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Direct current stimulation
modulates gene expression

in isolated astrocytes

with implications for glia-mediated
plasticity

Limary M. Cancel, Dharia Silas, Marom Bikson & John M. Tarbell**

While the applications of transcranial direct current stimulation (tDCS) across brain disease and
cognition are diverse, they rely on changes in brain function outlasting stimulation. The cellular
mechanisms of DCS leading to brain plasticity have been studied, but the role of astrocytes remains
unaddressed. We previously predicted that during tDCS current is concentrated across the blood
brain-barrier. This will amplify exposure of endothelial cells (ECs) that form blood vessels and of
astrocytes that wrap around them. The objective of this study was to investigate the effect of tDCS

on the gene expression by astrocytes or ECs. DCS (0.1 or 1 mA, 10 min) was applied to monolayers of
mouse brain ECs or human astrocytes. Gene expression of a set of neuroactive genes were measured
using RT-qPCR. Expression was assessed immediately or 1 h after DCS. Because we previously
showed that DCS can produce electroosmotic flow and fluid shear stress known to influence EC and
astrocyte function, we compared three interventions: pressure-driven flow across the monolayer
alone, pressure-driven flow plus DCS, and DCS alone with flow blocked. We show that DCS can directly
modulate gene expression in astrocytes (notably FOS and BDNF), independent of but synergistic with
pressure-driven flow gene expression. In ECs, pressure-driven flow activates genes expression with

no evidence of further contribution from DCS. In ECs, DCS alone produced mixed effects including an
upregulation of FGF9 and downregulation of NTF3. We propose a new adjunct mechanism for tDCS
based on glial meditated plasticity.

The investigation of transcranial direct current stimulation (tDCS) as a noninvasive brain stimulation tool spans
decades, including both healthy subjects and patients with a range of neurological conditions!. tDCS induces
changes in neuronal activity and promotes changes in long-term plasticity®>®. tDCS has been shown to alter the
neuronal gene expression of several plasticity-associated genes, notably BDNF*!°. BDNF responsiveness impacts
sensitivity to tDCS in both human and animal models>'!.

Astrocytes, the most numerous glial cell type in the human nervous system, are integral to long term synaptic
plasticity, as well as directly undergoing phenotypic plasticity'>2. BDNF is expressed in neuronal cells but also in
other cells—notably astrocytes'. In vivo studies show tDCS induces large-amplitude astrocytic Ca** surges'?,
leading to the hypothesis that tDCS-induced astrocytic activity affects the metaplasticity of the cortex. Here we
measured the effects of DCS on neuro-active gene expression, including BDNE, on astrocytes in vitro to char-
acterize a glial-mediated plasticity pathway.

The blood-brain barrier (BBB) is formed by a single layer of endothelial cells (EC) around which pericytes and
astrocyte foot processes are wrapped. As part of a broader neurovascular-modulation hypothesis'®, we previously
demonstrated that DCS increases permeability of an in vitro BBB model via the mechanism of electroosmosis'®",
and increases BBB permeability in the rat brain'®. In a current flow modeling study, we proposed that current
funneling into capillaries results in a>400 x amplification in the electric field across the BBB'. Here we note this
current density concentration may also impact astrocytes wrapped around capillaries.

The aim of the present study was to determine the effect of DCS on the gene expression of isolated astrocytes
or ECs in vitro. Expression of neuro-active genes was measured immediately and 1-h after application of DCS
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at 0.1 mA and 1 mA for 10 min. Since DCS-induced electroosmosis imposes fluid shear stress that can in turn
alter gene expression?’~>*, we also sought to separate the effects of DCS dependent-on and independent-of fluid
shear stress. Our results point to an interplay between gene activation by pressure-driven flow in the absence of
DCS, pressure-driven flow combined with DCS (producing electroosmosis), and DCS on its own with flow (and
so electroosmosis) blocked. Expanding previous studies on gene induction by tDCS with mixed cell types®**-2,
we found that DCS induced a significant upregulation of FOS and BDNF in isolated astrocytes that occurred
along-side but did not require electroosmosis. DCS effects on ECs were largely hard to distinguish from those
depending on flow induction.

Materials and methods

Cell culture. All reagents were from Sigma (St. Louis, MO) unless otherwise indicated. A mouse brain
endothelial cell line, bEnd.3, was obtained from American Type Culture Collection (Manassas, VA) and cultured
in Dulbeccos modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Hyclone,
Logan, UT), 3 mM L-glutamine, and 1% penicillin-streptomycin. bEnd.3s were plated at 6x 10* cells/cm? in
Transwell PET membrane filters (1.1 or 4.67 cm* membrane area, 0.4 pm pores; Corning, Lowell, MA) coated
with fibronectin and cultured for 4-5 days before DCS experiments. Experimental media consisted of phenol-
red free DMEM supplemented with 1% bovine serum albumin.

Human astrocytes (HA) were obtained from Cell Applications (San Diego, CA) and cultured according to
the manufacturer’s instructions. HA were plated at 3 x 10* cells/cm? in Transwell filters coated with fibronectin
and cultured for 5-6 days before DCS experiments. Experimental media consisted of HA basal medium (Cell
Applications, San Diego, CA) supplemented with 1% bovine serum albumin.

Direct current stimulation. The Transwell filter containing a bEnd.3 or HA monolayer was inserted and
sealed in a custom made transport chamber (Fig. 1), as previously described'®. Briefly, the transport chamber
consisted of luminal and abluminal compartments separated by the cell monolayer. The abluminal compartment
was connected to a reservoir that could be lowered to apply a hydrostatic pressure differential that induced con-
vective flow across the monolayer. Water was transported solely across the cell monolayer.

Direct current stimulation was accomplished with a pair of Ag/AgCl electrodes (4 mm x 1 mm disk; A-M
Systems, Sequim, WA) positioned 6 mm above and below the cell monolayer. In experiments using the large
Transwell membrane, Ag/AgCl electrodes were 8 mm x 1 mm disks positioned 14 mm above and below the cell
monolayer. A transcranial Direct Current Stimulator (model 1300-A, Soterix Medical, New York, NY) was used
to apply 0.1-1 mA current across the monolayers for 10 min. The current was ramped up to the final value and
ramped down to zero over 30 s.

In a typical experiment, the Transwell filter was rinsed twice with experimental medium before being inserted
into the transport chamber. DCS was applied in conjunction with a pressure differential that induced transmural
fluid flow (shear stress) across the monolayer (DCS P), or static (DCS S) conditions. A static control kept in an
incubator for the duration of the experiment was used as the calibrator sample for gene expression analysis. To
account for the effect of shear stress on gene expression, a transmural flow control (con P) not exposed to DCS
was also included. Each pressure experiment began by lowering the abluminal reservoir to apply a 10 cm H,O
pressure differential. To ensure that monolayers were intact and sealed, transmural flow (water flux) was meas-
ured for 60 min before DCS was applied for 10 min. The con P and DCS P conditions applied a 10 cm H,O pres-
sure differential that induced a transmural flow (shear stress) of similar magnitude to that of the electroosmotic
flow induced by DCS'®. The DCS S condition fixed the volume of the system to prevent electroosmotic flow. These
conditions made it possible to isolate electroosmotic flow influences from direct current influences. Note that
when RNA was collected immediately, pressurized samples (con P and DCS P) were exposed to pressure-driven
flow for a total of ~ 1 h, whereas when RNA is collected 1 h after DCS, these samples are exposed to pressure-
driven flow for a total of ~2 h (see Fig. 1 for experimental timeline).

A note of clarification: In this manuscript we are referring to “shear stress” as that associated with electroos-
motic flow induced by DCS. This is flow perpendicular to the monolayer surface induced by fluid that is dragged
across the monolayer by the ions carrying the current. This shear stress should not be confused with the shear
stress of flowing blood parallel to the surface of endothelial cells.

Real time RT-qPCR.  Gene expression was evaluated after a 10-min exposure to DCS with RNA collection
performed either immediately after DCS, or 1 h after DCS. Total RNA was extracted using the RNeasy Mini kit
(Qiagen, Hilden, Germany) and reversed transcribed to cDNA using the High-Capacity cDNA Reverse Tran-
scription kit (Thermo Scientific, Waltham, MA) according to the manufacturer’s instructions. Real time RT-
qPCR was performed on the 7300 Real Time PCR System from Applied Biosystems (Foster City, CA). Tables S1
and S2 list the primers used for bEnd.3 and HA, respectively.

Protein expression. Western Blot for c-FOS: Cells were lysed in RIPA buffer containing 0.1 mL Halt pro-
tease inhibitor cocktail (Thermo Scientific) and 0.1 mL phosphatase inhibitor cocktail I (Roche, Basel, Switzer-
land), scraped, and sonicated. Cell extracts were separated by 12% SDS-PAGE, and proteins were transferred
to PVDF membranes. Membranes were blocked with 5% nonfat dry milk for 1 h at room temperature and
incubated with primary antibody against c-FOS (1:100, Santa Cruz Biotechnologies; Dallas, TX) overnight at
4 °C. Membranes were incubated with HRP-conjugated anti-mouse IgG secondary antibody for 1 h at room
temperature and visualized using the ECL kit (Thermo Scientific). Bands were detected with the ChemiDoc XRS
system (BioRad; Hercules, CA). Blots were stripped with Restore stripping buffer (Thermo Scientific), incubated
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Figure 1. Top: Transport system used to apply direct current stimulation (DCS) to cell monolayers. Transwell
filters containing the cell monolayer were sealed inside the chamber. Water flux was measured, via the
automated bubble tracker, after the application of a 10 cm H,O hydrostatic pressure differential (AP). Cell
monolayers were stimulated with 0.1-1 mA current for 10 min using a transcranial Direct Current Stimulator.
Bottom: Timeline of AP and DCS application, and RNA collection, for each experimental group. Note that in
the “immediate” collection set of samples, conP and DCSP groups are exposed to~ 1 h of AP, whereas in the

“1 ” collection set, conP and DCSP groups are exposed to ~ 2 h if AP. Top figure was modified from Sci. Rep. 8,
1-13 (2018).

with primary antibody against b-Actin (1:5000), and followed by secondary antibody incubation, visualization
and band detection as above. Bands were quantified by densitometry using Image].

Data analysis. Relative gene expression data are presented as mean values (Figs. 1 and 2). The mean + SEM
data is presented in the supplementary information. GraphPad Prism was used for statistical analyses. For RT-
qPCR, con S samples were used as the calibrator and comparisons were made between each group and the hypo-
thetical value of the calibrator (1.0) using a Wilcoxon signed-rank test with p <0.05 considered significant. For
protein expression, unpaired two-tailed student’s t-test were used with p <0.05 considered significant.

Results

DCS modulation of bEnd.3 gene expression. Thirteen genes were tested in bEnd.3 cells. These are a
set of neuroactive genes that are expressed in endothelial cells, as well as some genes known to alter the BBB,
such as endothelial nitric oxide synthase (NOS3) and vascular endothelial growth factor (VEGF). Figure 2 shows
the relative gene expression after exposure to DCS at 0.1 or 1 mA for 10 min. Statistically significant results are
color-coded. Pressure-driven flow alone (con P) induced moderate but significant upregulation in 9 out of the
13 genes, including BDNF which regulates synaptic plasticity and promotes survival of nerve cells. NOS3 and
VEGFRI, which can modulate permeability of the BBB*** also showed significant upregulation. Adding DCS
(DCS P) did not induce significant gene expression changes compared to pressure alone, except for NOS3 at
1 mA where a significant downregulation was observed when RNA was collected immediately (see DCS P/con P
column in Fig. 2). The largest effect observed was a 2.45-fold upregulation of FGF9, a growth factor for glial cells,
by DCS alone (DCS S) after immediate collection. This upregulation was not statistically detectable when RNA
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0.1 mA, immediate 0.1 mA, 1hr 1 mA, immediate 1mA, 1hr
DCSP/ DCSP/ DCSP/ DCSP/
GENE Gene Name conP DCSP DCSS | conP | conP DCSP DCSS | conP | conP DCSP DCSS | conP | conP DCSP DCSS | conP
BDNF Brain derived
neurotrophic factor 1.80 1.50 1.14 083 1.50 1.42 1.14 035 1.80 169 139 0.4 150 133 1.45 089
Glia maturation factor,
GMFB beta 0.99 0.99 0.86 e 111 120 111 it 0.99 1.07 1.00 Ll 131 0.98 1.09 L
Glia maturation factor,
GMFG  gamma 130 120 104 %92 | 130 119 o099] %92 | 130 106 091) %8 | 130 103 o090] O7°
Myocyte enhancer factor
MEF2C  2C 130 130 09s] 90 | 120 106 o092 ©8 | 130 117 [ 076 | 9% | 120 121 o097 202
NOS3  endothelial NOS 150 160 108] ¥°7 | 130 130 osg| 190 | 150 119 079 | 130 115077 || °88
Vascular endothelial
VEGF 120 growth factor 1.20 124 ogs| 193 123 120 112| 998 | 120 158 1.10] 132 123 122 121] 299
VEGFR1  VEGF receptor 1 140 160 113] ¥4 | 150 150 ogal 19 | 140 128 115] 992 | 150 140 130 | 093
Cerebllin 1 precursor
CBLN1 protein 1.30 1.60 111 L 157 127 1.18 Lk 1.30 133 0.86 L 157 127 0.94 ik
CNTF Ciliary neurotrophic factor 106 120 0.90] L 112 1.00 1.03 e 1.06 1.18 1.05 e 112 114 123 —
FGF9 Fibroblast growth factor 9 132 0.86 1.03 065 151 0.89 2.38 059 132 150 245 114 151 160 151 1.06
Hypocretin (orexin)
HCRTR1 receptor 1 1.40 190 1.30 136 170 1.60 138 094 140 1.18 0.85 084 170 147 093 0.86
MT3 Metallothionein 3 170 140 1.01 082 140 1.09 1.16 078 170 171 1.01 101 140 1.18 0.90| 0.84
NTF3 Neurotrophin 3 0.88 091 078 s 1.24 113 0.84 1R 0.88 0.88- s 124 0.88- Lk

Figure 2. Gene expression for bEnd.3 cells exposed to DCS for 10 min at 0.1 mA or 1 mA with RNA collected
immediately or after 1 h. Con P- samples with a hydrostatic pressure gradient that induces convective flow; DCS
P- samples with a hydrostatic pressure gradient plus DCS; DCS S-samples under static (no flow) conditions with
DCS. Expression shown relative to static control used as calibrator for RT-qPCR. The statistically significant
changes are color coded using a 3-color gradient scale where blue to green=downregulation, yellow = onefold,
and orange = upregulation, and red = > fivefold upregulation. N > 7 for all cases. Statistical significance
determined by Wilcoxon signed rank test with p <0.05 considered significant. DCS P/con P- shows the fold
difference between these samples. Values shown in bold italics denote statistical significance DCS P versus con
P by Student’s ¢ test with p <0.05 considered significant. Full mean+SEM data set shown in supplementary
information Fig. SI.

was collected 1 h after DCS, nor was any FGF9 upregulation statistically detectable at 0.1 mA. In addition, DCS S
at 1 mA induced immediate downregulations of NOS3 (0.62-fold) and NTF3 (0.55-fold), a nerve growth factor,
which were sustained 1 h after stimulation. At 0.1 mA, a downregulation of NTF3 (0.78-fold) was observed after
immediate RNA collection, but not statistically detectable when RNA was collected 1-h later.

DCS modulation of astrocyte gene and protein expression. Twenty-one neuroactive genes were
tested on human astrocytes. Figure 3 shows the relative gene expression after exposure to 0.1 or 1 mA DCS for
10 min. Statistically significant results are color-coded. Pressure-driven flow (con P) modulated the expres-
sion of 15 out of the 21 genes tested. While most of the changes were very small, we note upregulation of 1.65
and 1.78-fold for ILIR1 and FOS, respectively, after immediate RNA collection (1 h of pressure-driven flow in
total). These upregulations further increase to 2.16 and 4.50-fold when RNA was collected one hour later (2 h of
pressure-driven flow in total). Adding DCS to pressure-driven flow did not induce marked changes compared
to pressure alone under most conditions tested. At 1 mA with RNA collected 1 h later, however, several genes
showed significant upregulation when DCS was added to pressure-driven flow (see DCS P/con P column in
Fig. 3), most notably BDNF (1.74-fold increase) and FOS (5.37-fold increase). There were large upregulations
in FOS when DCS was applied with or without pressure-driven flow. At 0.1 mA, FOS was upregulated 3.09-fold
under DCS P conditions, and 10.08-fold under DCS alone when RNA was collected immediately. At 1 mA, FOS
was upregulated 24.14-fold under DCS P conditions, and 18.66-fold under DCS alone when RNA was collected
one hour after stimulation. Interestingly, with immediate RNA collection, BDNF was slightly downregulated by
pressure-driven flow alone and upregulated by DCS alone at both current magnitudes. When RNA was collected
1 h later, there was a small, not statistically significant, upregulation by pressure-driven flow and a statistically
significant upregulation by DCS alone. For 1 mA, DCS plus pressure-driven flow produced a statistically signifi-
cant upregulation in BDNF compared to pressure-driven flow alone at both RNA collection times.

Because of the large upregulation in FOS gene expression, we investigated whether c-FOS protein expression
was also modulated by DCS using western blot at 1 mA with protein collection performed 1 h after stimulation.
Figure 4 shows representative images of the blots and quantification by densitometry. Although there was a trend
towards upregulation of c-FOS protein expression by DCS, it did not reach statistical significance. One limitation
is that the baseline expression of c-FOS is very low, necessitating large amounts of concentrated protein to get a
signal, which we were not always able to obtain from each experiment.
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0.1 mA, immediate 0.1 mA, 1hr 1 mA immediate 1 mA,1hr
DCSP/ DCSP/ DCSP/ DCSP/
GENE Gene Name conP DCSP  DCSS | conP | conP DCSP DCSS | conP | conP DCSP DCSS | conP | onP DCSP  DCSS | conP

Brain-derived

BONF neurotrophic factor 078 o090 122 | 124 | 150 146 177 | 121 | 078 100 140 | 227 | 120 | 2120 233 | 174
Fas (TNF receptor

FAS supedamily) 092 o0ss 113 | 198 | o074 080 | 097 | 052 | 085 o092 | 092 |'078 " 079 | 055 | 107

FGF2 Fibroblast growth factor2 | 1.11 1.19 1.29 107 0.88 0.98 096 112 111 1.35 1.27 122 0.88 129 121 147
Fibroblast growth factor

FGFRL  receptorl 103 106 110 | 103 | 083 o087 | 086 ] 105 | 1035 o098 109 | 095 | 083 100 105 | 121
Glia maturation factor,

GMFB  bew 100 114 125 | 295 | 086 o089 098 | 204 | 100 104 109 | 096 | 086 101 103 | 117

BAX BCL-associated X protein | 094 097 103 | 193 | 087 08 089 | 103 | 09s o095 o097 | 101 | 087 o091 o0ss | 205

FUS Fused in sarcoma 1.05 1.12 1.05 107 0.85 087 0.95 1.05 0.96 1.03 0.92 106 0.96 119
Transforming growth

TGFBL  factor, beta 1 104 105 103 | 101 081 080 | 116 | 104 o098 100 | 094 084 o083 | 220
Heat shock 27kDa protein

HSPBL 1 094 092 103 | %% | 086 08 o089 | 104 | 094 o097 102 | 204 | 08 095 107 | 211
Interleukin 1 receptor,

IL1RL wype | 165 198 187 | 120 | 216 250 243 | 116 | 165 133 138 | 081 | 226 290 260 | 134
Interleukin 6 signal

IL6ST transducer 117 119 1.12 101 0.5 1.10 107 116 117 1.02 106 0.87 095 107 094 113
Melanoma antigen family

MAGED1 D, 1 104 109 110 | 2% | 090 o095 o099 | 205 | 104 097 101 ]| 093 | 090 o098 o089 | 109
Nerve growth factorreceptor

NGFRAP1 associated proteint 094 0.93 1.01 099 094 0.89 106 0.95 0.84 0.93 1.05 0.99 0.94 097 096 1.03

BCL2 B-cell CLY/lymphoma 2 098 115 1.28 130 | 098 105 116

CCKAR  Cholecystokinin Areceptor|] 093 104 = 0.83 113 | 093 094 093
CD40 molecule, TNF

CD40 receptor superfamily 096 103 120 104 | 096 087 101 | 090 | o8 107 123 | 122

CNTF Gliaryneurotrophicfactor | 116 ~ 162 167 | 249 | 108 149 172 | 138 | 116 o085 107 | 074 | 108 182 203 | 168
Corticotropin releasing

CRHBP homone binding protein | 078 078 @ 0.92 098 | 109 o738 081 112 | 104 | 083 o092 120 | 111
Chemokine (C-X-C motif)

CXCR4 receptor 4 113 086 | 089 | 113 099 o086 | 087 | 109 089 0.81
FBJmurine osteosarcoma

FOS viral oncogene homolog 178 573 0.79 1.78 1.71 0.96 5.37
Fibroblast growth factor

FRS2 receptorsubstrate 2 0.81 096 | 1.18 | 081 103 111 [ 227 084 088 | 126

Figure 3. Relative gene expression for human astrocytes exposed to DCS for 10 min at 0.1 mA or 1 mA

with RNA collected immediately or after 1 h. Con P- samples with a hydrostatic pressure gradient that
induces convective flow; DCS P- samples with a hydrostatic pressure gradient plus DCS; DCS S- samples
under static conditions with DCS. Expression shown relative to static control used as calibrator for

RT-qPCR. The statistically significant changes are color coded using a 3-color gradient scale where blue to
green =downregulation, yellow = onefold, orange = upregulation, and red = > fivefold upregulation. N>7 for
all cases. Statistical significance determined by Wilcoxon signed rank test with p <0.05 considered significant.
DCS P/con P - shows the fold difference between these samples. Values shown in bold italics denote statistical
significance DCS P versus con P by Student’s ¢ Test with p <0.05 considered significant. Full mean+SEM data
set shown in supplementary information Fig. S2.

Discussion

The goal of this study was to investigate whether DCS can alter gene expression in isolated astrocytes and ECs
that form the BBB. We exposed ECs and astrocytes to DCS at 1 mA or 0.1 mA for 10 min and quantified changes
in gene expression using RT-qPCR. The effects of tDCS on cellular targets range from acute (within minutes)
to long-term®!*. Given the limitations of maintaining a cell culture long term in our experimental setup, we
investigated the acute effects of DCS on gene expression. RNA was collected immediately after a 10-min DCS
exposure, with the aim of capturing acute changes induced by the electric field itself and/or electroosmosis. To
determine whether these changes were dependent on the presence of the electric field (as is electroosmosis) or
more lasting in nature, total RNA was also collected one hour after stimulation.

The following conditions were included in this study: a static control condition without pressure-driven flow
or DCS (conS), which served as the calibrator for gene expression analysis, a pressure-driven flow without DCS
control condition (conP), a DCS with flow blocked condition (DCS S), and the physiological condition of pres-
sure (flow) plus DCS (DCS P). The conS condition is not a physiological one. Recent studies support the idea
that bulk flow is an important mechanism of transport in the brain parenchyma®. Therefore, both endothelial
cells and astrocytes are likely to experience continuous fluid flow (shear stress) in vivo. More specifically, in this
study we tried to simulate the interstitial flow on astrocytes associated with electroosmotic flow induced by
DCS. However, including the static condition along with the conP condition allowed us to characterize whether
the observed changes by DCS were due to fluid flow alone. We previously showed DCS induces fluid flow via
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Figure 4. Normalized c-Fos protein expression in human astrocytes and representative western blot. Contrast
and brightness on blot image have been altered for visibility, and the blots have been cropped. Unaltered, full-
length blots presented in supplemental Fig. S3. n.s =not significant; N=3 for each group.

electroosmosis and that the amount of induced flow is about the same as that induced by a 10 cm H,O pressure
differential’®. It is established that increased fluid shear stress around the cells can alter gene expression®-23.
Including static and pressurized samples with and without DCS allowed us to evaluate whether flow and DCS
acted synergistically, or if their effects on each gene were in opposition.

In ECs, we report that pressure-driven flow without DCS induced statistically significant changes in the
expression of 9 out of 13 genes tested in bEnd.3 cells. None of the changes were above twofold and adding DCS
with pressure-driven flow did not induce notable further changes. In ECs, DCS alone (with flow blocked) induced
an upregulation of BDNF and a 2.45-fold increase in FGF9 at 1 mA when RNA was collected immediately. DCS
alone downregulated ECs expression of NTF3, NOS3, MEF2C; NTF3 and NOS3 persisting for 1 h at 1 mA.
MEF2C and NOS3 changes were qualitatively in a different direction than flow driven changes (con P). The
role of endothelial NTF3 beyond fetal development has not been fully investigated. However, it's been shown
that NTF3 induces nitric oxide (NO) in rat cerebral endothelial cells®, and in subependymal neural stem cells
(NSCs)*. It was also shown that NTF3-induced NO acts as a cytostatic factor, promoting quiescence and long-
term maintenance of NSCs’!. Taken together these results point to nuanced effects of DCS on EC gene expression
that can both derive from or occur independent of induced flow.

For astrocytes, we report pressure-driven flow without DCS (con P) induced significant gene expression
changes in 15 out of 21 genes, with the highest relative increases in FOS and IL1R1 and several genes downregu-
lated. Adding DCS with pressure-driven flow did not result in marked further changes, except for FOS and BDNE.
DCS alone (with flow blocked) impacted several genes notably an increasing expression of FOS, ILIR1, CNTE,
and BNDE. As with ECs, effects of DCS on gene expression in astrocytes points to sophisticated effects involving
both flow-dependent and flow-independent changes. For example, astrocyte BDNF expression is enhanced by
both flow-independent mechanisms and by flow-dependent (electroosmotic) mechanisms.

Previous studies with mixed cell types have shown that tDCS induces expression changes of several immediate
early genes in neurons including FOS*?*-%. Immediate early genes are activated rapidly upon cell stimulation,
before any protein synthesis has occurred, and serve as regulators of downstream target genes*. The dimeric
complex of FOS and JUN proteins forms the transcription factor activator protein-1, AP-1, which binds to
DNA and has a role in coupling extracellular stimuli with changes in gene expression®. In neuronal tissue, FOS
upregulation is routinely used as a marker of activated neurons*>*>** and has been associated with learning and
memory*>*>%, In cultured astrocytes, FOS expression is also a marker of activation®” and has been associated
with differentiation and proliferation®.

To our knowledge, the present study is the first to show gene upregulation in astrocytes, including FOS and
BDNE in response to DCS. However, prior studies using long-term electrical stimulation have shown activation
of astrocytes in vitro. Neurons and astrocytes cultured on microelectrode arrays migrated toward the stimulating
electrode after 24 h of stimulation®. It was observed that migration was induced earlier in neuron and astrocyte
cocultures than in neuron-only cultures, and the viability of neurons was enhanced in cocultures**°. Using
FOS as a marker of activation, continuous motor cortex stimulation in rats was shown to induce the number of
astrocytes in the cortex*!. Previous studies have shown that astrocytes are necessary for long-term potentiation
and plasticity*>-**. A recent study in mice showed that astrocyte activation, without neuronal activation, induces
long-term potentiation and enhances memory allocation®. Using a mouse model of tDCS, Monai et al. observed
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elevation of astrocytic but not neuronal Ca?*, leading to synaptic plasticity and improvement of depression-like
behavior'.

This study had several limitations inherent to the approach adopted. The application of current across the
monolayers is not directly analogous to application of current across the brain. In the in vivo BBB, endothelial
cells do form a monolayer, and while astrocytes don’t form a monolayer in vivo, the astrocyte foot processes
surrounding endothelial cells resemble a monolayer (see for example: Fig. 2A in Kutusov et al.*®). We also note
that the interaction between endothelial cells and astrocytes is not captured in our model (no co-culture). But
a previous study of co-culture models of endothelial cells and astrocytes*” showed little interaction effect on the
permeability of a BBB model and displayed trends that closely followed in vivo measurements in the rat pial
circulation. It would, however, be valuable to look at gene expression changes in cells isolated from mice exposed
to DCS. It would also be important to extend the scope of this study by using broad RNA-Seq technology.

With the goal of clearly isolating action on cell types, we do not access secondary inter-cell-type interactions
(e.g., how astrocyte BDNF would impact neuronal plasticity). Extending these experiments to in vivo models
would be difficult to interpret precisely because of their functional coupling!>**->°. There is a large space of stimu-
lation waveform to explore (e.g., duration), and we start here with intensity. We cannot explain the non-linearity
in cellular dose response; however, non-linear dose response is observed in tDCS*'-** and our results show this
can originate even at the astrocyte or endothelial cellular level. Indeed, complex dose response of astrocytes and
endothelial cells to chemical and mechanical signals is common.

In conclusion, this study shows that DCS modulates gene expression in both endothelial cells and astrocytes.
In ECs more of the tested genes were responsive to convective flow, whether only pressure driven or with DCS,
including BDNFE, NOS3, and VEGFRI. In astrocytes, there was more evidence for interactions between flow-
dependent and flow-independent changes in tested gene expression, including of FOS and BDNFE. The largest
effects observed were for the immediate early gene FOS (as much as 24-fold increase). We have previously shown
that DCS induces increased flow across EC monolayers due to the electroosmotic effect' but direct effects of
electric field on ECs and astrocyte polarization are plausible. While the cellular and molecular targets of tDCS
still continue to be explicated, our results support the idea that endothelial cells and astrocytes forming the BBB
are probable targets, and their responses may, in part, explain the changes (including plasticity) of neuronal
activity produced by tDCS.

Data availability

The datasets generated and/or analyzed during the current study are included in this article, its supplemental
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