gt(ROSA)26Sortm38(CAG-GCaMP3)Hze/J, Jackson 80 

Laboratory; [36]) and the G35-Cre transgenic line. In G35-Cre mice, most cortical excitatory 81 

neurons express Cre-recombinase [38]. We also used 1 C57BL/6J wild type male for Fig. 1B. 82 
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Animals were on a 12h day/night cycle with ad libitum access to food and water. Experiments 83 

were carried out during the day cycle. For each animal, the imaging sessions were performed at 84 

two day intervals. Mice were randomly assigned to an experiment, but the experiment was not 85 

performed blind. The analysis of the calcium data was automated. Mice were housed solitary. 86 

All experiments were approved by the animal care and use committee of the Royal Netherlands 87 

Academy of Arts and Sciences. 88 

Animal preparation for epicranial tES 89 

We imaged transcutaneously (i.e. through the scalp), with or without electrical stimulation, 90 

except for the experiments presented in Figures 2E-G, where we removed the scalp and 91 

imaged and electrically stimulated epicranially, i.e. directly through the skull, to compare with 92 

previous animal work. For these experiments, we removed the scalp and attached the electrode 93 

tube and head fixation ring permanently to the skull. For this procedure, we anesthetized the 94 

animals with 5% isoflurane (induction) and 1.5-2.5% isoflurane (maintenance) in oxygen (0.8 95 

L/min flow rate). To protect the mice’s eyes, we used Cavasan ointment. During surgery, body 96 

temperature was maintained at 37°C with the use of a heating pad and a rectal probe. After 97 

induction of anesthesia, we prophylactically administered Metacam (1 mg/kg subcutaneous, for 98 

analgesia), dexamethasone (8 mg/kg subcutaneous, against cerebral edema/inflammation) and 99 

cefotaxime (25 mg/kg subcutaneous, against infection). Mice were head-fixed and the skull 100 

overlying the visual cortex was exposed. A metal ring (5 mm inner diameter) was fixed on the 101 

skull centered on the primary visual cortex (V1) with Loctite 454 and dental cement. A plastic 102 

tube [34] (3 mm inner diameter) was placed above left V1 (3 mm lateral and 0.4 mm anterior to 103 

the lambda cranial landmark [39]) and fixed on the skull with Loctite 454 and dental cement. The 104 

area between the plastic tube and the metal ring was covered with dental cement. The tube 105 

itself was filled with Kwik Cast silicone elastomer (World Precision Instruments) to protect the 106 

exposed skull when the animal was not being imaged. Animals recovered in their home cage 107 
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placed in a warm environment after the dental cement had dried. Animals were allowed to 108 

recover from the surgery for at least one week. 109 

Calcium imaging 110 

For each session of wide-field calcium imaging [37], anesthesia was induced with 5% isoflurane 111 

and maintained with 0.8-2% isoflurane. The isoflurane level was reduced if respiration became 112 

irregular or caused strong contraction of the animal’s flanks, and increased upon spontaneous 113 

movement or movement in response to stretching of the leg. The temperature of the animal was 114 

maintained at 37°C by heating pad and rectal probe. For mice with a permanent electrode tube, 115 

the head ring was magnetically attached to a holder, and the silicone elastomer was removed. 116 

The other animals were head fixed with ear bars, and the hair on their head was cropped. The 117 

plastic electrode tube was placed above V1 and filled with a thin layer of EEG gel. A black cloth 118 

was used to prevent the light coming from the visual stimulus monitor to affect the recording. 119 

The cortex was illuminated through the skull with blue light (482 ± 25 nm). Fluorescent light 120 

passed through a 495 nm dichroic mirror and a green band-pass filter (525 ± 45 nm). Images 121 

were collected using a CCD (Teli, 11.04 μm per pixel) at 1.8 Hz acquisition rate through a 1x 122 

macroscope lens assembly using a VDAQ acquisition system (Optical Imaging Inc.). The 123 

camera was aligned parallel to the cranial surface, 3 mm lateral to the left and 0.4 mm anterior 124 

to the lambda landmark and focused 0.4 mm below the cranial surface. The blue excitation light 125 

was shuttered up to 2 s before onset of the visual stimulus, and directly after its end. 126 

Visual stimulation 127 

Visual stimuli were presented on a 42 inch gamma-corrected M4210 LG display screen, placed 128 

at a 30 cm distance at the front-right of the mouse, so that the horizontal view was from -30 to 129 

+70 degrees azimuth relative to the vertical midline and the vertical view from -45 to +45 130 

degrees elevation (Fig. 1A). The visual stimuli were made with Matlab scripts using 131 
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Psychophysics Toolbox 3 [40], available at http://github.com/heimel/InVivoTools. First, we 132 

measured retinotopy to confirm that we were measuring from the visual cortex. For this, the 133 

screen was divided into four equal sized quadrants. Full contrast, 0.05 cycles per degree 134 

square-wave gratings filling one quadrant drifted in randomly changing directions (but using 135 

each quadrant exactly once per block of four stimuli), while the rest of the screen was a 136 

constant gray (Fig. 1C), following our previous imaging studies [38]. Next, we presented blocks 137 

of three visual stimuli (Fig. 1D). Two stimuli were full screen, black-and-white square-wave 138 

gratings of 0.05 cycles per degree and 100% contrast, moving for 8 s at 40 deg/s either in the 139 

upward left (135°) or upward right (45°) direction. The third stimulus was not an actual stimulus, 140 

but rather the absence of a visual stimulus and just the continued presentation of a blank 141 

equiluminant gray image, that was used to measure and subtract any slow late effects in 142 

calcium response to the two grating stimuli. We refer to this as the blank visual stimulus. All 143 

visual stimuli were separated by at least 10 s of presentation of an equiluminant gray image. 144 

The order of the three stimuli was randomly permutated for each block of the three stimuli. We 145 

first showed 25 blocks of both grating stimuli and the blank visual stimulus without tES. Next, we 146 

showed 50 blocks with one direction of motion (upward right, 45°) coupled to concurrent tES 147 

stimulation (described in next section), while the other direction (upward left, 135°) and blank 148 

visual stimuli were uncoupled to tES. Finally, we presented another 25 blocks of all three visual 149 

stimuli without tES.  150 

Current stimulation 151 

A current isolator (Isolator-19 stimulus, Axon Instruments) was connected through two 152 

electrodes to the mouse. The positive electrode was a platinum wire ending inside a plastic tube 153 

(3 mm inner diameter) filled with EEG gel centered above the left primary visual cortex of the 154 

mouse (3 mm lateral and 0.4 mm anterior to the lambda cranial landmark [39]), and the negative 155 

electrode was a sponge (4 cm2) soaked in saline (0.9% NaCl) touching the ventral thorax of the 156 
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mouse (Fig. 1A). The current level was controlled by an Arduino device synchronized to the 157 

visual stimulus to give anodal DC pulses of 74 μA, corresponding to a current density of 0.010 158 

mA/mm2, or 25 μA and 0.0033 mA/mm2 for Fig 2G-H. From the onset of the visual stimulus 159 

coupled with electrical stimulation, the current ramped up linearly in 1.5 s to the full strength. It 160 

remained at full strength for 5 s before linearly declining again in 1.5 s (Fig. 1D). We have also 161 

imaged with the same preparation, but without applying any current. We refer to these control 162 

experiments as ‘unstimulated’. The animals had a variable number of imaging sessions, but all 163 

stimulated animals presented in this study had at least 4 sessions with tES during the imaging. 164 

Analysis 165 

For each pixel i of the CCD image, the fluorescence intensity at time t is given by Fi(t). The last 166 

fluorescent image before the onset of the visual stimulus was used as the baseline fluorescence 167 

F0. For each pixel and frame after the onset of the visual stimulation, we calculated ΔFi(t)/F0i = 168 

(Fi(t) - F0i)/F0i. The response of a pixel was defined as the mean ΔFi(t)/F0i during presentation 169 

of the visual stimulus. To compute the retinotopic map (Fig. 1C), each pixel was given a color 170 

that represented the monitor patch to which it showed the most response. This retinotopic map 171 

was used to define a region-of-interest (ROI) that was visually responsive on the hemisphere 172 

contralateral to the visual stimulation. The responses to the visual stimulus alone (Runcoupled) and 173 

the visual stimulus paired with electrical stimulation (Rcoupled) were computed as the mean 174 

ΔFi(t)/F0i over all pixels in the ROI during the 8 seconds of visual stimulation alone or during 175 

visual stimulation paired with electrical stimulation. We use ‘visual response’ for the response to 176 

a visual stimulus without simultaneous electrical stimulation. For averages over all blocks of 177 

visual stimuli within a session part (visual stimulation before, after or during electrical 178 

stimulation), the average response to the blank visual stimulus was subtracted from the 179 

responses to the visual stimulus. The concurrent tES effect size was measured as the (Rcoupled - 180 

Runcoupled) / Runcoupled.  181 
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Statistics 182 

Results are presented as mean ± SEM unless otherwise stated. For statistical testing, we used 183 

a Shapiro-Wilk test to determine if the values were consistent with a normal distribution. If this 184 

was the case, we used t-tests for comparison testing, otherwise the Mann-Whitney U test. For 185 

comparison within the same animal, we used paired testing. To determine if there was a 186 

significant increase over multiple sessions, we used the non-zero slope test. All tests used for 187 

significance calculations are mentioned in the text.  188 

Results 189 

We imaged neural activity through the scalp in anesthetized mice in response to visual 190 

stimulation and tES using the genetically encoded fluorescent calcium indicator GCaMP3 [36] 191 

(Fig. 1A). It is impossible to separate the GCaMP3 signal from endogenous flavoprotein 192 

fluorescence [41], but control measurements in wild type animals not expressing GCaMP3 193 

showed that flavoprotein fluorescence was at least an order of magnitude smaller than the 194 

signal in GCaMP3 animals (Fig. 1B). After making a coarse retinotopic map to confirm the 195 

position of the visual cortex (Fig. 1C), we placed a small circular chamber on the skin above the 196 

visual cortex. The chamber was filled with transparent and conducting EEG-gel to image and 197 

apply current stimulation simultaneously. We first recorded visual responses inside the chamber 198 

to 25 blocks of 8 s periods of full screen gratings drifting to the top-right or top-left of the screen, 199 

alternated with periods of no visual stimulation of 10 s or more (see Methods) when an 200 

equiluminant grey background was shown (Fig. 1D). We then continued recording for 50 blocks, 201 

but now with one drifting direction paired with concurrent anodal tES. Finally, we quantified the 202 

response again for both directions but without electrical stimulation. The onset of each visual 203 

stimulus caused an increase in fluorescence, reflecting the neuronal response, but this 204 
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response and fluorescence reduced during the presentation of the stimulus by neuronal 205 

adaptation along the visual pathway (Fig. 2A). In the 50 blocks of the tES session, there was no 206 

significant difference in the response when the visual stimulus was coupled to tES compared to 207 

when the visual stimulus was not coupled to tES (p = 0.6, t-test, 4 animals x 4 sessions, 3 male, 208 

1 female, Fig. 2A). Investigation of the individual blocks, however, showed that tES increased 209 

the responses (measured as average ΔF/F during the period of visual stimulation, see Methods) 210 

in the first blocks. The effect of tES diminished very quickly, while the visual (uncoupled) 211 

response stayed constant (Fig. 2B). The first three blocks showed a significant increase by tES 212 

measured as percentage of the visual response (block 1: p = 0.0008, block 2: p = 0.0024, block 213 

3: p = 0.0031, Mann-Whitney U-test; average response of first three blocks shown in Fig. 2B 214 

inset), while the subsequent 47 did not (p > 0.05, Mann-Whitney U-test for each block, Fig. 2C). 215 

The time course of the response with concurrent tES was fitted with an exponential decay with a 216 

time constant of 5.63 blocks (explained variance R2 = 57%). We considered whether the 217 

diminishing tES effect was the result of a more global, habituating, brain reaction, like alertness, 218 

to the potentially noxious feeling of the skin stimulation. If this would be the case, we would 219 

expect that the effect of tES would not be specific to the brain region directly below the electrical 220 

stimulation area, but would occur throughout the brain. However, we found no calcium change 221 

in response to tES in the contralateral anterior brain area that was in our field of view the 222 

furthest away from the stimulated patch. There also was no difference in the effect in the first 223 

three versus the last three blocks in this area (p = 0.28, paired t-test, 4 mice x 4 sessions, Fig. 224 

2D). We wondered if the reduction of the effect with time was a result of changing electrical 225 

properties of the skin during a tES-session. Changes in skin impedance, capacitance or ion 226 

distribution within the skin could change the induced electric field inside the brain and lead to 227 

changes in the effect evoked by the tES. For this reason, we decided to test the same visual 228 

and electrical stimulation protocol epicranially, i.e. after removing part of the scalp, in another 229 

set of animals. Not surprisingly, the response increase induced by epicranial tES was much 230 
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larger (2 male mice x 4 sessions, Fig. 2E), as now no current could flow through the skin 231 

directly under the anodal electrode and a larger electric field was present in the brain. Again, 232 

there was a decreasing effect during the first blocks of the session (Fig. 2F), but the tES-233 

induced increase did not vanish, unlike what happened when we electrically stimulated 234 

transcutaneously. The response for concurrent epicranial tES was fitted by an exponential with 235 

the same time constant as for the transcutaneous tES plus a constant contribution (adjusted R2 236 

= 63%, Fig. 2F). To further check if the vanishing of the transcutaneous tES effect was because 237 

of a smaller current through the brain or because of changing electrical properties of the scalp, 238 

we then electrically stimulated in a new set of mice (3 male, 1 female) epicranially without skin 239 

at 25 µA, i.e. a third of the original current. Over all blocks, there was a clear effect of tES (Fig. 240 

2G). Again, there was a decreasing effect in the first few blocks that was fitted with the same 241 

exponential decay plus a consistent increase in the response induced by tES (Fig. 2H). The 242 

epicranial tES-induced response increase in the late blocks was about a third of the increase of 243 

the larger epicranial current stimulation (0.16 % versus 0.54%), indicating that at this current 244 

range, the effect of epicranial tES scales linearly with the current. The initial effect of the low 245 

current transcutaneous tES, however, was not three times smaller than that of the larger 246 

current, suggesting that there is saturation in the initial effect of tES with increasing current.  247 

 248 

Changes in visual response following tES 249 

Before and immediately after fifty blocks of visual and electrical stimulation, we measured the 250 

calcium response to visual gratings drifting in both directions without simultaneous electrical 251 

stimulation. The size and shape of the calcium responses after the blocks with electrical 252 

stimulation were different from those before the blocks with electrical stimulation, in particular 253 

the late phase of the visual response (Fig. 3A-B). There was no difference, however, in the 254 

response to the direction that had been coupled to the tES compared to the direction that had 255 
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not been coupled (p = 0.6, paired t-test, 4 animals x 4 sessions, 3 male, 1 female, Fig. 3C). 256 

Furthermore, this change in visual response was not related to the tES as mice that had not 257 

received electrical stimulation showed exactly the same change (p = 0.74, Mann-Whitney U-258 

test, 4 animals with each 4 tES sessions and 1 session without electrical stimulation, Fig. 3D). 259 

The observed changes were therefore related to brain adaptation due to anesthesia or repeated 260 

visual stimulation.  261 

 262 

Long-term effects of tES 263 

Surprisingly, long-term effects of tES became evident when we compared the average visual 264 

response in the first session to the average visual response in the last (fourth) session (Fig. 265 

4A). Although there was no difference in the peak visual response between the grating direction 266 

that had been coupled to the tES and to the direction that had not been coupled, there was a 267 

clear increase in the peak visual response to both visual stimuli between the first and last 268 

session (p = 0.011, paired t-test, 4 animals, 3 males, 1 female). We also found a significant 269 

increase in the peak visual response when measured over all four sessions (p = 0.005, non-270 

zero slope test, Fig. 4B). To make sure that the combination of imaging and visual stimulation 271 

by itself does not change the visual response, we measured visual responses in four other 272 

animals (2 males, 2 females) without tES in even more sessions. In these animals we did not 273 

find a change in the visual response in the first versus the last session (Fig. 4C) and the visual 274 

response was flat over 7 sessions (p = 0.8, non-zero slope test, Fig. 4D). A power analysis 275 

using the tES data showed that we had 92% chance to observe the effect at the 5% level in this 276 

unstimulated control group if it had existed. The tES thus increased the visual responses over 277 

sessions, but it did so regardless of the specific visual stimulus direction to which it had been 278 

coupled.  279 
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Discussion 280 

Long-term effects of tES on human behavior can persist for days or even weeks after multiple 281 

sessions of tES [7]; [42]. This is a prerequisite for tES as a practical therapy. Long-term effects 282 

on cortical sensory responses had not been previously investigated in animals. We found that 283 

tES over the visual cortex in mice enhanced calcium responses to visual stimuli during electrical 284 

stimulation. More importantly, repeating tES over multiple days led to an enhanced visual 285 

response in the visual cortex.  286 

A possible limitation of our study is that the age of the animals ranged from 2 to 7 months (i.e. 287 

ranging from young adult to mature adult). Age might be a factor in the effect of tES, but all 288 

chronic tES animals (male and female) showed the same trend of increased visual response. 289 

One important question is how comparable the electric fields that we induced in the mouse brain 290 

are to those induced in humans. In humans, usually, tDCS is applied continuously for 10-30 291 

minutes. We have, however, alternated short periods with and without tES to also measure the 292 

direct effect of (weak) current stimulation on the visual response. Current was flowing for 50 293 

times 8 seconds, thus about 7 minutes in total. This is shorter than what is commonly applied in 294 

humans. The repetition of many short periods of electrical stimulation may also induce effects 295 

that are different from one longer contiguous period of stimulation. Our protocol may also evoke 296 

effects similar to those caused by transcranial pulsed current stimulation (tPCS), but the pulse 297 

duration and interstimulus time used in tPCS are typically in the range of 1 to 500 ms [43] and 298 

thus much shorter than what we applied.  299 

 300 

We measured lasting effects of transcutaneous tES at a current density of 10 A/m2 directly 301 

below the electrode. This was not a relatively high current density. It is 5 times lower than in 302 

previous mouse visual cortex epicranial tDCS [24]; [34]. The current density was higher than the 303 

typical scalp surface current density of 0.8 A/m2 applied in humans, but it would be better to 304 
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compare the electric fields that are induced in the brain, because these cause the changes in 305 

neural activity. In a typical human experiment, a 0.4 A/m2 current density at the electrode 306 

produced a local field of maximally around 0.5 V/m [44]. The electric fields are very dependent 307 

on the stimulation parameters, but if we assume that the field strength scales linearly with the 308 

applied current, then a modeling study suggests that our stimulation induced a maximum field 309 

strength of about 2.6 V/m [45]. Our induced field is thus likely to be higher than in the typical 310 

human experiment, but less than an order of magnitude. It is therefore likely that our 311 

experiments evoked similar plasticity mechanisms as evoked in human tDCS. 312 

 313 

The acute enhancement of cortical responses that we found during anodal transcranial 314 

stimulation had been reported before in animals [46] and is likely caused by a subthreshold 315 

depolarization of the soma of cortical pyramidal cells [47]. A similar direct enhancement of 316 

responses to visual stimuli, induced using stronger current densities, was previously seen in 317 

mouse visual cortex [24]; [34]. Anodal tDCS of human visual cortex also caused an increased 318 

visually evoked potential (VEP) [30]. Contrary to these and two other human visual cortex 319 

studies [31]; [32], we did not observe any after-effects directly following electrical stimulation. 320 

This difference is most likely due to differences in the temporal profiles and current strengths of 321 

the tES protocols.  322 

 323 

Even within single sessions, we saw that the concurrent effect of electrical stimulation on 324 

calcium response to visual stimuli declined sharply after the first few trials. Others have not 325 

reported this, but have also not studied the development of the effect during repeated electrical 326 

stimulation over time during a session. Therefore, we do not know if this reduction is common. 327 

Because a decline with the same time-constant is also present when the scalp is removed, this 328 

reduction is not likely to be caused by changes in the skin. The decline could be caused by 329 

changes in the ion and charge distribution in the skull, brain or on the electrode interfaces 330 
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(saline-soaked sponge and EEG-gel filled tube) or by biochemical changes. Electrical and 331 

biochemical changes in the brain could be directly caused by tES or by neural adaptation in 332 

response to the tES-induced neural activity, either cell intrinsic or synaptic. Epicranial tES at a 333 

third of the transcutaneous stimulation current gives a larger increase than the transcutaneous 334 

tES. This suggests that the skin (and the fluid between the skull and skin) must be electrically 335 

shielding the brain by conducting more than two-thirds of the current around the skull. We also 336 

observed a change in the strength of the visual responses during a session, but this change 337 

was not related to the tES, because it was also present in animals that had not received 338 

electrical stimulation. Changes in brain state during prolonged anesthesia or repeated visual 339 

stimulation may have caused this effect.  340 

 341 

Previously, it was shown that stronger supra-threshold electrical stimulation inside rat cortex 342 

leads to long-term potentiation (LTP), especially when repeated over multiple sessions [49]. A 343 

long-term enhancement of cortical sensory response strength by multiple tES sessions had not 344 

been shown before in animals. That anodal tDCS can have a lasting effect on behavior, 345 

however, was previously shown by improved skill learning in mice [21] and rats [50]. Cathodal 346 

tDCS had a lasting effect when applied during associative learning in rabbits [23]. In humans, 347 

behavioral effects of tDCS can last for days or weeks [7]; [42]; [6]. The long-term enhancement 348 

of visual responses that we observe may be a good model to investigate the mechanism behind 349 

these other long-term effects. 350 

Mechanism 351 

It is known that in awake mice repeated presentation of a visual stimulus by itself can lead to an 352 

NMDA-dependent visual response enhancement over subsequent sessions [51]; [52]. Under 353 

anesthesia, this enhancement does not occur, but the combined visual presentation and current 354 

stimulation may evoke the same potentiation mechanism. In our case, though, the response 355 
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enhancement was not visual stimulus specific, in contrast to potentiation in awake animals. It 356 

could be that the plasticity-inducing effects of the electrical stimulation have some persistence in 357 

time, carrying over from one visual stimulus to the next, or that neurons that responded well to 358 

both gratings have changed their response. The visually evoked response potentiation has been 359 

linked to thalamocortical LTP [52]. This suggests another explanation for the lack of specificity 360 

of the effect to the grating direction that we found. For gratings drifting in two different directions, 361 

over the course of one visual cycle many of the same dLGN neurons will be active. By 362 

increasing the activation of the postsynaptic V1 neurons regardless of their preferred direction, 363 

the synapses connecting the dLGN with V1 may all be strengthened. Plasticity of these 364 

thalamocortical synapses was previously suggested to be the site of action of cathodal tDCS in 365 

the rabbit [23]. Other pathways previously implicated in tES-induced plasticity and known to 366 

affect plasticity in the visual cortex are GABAergic [53], BDNF [21], cholinergic [54] and 367 

serotonergic [55] signaling. 368 

Our findings are a confirmation that tES can have lasting effects on the brain, at induced electric 369 

fields that are around the same order of magnitude of those induced in humans. The molecular, 370 

genetic and measurement tools that are available in the mouse can thus be used to study the 371 

molecular changes induced by repeated tES and investigate which pathways underlie tES-372 

induced plasticity. This will aid the understanding of the long-term effects of tES in a medical or 373 

non-medical use [56]. 374 
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Figures 533 

Figure 1. Transcutaneous calcium imaging of visual and tES response. A) Experimental 534 

setup for in vivo wide-field calcium imaging and transcranial current stimulation. B) Upper: 535 

Fluorescence images of the scalp of a GCaMP3 transgenic and a wild type mouse. Lower: ∆F/F 536 

during visual stimulation. Red line represents the midline. C) Example response to the visual 537 

stimulation in all monitor quadrants (grayscale panels). Bottom shows the retinotopic map where 538 

each pixel color represents the monitor quadrant to which the pixel showed the strongest visual 539 

response. CMRL refers to Caudal, Medial, Rostral and Lateral, respectively. D) Experimental 540 

paradigm. Top shows the visual stimulation for 8 s, which can be coupled to a ramping 8 s 541 

electrical stimulation. Each block of visual stimuli consists of the two grating stimuli and a blank 542 

visual stimulus, in random order. One session is composed of 25 blocks without tES, 50 blocks 543 

where the 45° grating is coupled with tES, and 25 blocks without tES. One experiment takes 7 544 

days in which each mouse is imaged in 4 sessions. The sessions are 2 days apart.  545 
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Figure 2. Anodal tES increases calcium responses to visual stimuli during electrical 546 

stimulation. A) Calcium response to visual stimulation coupled with simultaneous anodal 547 

transcutaneous tES (green) and uncoupled with tES (red) of 10 A/m2 (4 animals x 4 imaging 548 

sessions), averaged over all visual stimulus blocks and all sessions. Time is relative to the onset 549 

of each visual stimulus. Band shows SEM. B) Response to visual stimulus alone (red) and 550 

concurrently coupled with transcutaneous tES (green) for all blocks within a tES session, 551 

averaged over all sessions. Each dot represents one block of a triplet of visual stimulation 552 

coupled and uncoupled with tES and blank visual stimulation. Curves are exponential fits. Block 553 

1: p = 0.0008, block 2: p = 0.0024, block 3: p = 0.0031, Mann-Whitney U-test, all other blocks p 554 

> 0.05. Inset shows response like A for first 3 blocks. C) Effect of transcutaneous tES 555 

(difference between response with and without tES) relative to response averaged over the first 556 

three and later blocks for all sessions. Error bars denote mean ± SEM. D) There is no response 557 

to the visual stimulus coupled with transcutaneous tES in a non-visual, not electrically 558 

stimulated area at the corner of the imaged cortex, anterior and contralateral to the electrically 559 

stimulated visual cortex. There is no difference between the first and the last three blocks of 560 

stimulation (p = 0.28, paired t-test, 4 animals x 4 sessions). E-F) as A-B but with epicranial 561 

electrical stimulation of 10 A/m2 (2 animals x 4 sessions). Curves are exponential fits with an 562 

offset and with a time constant fixed to the time constant found for transcutaneous stimulation. 563 

G) As E but with epicranial electrical stimulation of 3.3 A/m2 (4 animals x 1 session). H) Mean 564 

difference between the coupled response and mean uncoupled response during a session 565 

plotted for the three conditions and fitted with exponentials with an offset and with a time 566 

constant fixed to the time constant found for transcutaneous stimulation.  567 
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Figure 3. Visual response is not changed directly after tES. A) Visual response to two 568 

gratings drifting in orthogonal directions before transcutaneous tES and B) at the end of the 569 

imaging session after tES stimulation (4 animals x 4 sessions) or before and after sessions 570 

without tES (unstimulated, same 4 animals x 1 session), averaged over blocks and sessions. 571 

Solid lines represent data from sessions with tES and dashed lines are from later unstimulated 572 

sessions without tES. Coupled denotes the visual stimulus that was coupled to electrical 573 

stimulation during the tES blocks. Uncoupled denotes the visual stimulus that was not coupled 574 

to electrical stimulation, but was measured in a session with tES blocks. Average visual 575 

response is the relative change in fluorescence minus the average relative change for a blank 576 

visual stimulus. Time is relatively to the onset of each visual stimulus. C) Paired data show no 577 

difference of visual response between the coupled and uncoupled orientations (p = 0.6, paired t-578 

test, 4 animals x 4 sessions). D) No difference in the change in visual response strength 579 

(without concurrent tES) to the 45° degree grating in sessions when it had been coupled with 580 

tES and in unstimulated control sessions without coupling to tES (p = 0.74, Mann-Whitney U-581 

test). Error bars denote mean ± SEM.  582 
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Figure 4. tES unspecifically enhances visual response over sessions. A) Average changes 583 

in fluorescence in response to a visual stimulus, without concurrent tES, on the first imaging 584 

transcutaneous tES session compared to the last session after 7 days. Time is relatively to the 585 

onset of each visual stimulus. Difference at peak response: p = 0.011, paired t-test, 4 animals. 586 

B) Average visual response (cortical calcium response measured without tES) for each session 587 

for mice where visual stimulation was coupled with electrical stimulation (p = 0.005, non-zero 588 

slope test). Error bars denote mean ± SEM. Red line is linear regression line. Gray curves show 589 

95% confidence interval. Inset shows individual mice. Blue line indicates the female mouse in 590 

this set. C) Average visual responses for different animals where visual stimulation had not 591 

been coupled with electrical stimulation (4 animals). D) Average visual responses over 592 

subsequent sessions in animals where visual stimulation was not coupled with electrical 593 

stimulation (p = 0.8, non-zero slope test). Inset shows individual mice. 594 
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