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Transcranial direct current stimulation (tDCS) is a promising noninvasive neuromodulatory treatment option for multiple
neurologic and psychiatric disorders, but its mechanism of action is still poorly understood. Adult hippocampal neurogenesis
(AHN) continues throughout life and is crucial for preserving several aspects of hippocampal-dependent cognitive functions.
Nevertheless, the contribution of AHN in the neuromodulatory effects of tDCS remains unexplored. Here, we sought to inves-
tigate whether multisession anodal tDCS may modulate AHN and its associated cognitive functions. Multisession anodal tDCS
were applied on the skull over the hippocampus of adult male mice for 20 min at 0.25mA once daily for 10d totally. We
found that multisession anodal tDCS enhances AHN by increasing the proliferation, differentiation and survival of neural
stem/progenitor cells (NSPCs). In addition, tDCS treatment increased cell cycle reentry and reduced cell cycle exit of NSPCs.
The tDCS-treated mice exhibited a reduced GABAergic inhibitory tone in the dentate gyrus compared with sham-treated
mice. The effect of tDCS on the proliferation of NSPCs was blocked by pharmacological restoration of GABAp receptor-medi-
ated inhibition. Functionally, multisession anodal tDCS enhances performance on a contextual fear discrimination task, and
this enhancement was prevented by blocking AHN using the DNA alkylating agent temozolomide (TMZ). Our results empha-
size an important role for AHN in mediating the beneficial effects of tDCS on cognitive functions that substantially broadens
the mechanistic understanding of tDCS beyond its well-described in hippocampal synaptic plasticity.

Key words: adult neurogenesis; context discrimination; GABAergic inhibition; hippocampus; neural stem/progenitor
cells; transcranial direct current stimulation
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Transcranial direct current stimulation (tDCS) has been shown to effectively enhance cognitive functions in healthy and path-
ologic conditions. However, the mechanisms underlying its effects are largely unknown and need to be better understood to
enable its optimal clinical use. This study shows that multisession anodal tDCS enhances adult hippocampal neurogenesis
(AHN) and therefore contributes to enhance context discrimination in mice. Our results also show that the effect of tDCS on
AHN is associated with reduced GABAergic inhibition in the dentate gyrus. Our study uncovers a novel mechanism of anodal
tDCS to elicit cognitive-enhancing effects and may have the potential to improve cognitive decline associated with normal
aging and neurodegenerative disorders. j
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brain stimulation technique that involves the application of a
constant low-intensity electrical current through epicranial elec-
trodes positioned over the brain regions of interest (Brunoni et
al., 2012; Chan et al.,, 2021). The promising clinical outcomes
obtained across multiple disease conditions coupled with the fact
that this approach is generally safe, well-tolerated, inexpensive
and simple to administer have catalyzed the popularity of tDCS
and its potential use in clinical practice (Pelletier and Cicchetti,
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Figure 1.

Stimulation Intensity (mA)

Illustration of tDCS stimulation in mice and experimental designs. A, Multisession anodal sham (250 A, 10's) or tDCS (250 A, 20 min) stimulation repeated daily for five consec-

utive days, followed by a sham-free or tDCS-free interval of 2 d, then mice were subjected to sham or tDCS for five more days, for a total of 10 d. For proliferation assay and NSPC population
analysis, mice received a single BrdU (50 mg/kg) injection 1d after last sham or tDCS application and were killed 2 h after BrdU injection for immunolabelling, imaging, and analysis. For quan-
tification of neuronal differentiation, mice were injected six times intraperitoneally with BrdU at 12-h intervals and killed by transcardial perfusion after 14 d after the last BrdU injection. For
quantification of neuronal survival, mice were injected six times intraperitoneally with BrdU at 12-h intervals before tDCS application and killed by transcardial perfusion after 40 d after the last
BrdU injection. For quiescent NSPC pool quantification, mice were received a single EdU (50 mg/kg) injection 28 d after last tDCS application and mice were killed 2 h after EdU injection for
immunolabelling, imaging, and analysis. Contextual fear discrimination leaming task was started 28 d after sham or tDCS application. B, Schematic representation of electric fields recorded in
the dorsal hippocampus at different depths. ¢, tACS stimulation applied over the scalp and sampling trace of the actual potentials generated at different depth. D, Mean electric fields recorded
at different depths for tACS application (two-way repeated measure ANOVA, Intensity: F420) = 14.11, p << 0.0001; Depth: F5 10) = 18.94, p = 0.0004; Interaction: F(g49) = 0.72 p = 0.6722;

n=6in each group). Data are presented as mean = SEM.

2014). To date, tDCS has already demonstrated its abilities to
improve motor deficits caused by stroke or Parkinson’s disease,
and cognitive abilities in patients suffering from neuropsychiatric
disorders such as schizophrenia, epilepsy, depression, mild cog-
nitive impairment, and Alzheimer’s disease (Fregni et al., 2006;
Ferrucci et al., 2008; Goder et al., 2013; Floel, 2014). Despite
these beneficial effects found in patients, tDCS has reliably been
shown to enhance declarative and working memory capacity in
healthy individuals (Fregni et al.,, 2005; Wu et al., 2014). However,
the mechanisms underlying its effects are largely unknown and
needs to be better understood to enable its optimal clinical use.
tDCS effects are often attributed to the modulation of neuro-
nal activity of superficial cortical layers; however, deep brain
structures may also be affected because of the physicals of current
flow through the brain to the reference electrode. Accordingly,
both preclinical and clinical studies have shown that the hippo-
campus is one of the brain regions vulnerable to the effects of
tDCS. For example, in older subjects, anodal tDCS over the left
temporoparietal cortex accelerates learning and improves retrieval
of newly acquired episodic memory by tuning hippocampal-tem-
poroparietal functional networks (Antonenko et al, 2019). In
rodents, we and others have recently shown that anodal tDCS facili-
tates the induction of long-term potentiation (LTP) at Schaffer
collateral-CA1 synapses and enhances memory performance in

hippocampal-dependent passive avoidance learning task (Yu et
al., 2019; Farahani et al., 2021). There is also evidence that bilat-
eral tDCS over the temporal lobes decreases pattern separation in
healthy young adults (Cappiello et al., 2016). Despite being associ-
ated with memory encoding and mood regulation, adult neuro-
genesis in the dentate gyrus (DG) of the hippocampus is causally
involved in behavioral pattern separation (Clelland et al., 2009;
Sahay et al.,, 2011). However, it is not yet clear whether tDCS
may affect adult hippocampal neurogenesis (AHN), thus mod-
ulating pattern separation. Because multiple sessions of tDCS
allows cumulative effects and is more efficacious than a single
session (Pedron et al.,, 2014; Alizadehgoradel et al., 2020), we
decided to target AHN with a multisession anodal tDCS proto-
col. We first explored the impact of tDCS on different stages of
AHN using 5-bromo-2’-deoxyuridine (BrdU) labeling and im-
munofluorescence staining approaches. We then assessed the
role of tDCS-induced changes in AHN in cognitive function
using a contextual fear discrimination task that is commonly
used to study memory interference (Miller and Sahay, 2019).
We demonstrate for the first time in an animal model that mul-
tisession anodal tDCS can effectively enhance AHN and then
promote context discrimination. This study also uncovers a
novel mechanism underlying the putative cognitive-enhancing
effects of anodal tDCS.
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Materials and Methods

Animals

Eight- to 12-week-old male C57BL/6] mice were used. Mice were housed
five per cage under a 12/12 h light/dark cycle and were randomized to
receive sham or tDCS stimulation. All experimental procedures were con-
ducted in accordance with the National Institutes of Health Guidelines for
the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee of National Cheng Kung
University (authorization approval no. 110282). The exclusion of female
mice from studies because of estrous cycle variability may increase var-
iance relative to males. All efforts were made to minimize animal suffering
and to use only the numbers of animals necessary to produce reli-
able scientific data. The investigators were kept blind to the group
allocation while performing behavioral ratings and quantification of
immunofluorescence.

Cranial electrode implantation and tDCS treatment

Mice were anesthetized with a mixture of 50- to 60-mg/kg zolazepam
(Zoletil, Virbac) and 5.8- to 6.5-mg/kg xylazine hydrochloride (Rompun,
Bayer) during surgery. A 2.0 mm (internal diameter) tubular plastic can-
nula was placed on the skull with the center of the electrode resting on the
midline and 1 mm caudal to bregma. The tubular plastic cannula was
fixed with dental cement (Lang Dental Manufacturing Co Inc.). One week
after surgery, the plastic tube was filled with saline solution (0.9% NaCl), a
silver-coated tDCS electrode (A-M Systems) was inserted, and a surface
reference electrode (0.25 cm? Ambu A/S) was placed under the
shaved thorax as counter electrode. Anodal tDCS was applied contin-
uously for 20 min using a constant current stimulator (DC-Stimulator
Plus, NeuroConn). For lowering anxiety and stress, mice were lightly
anesthetized with low doses of zolazepam (10 mg/kg) and xylazine
hydrochloride (1 mg/kg) during anodal tDCS (250 wA/3.14 mm?,
20 min) and sham (250 wA/3.14 mm?, 10 s) stimulation. tDCS was
repeated daily for five consecutive days, followed by a tDCS-free
interval of 2 d, then mice were subjected to tDCS for five more days,
for a total of 10d. The stimulation protocol was chosen on the basis
of the previous studies (Braun et al., 2016; Pikhovych et al., 2016)
with minor modification. After each stimulation session, mice were
returned to their homecage and had access to food and water ad
libitum.

Transcranial alternating current stimulation (tACS)-induced
intracranial electric fields recording

To measure the actual electric field elicited intracranially, tACS was gen-
erated at five intensities (0.001 mA, 0.025mA, 0.05mA, 0.1 mA, and
0.25mA) with 1Hz by Linear isolated stimulator (BIOPAC System).
Four hand-made stainless electrodes (50.8 mm diameter coated with
polymin, California Fine Wire Company) were placed in different depth
(1-2.5 mm in 0.5-mm interval) at 2 mm caudal to bregma and 1.5 mm
to midline. Reference screws were placed on frontal cortex. Local field
potential (LFP) was collected by OmniPlex Neural Recording Data
Acquisition System (Plexon, RRID: SCR_014803) with 2000 sampling
rate filtered by low pass at 100 Hz. Data were analyzed by MATLAB in
customized code.

BrdU injection and quantification of neural stem/progenitor cells
(NSPCs)

For proliferation assay, mice were received a single-pulse of BrdU
(50 mg/kg; Sigma-Aldrich) injection. After 2 h, mice were perfused with
4% paraformaldehyde in PBS (pH 7.4), and brain tissues were collected.
For quantification of neuronal differentiation, mice were injected six
times intraperitoneally with BrdU at 12-h intervals and killed by
transcardial perfusion two weeks after their final BrdU injection. For
quantification of the survival of newly generated DGCs, mice were
injected six times intraperitoneally with BrdU at 12-h intervals before
tDCS application and killed by transcardial perfusion 40d after their
final BrdU injection. For quiescent NSPC pool quantification, mice
were killed 2 h after a single-pulse of 5-ethynyl-2-deoxyuridine (EdU;
50 mg/kg; Abcam) injection. Experimental designs are summarized in
Figure 1A. The dorsal DG (bregma from —1.0 to —2.3 mm) and
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Figure 2.  Multisession anodal tDCS treatment increases NSPC proliferation by enhancing
cell cycle reentry and decreasing cell cycle exit. A, Representative immunofluorescence
images of dorsal and ventral hippocampal DG sections from sham-treated and tDCS-treated
mice triple stained for BrdU (green), Ki67 (red), and DAPI (blue) 2 h after BrdU injection.
Middle and right panels are higher-magnification views of the boxed areas in the left panel.
The white arrowhead indicates BrdU™ Ki67 " DAPI™ cells. Scale bar: 100 um for the left
panel, 25 um for the middle and right panels. B, Quantification of the total number of
BrdU™ cells in dorsal and ventral DG of sham-treated and tDCS-treated mice 2 h after BrdU
injection (two-tailed unpaired Student’s ¢ test, Dorsal DG, fg = 3.00, p = 0.016; Ventral DG,
tiy = 3.93, p=0.004 n =5 in each group). ¢, Quantification of the total number of Ki67 ™"
cells in dorsal and ventral DG of sham-treated and tDCS-treated mice 2 h after BrdU injection
(two-tailed unpaired Student’s ¢ test, Dorsal DG, g = 5.69, p < 0.001; Ventral DG, tg) =
457, p=0.001; n=5 in each group). D, Quantification of the total number of BrdU " Ki67 ™
cells in dorsal and ventral DG of sham-treated and tDCS-treated mice 2 h after BrdU injection
(two-tailed unpaired Student’s ¢ test, Dorsal DG, g = 3.73, p = 0.005; Ventral DG, tg =
5.35, p < 0.001; n=5 in each group). E, Schematic representation of the analysis of cell-
cycle kinetics by a BrdU/Ki67 double labeling and of the indexes used for cell cycle reentry
and exit. F, Increased proportion of cell cycle reentry in dorsal and ventral DG of tDCS-treated
mice (two-tailed unpaired Student’s ¢ test, Dorsal DG, t = 3.04, p=0.016; Ventral DG,
te) = 4.20, p=10.003; n =5 in each group). G, Reduced proportion of cell cycle exit in dorsal
and ventral DG of tDCS-treated mice (two-tailed unpaired Student’s ¢ test, Dorsal DG, tg) =
3.04, p=0.016; Ventral DG, fg = 4.20, p=0.003; n =5 in each group). Data are presented
as mean £ SEM, *p <0.05, **p < 0.01, and ***p << 0.001 as compared with sham

group.
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Figure 3.  Effects of multisession anodal tDCS treatment on individual NSPC populations. A, Schematic depiction of line-
age-specific markers for distinguishing individual NSPC populations. The NSPC niche is comprised of type 1
(BrdU ™" GFAP™S0X2™) radial glia-like stem cells (RGLs), type 2a (BrdU™ GFAP'SOX2™) and type 2b (BrdU"SOX2 " DCX™)
transient amplifying progenitor cells (TAPs) and type 3 (BrdU™*SOX2'DCX ™) neuroblasts. B, Representative immunofluores-
cence images of dorsal and ventral hippocampal DG sections from sham-treated and tD(S-treated mice triple stained for
BrdU (blue), GFAP (red), and SOX2 (green) 2 h after BrdU injection. The white arrowhead indicates BrdU™ GFAP™ SOX™ cells.
Scale bar: 100 um. C, Representative immunofluorescence images of type 1 and type 2a NSPGs. Scale bar: 5 um. D,
Representative immunofluorescence images of dorsal and ventral hippocampal DG sections from sham-treated and tDCS-
treated mice triple stained for BrdU (blue), SOX2 (red), and DCX (green) 2 h after BrdU injection. The white arrowhead indi-
cates BrdU " SOX DCX ™ cells. Scale bar: 100 um. E, Representative immunofluorescence images of type 2b and type 3
NSPGs. Scale bar: 5 um. F, Quantification of the total number of type 1 NSPC in dorsal and ventral DG of sham-treated and
tDCS-treated mice (two-tailed unpaired Student’s t test, Dorsal DG, 1) = 5.57, p << 0.001; Ventral DG, tq = 3.97,
p=0.002; n=6 in each group). G, Quantification of the total number of type 2a NSPC in dorsal and ventral DG of sham-
treated and tDCS-treated mice (two-tailed unpaired Student’s ¢ test, Dorsal DG, 19y = 2.97, p = 0.014; Ventral DG, t;;p) =
1.90, p=0.087; n=6 in each group). H, Quantification of the total number of type 2b NSPC in dorsal and ventral DG of
sham-treated and tDCS-treated mice (two-tailed unpaired Student’s ¢ test, Dorsal DG, tg = 4.19, p=0.003; Ventral DG,
te = 561, p < 0.001; =5 in each group). /, Quantification of the total number of type 3 NSPC in dorsal and ventral DG
of sham-treated and tDCS-treated mice (two-tailed unpaired Student’s t test, Dorsal DG, tg = 3.38, p = 0.009; Ventral DG,
® =419, p=0.003; n=5 in each group). J, Quantification of the percentage of type 1 NSPC out of the total BrdU " cells
in dorsal and ventral DG of sham-treated and tDCS-treated mice (two-tailed unpaired Student’s t test, Dorsal DG, t10) =
3.10, p=0.011; Ventral DG, t(p) = 147, p=0.172; n=6 in each group). K, Quantification of the percentage of type 2a
NSPC out of the total BrdU™ cells in dorsal and ventral DG of sham-treated and tDCS-treated mice (two-tailed unpaired
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ventral DG (bregma from —2.4 to —4.0 mm)
of the hippocampus were sectioned coronally
at a thickness of 40 pm using a sliding micro-
tome (SM2010R; Leica Microsystems).

Fluorescent immunolabelling was used for
counting numbers of NSPCs. For BrdU " /Ki67™,
BrdU™/doublecortin (DCX) ", BrdU ™ /neuronal
nuclear protein (NeuN)", BrdU™"/Glial fibril-
lary acidic protein (GFAP) " SRY-box transcrip-
tion factor 2 (SOX2)" and BrdU " SOX2"DCX "
labeling, free-floating sections were denatured in
10 mm saline-sodium citrate buffer at 85°C for
30 min and then incubated at 37°C for 30 min in
1 N HCI. Sections were rinsed twice for 10 min at
25°C in 0.1 M Na borate (pH 8.5) and then incu-
bated in the primary antibodies against BrdU
(1:500; Millipore, catalog #MAB4072, RRID:
AB_95024), Ki67 (1:1000; Abcam, catalog
#ab15580), DCX (1:1000; Millipore, catalog
#AB2253, RRID:AB_1586992), NeuN (1:2000;
Millipore, ABN78, RRID:AB_10807945), GFAP
(1:1000; Invitrogen, catalog #13-0300, RRID:
AB_2532994), or SOX2 (1:1000; Abcam, catalog
#ab97959, RRID:AB_2341193) overnight at 4°C
in PBS with 0.3% Triton X-100 and 30% bovine
serum albumin (BSA). Finally, sections were
washed in PBS with 0.4% Triton and then
incubated with the Alexa Fluor 405-conju-
gated, 488-conjugated, or 568-conjugated second-
ary antibodies [Thermo Fisher Scientific, catalog
#A48255 (RRID:AB_2890536), A-11073 (RRID:
AB_2534117)/A-11034 (RRID:AB_2576217)/A-
11001 (RRID:AB_2534069), A-11 075 (RRID:
AB_141954)/A-11036 (RRID:AB_10563566)/
A-11004 (RRID:AB_2534072)/A-11077 (RRID:
AB_2534121)] for 2 h at room temperature. For
EdU labeling, slices were incubated in EAU
click reaction buffer [0.4% Triton X-100, 1
mM CuSO4, 100 um 488 Alexa azide fluores-
cent-azide (Thermo Fisher Scientific, catalog
#A10266, RRID:AB_2757794), and 100 mm
ascorbic acid] for 30 min as described previously
with minor modification (Salic and Mitchison,
2008). The nuclei were visualized using mount-
ing medium with 4’,6-diamidino-2-phenylindole
(DAPI; Abcam, catalog #ab104139). The immu-
nostained sections were collected on separate
gelatin-subbed glass slides, rinsed extensively
in PBS and mounted with Fluoromount-G
Mounting Medium (Invitrogen, catalog #00-
4958-02, RRID:SCR_015961).

Quantification of BrdU-labeled cells was per-
formed using a modified unbiased stereology

«—

Student’s ¢ test, Dorsal DG, f(;q = 2.80, p=0.018; Ventral
DG, tng) = 2.14, p=0.058; n=6 in each group). L
Quantification of the percentage of type 2b NSPC out of the
total BrdU™ cells in dorsal and ventral DG of sham-treated
and tDCS-treated mice (two-tailed unpaired Student’s ¢ test,
Dorsal DG, g = 039, p=10.705; Ventral DG, t = 1.5,
p=0.214; n=5 in each group). M, Quantification of the
percentage of type 3 NSPC out of the total BrdU™ cells in
dorsal and ventral DG of sham-treated and tD(S-treated
mice (two-tailed unpaired Student’s ¢ test, Dorsal DG, f( =
158, p=10.153; Ventral DG, tg = 0.61, p=0.557; n=5in
each group). Data are presented as mean = SEM,
*p < 0.05, **p < 0.01, and ***p << 0.001 as compared
with sham group. n.s.: not significant.
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NIH Image] software (RRID:SCR_001935)
for analysis, and all the parameters used were
kept consistent during capturing.

Hippocampal slice preparations and
electrophysiology

Slice preparations and whole-cell patch-clamp
recordings were performed as described pre-
viously (Lin et al, 2017). Briefly, mice were
deeply anesthetized with 5% isoflurane and
killed by decapitation. The brain was removed
and quickly placed in ice-cold oxygenated
choline-based cutting solution containing the
following (in mm): 110 choline chloride, 2.5
KCl, 0.5 CaCl,, 7 MgSOy, 1.3 NaH,PO,, 25
NaHCO;, 20 glucose, 5.5 kynurenic acid, 1.3
sodium ascorbate, 3 sodium pyruvate and sat-
urated with 95% O, and 5% CO,. Coronal sli-
ces containing dorsal or ventral hippocampus
(250 um) were prepared using a vibrating
microtome (VT1200S; Leica Biosystems,

» Wetzlar, Germany) and immediately transferred
%100 m1000' to a holding chamber of artificial CSF (aCSF)
BT LG 3 Vi, 35 N 1 NP,
- ally, 1.2 Mglb, a 5 1.2 NaH,PO,,

:Dt 0 < 800 ° ;?- and 11 glucose, pH 7.3-7.4, and saturated with
6 40 +§ 4004 ﬂ;- °<9 95% O, and 5% CO, and then kept at room
a % 2 o00l] © temperature (~25°C) for at least 1 h before
2 & starting recordings. One slice was transferred to
m O 0 a submersion-type recording chamber and con-
Dorsal DG Ventral DG Dorsal DG Ventral DG tinuously perfused with oxygenated aCSF at a

Figure 4. Multisession anodal tDCS treatment enhances the differentiation and survival of NSPCs. A, Representative immu-
nofluorescence images of dorsal and ventral hippocampal DG sections from sham-treated and tDCS-treated mice triple stained
for BrdU (green), DCX (red), and DAPI (blue) 14 d after last BrdU injection. Middle and right panels are higher-magnification
views of the boxed areas in the left panel. The white arrowhead indicates BrdU™ DCX " DAPI™ cells. Scale bar: 100 m for the
left panel, 5 um for the middle and right panels. B, Quantification of the total number of BrdU™DCX"DAPI™ cells in dorsal
and ventral DG of sham-treated and tDCS-treated mice at 14 d after last BrdU injection (two-tailed unpaired Student’s ¢ test,
Dorsal DG, tg) = 3.88, p=0.004; Ventral DG, tg = 2.81, p=0.022; n=>5 in each group). , Representative immunofluores-
cence images of dorsal and ventral hippocampal DG sections from sham-treated and tDCS-treated mice double stained for BrdU
(green) and NeuN (red) 28d after last BrdU injection. Middle and right panels are higher-magnification views of the boxed
areas in the left panel. The white arrowhead indicates BrdU™* NeuN " cells. Scale bar: 100 wm for the left panel, 5 .m for the
middle and right panels. D, Quantification of the total number of BrdU™* NeuN™ cells in dorsal and ventral DG of sham-treated
and tDCS-treated mice at 40d after last BrdU injection (two-tailed unpaired Student’s t test, Dorsal DG, fp) = 2312,
p=10.043; Ventral DG, 10y = 2.26, p=0.047; n=6 in each group). Data are presented as mean = SEM *p <C0.05 and

flow rate of 2-3 ml/min at ~32°C on a fixed-
stage. Whole-cell patch-clamp recordings were
made from visualized dentate granule cells
(DGCs) using an Axopatch 200B amplifier
(Molecular Devices, RRID:SCR_018866).
Data acquisition and analysis were per-
formed using a digitizer (Digidata 1440A,
Molecular Devices, RRID:SCR_021038) and
pCLAMP 9 software (Molecular Devices).
The composition of intracellular solution
was (in mwM): 135 CsCl, 10 HEPES, 0.1
EGTA, 4 MgCl,, 4 MgATP, 0.3 Na;GTP, 7
phosphocreatine (pH 7.2). Tonic and pha-

**p < 0.01 as compared with sham group.

protocol as described previously (Lin et al., 2017). The fluorescence in-
tensity of BrdU™ cells was set at least twofold above the background.
Every sixth section covering the entire DG of the hippocampus was
processed for BrdU immunohistochemistry. All BrdU-labeled cells in
the granule cell layer, subgranular zone (SGZ) and hilus were counted under
fluorescent illumination at 400x using an Olympus BX51 microscope
coupled to an Olympus DP70 digital camera. Total cell numbers were esti-
mated by multiplying the number of cells counted in every sixth section by
six. Fluorescence microscopic images were obtained using an Olympus
FluoView FV3000 confocal microscope (Olympus Corporation).

The balance between cell cycle reentry and exit was determined using
BrdU/Ki67 immunolabeling as described previously (Chenn and Walsh,
2002). To quantify cell proliferation, the number of proliferating radial
neural stem cells (fNSC, BrdUKi67 " cells) was counted. To assess the
extent of NSPC populations, the numbers of BrdU"GFAP"SOX2"
(type 1), BrdU" GFAP'SOX2™" (type 2a), BrdU"SOX2 " DCX™" (type 2b),
and BrdU"SOX2'DCX* (type 3) cells were counted. The proliferating
neuroblasts were identified based on the expression of both BrdU and
DCX. Cell survival was determined by measuring the number of
BrdU"NeuN™ cells. The quiescent NSPC pool was assessed by meas-
uring the number of EdU Nestin™ cells. All images were imported into

sic GABAergic inhibition were recorded
with cells being held at —65 mV with exis-
tence of tetrodotoxin (TTX; 0.5 um; Sigma-
Aldrich), 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX; 20 um; Tocris Bioscience),
and 2-amino-5-phosphonovaleric acid (APV; 50 um; Tocris
Bioscience) in the external solution. Bath application of the GABA 5
receptor blocker SR-95531 (100 uMm; Tocris Bioscience) revealed
tonic activity of GABA, receptors. Tonic GABAergic current was
calculated as the baseline current after adding SR-95531. To ensure
that miniature IPSCs (mIPSCs) were not included in the measure-
ment of tonic inhibition, the mean value from the Gaussian fit was
used as the value for the baseline tonic currents as described previ-
ously (Engin et al, 2015). Miniature EPSCs (mEPSCs) were
recorded at a holding potential of —70mV in the presence of TTX
(0.5 um) and SR-95531 (20 um) and the composition of intracellular
solution was (in mm): 135 K-gluconate, 5 KCI, 20 HEPES, 0.5 CaCl,,
5 EGTA, and 5 MgATP (pH 7.2). The frequency and amplitude of
mEPSCs and mIPSCs were analyzed off-line using a commercially
available software (Mini Analysis 4.3; Synaptosoft) as previously
described (Lin et al., 2017). Means were calculated from 3-min
epochs recorded. Detection threshold for analysis was set at two
times the root mean square of the background noise, and each event
was further confirmed by visual inspection after detection.


https://scicrunch.org/resolver/SCR_001935
https://scicrunch.org/resolver/SCR_018866
https://scicrunch.org/resolver/SCR_021038
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Contextual fear discrimination task

The contextual fear discrimination task was performed using a com-
puter-controlled context conditioning system (ENV-307A, MED
Associates) as described previously (Jones et al., 2016) with minor
modification. Mice were trained to discriminate between two simi-
lar contexts, A and B, through repeated experience in each context.
Context A (the conditioning context) was a chamber (15.9 x 14.0 x
12.7 cm) consisting of a stainless-steel grid floor, aluminum side
walls, a clear Plexiglas front door and white back wall. Context A
was indirectly illuminated with a 12-W light bulb. The features of
Context B (the safe context) were the same as those of Context A,
except for black spots on the walls and a stainless-steel mesh floor.
Each context was thoroughly cleaned with 70% ethanol after each
trial to prevent bias based on olfactory cues. On the first 3 d (contex-
tual fear acquisition), mice were placed in the Context A for 3 min
to explore the environment and then received a single footshock
(0.65 mA for 2 s). Mice were returned to their homecage 1 min after
the footshock. Mice were subsequently trained to discriminate
between these two contexts by being placed in the two contexts daily
with 6-h interval in a pseudorandomized order for 10d (from day 4
to day 13, discrimination task). Mice always received a footshock
3 min after being placed in Context A but not B. Freezing was scored
as the total time spent freezing in each context during the first 3 min
after being placed in Contexts A and B. Significant motion pixel
(SMP) values are a linear measure of motion between frames cap-
tured at 7.5 Hz. Freezing level was defined as SMP < 20 for at least
1 s with the Freezeview software (MED Associates). The discrimina-
tion ratio was calculated as (freezing in Context A - freezing in
Context B)/(freezing in Context A + freezing in Context B).

Drug administration

Rac-BHFF (Tocris Bioscience), a selective positive allosteric modulator
of GABA receptors, was dissolved in a mixture containing 15% dime-
thylsulfoxide (DMSO), 30% polyethylene glycol (PEG) and 50% saline
(0.9% NaCl). Vehicle was a mixture con-

taining 15% DMSO, 30% PEG, and 50%

saline. Mice received intraperitoneal injec- A

tion of vehicle or Rac-BHFF (30 mg/kg) IShellmll tDICSl .
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Figure 5.  Effect of multisession anodal tDCS treatment on quiescent NSPC pool. A, Representative

immunofluorescence images of dorsal and ventral hippocampal DG sections from sham-treated and
tDCS-treated mice triple stained for EdU (green), Nestin (red), and DAPI (blue) 2 h after EdU injection.
The white arrowhead indicates Nestin* DAPI™* cells. Scale bar: 100 um for the upper panels, 5 xm
for the lower panels. B, Quantification of the total number of quiescent NSPCs (EdU ™ Nestin™) in dor-
sal and ventral DG of sham-treated and tDCS-treated mice 2 h after EdU injection (two-tailed unpaired
Student’s ¢ test, Dorsal DG, ;1) = 0.24, p=0.813; Ventral DG, {37y = 0.25, p=081; Sham, n=6;
tDCS, n=7). ¢, Quantification of the percentage of quiescent NSPCs (EdU~ Nestin™) out of the total
Nestin™ cells in dorsal and ventral DG of sham-treated and tDCS-treated mice (two-tailed unpaired
Student’s ¢ test, Dorsal DG, ;) = 0.004, p = 0.996; Ventral DG, 7 = 0.27, p=0.788; Sham, n=6;
tDCS, n=7). Data are presented as mean == SEM n.s.: not significant.
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of previous study (Malherbe et al., 2008).
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Brain-derived neurotrophic factor (BDNF)
immunoassay Figure 6. Multisession anodal tDCS treatment enhances contextual fear discrimination. A, Experimental procedure for the contextual

Mice were deeply anesthetized with 5%
isoflurane and decapitated 1 or 28 d after
last stimulation. Dorsal (bregma from
—1.0 to —2.3 mm) and ventral (bregma
from —2.4 to —4.0 mm) DG tissues were
extracted and lysed in protein extraction
reagent (Thermo Fisher Scientific, catalog
#78501) containing proteinase and phospha-
tase single-use inhibitor cocktail (Thermo
Fisher Scientific, catalog #78442). Total pro-
tein concentration was determined with
Pierce BCA protein assay kit (Thermo
Fisher Scientific, catalog #23225). The

fear discrimination leaming task. B, Summary graph showing the percentage of freezing during first 3 d in Context A (conditioning context;
two-way repeated measure ANOVA, Group: Fi; 15 = 0.108, p=0.746; Time: 35 = 307.3, p < 0.0001; Interaction: Fj3; = 1.061,
p=0358; n=17 in each group). €, Summary graph showing the percentage of freezing from day 4 to day 13 in Context A and Context
B (unconditioning context) of sham-treated group (two-way repeated measure ANOVA, Group: F; 16 = 51.04, p << 0.0001; Time: Fiyes) =
31.71, p < 0.0001; Interaction: F4¢4) = 3.765, p=0.008; n=17 in each group; Bonferroni’s post hoc multiple comparisons test, days 6—
7: p << 0.0001, days 8-9: p = 0.0016, days 10-11: p = 0.0033, days 12-13: p << 0.0001); **p << 0.01, **p << 0.001 as compared
with box B. D, Summary graph showing the percentage of freezing from day 4 to day 13 in Context A and Context B of tD(S-treated group
(two-way repeated measure ANOVA, Group: f; 15 = 49.58, p << 0.0001; Time: F46s) = 8.849, p << 0.0001; Interaction: Fi4es) = 5.356,
p=10.0009; n=17 in each group; Bonferroni’s post hoc multiple comparisons test, days 6-7: p << 0.0001, days 8-9: p << 0.0001, days
10-11: p < 0.0001, days 12-13: p << 0.0001); ***p << 0.001 as compared with box B. E, Summary graph showing the contextual dis-
aimination ratio from day 4 to day 13 in sham-treated and tD(S-treated group (two-way repeated measure ANOVA, Group: f; 15 =
0.416, p = 0.528; Time: Fiy64) = 4.992, p = 0.0014; Interaction: F4¢s) = 2.822, p=0.032; n=17 in each group; Bonferroni’s post hoc mul-
tiple comparisons test, days 10—11: p = 0.0499). Data are presented as mean == SEM, *p << 0.05 as compared with sham group.
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Figure 7.  Suppression of AHN blocks tDCS-mediated enhancement of contextual fear discrimination enhancement. 4, Experimental

procedure for the contextual fear discrimination task and TMZ application. B, Summary graph showing the percentage of freezing dur-
ing first 3d in Context A (two-way repeated measure ANOVA, Group: f330 = 1394, p = 0.2638; Time: f5 5, = 4848, p << 0.0001;
Interaction: Fg 60 = 0.8650, p=0.5259; n =11 in each group). €, Summary graph showing the percentage of freezing from day 4 to
day 13 in Context A and Context B of Vehicle-treated and TMZ-treated sham groups (two-way repeated measure
ANOVA, Group: 330 = 1.609, p=0.2079; Time: F(y49) = 75.12, p << 0.0001; Interaction: F(12120) = 3.389, p = 0.0003;
n=11in each group; Bonferroni's post hoc multiple comparisons test, days 4—5: ##Dvenicie context B versus TMZ context A =
0.0033; days 6-7: **pVehicIe context B versus TMZ context A = 00057, + +Puehide context B versus TMZ context B = 0.0057; days 12-13:
AAApVehicIe context A versus Vehicle context B < 00001: *HpVehide context B versus TMZ context A < 0-0001: ++ +pVehide context B versus TMZ context B
= 0.0004). D, Summary graph showing the percentage of freezing from day 4 to day 13 in Context A and Context B of
Vehicle-treated and TMZ-treated tDCS groups (two-way repeated measure ANOVA, Group: F3 30 = 3.696, p = 0.0224; Time:
Fia.40) = 54.89, p << 0.0001; Interaction: F(15,120) = 3.502, p=0.0003; n =11 in each group; Bonferroni’s post hoc multi-
Ple Compafisom test, day5 6-7: AApVehicIe context A versus Vehicle context B = 0.0030, #pVehi(Ie context A versus TMZ context B =
00183/ da)’S 10-11: AA/\pVehi(Ie context A versus Vehicle context B < 00001/ éaspVehi(le context A versus TMZ context A <
0.0001, ###pVehicIe context A versus TMZ context B < 0.0001; dayS 12-13: AAApVehicIe context A versus Vehicle context B << 0.0001,
68 SpVehi(Ie context A versus TMZ context A — 0.0003, ###pVehide context A versus TMZ context B < 0-0001)- E Summafy graph showing the contex-
tual discrimination ratio from day 4 to day 13 in Vehicle-treated or TMZ-treated sham and tDCS groups (two-way repeated measure
ANOVA, Group: f330) = 4.537, p=0.0097; Time: Fig.40) = 13.08, p << 0.0001; Interaction: F35120) = 2.545, p=0.005; n=11in each
group; Bonferroni's post hoc muItipIe comparisons test, dayS 10-11: ApVehidesharn versus Vehide-tDCS = 0.046, **pVehiclaLtD(S versus TMZ-sham =
000”/ + +pVehide—ﬂ)(S versus TMZADGS = 00021/ days 12-13: ###pVehi(I&sham versus TMZ-sham < 00001/ 06 BpVehi(Ie-sham versus TMZDGS =
0.0001, **Pyenide-1dcs versus Tzsham = 0:0012, + + Penide-tdcs versus Tvz-tncs = 0.0040). Data are presented as mean == SEM.
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may increase the duration of effects (Reis
et al, 2009). The present study was
undertaken to investigate the long-term
impact of multisession anodal tDCS on
AHN. Experimental designs are sum-
marized in Figure 1A. We also deter-
mined the actual electric field gradient
along the hippocampal brain tissue
imposed by tDCS application in our ex-
perimental design. Mice were prepared
for LFP recording in the dorsal hippo-
campus in alert condition during simulta-
neous application of tACS at 1Hz (Fig.
1B). Sequential recordings were obtained
every 0.5 mm from alveus hippocampus
—1 to —2.5 mm depth. Figure 1C shows
the sampling responses to tACS stimula-
tion obtained from recordings at different
depths. The calculated electric fields at dif-
ferent depths and intensities are shown in
Figure 1D. The magnitude of the electric
field decreased with depth for the tested
intensities.

AHN is highly dynamic and can be
divided into multiple stages including
cell proliferation, neuronal differentia-
tion and maturation (Christian et al.,
2014). To determine whether multises-
sion anodal tDCS may influence prolifer-
ation of NSPCs, sham-treated and tDCS-
treated mice were subjected to a single
intraperitoneal injection of BrdU, and
double fluorescent labeling for detection
of BrdU-positive (BrdU") proliferating
cells (Ki67 ") was performed on both dor-
sal and ventral hippocampal DG sections
2 h later (Fig. 2A). Stereological analysis

BDNF precursor (proBDNF) and mature BDNF protein levels were
determined with Mature BDNF/proBDNF Combo Rapid ELISA kit
(Biosensis, catalog #BEK-2240) according to the manufacturer’s pro-
tocol as previously described (Wu et al., 2017; Yu et al,, 2019).

Statistical analysis

Sample sizes were based on previous work of a similar nature by
our laboratory (Wu et al.,, 2017; Yu et al., 2019) and determined
with power analysis (a two-tailed analysis with a significance set at
a = 0.05 and power >80%; G*Power software). No specific ran-
domization method was used. Animals were randomly allocated
into different experimental groups. All results are presented as
means = SEM and analyzed by the GraphPad Prism 6 software
(GraphPad Software Inc.). Normality of data distribution was verified
using the Shapiro-Wilk test normality test. Two-tailed unpaired Student’s
t test or two-tailed Mann-Whitney U test was used to compare differences
between two independent groups. The difference between multiple groups
was calculated by two-way ANOVA followed by Bonferroni’s post hoc
analyses. Number of animals used is indicated by n. Differences were con-
sidered as significant at p < 0.05. The sample sizes and statistical analysis
details for each figure are reported in the corresponding figure legend.

Results

Multisession anodal tDCS increases NSPC proliferation

It is known that the effects of a single session of tDCS is often
quite variable and short-lived, whereas multiple, spaced sessions

revealed statistically significant increases

in the total number of BrdU™ (Fig. 2B),

Ki67" (Fig. 2C), and BrdU'Ki67" (Fig.
2D) cells in both dorsal and ventral DG of tDCS group compared
with sham group. To determine whether multisession anodal
tDCS affects cell cycle progression in NSPCs, the number of cells
re-entering (BrdU Ki67 /BrdU") and exiting the cell cycle
(BrdU*Ki67 /BrdU") was calculated (Fig. 2E). As shown in
Figure 2F, the proportion of cell cycle reentry was significantly
increased in tDCS group compared with sham group. In contrast,
a significant lower proportion of cells were observed to exit cell
cycle in tDCS group compared with sham group (Fig. 2G).

Since adult hippocampal NSPCs are composed of three
major cell subtypes, radial glia-like precursor cells (type 1),
transiently amplifying progenitor cells (type 2a and 2b) and
neuroblasts (type 3; Kempermann et al, 2015), we next
assessed which NSPC population(s) was affected. To do this,
we analyzed the number of cells that are positive for GFAP and
SOX2, markers of neural stem and progenitor cells, respectively
(Suhet al., 2007; Lugert et al., 2010; Fig. 3A). Consistently, we found
significant increases in the total number of type 1 radial glia-like cells
(BrdU" GFAP"SOX2"; Fig. 3B,C,F) and type 2a amplifying pro-
genitor cells (BrdU" GFAP'SOX2™; Fig. 3G) in dorsal DG, as well
as type 2b amplifying progenitor cells (BrdU*SOX2"DCX*; Fig.
3D,E,H) and type 3 neuroblasts (BrdU*SOX2'DCX*; Fig. 3I) in
both dorsal and ventral DG of tDCS group compared with sham
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Figure 8.  The expression levels of proBDNF and mature BDNF are not altered by multises-
sion anodal tDCS treatment. A, Quantification of the protein level of proBDNF 1 and 28d af-
ter sham or tDCS treatments in the DG of the hippocampus (two-tailed unpaired Student’s
t test, 1d: tq7 = 0.14, p=0.889; Sham, n=9; tDCS, n=10; 28d: 14 = 0.93, p=037;
n =8 in each group). B, Quantification of the protein level of BONF 1 and 28 d after sham or
tDCS treatments in the DG of the hippocampus (two-tailed unpaired Student's ¢ test, 1d:
tuz) = 041, p=0.689; Sham, n=9; tDCS, n=10; 28: ;4 = 0.62, p=0.546, =8 in
each group). Data are presented as mean == SEM, n.s.: not significant.

group. Furthermore, we found a significant increase in the per-
centage of type 1 radial glia-like cells to total BrdU™" cells in
tDCS group compared with sham group (Fig. 3]). In contrast, the
percentage of type 2a amplifying progenitor cells to total BrdU ™"
cells was significantly decreased in tDCS group compared with
sham group (Fig. 3K). Nevertheless, no significant differences
were found between tDCS and sham groups in the percentages
of type 2b amplifying progenitor cells (Fig. 3L) and type 3 neuro-
blasts (Fig. 3M) to total BrdU™ cells in both dorsal and ventral
DG.

Multisession anodal tDCS increases NSPC differentiation
and survival

To assess whether multisession anodal tDCS may affect neuronal
differentiation and survival of newly generated DGCs, sham and
tDCS mice were subjected to multiple BrdU injections (Lin et al.,
2017), and double fluorescent labeling for detection of BrdU and
immature neurons (DCX") or mature neurons (NeuN") was
performed on both dorsal and ventral hippocampal sections
14 or 40d later. A significant increase in the total number of
BrdU "DCX" cells in tDCS group at 14 d after BrdU injection
compared with sham group in both dorsal and ventral DG
(Fig. 4A,B). To examine the effect of tDCS on the survival of
newly generated DGCs, multiple BrdU injections were admin-
istered before tDCS application. Similarly, quantification of
the total number of BrdU "NeuN™ cells revealed a significant
increase in tDCS at 40 d after BrdU injection compared with
sham group in both dorsal and ventral DG (Fig. 4C,D). These
results indicate that multisession anodal tDCS can increase
NSPC differentiation and newly generated DGC survival.
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Multisession anodal tDCS does not affect quiescent NSPC
Pool

To determine whether multisession anodal tDCS may accelerate
the depletion of quiescent NSPC pool, sham and tDCS mice
were subjected to multiple BrdU injections for 28 d to label newly
generated DGCs in response to sham or tDCS treatment, fol-
lowed by thymidine analog EAU injection on the last day to label
the background proliferating cells, and double fluorescent label-
ing for detection of EdU-negative (EAU™) quiescent NSPCs
(Nestin™), was performed on both dorsal and ventral hippocam-
pal sections 2 h later. The total number of EdU Nestin™ cells
(Fig. 5A,B) and the percentage of EdU Nestin™ cells to total
Nestin® cells (Fig. 5C) were not significant different between
tDCS and sham groups, suggesting that tDCS treatment does not
alter quiescent NSPC pool.

Multisession anodal tDCS enhances contextual fear
discrimination

AHN is functionally linked to modulate hippocampal memory
interference, such as pattern separation (Clelland et al., 2009;
Sahay et al., 2011). To further address the functional impact of
tDCS-mediated enhancement of AHN, we then evaluated hip-
pocampal memory interference using a contextual fear dis-
crimination task. In this test, we subjected sham or tDCS mice
to contextual fear conditioning using a pair of similar Context
A and Context B. As shown in Figure 6A, on the first 3 d, mice
were placed only into Context A, receiving a single footshock
after 180 s. There was no difference between groups in the
percentage of freezing during the learning phase (Fig. 6B).
From day 4 to day 13, mice were placed in either Context A or
B, where Context A is associated with a single footshock and
Context B is not (Fig. 6C,D). Initially, both sham and tDCS
groups cannot distinguish between contexts and thus exhib-
ited similar freezing levels in both contexts (days 4-5). As the
experiment progressed, both sham and tDCS mice gained to
ability to discriminate Context B from Context A effectively,
and the discrimination ratio increased (Fig. 6C-E). On days
10-11, tDCS group exhibited a significant enhancement in the
acquisition of discrimination ability and showed a higher dis-
crimination ratio than sham group (Fig. 6E), suggesting that
tDCS treatment enhances context discrimination.

To further validate whether tDCS enhances context dis-
crimination via a neurogenic mechanism, we examined the
impact of inhibiting neurogenesis using the DNA-alkylating
agent TMZ, which has been proven to suppress NSPC prolif-
eration in the adult hippocampus (Garthe et al., 2009; Stone
et al., 2011; Niibori et al., 2012). In this experiment, sham
and tDCS mice were treated with vehicle or TMZ per day for
the first three consecutive days during sham or tDCS appli-
cation, with a total of two rounds. Four weeks after last trial
of sham or tDCS application, mice were trained in the con-
textual fear discrimination task (Fig. 7A). There were no dif-
ferences among groups in the percentage of freezing during
the learning phase (Fig. 7B). During the course of subsequent
tests, both vehicle-treated or TMZ-treated sham and tDCS
groups cannot distinguish between contexts and thus exhib-
ited similar freezing levels in both contexts on days 4-9 (Fig.
7C-E). As the experiment progressed, vehicle-treated tDCS
group showed a significantly higher discrimination ratio
than those of vehicle-treated sham, TMZ-treated sham and
TMZ-treated tDCS groups on days 10-11 (Fig. 7E). In addi-
tion, we observed failed tDCS-enhancement of contextual fear
discrimination in TMZ-treated mice. Only vehicle-treated sham
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Multisession anodal tDCS treatment reduces GABAergic inhibitory tone in the DG of the hippocampus. Since there was no difference, electrophysiological data obtained from dorsal

and ventral DG were combined. A, Left, Representative traces recorded at a holding potential of —65 mV in DGCs from sham-treated and tDCS-treated group, followed by SR-95531 (100 m)
application. Right, All-points histogram and Gaussian fit from each segment. B, Quantification of tonic GABA currents in DGCs from sham-treated and tDCS-treated mice (two-tailed unpaired

Student’s t test, {39 =

4,08, p < 0.001; Sham, n =17 cells from 8 mice; tDCS, n =19 cells from 8 mice). C, Representative traces of mIPSCs in DGCs from sham-treated and tDCS-treated group.

D, Quantification of the frequency of mIPSCs in DGCs from sham-treated and tD(S-treated group (two-tailed unpaired Student’s ¢ test, ;sp) = 3.21, p = 0.002; Sham, n =28 cells from 8 mice;

tDCS, n =24 cells from 8 mice). E, Quantification of the amplitude of mIPSCs in DGCs from sham-treated and tD(S-treated group (two-tailed unpaired Student’s t test, £y

=095, p=035;

Sham, n =28 cells from 8 mice; tDCS, n =24 cells in 8 mice). F, Representative traces of mEPSCs in DGCs from sham-treated and tDCS-treated group. G, Quantification of the frequency of
mEPSCs in DGCs from sham-treated and tDCS-treated group (two-tailed Mann—Whitney test, U=430, p=0.95; Sham, n=31 cells from 5 mice; tDCS, n =28 cells from 5 mice). H,
Quantification of the amplitude of mEPSCs in DGCs from sham-treated and tDCS-treated group (two-tailed unpaired Student’s t test, ts7) = 0.19, p=0.85; Sham, n=31 cells from 5 mice;
tDCS, n= 28 cells from 5 mice). Data are presented as mean = SEM, **p << 0.01 and ***p < 0.001, n.s.: not significant.

and vehicle-treated tDCS groups can discriminate Context B from
Context A on days 12-13 (Fig. 7C-E). These results indicate that
AHN mediates the enhancing effect of tDCS on contextual fear
discrimination.

Multisession anodal tDCS decreases GABAergic inhibitory
tone in the DG

What is molecular mechanism subtending tDCS effect? Since
anodal tDCS can exert its beneficial effects on memory modula-
tion through upregulation of BDNF (Podda et al., 2016; Yu et al,,
2019) and BDNF is known to subserve an important role in reg-
ulating AHN processes (Choi et al, 2018), we first assessed
expression of proBDNF and BDNF in the DG following our
multisession anodal tDCS paradigm. However, we observed
no significant differences in proBDNF (Fig. 8A) and BDNF
(Fig. 8B) protein levels between tDCS and sham groups 1d
or 28 d after treatment.

Given that the inhibitory neurotransmitter GABA has been
identified as an important niche signal in regulating AHN (Song
et al., 2012; Sibbe and Kulik, 2017), we next examined whether
tDCS-mediated enhancement of AHN could be mediated by
alterations of GABAergic neurotransmission in the DG. We
found that the amplitudes of GABAergic tonic currents in DGCs
were significantly reduced in tDCS group compared with sham
group (Fig. 9A,B). Similarly, a significant decrease of fast synaptic
GABAergic transmission was also observed in DGCs from tDCS
group compared with sham group, manifested by a reduced
mIPSC frequency (Fig. 9C-E). However, no significant difference
was found between sham and tDCS groups in the frequency and
amplitude of mEPSC (Fig. 9F-H), indicating a selective effect of
tDCS on GABAergic synaptic transmission.

We sought to further characterize whether pharmacological
restoration of GABAergic inhibition could prevent the effect of
tDCS on AHN. GABA exerts its effects on AHN by acting on

both ionotropic GABA, and metabotropic GABAg receptors.
GABA, receptor activation has been shown to maintain NSPC
quiescence and enhance neuronal maturation (Ge et al., 2006;
Song et al., 2012), whereas GABAg receptor activation suppresses
NSPC proliferation and neuroblast differentiation (Felice et al.,
2012; Giachino et al., 2014). As our data show that multisession
anodal tDCS increases NSPC proliferation, differentiation, and
survival, we next investigated whether treatment of mice with
the GABAg receptor positive allosteric modulator, Rac-BHFF,
could reduce the effect of tDCS. For this, we pretreated mice
from sham or tDCS group with Rac-BHFF 30 min before sub-
jected to a single intraperitoneal injection of BrdU to evaluate
the proliferation of NSPCs. We found that Rac-BHFF pretreat-
ment significantly decreased numbers of BrdU Ki67" cells in
both dorsal (Fig. 10A,B) and ventral DG (Fig. 104,C) of tDCS
mice compared with vehicle-treated tDCS group.

Discussion

Adult neurogenesis represents a remarkable form of neuroplas-
ticity that is tightly regulated by a variety of physiological stimuli
and pathologic states (Toda et al., 2019; Denoth-Lippuner and
Jessberger, 2021). Two brain regions where adult neurogenesis
has been best described in mammals are the subgranular zone
(SGZ) of the hippocampal DG and the subventricular zone
(SVZ) of the lateral ventricles. Previous studies have demon-
strated that repeated tDCS effectively accelerate rehabilitation
of middle cerebral artery occlusion-induced motor function
deficits in rats by promoting neurogenesis in the SVZ (Braun
et al., 2016; Zhang et al., 2020), but no studies have looked at
the effect of tDCS on adult neurogenesis in the SGZ of the hip-
pocampal DG in healthy animals and determine its functional
impact. This study uncovers a novel role for anodal tDCS as a
positive modulator of AHN in the healthy mammalian brain.
Our results indicate that in vivo exposure of mice to multisession
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Figure 10. Pharmacological restoration of GABAergic inhibition prevents the effect of
tDCS on adult hippocampal neurogenesis. A, Representative immunofluorescence images of
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ANOVA, Group: F15 = 593, p=0.021; Drug treatment: F(;55 = 10.69, p=10.002;
Interaction: F; 25 = 4.03, p=0.054; n=28 in each group; Bonferroni's post hoc multiple
comparisons fest, Puehide + sham versus vedde + tDCS = 00236r Puehide -+ tDCS versus Rac-BHFF + sham =
0.0023, Prehide + tCs versus RacBHFF + cs = 0.0051). € Quantification of the total number of
BrdU ™ Ki67* cells in ventral DG of vehicle-treated or Rac-BHFF-treated sham and tDCS
mice at 2 h after BrdU injection (two way ANOVA, Group: F(; 5 = 6.73, p=0.014; Drug
treatment: F(; 55 = 20.71, p << 0.001; Interaction: F(; 55 = 7.07, p=0.012; n =8 in each
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0.0001). Data are presented as mean = SEM, *p << 0.05, **p < 0.01, and ***p < 0.001.

anodal tDCS increases AHN and therefore contributes to enhance
context discrimination. Molecular analysis showed that this bene-
ficial effect of tDCS is associated with reduced GABAergic inhibi-
tion in the DG.

Owing to promising clinical outcomes of tDCS in the treat-
ment of a wide range of neurologic and psychiatric disorders,
much effort has sought to identify its cellular and molecular
mechanisms of action for more rational and appropriate use of
this technique in clinical practices. One of the most accepted
effects of tDCS is its acute ability to modify neuronal membrane
polarity and hence alter resting membrane threshold for action
potential generation (Stagg and Nitsche, 2011). Of particular in-
terest, the effects of tDCS are observed not only during stimula-
tion period but also after termination of stimulation. As a
possible mechanism of action, it was hypothesized that the long-
lasting after-effects of tDCS are mediated by modulating activity-
dependent synaptic plasticity (Pilato et al.,, 2012; Cirillo et al,,
2017). In support, several studies have shown that anodal tDCS
applied over the hippocampus enhanced hippocampal LTP and
this effect was observed for a few hours or even up to a week after
stimulation (Rohan et al., 2015; Podda et al., 2016; Yu et al,
2019). Here, we extend these findings and demonstrate that mul-
tisession anodal tDCS can increase AHN. Specifically, we
found that our stimulation protocol significantly increased
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NSPC proliferation and promoted neuronal differentiation
and survival of newly generated DGCs. Consistent with an
increased NSPC proliferation, we found that tDCS-treated
mice exhibited increased cell cycle reentry and decreased cell
cycle exit of proliferative progenitor cells. In addition, rather than a
change in quiescent NSPC pool, we found that tDCS increases the
numbers of all three major NSPC subtypes, suggesting that cell fate
transition of NSPCs is not altered by tDCS treatment. Particularly
relevant to this study is that in vivo repeated exposure to physical
stimuli, such as extremely low-frequency electromagnetic fields
(ELFEFs), has also been shown to enhance AHN by increas-
ing NSPC proliferation, neuronal differentiation and survival
(Cuccurazzu et al., 2010; Podda et al., 2014), suggesting simi-
lar mechanisms of action between tDCS and ELFEFs.

Pattern separation is a network mechanism responsible for
mnemonic discrimination of similar representations in a distinct
and nonoverlapping manner. It occurs in multiple brain regions,
including the hippocampus, perirhinal cortex and parahippo-
campal gyrus (Yassa and Stark, 2011; Reagh and Yassa, 2014).
Among them, the DG of the hippocampus in particular has long
been postulated as a key region contributing to pattern separa-
tion because of its sparse activity pattern (Rolls, 2013; Kim et al.,
2020). Since newly generated DGCs may modify the activity of
the entire DG, AHN is expected to contribute to DG functions in
decreasing memory inference. In agreement with previous stud-
ies showing that AHN subserves contextual fear discrimination
(Clelland et al., 2009; Sahay et al., 2011), our results show that
mice subjected to multisession anodal tDCS exhibited increased
survival of newly generated DGCs in the adult hippocampus and
enhanced performance in contextual fear discrimination. Our
current results show a clear correlation between tDCS-mediated
increase in AHN and enhancement in context discrimination in
mice. However, we noted that this result differs from observa-
tions made in a prior human study, which reported that three
sessions of bilateral tDCS over the temporal lobes decreases par-
ticipants’ pattern separation performance relative to sham stimu-
lation using a mnemonic similarity task (Cappiello et al., 2016).
One possible explanation is that human and rodents may use dif-
ferent strategies or neuronal patterns of activity to capture signals
for decreasing interference between similar memories (Leal and
Yassa, 2018). In addition, the different protocols of tDCS expo-
sure (three sessions separated by 1d vs once daily for 10 d totally)
and cranial electrode placement (the anterior temporal lobes vs
over the hippocampus) may also account, at least in part, for the
differences in results obtained by Leal and Yassa (2018) and our
own. Future studies are required to test these possibilities.

Regarding molecular mechanisms underlying tDCS-induced
enhancement of AHN, our data suggest that reduced GABAergic
inhibition plays a critical role. Magnetic resonance studies in
humans have highlighted tDCS influences on synaptic plasticity
by the modulation of excitatory and inhibitory neurotransmis-
sion. In both young and older adults, anodal tDCS has been
found to induce a reduction of GABA levels in primary sensori-
motor cortices (Stagg et al., 2009; Antonenko et al., 2017), an
outcome known to be an important determinant of motor
learning. To our knowledge, this is the first study to use electro-
physiological measures to directly assess tDCS-induced altera-
tions of GABAergic inhibitory tone in hippocampal DG of
animal model. We provided evidence that multisession anodal
tDCS resulted in reduced GABAergic tonic currents and the
frequency of mIPSCs in the DG, indicating that multisession
tDCS produce an enduring reduction in GABA release. Given
the well-recognized inhibitory role of GABAergic signaling in
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regulating AHN (Felice et al., 2012; Song et al., 2012; Giachino
et al, 2014), the reduced GABAergic inhibitory tone may
expectedly contribute to the increased AHN observed in our
tDCS protocol. Since we made whole-cell recordings from
randomly selected DGCs, we cannot ensure that all recorded
cells were mature DGCs. Future work is warranted to explore
whether the effect of tDCS on AHN results from a reduction
of inhibitory influence of GABA on circuit excitation or a
direct effect of GABA signaling in regulating NSPC prolifera-
tion. Consistent with our prediction, we found that pharmaco-
logical restoration of GABAergic inhibition effectively reverses
tDCS-induced enhancement of NSPC proliferation. It seems
counterintuitive that pharmacological activation of GABAg
receptors with Rac-BHFF alone did not result in a decrease
of AHN. This finding is consistent with a previous study
showing that although genetic and pharmacological inhibi-
tion of GABAg receptor signaling increases proliferation of
NSPCs, direct activation of GABAy receptors with baclofen
does not significantly affect the number of NSPCs (Giachino
et al., 2014). One interpretation of this finding is that the
ability of GABAp receptors to modulate the proliferation of
NSPCs is near the ceiling under normal conditions. As a
result, its effect can no longer be enhanced. Interestingly,
while BDNF is a critical determinant of the single session
tDCS effects (Cocco et al., 2018) and BDNF in the DG has
an important role in behavioral pattern separation, in partic-
ular during the consolidation of pattern-separated memories
(Bekinschtein et al., 2014), it is unlikely that the observed
tDCS-induced enhancement of AHN and context discrimi-
nation are resulted from a long-lasting increase BDNF lev-
els following multisession anodal tDCS application. Indeed,
we did not observe any significant changes in the expres-
sion levels of BDNF proteins in the DG 1 or 28 d after last
stimulation. Therefore, future studies will have to explore
whether single session and multiple sessions of anodal tDCS
may use distinct mechanisms to exert their neuromodulator
effects.

Our study has some limitations. First, this study only used
male mice for test subjects. Therefore, additional studies are war-
ranted to determine whether our findings can be extrapolated to
female mice. Second, to more directly confirm the functional
integration of newly generated DGCs into the existing hippo-
campal circuitry, future studies employing a combination of
electrophysiology and retrovirus-mediated birth-dating and
labeling may help to tackle this issue (Ge et al., 2006). Third,
in a translational perspective, an important consideration is
the equivalence of our stimulation protocol to those applied
in humans. It is estimated that current density across the
mouse brain in our experimental conditions is around three
orders of magnitude greater than human tDCS (~79 vs 0.1
A/m? in human; Barbati et al., 2020). Further studies are
needed to determine the minimal amount of current neces-
sary in our model to elicit increased AHN and enhanced cog-
nitive functions.

Collectively, our study provides evidence that in vivo multi-
session anodal tDCS can increase AHN and that this effect is
associated with enhanced context discrimination. These effects
correlate with reduced GABAergic inhibition in the DG of the
hippocampus. These findings extend our knowledge of the cellu-
lar and molecular mechanisms involved in the after-effects of
tDCS, and underscore the probable utility of tDCS for improving
cognitive decline associated with normal aging and neurodege-
nerative disorders.
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