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Background: Non-invasive direct current stimulation (DCS) of the brain induces functional plasticity
in vitro and facilitates motor learning across species. The effect of DCS on structural synaptic plasticity is
currently unknown.
Objective: This study addresses the effects and the underlying mechanisms of anodal DCS on structural
plasticity and morphology of dendritic spines in the sensorimotor cortex (M1/S1).
Methods: A DCS electrode setup was combined with a chronic cranial window over M1/S1 in transgenic
Thy1-GFP mice, to allow for in vivo 2-photon microscopy and simultaneous DCS. Contralateral electrical
forepaw stimulation (eFS) was used to mimic the second synapse speciﬁc input, a previously shown
requirement to induce functional plasticity by DCS. Changes in spine density and spine morphology were
compared between DCS/eFS and sham, as well as two control conditions (sham-DCS/eFS, DCS/sham-eFS).
Furthermore, the role of BDNF for stimulation-induced changes in spine density was assessed in heterozygous Thy1-GFP x BDNFþ/- mice.
Results: Combined DCS/eFS rapidly increased spine density during stimulation and changes outlasted the
intervention for 24 h. This effect was due to increased survival of original spines and a preferential
formation of new spines after intervention. The latter were morphologically characterized by larger head
sizes. The DCS-induced spine density increase was absent in mice with reduced BDNF expression.
Conclusion: Previous ﬁndings of DCS-induced functional synaptic plasticity can be extended to structural
plasticity in M1/S1 that similarly depends on a second synaptic input (eFS) and requires physiological
BDNF expression. These ﬁndings show considerable parallels to motor learning-induced M1 spine
dynamics.
© 2019 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction
The modulation of behavior, the phenotypical imprint of functional plasticity, by noninvasive direct current stimulation (DCS) of
the brain has received increased scientiﬁc and clinical interest. In
the past decade, the understanding of the underlying mechanisms
of DCS including its functional synaptic effects has greatly
advanced. DCS induces synaptic long-term potentiation in a motor
cortex (M1) slice model, when combined with repeated, weak
synaptic activation [1,2]. Moreover, anodal DCS facilitates motor
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skill learning in rodents and humans when combined with training
[1,3e5].
Across cortical regions, functional synaptic plasticity (LTP) is
causally linked with behavior (learning) on one hand [6e10] and
structural synaptic changes on the other hand [11e13]. In the motor
cortex, it is well documented that motor skill learning utilizes LTP
as its underlying functional cellular mechanism [6] and speciﬁc
dendritic spine dynamics as its structural cellular correlate in vivo
[14e16]. Dendritic spines serve as the postsynaptic site of neurotransmission and respond to external and internal stimuli with
experience-dependent formation, elimination and changes in
morphology [6,11e13]. Induction of LTP in M1 of living rats by high
frequency stimulation also increased dendritic spine density
revealed by post hoc analysis [17]. Thus, translation of the volatile
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increase in synaptic transmission into structural synaptic changes
appears to be the basis for lasting cortical network remodeling,
namely memory consolidation [14,15,18e20].
To date, the structural synaptic effects of DCS remain largely
unknown and dynamics have not been assessed in vivo in living
rodents. Post mortem, several days after intervention spine density
was increased in the cortex of rats that had received repeated daily
sessions of anodal DCS combined with other secondary inputs (subor suprathreshold for plasticity induction, e.g. auditory input,
acoustic trauma or motor rehabilitative training after stroke [21,22].
Here, we assess the effects of DCS on dendritic spine dynamics
of the motor cortex by longitudinal in vivo 2-photon microscopy.
Since functional (LTP) and structural synaptic plasticity (i.e. dendritic spine dynamics) are positively modulated by the neurotrophin BDNF [23e27] and intact BDNF signaling is a prerequisite of
DCS-induced functional plasticity and motor learning [1,28] we also
highlight the role of BDNF for DCS-induced structural spine
plasticity.
Materials and methods
Animals
Due to the exploratory study design both adult male and female
mice (age 12.2± 1.5 weeks) with expression of enhanced green
ﬂuorescent protein (EGFP) in 10e15% of pyramidal neurons in
layer 5 and more rarely layer 2/3 (Thy1-GFP M [29], Jackson Laboratory Stock #007788) were used. For experiments investigating
the role of brain derived neurotrophic factor (BDNF), the Thy1-GFP
M-line was cross-bred with BDNFþ/- mice (B6.129S4-Bdnftm1Jae/J,
Jackson Laboratory Stock #002266) in which BDNF expression is
reduced by 50% [30]. Adult male and female Thy1-GFP x BDNF þ/mice aged 11.5± 2.0 weeks were used. The BDNF þ/- genotype was
veriﬁed by duplicate PCR of genomic DNA isolated from the tail. All
mice were group housed under a 12:12-h light/dark cycle at constant temperature (24  C), food and water supplied ad libitum. All
animal work was performed according to the Animal Protection
Law and the Directive 2010/63/EU of the European Commission.
Experiments were approved by the local authorities “Commission
for Animal Experimentation of the Regional Council of Freiburg”
and “Commission for Animal Experimentation of the University
Medical Center Freiburg” in accordance with the federal
regulations.
Cranial window surgery including DCS electrode setup
For anesthesia ketamine 70 mg/kg and xylazine 20 mg/kg were
given intraperitoneally. A craniotomy 3e4 mm in diameter was
drilled over the primary motor and somatosensory cortex (M1/S1;
coordinates approx. AP -0.5e1.5 mm and ML -1.0e3.0 mm according to Ref. [31], see also Fig. 1AeB) leaving the soft meninges
intact after removal of the bone ﬂap. A sterilized round 5 mm cover
glass was equipped with a custom made circular DCS electrode
(surface area 4.5 mm2) pressed from 0.2 mm platinum wire
(99.99% purity, GoodFellow, Germany, ﬁnal thickness <0.05 mm)
and placed onto the craniotomy leaving a thin layer of cerebrospinal ﬂuid between the glass/DCS electrode-set-up and the
meninges. The cover glass was sealed to the bone with cyanoacrylate and dental cement, which also ﬁxed the connector of the
electrode to the occipital skull. A small custom-made plastic bar
was glued onto the right parietal bone used for head ﬁxation
during 2-photon microscopy to reduce movement artifacts. Carprofen 5 mg/kg body weight was applied for reduction of potential
post-surgical pain and inﬂammation.
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Assessment of the distribution of the electrical forepaw stimulation
evoked cortical local ﬁeld potentials in M1/S1 within the cranial
window region
To conﬁrm a synaptic input to the M1/S1 cortical region exposed
to DCS and used for 2-photon microscopy the right forepaw was
stimulated in three mice via 27G subdermal needle electrodes
(GVB-geliMED GmbH, Germany, Fig. 1A) with pulses (0.5 mA current, 0.3 ms pulse width) generated by a Master-8 stimulator
(A.M.P.I.). The evoked cortical local ﬁeld potentials (LFP) were
recorded with glass micropipettes ﬁlled with artiﬁcial cerebrospinal ﬂuid (containing (in mM) NaCl 125, KCl 1.75, NaH2PO4 1.25,
NaHCO3 25, CaCl2 2, MgCl2 1, and glucose 11) with 1e2 MU resistance. The cortical distribution of the evoked potentials was mapped using an Axoclamp 2A ampliﬁer (Molecular Devices, Toronto,
Canada). One microelectrode was kept in a ﬁxed position as a
reference and a second electrode was moved in 0.5 mm steps from
AP -0.5e1.5 mm and ML -1.0e3.0 mm relative to Bregma using a
micromanipulator. Two LFP measurements per location were performed and averaged per mouse. Mean LFP amplitudes (mV) per
location were averaged across mice, transformed into a heat map
and projected onto the cranial window/DCS electrode set-up
(Fig. 1B).
In vivo 2-photon microscopy peri- and post stimulation
After induction of light anesthesia (ketamine 63 mg/kg, xylazine
18 mg/kg, i.p., toe pinch reﬂex positive) the chest was shaved, and
the mouse was placed onto a 3.75 cm2 rubber counter electrode
covered with conductive gel (EMG conductive paste, GE Medical
Systems). For DCS, this counter electrode and the cranial electrode
were connected to a custom-built direct current stimulator (range
0e100 mA; Scientiﬁc Workshop University Neurocenter Freiburg).
For electrical forepaw stimulation (eFS), two 27G subdermal needle
electrodes (GVB-geliMED GmbH, Germany) were inserted subcutaneously approx. 2 mm apart on the back of the right forepaw at
the level of the metacarpal bones (Fig. 1A). Body temperature was
measured rectally and kept constant at 37  C by a heating mat
connected to a closed loop temperature controller (TCAT-2LV
Controller, Physitemp, Clifton, NJ, USA). The head was ﬁxed under
the ocular using a custom-made holder (Scientiﬁc Workshop University Neurocenter Freiburg). A confocal microscope setup
(Olympus Fluoview1000, Olympus, Germany) equipped with a Tisapphire laser (MaiTai HP, Spectra Physics, Germany) and water
immersion objective lens (25x, NA 1.05, Olympus, Germany) was
used for 2-photon microscopy. Excitation wavelength was tuned to
910 nm for imaging of EGFP positive dendritic spines. The imaging
position within the cranial window was based on the availability of
dendrites meeting the requirements for imaging and analysis as
follows: Image stacks (50 slices) of a region with at least four
dendritic segments suitable for separate analysis in the dendritic
tuft of layer 5 pyramidal cells, 20e100 mm below the pial surface,
were captured consecutively every 10 min at a resolution of 0.09
mm/pixel (x, y) and 0.88 mm (z-step) and at a scanning speed of
20e40 ms/pixel. The average stack acquisition time was 5.09 or
9.67 min, depending on scanning speed. Both photomultiplier
tubes settings and excitation power were kept constant during
time-lapse imaging.
At 0 min a ﬁrst stack (baseline) was acquired. Consecutively, at
10 min, recording of the second stack was started with onset of the
20 min DCS and eFS stimulation period. Acquisition of stack 3 was
started at 20 min (in the middle of the stimulation period), stack 4
started immediately after the end of stimulation (0 min post). Stack
5 started 10 min post stimulation. The same region of interest was
revisited after 24 h for a second 2-photon microscopy session
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Fig. 1. Anodal direct current stimulation (DCS) rapidly increases dendritic spine density in the sensorimotor cortex in vivo when combined with electrical forepaw
stimulation (eFS). (A) Schematic setup for combined DCS and eFS during 2-photon microscopy of cortical dendritic spines. The chronic cranial window is equipped with a circular
platinum electrode (red) attached to the bottom of the cover glass (blue), positioned above the left sensorimotor cortex (M1/S1). 20 min of DCS (0.0 (sham) or 2.2 A/m2) is applied
while the contralateral forepaw is electrically stimulated simultaneously (0.0 (sham) or 0.5 mA at 0.1 Hz). (B) Distribution of the averaged local ﬁeld potential (mV, n ¼ 3, coordinates relative to bregma) generated by eFS within the margins of the projected DCS electrode (grey dashed circle) above the left M1/S1. (C) Timeline of the experiment including
microscopy directly before, during and after stimulation for immediate DCS effects and follow up microscopy one day later for delayed effects. (D) Immediate DCS effects: DCS/eFS
rapidly increases spine density during and after stimulation compared to sham, the difference is signiﬁcant immediately after intervention. (sham: 35 dendrites/7 mice with a total
of 1142 mm of dendrite analyzed; DCS/eFS: 28 dendrites/6 mice with a total of 1054 mm of dendrite analyzed). (E) DCS/sham-eFS and sham-DCS/eFS fail to induce changes in spine
density compared to sham (DCS/sham-eFS: 40 dendrites/7 mice with a total of 1146 mm dendrite analyzed; sham-DCS/eFS: 30 dendrites/6 mice with a total of 1034 mm dendrite
analyzed). Data shown as mean ± SEM; *p < 0.05, **p < 0.01. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this
article.)

(Fig. 1C). The combination of either 20 min of anodal DCS at 0.0
(sham) or 2.2 mA/m2 combined with 20 min of eFS at 0.0 (sham) or
0.5 mA at 0.1 Hz with a pulse duration of 0.3 ms generated by a
Master-8 stimulator (A.M.P.I.) resulted in four different stimulation
conditions. Stimulation groups were referred to as DCS/eFS, DCS/
sham-eFS, sham-DCS/eFS or sham. In the “sham” condition the
current applied cranially and to the forepaw was 0.0 mA. The
anodal DCS stimulation intensity of 2.2 mA/m2 was chosen for two
reasons: ﬁrst, it is close to intensities used in human applications
and second, it is far below the threshold for microglia or astrocyte
activation (15.9 A/m2) or neurodegeneration in rodents [32]. During
DCS current ﬂow was constantly monitored using an amperemeter.
After imaging sessions, mice were monitored in a warming box
until fully recovered and then returned to their home cages.
Image analysis
Fiji was used for image processing and analysis [33]. Image
stacks were deconvoluted using the Deconvolution Lab plugin [34]
and corrected if needed to achieve equal brightness/contrast conditions compared to the baseline image for all time points of an
experiment. In the baseline stack 4e8 dendritic sections were
deﬁned for repeated analysis. Spines were evaluated and counted
per protocol [35] at every timepoint. Length, head and neck

diameter of spines were assessed manually in the stack at baseline
and at 24 h to classify morphology as described elsewhere [36]. The
spine density was calculated for each animal as the total number of
spines per total length of the analyzed dendritic segments. Since
spine density was variable across mice, normalized spine density
(relative to baseline) was used for graphical display and analysis,
unless stated otherwise. Spines present at baseline were termed
“original spines” and the survival fraction was expressed as percentage of original spines still present at 24 h post stimulation.
Moreover, the density of new spines (not present in the stack
10 min post stimulation but present in the stack at 24 h), lost spines
(present in the stack at 10 min post stimulation but not at 24 h) and
stable spines (present in the two stacks 10 min post stimulation and
24 h later), was calculated to further dissect the spine turnover
contributing to delayed stimulation effects. These parameters were
normalized to the dendritic length (/10 mm) and absolute changes
in spine density were calculated.
Statistical analysis
Given the exploratory design of the study, no statistical methods
were used to estimate sample sizes a priori. Statistical analyses
were performed in GraphPad Prism Version 6.01. The value of n
represents the number of mice undergoing 2-photon microscopy.
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Data are presented as mean ± SEM. All data distributions were
tested for normality using the Kolmogorow-Smirnov test.
Depending on the outcome, parametric (two-sided unpaired t-test)
or nonparametric tests (Mann-Whitney-U-test) were used for
group comparisons. Separate repeated measures analyses of variance (ANOVA) were used to assess the effect of time and electrical
stimulation paradigm as well as their interaction on spine density
in each stimulation condition compared to sham. In case of signiﬁcant differences in the ANOVA, post hoc analysis for each time
point was carried out using uncorrected t-tests. Mice that underwent cranial window surgery were excluded prior to the collection
of experimental data in case of low imaging quality (e.g. blurring of
the cranial window). No post hoc exclusions were made. Sex was
not an independent factor in this exploratory study.
Results
Integration of the DCS electrode into the chronic cranial window
set-up allowed for longitudinal 2-photon in vivo microscopy even
during DCS (Fig. 1A). We assessed acute (day n) and delayed effects
(day nþ24 h) of DCS on dendritic spine dynamics in the M1/S1
region (Fig. 1 C). Our previous results from slice and human experiments [1] emphasized the need for repeated synaptic coactivation during DCS to evoke LTP or improvements in performance.
Hence, electrical stimulation of the contralateral forepaw was used
to establish a synaptic input to the same cortical area that was
assessed by 2-photon microscopy and targeted by DCS (Fig. 1A and
B). 4.9 ± 0.4 weeks post-surgery Thy1-GFP mice were assigned
randomly to one of four stimulation conditions (sham, DCS/eFS,
DCS/sham-eFS or sham-DCS/eFS). Subsequently, mice underwent
additional sessions (i.e. the other stimulation conditions), separated by at least 5 days to avoid carry-over effects. The order of
sessions followed a predeﬁned balanced crossover protocol. Study
duration per mouse was restricted by the age of the mouse (mature
adult state, cut-off for last imaging session: week 40), the quality of
the cranial window and the availability of the 2-photon microscope. Each mouse underwent at least one session. The average no.
of sessions was 2.4 ± 0.4 sessions per mouse.
Immediate stimulation effects
At t ¼ 0 min (baseline), spine density was identical in the sham
group and the DCS/eFS group (both 2.8 ± 0.3 spines/10 mm,
t(11) ¼ 0.022, p ¼ 0.6537, for all groups see SFig. 1). As can be seen in
Fig. 1D, spine density started to increase over the 20 min period of
DCS/eFS and further increased in the following 10 min post DCS
compared to sham (STIMULATION x TIME interaction,
F4,44 ¼ 3.502, p ¼ 0.0144, sham: n ¼ 7, DCS/eFS: n ¼ 6). There was a
signiﬁcant effect of STIMULATION (F1,11 ¼ 6.619, p ¼ 0.0259) but
not TIME (F4,44 ¼ 2.383, p ¼ 0.0658). Post hoc tests revealed a
signiﬁcant difference between the sham and the DCS/eFS group at
0 min post stimulation (99.12 ± 3.7% versus 110 ± 4.2%, t ¼ 2.9159,
p ¼ 0.0051) and at 10 min post stimulation (99.03 ± 3.2% versus
112.4 ± 3.8%, t ¼ 3.5647, p ¼ 0.0007). In contrast spine density was
neither affected by DCS/sham-eFS [TIME: F4,48 ¼ 0.1371,
p ¼ 0.9678, STIMULATION: F1,12 ¼ 0.09650, p ¼ 0.7625, interaction
F4,48 ¼ 0.2927, p ¼ 0.8813, n ¼ 7, Fig. 1E] nor by sham-DCS/eFS
[TIME: F4,44 ¼ 0.3524, p ¼ 0.8410, STIMULATION: F1,11 ¼ 0.1402,
p ¼ 0.7152, interaction F4,44 ¼ 0.9712, p ¼ 0.9828, n ¼ 6, Fig. 1E].
Delayed stimulation effects
On the following day (day n þ24 h) the spine density was
signiﬁcantly higher in mice treated with DCS/eFS (116.9 ± 5.4%,
n ¼ 6) compared to sham (94.48 ± 3.4%, n ¼ 7, t(11) ¼ 3.644,
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p ¼ 0.0039, Fig. 2A and B). Moreover, spine density in the DCS/eFS
condition was approximately 4% higher than on day n, pointing
towards an outlasting stimulation effect on changes in spine density. In accordance with the results regarding immediate stimulation effects, neither DCS/sham-eFS (n ¼ 7) nor sham-DCS/eFS
(n ¼ 6) affected spine density compared to sham (t(12) ¼ 0.7936,
p ¼ 0.4429 and t(11) ¼ 0.3885, p ¼ 0.7051, respectively, Fig. 2A).
In more detailed analyses, we found that DCS/eFS (n ¼ 6) favored
the survival of original spines present at baseline compared to sham
(n ¼ 7: t(11) ¼ 2.433, p ¼ 0.0332, Fig. 2C). To further dissect the spine
turnover that had occurred between 10 min post stimulation and
24 h the fraction of new, lost and stable spines was explored. Relative to sham, DCS/eFS signiﬁcantly increased the density of new
spines (t(11) ¼ 2.375, p ¼ 0.0368, n ¼ 7 and 6, respectively, Fig. 2D),
while lost spines remained unchanged (t(11) ¼ 0.7478, p ¼ 0.4703,
Fig. 2E). There was a slight trend towards a higher density of stable
spines after DCS/eFS (t(11) ¼ 1.842, p ¼ 0.0925, Fig. 2F). As expected,
DCS/sham-eFS (n ¼ 7) and sham-DCS/eFS (n ¼ 6) did not alter survival of original spines compared to sham (n ¼ 7: t(12) ¼ 0.1809,
p ¼ 0.8595 and t(11) ¼ 0.4951, p ¼ 0.6303, respectively, SFig. 2A).
Moreover, dynamics of new, lost and stable spines in these groups
did also not differ from sham (new/lost/stable spines: DCS/shameFS (n ¼ 7): all t(12)>0.5433, p > 0.5; sham-DCS/eFS (n ¼ 6): all
t(11)>0.5426, p > 0.5,SFig. 2BeD).
Changes in spine morphology by combined DCS and eFS
Since changes in spine morphology (e.g. enlargement or
shrinkage) are linked to distinct roles for functionality and strength
of synaptic transmission [19,37], spines were categorized into three
classes: mushroom and stubby spines with distinguishable heads
or thin, headless spines. Their relative contribution to the observed
delayed stimulation effects on spine density (Fig. 2A) was assessed
by comparing changes in spine density between baseline and 24 h
post DCS/eFS or sham for each of the three spine types separately
(for absolute densities of mushroom, thin and stubby spines at
baseline and 24 h please see SFig. 3). As can be seen in Fig. 3A, the
absolute change of spine density at 24 h after DCS/eFS (n ¼ 6)
compared to sham (n ¼ 7) was slightly enhanced in mushroom
spines (t(11) ¼ 1.942, p ¼ 0.0782) and signiﬁcantly enhanced in
stubby spines (t(11) ¼ 2.269, p ¼ 0.0444, Fig. 3A). The change in
thin spine density remained unaltered by DCS/eFS (t(11) ¼ 0.4246,
p ¼ 0.6793, Fig. 3A). Since the higher spine density in the DCS/eFS
condition at day n þ 24 h was driven by signiﬁcantly increased
density of new spines that occurred between 10 min and 24 h post
stimulation (Fig. 2D), changes in this spine fraction was also
compared to sham regarding spine morphology. The absolute
change of new spine density at 24 h after DCS/eFS (n ¼ 6) compared
to sham (n ¼ 7) was signiﬁcantly higher in spines with distinguishable heads (mushroom spines U ¼ 7.000, p ¼ 0.0449; stubby
spines t(11) ¼ 2.653, p ¼ 0.0224, Fig. 3B) without a difference for
thin, headless spines (U ¼ 20.00, p ¼ 0.7308).
Potential contribution of BDNF to stimulation-driven changes in
spine density
To gain further mechanistical insight into the DCS/eFS-driven
effects on structural synaptic plasticity, the potential contribution
of BDNF was assessed by exposing Thy1-GFP x BDNF þ/- mice to
DCS/eFS or sham under the same experimental procedures as in the
main experiment (start of 2-photon microscopy 5.1 ± 0.4 weeks
post-surgery, 1.8 ± 0.2 sessions per animal). Given the lack of effects
in the main experiment, DCS/sham-eFS and sham-DCS/eFS was not
applied in this experiment. At baseline, spine density was similar in
the Thy1-GFP x BDNF þ/- mice (3.3 ± 0.2/10 mm, n ¼ 14) compared
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Fig. 2. Delayed effects of combined DCS and eFS on dendritic spines (A) 24 h post stimulation spine density is signiﬁcantly increased in the DCS/eFS group relative to sham. As
expected, no delayed effects are visible in the two control conditions (DCS/sham-eFS, sham-DCS/eFS). (B) Illustrative image of a dendritic segment with original spines (yellow
arrow heads) preserved from baseline and spines gained between baseline and 24 h after DCS/eFS (green arrow heads). (C) Compared to sham, DCS/eFS leads to a signiﬁcantly
higher survival rate of original spines that were present at baseline. (D) Density of new spines that appeared between 10 min post stimulation and 24 h later is signiﬁcantly higher in
the DCS/eFS group compared to sham. (E) DCS/eFS does not affect the loss of spines per mm dendrite between 10 min post stimulation and 24 h. (F) DCS/eFS non-signiﬁcantly
increases the density of stable spines between 10 min post stimulation and 24 h later compared to sham. sham (35 dendrites/7 mice with a total of 1142 mm of dendrite
analyzed; DCS/eFS: 28 dendrites/6 mice with a total of 1054 mm of dendrite analyzed; DCS/sham-eFS: 40 dendrites/7 mice with a total of 1146 mm dendrite analyzed; sham-DCS/eFS:
30 dendrites/6 mice with a total of 1034 mm dendrite analyzed). Data shown as mean ± SEM; *p < 0.05, **p < 0.01. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the Web version of this article.)

to the Thy1-GFP mice used in the main experiment (2.8 ± 0.2/
10 mm, n ¼ 13: t(25) ¼ 1.818, p ¼ 0.0811, Fig. 4A). In the Thy1-GFP x
BDNF þ/- mice, DCS/eFS decreased spine density compared to sham
immediately after stimulation (TIME: F4,48 ¼ 3.118, p ¼ 0.0233,
GROUP: F1,12 ¼ 5.002, p ¼ 0.0451, interaction: F4,48 ¼ 4.694,
p ¼ 0.0028, n ¼ 7 per group, Fig. 4B). Post hoc tests showed signiﬁcant group differences at 0 min and 10 min after stimulation
(t ¼ 3.2335, p ¼ 0.002 and t ¼ 3.5719, p ¼ 0.0007, respectively,

Fig. 4B). Delayed effects were not observed, since spine density was
similar in both groups 24 h post stimulation (t(10) ¼ 0.7813,
p ¼ 0.4527, sham n ¼ 5, Fig. 4C).
Discussion
Using in vivo time-lapse 2-photon microscopy of dendritic
spines we demonstrate immediate induction and persistence of
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Fig. 3. Spine morphology is shifted by combined DCS and eFS towards bigger headed spines. (A) DCS/eFS increases spine density of mushroom and stubby spines from baseline
to 24 h post stimulation, but spine density remains unchanged in thin, headless spines. Compared to sham, this increase is signiﬁcant after DCS/eFS for stubby spines. (B) In
comparison to sham, DCS/eFS signiﬁcantly enhances spine density of new mushroom spines and new stubby spines, that appeared between 10 min post stimulation and 24 h later.
Thin spines are not affected by DCS/eFS compared to sham. Data shown as mean ± SEM; *p < 0.05.

Fig. 4. Combined DCS and eFS does not enhance dendritic spine density in mice with reduced expression of brain derived neurotrophic factor (BDNF). (A) M1/S1 spine
density is similar in Thy1-GFP wildtype and Thy1-GFP BDNF þ/- mice at baseline. (WT: 63 dendrites/13 mice with a total of 2196 mm of dendrite analyzed; BDNFþ/-: 70 dendrites/14
mice with a total of 2766 mm of dendrite analyzed). (B) In BDNF þ/-mice DCS/eFS does not increase spine density. Instead, a signiﬁcant decrease is seen immediately after DCS/eFS
compared to sham. (Sham: 35 dendrites/7 mice with a total of 1428 mm of dendrite analyzed; DCS/eFS: 35 dendrites/7 mice with a total of 1338 mm of dendrite analyzed) (C) Spine
density does not differ between groups 24 h after stimulation, suggesting a lack of a delayed stimulation effect. (Sham: 35 dendrites/7 mice with a total of 1428 mm of dendrite
analyzed; DCS/eFS: 25 dendrites/5 mice with a total of 924 mm of dendrite analyzed). Data shown as mean ± SEM; **p < 0.01.

M1/S1 cortical structural synaptic plasticity by a single session of
anodal DCS in combination with a repeated low frequent synaptic
input (electrical forepaw stimulation). This effect depends on
physiological BDNF expression.
DCS/eFS mediated a rapid increase in spine density in M1/S1.
This increase started already during stimulation and continued
further immediately after stimulation, up to at least 24 h later. It is
important to note, that the stimulation parameters used for the

DCS/eFS intervention are considered to elicit or promote physiological activity without inducing cellular damage or inﬂammatory
responses [32]. Therefore, the rapid change in spine density
observed here is clearly distinguishable from changes induced by
excessively high synaptic network activity (e.g. a seizure) or acute
brain injury such as a stroke [22,38,39].
Our data extent our and others work reporting the rapid induction and maintenance of functional synaptic plasticity (DCS-
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LTP) in a M1 slice preparation by anodal DCS, when combined with
low frequent synaptic activation [1,2]. In accordance, spine density
was only enhanced by combined DCS/eFS but not sham-DCS/eFS or
DCS/sham-eFS. It is thus tempting to speculate that a higher
excitability by anodal DCS may increase the likelihood of timely
coupled pre- and postsynaptic ﬁring when combined with a
repeated subthreshold activation of a speciﬁc subset of synapses by
low frequency afferent stimulation. Consequently, both functional
and structural synaptic plasticity may be promoted, in line with the
concept of spike-timing-dependent plasticity [40,41]. In our experiments the synapse-speciﬁc activation co-applied with DCS is
subthreshold, i.e. not sufﬁcient to independently induce
functional and structural plasticity. There is also the case in which a
suprathreshold stimulus induces a speciﬁc form of plasticity,
that is modiﬁed in its induction or extent by DCS, e.g. in the case
of motor skill learning. Across species, anodal DCS applied to
the motor cortex enhances motor skill learning [1,3,4], with the
most robust effects achieved when DCS and training are timely
coupled [1,3,4].
Structural synaptic DCS effects under physiological conditions
have not been investigated longitudinally in vivo so far. In a
different cortical region, anodal DCS combined with an auditory
input (noise of 40 db, constituting a constant subthreshold input)
elicited increased auditory cortex spine density assessed ex vivo in
normal-hearing rats [21]. Moreover, anodal DCS also increased
spine density analyzed ex vivo in acoustic trauma induced deafferented auditory cortex (with the trauma representing a suprathreshold stimulus for altered spine dynamics). It should be noted
that these experiments assessed long-term effects 30 days after
intervention and immediate effects were not investigated.
A physiological context in which rapid functional and structural
synaptic plasticity occurs in M1 is motor learning. On the functional
level, LTP is occluded in M1 after repeated sessions of motor skill
learning, supporting the view that strengthening of synaptic connections is the cellular correlate of learning [6]. Improved performance is associated with a remodeling of cortical movement
representations and a reﬁnement of task-speciﬁc motor networks
in humans [42,43] and rodents [44,45]. On the structural synaptic
level, an initial increase in total spine number (or spine density) in
superﬁcial layers of M1 in the early days of learning is followed by
increased spine elimination, leading to similar net spine density as
in the pre-trained stage, but a different connectivity pattern
[14,15,46]. It is conceivable that successive improvements in task
proﬁciency are the result of the structural reorganization of a
reﬁned task speciﬁc neuronal network [14,15,46], which in the later
stages of learning occur even independent of ongoing training [46].
While the time course studied in these motor learning experiments
is longer than the time course of our assessment of DCS/eFS effects,
similarities with regard to the early time course of spine formation
and elimination in M1 after motor learning can be found: New
spine formation is doubled as early as one hour after a single skilled
reaching training and remains elevated for several days of training
[14]. This effect depends on learning of a speciﬁc task, not forelimb
movement in general, and the percentage of early spinogenesis
correlates with learning success [14]. It is thus conceivable that the
experience-dependent expression of new spines provides the basis
for new memory formation and retention allowing for information
storage in stable but modiﬁable networks [14,15]. Moreover, it can
be assumed that the occurrence of new spines in response to
activation of identical speciﬁc synaptic connections [6] is inputspeciﬁc, in line with the concept of synapse-speciﬁcity of functional plasticity (LTP) [47]. Spine elimination does not contribute to
initial learning, but seems to represent a hallmark of later training
(>/ ¼ 2 days), contributing to stable or reduced net spine density
[14,15,46]. Twenty-four hours after stimulation, spine density

remained higher in the DCS/eFS condition compared to sham.
Therefore, we wished to clarify which changes in speciﬁc spine
fractions contributed to the enhanced net spine density, i.e. suggesting a network remodeling effect of DCS/eFS. Indeed, the lasting
effect of DCS/eFS was based on enhanced survival of original spines
and a higher fraction of spines formed newly between 10 min and
24 h post stimulation. Spine elimination was not altered, and stable
spines remained unchanged by DCS/eFS. It is thus arguable that the
stimulation applied on day n triggered an ongoing network reorganization outlasting the stimulation period and upholding at least
until the next day, mimicking the physiological changes occurring
during early motor learning. While stimulation effects exceeding
the 24 h post stimulation time window were not in the focus of this
study, it is tempting to speculate that spine elimination may occur
at later time points or the longevity of newly formed spines may be
positively affected by DCS/eFS. The latter is supported by our
morphological analysis, since spine head size is an indirect indicator for the longevity and strength of a synaptic connection
[18e20,37,48,49]. Mushroom and stubby spines with distinguishable heads display a higher probability of longevity and strong
synaptic transmission due to greater expression of AMPA receptors
[19,20,37,50], with mushroom spines exhibiting the highest chance
of long-term stability, serving as a potential building block for longterm memory storage [50]. Indeed, we found a higher density of
stubby and mushroom morphology speciﬁcally in new spines
formed between 10 min and 24 h after DCS/eFS, providing a ﬁrst
hint towards a potentially long-lasting network remodeling by
DCS/eFS, which requires conﬁrmation in future studies. Taken
together, the speciﬁc alterations of spine dynamics and spine
morphology up to 24 h post stimulation indicate that DCS/eFS bears
the potential of real structural network shaping and mimics dynamics of physiological early motor learning related network
reorganization.
Finally, we clariﬁed the potential contribution of BDNF to the
DCS/eFS-induced effects on structural plasticity. We did not
observe baseline differences in M1/S1 spine density in Thy1-GFP x
BDNF þ/- mice, in accordance with others [26,51,52]. On the functional synaptic level, the physiological properties of DCS-LTP
require intact BDNF secretion and TrkB receptor activation [1,28].
Moreover, motor learning is not signiﬁcantly improved by anodal
DCS when BDNF secretion is impaired [1], which is consistent with
the role of BDNF in functional and synaptic plasticity and learning
[23,53]. Translation of volatile increases in synaptic strength to
solid structural connectivity changes has been related to successful
memory consolidation [12,14,15,18,19]. Hence, impairment of
functional synaptic plasticity alone by reduced BDNF signaling may
partially explain both the behavioral deﬁcits in BDNF deﬁcient
conditions as well as potentially impaired structural connectivity.
In accordance, altered spontaneous spine dynamics may already be
present under sham conditions. Here, the increase in spine density
by DCS/eFS observed in wild type mice was not present in the Thy1GFP x BDNF þ/- mice. In fact, even a short-lasting reduction in spine
density occurred, that did not prevail 24 h later. This brief decrease
in spine density may rely on reported altered receptor expression
[54] or altered activity-dependent action on the actin cytoskeleton
[27] in BDNF þ/- mice.
With regard to spine morphology, BDNF signaling modulates
short lasting activity-dependent spine head size changes and promotes larger spine head sizes in the adult visual cortex [55]. In line
with these ﬁndings the DCS/eFS effects on spine morphology
(speciﬁcally promotion of larger spines with distinguishable head
sizes, but not thin spines) also suggests a mechanistical role of
BDNF. So far we cannot differentiate whether deﬁcient functional
synaptic plasticity in these mice [1,56,57] - here DCS-LTP - hinders
the subsequent structural synaptic plasticity or whether BDNF-
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dependent downstream mechanisms in the translation from
functional to structural plasticity might be affected additionally.
Limitations
In the current study we did not address how the neuronal
network structural changes develop beyond 24 h post stimulation.
Hence, it remains unknown whether enhanced survival of DCS/eFS
derived new spines occurs in concert with delayed elimination of
older spines as seen with physiologically driven spine dynamics,
e.g. after motor learning [14,15]. Future studies should include
extended time courses of structural plasticity to resolve this question. From an experimental standpoint, we established an artiﬁcial
synaptic input (eFS) for co-application with DCS in lightly anesthetized mice. For translational reasons, the implementation of a
behaviorally or rehabilitation relevant task instead of eFS may allow
to study the whole process of network reorganization on the synaptic level in a more real-life scenario. However, motor skill
learning is performed in alert animals, constituting a practical
challenge for in vivo 2-photon microscopy in concert with DCS.
Conclusion
Taken together, this study provides evidence for speciﬁc DCS/
eFS-induced structural synaptic plasticity in M1/S1 in vivo that
depends on a second synaptic input and requires intact BDNF
expression. These ﬁndings show considerable similarities to motorlearning induced M1 spine dynamics and strongly support the
previously observed effects of DCS on functional synaptic plasticity.
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