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Abstract—tDCS has been used to treat various brain
disorders and its mechanism of action (MoA) was found to
be neuronal polarization. Since the blood-brain barrier
(BBB) tightly regulates the neuronal microenvironment, we
hypothesized that another MoA of tDCS is direct vascular
activation by modulating the BBB structures to increase its
permeability (P). To test this hypothesis, we used high
resolution multiphoton microscopy to determine P of the
cerebral microvessels in rat brain. We found that 20 min 0.1—
1 mA tDCS transiently increases P to a small solute, sodium
fluorescein (MW 376) and to a large solute, Dextran-70k,
with a much higher increase in P to the large solute. By
pretreating the vessel with a nitric oxide synthase inhibitor,
we revealed that the tDCS-induced increase in P is NO
dependent. A transport model for the BBB was further
employed to predict the structural changes by the tDCS.
Comparing model predictions with the measured data
suggests that tDCS increases P by temporarily disrupting
the structural components forming the paracellular pathway
of the BBB. That the transient and reversible increase in the
BBB permeability also suggests new applications of tDCS
such as a non-invasive approach for brain drug delivery
through the BBB.

Keywords—Multiphoton microscopy, Non-invasive, Nitric
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INTRODUCTION

Transcranial direct current stimulation (tDCS) is a
non-invasive electrical stimulation investigated to treat
a broad range of brain disorders and to enhance
memory and cognition in healthy individuals.®” The
diversity of tDCS applications is rationalized by tDCS
“priming” neuronal capacity’® thereby enhancing
adjunctive interventions (e.g., cognitive behavioral
therapy, neurorchabilitation) and the ability to learn
an associated task.’ Therefore, explaining the mecha-
nism of action (MoA) of tDCS depends on identifying
a cellular target that broadly increases brain functional
capacity which historically focused on neuronal
polarization, although the brain endogenous process of
priming neuronal capacity has been found to enhance
regional blood flow in humans®®*! and in animals,** as
well as to increase blood nitric oxide (NO) levels."

The wall of the cerebral microvessel is specified as
the blood—brain barrier (BBB). To serve as a protect-
ing barrier, the BBB consists of endothelial cells (ECs)
with tight junctions in between ECs, which are addi-
tionally wrapped by the basement membrane (BM),
pericytes and astrocyte foot processes.'? Direct effects
of electrical stimulation on endothelial cells (ECs) are
known, including re-orientation and secretion of vas-
cular endothelial growth factors (VEGFs)* and NO.*
A recent study showed that DCS can modulate water
permeability of an in vitro BBB model through elec-
troosmosis.” Because the BBB tightly regulates the
neuronal microenvironment by maintaining proper ion
concentrations for the neurons, supplying nutrients
and oxygen to and removing metabolic wastes from
the brain tissue, could a MoA of tDCS be direct vas-
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cular activation? Thus, the first objective of this study
is to test the hypothesis that tDCS directly modulates
the BBB to transiently increase its permeability. To this
end, we employed our recently developed multiphoton
microscopic imaging method”® to quantify the BBB
solute permeability of individual microvessels in rat
brain following tDCS. To further investigate the cel-
lular mechanism by which tDCS modulates the BBB
permeability, the second objective of this study is to
test the hypothesis that tDCS-induced increase in the
BBB permeability is nitric oxide (NO) dependent. To
do this, we pretreated the cerebral microvessels with a
nitric oxide synthase (NOS) inhibitor, NG-mono-
methyl-L-arginine (L-NMMA), before measuring BBB
responses to tDCS treatment.

The ultimate determinants of the BBB permeability
are the structural components forming the BBB. Our
previous mathematical model'” indicates that the BBB
permeability to water and hydrophilic solutes is
determined by the structural components in the para-
cellular pathway of the BBB, i.e., endothelial surface
glycocalyx (ESG) of endothelial cells (ECs), interen-
dothelial cleft, the junctions between adjacent ECs, the
surrounding basement membrane (BM), pericytes and
astrocytes, and the gap between astrocyte foot pro-
cesses. Based on the ultrastructural parameters
obtained from electron microscopy,'"'** this model
successfully explained the measured BBB permeability
to water and solutes under control conditions.'>*?
Therefore, the third objective of this study is to use this
model to predict possible ultra-structural changes
underlying transient BBB permeability enhancement
by the tDCS. These transient and nano-meter scaled
changes cannot be determined by any currently avail-
able experimental techniques.

Taken together, our results provide cellular and
BBB ultra-structural changes that support a frame-
work for tDCS modulated neuronal capacity through
vascular activation. As considered in the discussion
these findings support a vascular MoA that can com-
plement direct neuronal polarization and suggest new
applications of tDCS such as a non-invasive and
selective approach for the systemic brain drug delivery
through the BBB.

MATERIALS AND METHODS

Animal Preparation

Adult female Sprague-Dawley rats (250-300 g, age
3—4 months; Hilltop Laboratory Animals Inc.,
Scottsdale, PA, USA) were used to conduct the
experiments. All procedures and the animals use were
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approved by the Institutional Animal Care and Use
Committee of the City College of New York. Rats
were anesthetized with pentobarbital sodium injected
subcutaneously. The initial dosage was 65 mg/kg per
bodyweight, and additional 3 mg/dose was given as
needed. A heating pad was used to keep the rat at its
body temperature throughout the entire experiment.
The depth of anesthesia was monitored for the absence
of withdrawal reflex to toe pinch and absence of blink
reflex. Anesthesia was further checked every 15 min
during the experiment; an additional 3 mg/dose pen-
tobarbital was given when needed. At the end of the
experiments, an overdose of pentobarbital (> 100 mg/
kg) was administered intravenously to euthanize the
animal.

The preparation of the rat skull observation area
was the same as that previously described in Refs. 26
and 32. Briefly, after a rat was anesthetized, the skull in
the region of interest was exposed by shaving off the
hair and cutting away the skin and connective tissue. A
section of the right or left frontoparietal bone
(~ 4 mm x 6 mm) (Fig. 1a) was carefully ground with
a high-speed micro-grinder (0-50,000 rpm, DLT
S0KBU; Brasseler USA, Savannah, GA, USA) until a
part of it (~ 2 mm x 2 mm) became soft and translu-
cent. During the process, artificial CSF (ACSF) at the
room temperature was applied to the surface of the
skull to dispel the heat due to grinding. After grinding,
the right or left carotid artery was cannulated with
PESO0 tubing. The rat was then placed on a stereotaxic
alignment system (SAS 597; David Kopf Instruments,
Tujunga, CA, USA), and its head was fixed with two
ear bars and a mouth clamp. After tDCS treatment,
the cerebral microvessels were observed under the
objective lens of a multiphoton microscope through
the thinned part of the skull and the BBB permeability
was determined. A single rat can only be used for one
experimental condition and 1-3 vessels can be collected
per rat for the permeability measurement.

Solutions and Florescent Test Solutes
Mammalian Ringer’s Solution

Mammalian Ringer’s solution was used for all per-
fusates, which was composed of (in mM) NaCl 132,
KCl1 4.6, MgSO,4 1.2, CaCl, 2.0, NaHCO3; 5.0, glucose
5.5, and HEPES 20. The pH was buffered to 7.40-7.45
by adjusting the ratio of HEPES acid to base. In
addition, the florescent dye solution contained 10 mg/
mL BSA (A4378; Sigma-Aldrich, USA).** The solu-
tions were made fresh on the day of use to avoid
binding to the serum albumin.
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FIGURE 1. lllustration of experimental setups and protocols. (a) Schematic of the rat skull showing the locations for the tDCS
treatment and multiphoton imaging. The red circled area is the region of the tDCS application and the black rectangular ellipse
represents the region of the thinned skull for the microscope imaging for the BBB permeability measurement. (b) Schematic of the
setup for the tDCS application to the rat brain. One electrode connects to the rat cranium (the red circled area) shown in (a) and the
counter electrode connects to the ventral thoracic region. (c) Schematic of the BBB solute permeability measurement by
multiphoton microscopy. While the solution with the fluorescently labeled solute is injected through the carotid artery at a rate
of ~ 3 mL/min, the images of the ROI containing several microvessels and the surrounding brain tissue are collected. The ROl is in
the cerebral cortex 100-200 ym below the pia mater in the region indicated by the black rectangular ellipse in (a). The BBB
permeability is determined off-line by analyzing the collected images (shown in Fig. 2). (d) Experimental timelines and protocols
for the BBB permeability measurement under various treatments.

Artificial Cerebrospinal Fluid (ACSF)

The ACSF solution composition was (in mM) NaCl
110.5, KCl1 4.7, CaCl, 2.5, KH,PO,4 1.1, MgSO47H,0
1.25, NaHCO; 25, and HEPES 15 and the solution
was buffered to pH 7.4 £ 0.5. All chemicals were
purchased from Sigma-Aldrich (USA).

ment, 1 mL of 21 mM L-NMMA was injected into the
rat tail vein. This generated the initial blood .L-NMMA
concentration of ~ 1 mM if the blood volume was ~
20 mL for the rats used.** In the dye solution injected
into the carotid artery, the concentration of L-NMMA
was 0.1 mM.

To avoid hypoxia due to replacing the blood with
the injected solutions, all the solutions were oxy-

Sodium Fluorescein and FITC-Dextran-70k genated by bubbling with the compressed gas com-

Sodium fluorescein (F6377, Sigma-Aldrich; mol. wt.
376 Da, Stokes—Einstein radius ~ 0.45 nm) was dis-
solved at 0.1 mg/mL in the Ringer solution containing
10 mg/mL BSA. FITC-dextran-70kD (FD70s, Sigma-
Aldrich; mol. wt. 70,000 Da, Stokes radius ~ 3.6 nm)
was at the concentration of 1 mg/mL in the Ringer
solution containing 10 mg/mL BSA.

L-NMMA

NS-monomethyl-L-arginine (L-NMMA) was pur-
chased from Sigma-Aldrich. For L-NMMA pretreat-

posed of 95% oxygen and 5% carbon dioxide (Airgas,
Bethlehem, PA, USA) for ~ 10 min before injection
into the cerebral circulation.

Two-Photon Microscopy and Image Collection

The microvessels were observed with a 40x lens
(water immersion, NA 0.8; Olympus Corporation,
Tokyo, Japan), and the 12-bit images were collected by
a two-photon microscopic system (Ultima, Prarie
Technologies Inc., Middleton, WI, USA). For both
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FIGURE 2. Determination of the BBB solute permeability P. (a) lllustration of the scanning region of interest (ROI) comprising
several microvessels, ~ 100-200 ym below the pia mater. The scanning ROl is ~ 239 yum X 239 um. The orange frame enclosed area
is the ROI used to determine the BBB permeability to a solute. (b) Total fluorescence intensity in the yellow frame enclosed ROI as
a function of the perfusion time. Fluorescence intensity in the figure is proportional to the total amount of the solutes accumulated
in the measuring region surrounding the microvessel. The slope of the regression line over the initial linear accumulation (d/d1),
(red line) is used to determine the solute permeability P = 1/Al, * (dI/Ad1), * 2, where Al, (black line with arrowheads) is the step
intensity increase when the dye just fills up the vessel lumen, and r is the radius of the vessel.

solutes, the excitation wavelength of the two-photon
microscope was set to 820 nm to clearly visualize the
cerebral microvessels ~ 100-200 um below the pia
mater.”® After tDCS treatment, the rat was immedi-
ately placed under the objective of the two-photon
microscope. The fluorescently-labeled solute solution
was then introduced into the cerebral circulation by a
syringe pump via the carotid artery at a constant flow
rate of ~ 3 mL/min for 1 min in an interval of 5 min
(Fig. Ic). 3 mL/min is the normal blood perfusion rate
at the rat carotid artery. Simultaneously, the images of
the ROI (region of interest) containing the microves-
sels and surrounding brain tissue were captured when
the dye was perfused into the brain. The images of ~
239 um x 239 um (512 x 512) were collected at a rate
of ~ 1 s per image. The corresponding resolution is
0.467 ym x 0.467 um/pixel. The collected images were
then transferred to an image analysis workstation to
determine the BBB solute permeability.

Transcranial Direct Current Stimulation (tDCS)
Treatment

tDCS was administered using a constant current
stimulator (1 x 1 tDCS, Soterix Medical Inc, New
York, USA) to deliver 3 different doses of weak direct
current (0.1, 0.5, and 1 mA) for 20 min (including 30 s
ramp up and 30 s ramp down). Specifically, an epi-
cranial anode electrode (1 mm diameter, Ag/AgCl)
was positioned into a customized tubular plastic can-
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nula (4 mm inner diameter, 6 mm outer diameter,
contact area 0.125 cm?) filled with conductive elec-
trolyte gel (Signa, Parker Laboratory, NJ, USA) and
secured stereotactically over the right or left frontal
cortex of a rat head (approximately 2 mm anterior to
Bregma and 2 mm right to Sagittal suture) (Fig. 1a)
using a precise micromanipulator (MM-3 Microma-
nipulator, Narishige Group, Japan). The returning
electrode (5 x 5 cm adhesive conductive fabric elec-
trode, AxelGaard Manufacturing Co. Ltd. CA, USA)
was placed onto the ventral thoracic region of the
anaesthetized rat (Fig. 1b). Prior to the placement of
the returning electrode, hairs over the thoracic region
were removed and a thin layer of Signa gel was
applied, which helped to maintain uniform skin—elec-
trode contact. The corresponding current density for
each dosage were 0.8, 4.0 and 8.0 mA/cm?”. We adop-
ted a unilateral epicranial electrode montage validated
in the prior rat models.'® The stimulation intensity
range was based on prior safety parameter studies of
tDCS in rats'* and humans."

L-NMMA Treatment

To test the effect of L-NMMA on the BBB perme-
ability to different sized solutes, rats were pretreated
with 1 mL of 21 mM L-NMMA solution through tail
vein injection ~ 55 min prior to image collection. For a
rat of 250-300 g, there is ~ 20 mL blood. If we inject
I mL (21 mM) .-NMMA, there is ~ | mM .-NMMA
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in the blood initially after well mixed. Additionally, in
the dye solution injected into the carotid artery, there
was 0.1 mM L-NMMA to maintain its effect.

L-NMMA and tDCS Treatment

To test whether pretreatment of L-NMMA can
abolish the effect of tDCS on the BBB permeability to
different sized solutes, rats were pretreated with 1 mL
of 21 mM L-NMMA solution through tail vein injec-
tion for ~ 30 min prior to 20 min 1 mA tDCS treat-
ment.

Experimental Protocol

Figure 1d summarizes the experimental protocols
for three different treatments (tDCS, pretreatment of
L-NMMA and tDCS, and L-NMMA only) on the BBB
solute permeability. For tDCS treatment, after 20 min
0.1, 0.5 or 1 mA tDCS, the rat head was mounted to
the multiphoton microscope and the ROI was found
in ~ 5 min. The images for determining the BBB solute
permeability were first collected ~ 5 min post-tDCS.
Then they were continuously collected 1 min in a
5 min interval up to 20 min. For the L-NMMA and
tDCS treatment, the rat was pretreated with L-NMMA
for ~ 30 min prior to 20 min 1 mA tDCS. The images
were first collected ~ 5 min post tDCS and continu-
ously collected up to 20 min. For L-NMMA treatment
only, the images were first collected ~ 55 min post L-
NMMA tail injection and continuously collected up to
70 min.

Determination of the BBB Solute Permeability P

We used the same method as in our previous study?°
to determine P of the cerebral microvessels ~ 100—
200 pum below the pia mater. Post-capillary venules of
15-30 ym diameter were chosen for the P measure-
ment.*> The reasons that we currently only measured
the P of post-capillary venules were: (1) to avoid the
influence of smooth muscle cells at arteries, arterioles,
and large venules, which would contract under stimuli
and affect the P measurement; (2) our previous studies
on the BBB permeability were also conducted on this
type of post-capillary venules.’*3>

The primary presumption in the calculation of P
with the use of fluorescent solutes is that the fluores-
cence intensity 7 is a linear function of the number of
solute molecules (concentration) in the measuring field.
Shi et al.***" found that the relationship between the
concentration and the fluorescence intensity was linear
from 0.05 to 0.25 mg/mL for sodium fluorescein and
from 0.2 to 2 mg/mL for FITC-dextran-70k in the
same setting of multiphoton microscopy used in the

current study. We thus used 0.1 and 1 mg/mL,
respectively, for sodium fluorescein and FITC-dextran-
70k in our permeability experiments.

The permeability was determined off-line from the
pre-collected images by using ImageJ (National Insti-
tutes of Health, Bethesda, MD, USA). Figure 2a
shows a typical image of an ROI (~ 239 pum x 239 um)
with a couple of microvessels and surrounding brain
tissue. The total florescence intensity in a rectangular
window (yellow line enclosed) including a vessel lumen
and the surrounding tissue (Fig. 2a) was measured by
ImageJ. The measuring window was ~ 50-100 ym long
and ~ 30-60 um wide and was set at least 10 um from
the base of the bifurcation to avoid solute contami-
nation from the side arms. The criteria for the size and
placement of the measuring window were (1) the vessel
segment is straight, (2) the dye does not spread out of
the window during the time for permeability mea-
surement (5-60 s), and (3) no dye contamination from
the neighboring vessels into the window. When the
criteria were satisfied, permeability P was determined
using the equation,™ P =1/Aly* (dI/df)* r/2, where
Aly is the step increase of the florescence intensity in
the window when the dye just fills up the vessel lumen,
(dZ/d1), is the slope of the increasing curve of the total
intensity / vs. time ¢ when the solute further diffuses
into the surrounding tissue, and r is the vessel radius
(Fig. 2b). We determined the BBB P to a small solute,
sodium fluorescein (MW 376) and a large solute, Dex-
70k, which have the representative sizes for the blood-
borne molecules and also the similar sizes with the
therapeutic agents for treating brain diseases.®

Corrections for Influence of Red Blood Cells, Free Dye,
and Solvent Drag on BBB Permeability

The fluorescence dye solution was injected into the
brain at a rate of 3 mL/min, the same as the normal
blood perfusion rate at the carotid artery.*> Although
at this perfusion rate the blood was assumed to be
replaced by the fluorescence solution, there was still
residue blood (red blood cells, RBCs) in the cerebral
microvessels, which would overestimate the measured
BBB P by ~ 11%, as estimated in.*? In addition to
RBCs, free dye would overestimate the P to fluores-
cently labeled solutes.*® The influence of the free dye
on the solute permeability was estimated by using
Cquatlon PCOI'I'CCt — [1/(1 _F')] Pmeasure _ [F/(l _F)]
Preedye - where PTU was measured permeability;
was similar to P! since the molecular
weights of FITC (389.4) is close to that of sodium
fluorescein (NaFl, 376); F ~ 0.1% was the intensity
ratio of the free dye filtrate to the original fluorescently
labeled solution for FITC-dextran 70 k; P™°" was
the corrected solute permeability P.
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The above apparent permeability P corrected for
the RBCs and free dye still overestimates the true
diffusive solute permeability P4 due to the coupling of
solute flux with water flow (solvent drag). The Py for
FITC-dex 70k and sodium fluorescein were calculated
by using the following equations,*®

Pe
S exp(Pe—1) + Lp(1 = 0)Aperr (1)
L,(1—0)A
P, = p( ) Apefr 2)
Py

where P is the measured apparent permeability, Pe is
the Peclet number, L, is the hydraulic conductivity of
the microvessel, which is ~ 2.0 x 10~° cm/s/cmH,O
for the cerebral microvessels,!>2® ¢ is the reflection
coefficient of the microvessel to the solute, and Ap.gr is
the effective filtration pressure across the microvessel
wall, obtained from

albuminAnalbumin _ O,dyefsoluleAndyefsolute

(3)

where Ap and An are the hydrostatic and oncotic
pressure differences across the microvessel wall. The
superscript dye-solute is NaFl or FITC-dextran 70k. ¢
of rat cerebral microvessels to the test solutes were
estimated based on previous studies®” according to the
molecule sizes. g9 7%k (the same as ¢*®"™") and
o™ were estimated to be 0.95 and 0.1, respectively.
Ap in the cerebral microvessel was ~ 10 cm H,O,
A7 was 3.6 cm H,O for 10 mg/mL BSA.*?

In correcting permeability for the solvent drag,
Ly control = 2 X 10~° cm/s/cmH,0O was used for the
control and L-NMMA + tDCS groups. Half of
Ly, controt Was used for the L-NMMA only group. Two
Ly values, 10 x Ly control and 50 X Ly, control, Were used
for the tDCS groups. In fact, the contribution from the
solvent drag to the BBB permeability was less than 1%
for both solutes under our conditions due to very low
L

Aper=Ap —¢c

p-

Data Analysis and Statistics

P measured under control was averaged as the
control P. This value was then used as a reference for
all the subsequent treatments. Data were presented as
mean = SE unless otherwise specified. ANOVA was
applied to test statistical significance of the treatment
over time and to between-group data for permeability
differences at specific times. Significance was assumed
for probability level p < 0.05.
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Mathematical Model for the Paracellular Transport
Across the BBB

The BBB consists of the endothelial cells, the sur-
rounding basement membrane (BM), the wrapping
astrocyte foot processes and pericytes. Figure 3 shows
its anatomical structure (Fig. 3a) and the simplified

(a)

Astrocyte
Glycocalyx Tight junction

Pericyte
Endothelial cell

Endothelial cell nucleus Basement membrane

(b) Surface glycocalyx Basement membrane

ﬁéﬂ Flow out

Endothelial cell Astrocyte process
La
C
Lumen Tissue
side X 2, side
Interendothelial clef

Endothelial cell Flow out

Endothelium —>|

Blood-brain barrier (BBB) ——— |

FIGURE 3. The BBB structure and the simplified model
geometry for the paracellular transport. (a) Three
dimensional sketch of a cerebral microvessel. Its wall (the
BBB) is formed by endothelial cells, basement membrane,
pericytes and astrocyte foot processes. Based on the electron
microscopic observation in Farkas and Luiten.' (b) Simplified
model geometry for the paracellular pathway of the BBB
(dashed line enclosed area in a). The interendothelial cleft has
a length of L and a width of 2B. The tight junction strand
inside the cleft has a length of L,,, and a width of 2B;. The
distance between the junction strand and luminal front of the
cleft is L;. The thickness of the endothelial surface glycocalyx
is L;. The width of the basement membrane is 2L, and the
length of the astrocyte foot processes is 2W,. The gap
between astrocyte foot processes has a length of L, and a
width of 2B,. Revised from Li et al.'”
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model geometry for the paracellular pathway of the
BBB (Fig. 3b). Our previous model'” indicates that the
BBB permeability to water and hydrophilic solutes is
determined by the structural components in the para-
cellular pathway of the BBB, i.e., endothelial surface
glycocalyx (ESG, thickness Ly) of endothelial cells
(ECs), interendothelial cleft (opening width 2B and
length L), the tight junction between adjacent ECs
(opening width 2B, and length L;,,), the surrounding
BM (thickness 2L, and length 2W,), and the gap
between astrocyte foot processes (gap width 2B, and
length L,) (Fig. 3b). Due to the very narrow width of
the paracellular pathway in the BBB compared to its
length, a 1-D model was developed to predict the BBB
solute permeability P."”

1 1
P =
Rt + Releft + Rjun + Rpm + Rar Dy

4)

Here Rp= Lt/(2BD!), Ruer = (L — Liwn)/(2BDY),
Rjun = Liwn/ (2BsDI™™),  Rpy = W, /(4LyDPM),  and
Ry=L,/ (2BaD§‘f) are the resistances of the ESG and
each region of the BBB to the solute transport,
respectively. DL, DS, Diun, DBM - Dal are the effective
solute diffusion coefficients in the ESG, inter-en-
dothelial cleft, small slit in the junction strand, BM,
and the cleft between astrocyte foot processes, corre-
spondingly. They can be determined by using the for-
mula in.?? D, is the vessel diameter. The values for the
structural dimensions under the control condition can
be found in the electron microscopic studies summa-
rized in." Briefly, under control, Ly = 100 nm,
L = 700 nm, Ljyn = 11 nm, Ly, = 10 nm,
L, = 1000 nm, B =9 nm, By, = 4nm, B, = 15nm
and W, = 2500 nm. These parameters were obtained
from electron microscopic studies.'"'** For the ESG,
its fiber radius is 6 nm and the gap spacing between
fibers is 8 nm”. We assumed the same structured fiber
matrix, or extracellular matrix (ECM) in the BM as in
the ESG. Using these values, the model predictions can
match the measured BBB permeability to various sized
solutes under control.'”

RESULTS

Dose Effects of tDCS on BBB Permeability

The tDCS current dosage, applied location, and
total duration are important factors in controlling the
BBB-disruption levels and determining whether the
increased BBB permeability is reversible. We set our
variables based on prior literature for rats and
humans.'*'” Figure 4 shows the temporal effects of
tDCS at 0.1, 0.5 and 1 mA, or 0.8, 4.0 and 8.0 mA/cm?
on the BBB permeability P to sodium fluorescein
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FIGURE 4. Effects of tDCS strength on the BBB
permeability. Normalized BBB permeability as a function of
time for the control and tDCS treatment with various doses for
(a) sodium fluorescein and (b) FITC-dextran 70k. *p < 0.05
compared with the control; ©p < 0.05 comparing 0.1 mA with
1 mA; ~“p<0.05 comparing 0.5 mA with 1 mA; $p < 0.05
comparing 0.1 mA with 0.5 mA.

(Fig. 4a) and Dex-70k (Fig. 4b), respectively. P was
normalized by the control P for each treatment. For
the small solute sodium fluorescein, 20 min—0.1 mA
tDCS significantly increased the BBB permeability to
4.1 £0.3,2.9 4+ 0.2, and 1.8 &+ 0.3 folds, at 5, 10, and
15 min post tDCS treatment, respectively, P returned
to the control in 20 min post tDCS treatment. The
increase levels and patterns for P by 20 min-0.5 mA
tDCS are similar to those by 0.1 mA tDCS (p > 0.08).
However, 20 min—1 mA tDCS further increased P to
sodium fluorescein to 13.0 &= 1.5, 9.3 £ 1.6, and 5.4 £+
0.5 folds, at 5, 10, and 15 min post tDCS treatment,
respectively, but P also returned to the control in
20 min post tDCS treatment.

For the large solute Dex-70k, 20 min—0.1 mA tDCS
significantly increased the BBB permeability to 9.8 +
1.8,2.6 £0.3, and 2.1 £ 0.3 folds, at 5, 10, and 15 min
post tDCS treatment, respectively, P returned to the
control in 20 min post tDCS treatment. Different from
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TABLE 1. Measured and corrected control P.

Vessel P (Corrected P (Corrected for P4 (Corrected for RBC,

radius P (measured) for RBC) RBC and free free dye, and solvent
Solute N (um) (x 1077 cm/s)  (x 1077 cm/s)  dye) (x 1077 cm/s) drag) (x 1077 cm/s)
Sodium Fluorescein 10 95+ 1.3 18.70 + 2.36 16.85 + 2.13 16.85 + 2.13 16.85 £ 2.13 (Lp control = 2x1079)
FITC-Dex 70k 11 9.2+ 04 1.46 + 0.26 1.31 £ 0.23 1.29 + 0.23 1.29 £ 0.23 (Lp control = 2x1079)

Values are mean + SE. N, number of vessels. Hydraulic conductivity L, in cm/s/cmH,O. Control Ly contror is from Kimura et al'®

that for sodium fluorescein, 20 min—-0.5 mA tDCS
further increased P to Dex-70k to 37.7 £ 9.2, 16.2 &+
1.9, and 4.6 + 0.9 folds, at 5, 10, and 15 min post tDCS
treatment, respectively, P returned to the control in
20 min post tDCS treatment. 20 min—1 mA tDCS
greatly increased P to Dex-70k to 88.0 £ 10.9, 57.0 £
9.3, and 25.0 &+ 2.7 folds, at 5, 10, and 15 min post
tDCS treatment, respectively, P also returned to the
control in 20 min post tDCS treatment.

Table 1 summarizes the control values for the mea-
sured (apparent) P to sodium fluorescein and Dex-70k,
and corresponding values after corrected for the RBCs,
free dye and solvent drag. Due to very low hydraulic
conductivity L, of the BBB, the contribution from the
solvent drag to the P is negligible for both solutes.

Effects of NOS Inhibition on BBB Permeability

Our previous study showed that ~ 30 min or longer
treatment by 1 mM L-NMMA, an inhibitor of nitric
oxide synthase (NOS), can reduce rat mesenteric
microvessel permeability to albumin.** To investigate
whether L-NMMA has the same effect on the BBB
permeability as that on the peripheral microvessel
permeability, we injected 1 ml of 21 mM L-NMMA
through the rat tail vein, which generated about 1 mM
initial blood L-NMMA. After ~ 55 min from the
injection, we determined the BBB permeability to so-
dium fluorescein and Dex-70k. Figure 5a shows that P
to sodium fluorescein reduced to 0.67 &+ 0.07, 0.59 +
0.06, 0.60 £ 0.07, and 0.62 & 0.08 of the control value,
at 55, 60, 65 and 70 min (p < 0.04) after L-NMMA
injection, respectively. There was no significant differ-
ence at different times (p > 0.4). Figure 5b shows that
P to Dex-70k reduced to 0.66 & 0.05, 0.64 £ 0.04, 0.59
4 0.06, and 0.63 £ 0.06 of the control value, at 55, 60,
65 and 70 min (p < 0.001) after L-NMMA injection,
respectively. There was also no significant difference at
different times in P to Dex-70k either (p > 0.5).

Combined Effects of NOS Inhibition and tDCS on BBB
Permeability

Prior studies have demonstrated that activation of
NOS by cytokines or inflammatory agents enhances
NO release that increases microvessel permeability.'**®
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To test the hypothesis that the increased BBB perme-
ability by tDCS is also due to the release of NO from

(a) 16 1 —e— Control (N=10)
*S@
14 { ------1 mA tDCS (N=8)
21 L *S@ - - LNMMA (N=9)
§ 10 \\\
Sodium S Y. —+-LNMMAand 1 mA tDCS
a8 (N=10)
Fluorescein E *s@
£ 6 A E
5 *A
ar 4 4 g \
2
0 1
0 25
Time (min)
(b) 100 - * —e— Control (N=11)
s@
85 -1 mA tDCS (N=10)
70 \\\*S@ - -+ - LNMMA (N=9)
2 —« -LNMMA and 1 mA
g 55 1 . tDCS (N=13)
Dex-70k &
?) 40 +
£ *Se
3 25 - 1.
10 AL/ SV NE
Tk
-5 *' *. *' .* .
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FIGURE 5. Effects of NOS inhibitor (.-NMMA) and tDCS with
pretreatment of L-NMMA on the BBB permeability. Normalized
BBB permeability as a function of time for the control and
treatment groups for (a) sodium fluorescein and (b) FITC-
dextran 70k. *p < 0.05 compared with the corresponding
control; ®p < 0.05 comparing 1 mA tDCS with L-NMMA
pretreatment and 1 mA tDCS; ~p < 0.05 comparing .-NMMA
only with L-NMMA pretreatment and 1 mA tDCS; *comparing
1 mA tDCS with .-NMMA only.

either the endothelial cells lining the inner wall of the
BBB or the nerve cells and glial cells surrounding the
endothelial cells, or from both, we pretreated the
cerebral microvessels by an inhibitor of NOS, L-
NMMA, through tail vein injection for ~ 30 min be-
fore 20 min 1 mA tDCS. Figure 5a demonstrates that
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FIGURE 6. Model predictions for the BBB permeability P. For P to sodium fluorescein and FITC-dextran 70k as a function of the
endothelial surface glycocalyx thickness L; (a); as a function of the basement membrane thickness 2L, when the surface
glycocalyx is degraded and when the fiber matrix in the basement membrane is or is not degraded (b); as a function of the tight
junction opening width 2B when the glycocalyx and the fiber matrix in the basement membrane are degraded (c); and as a function
of the interendothelial cleft width 2B when the glycocalyx and the fiber matrix in the basement membrane are degraded and the

junction is disrupted (Bs = B) (d).

pretreatment of L-NMMA did reduce the increase in
the BBB permeability P to sodium fluorescein by
tDCS. It reduced P from 13.0 &= 1.5 to 3.8 & 0.3 folds,
from 9.3 £ 1.6 to 2.8 £ 0.3 folds, from 54 £ 0.5t0 1.9
+ 0.2 folds, respectively, at 5, 10, 15 min post 20 min-
1 mA tDCS treatment. At 20 min post 20 min-1 mA
tDCS, pretreatment of L-NMMA reduced P to 0.64 +
0.05 of the control (p = 0.019). Figure 5b demon-
strates that pretreatment of L-NMMA also reduced the
increase in the BBB permeability P to Dex-70k by
tDCS. It reduced P from 88.0 £ 10.9 to 8.3 & 0.5 folds,
from 57.0 &+ 9.3 to 6.4 + 0.4 folds, from 25.0 & 2.7 to
4.5 £+ 0.2 folds, respectively, at 5, 10, 15 min post
20 min—1 mA tDCS treatment. At 20 min post 20 min-
I mA tDCS, pretreatment of L-NMMA reduced P to
0.78 £ 0.07 of the control (p = 0.03).

Model Predictions for the Structural Mechanism
by which tDCS Increases BBB Permeability

Figure 6 demonstrates the model predictions for
how the BBB structural components contribute to the
BBB permeability. If tDCS increases the BBB perme-
ability by degrading the ESG only, Fig. 6a shows
negligible increases in P to both solutes. P to NaFl
increases by 6% and P to Dex-70k by 4% even after
completely removing the ESG (L¢/L¢ conwor = 0). If
tDCS additionally degrades the fiber matrix in the BM,
it can increase P to NaFl by 2.5-fold but greatly in-
crease P to Dex-70k by 22.2-fold when the width of the
BM is unchanged (Fig. 6b). Increase in the width of
the BM further increases P to both solutes. P to NaFl
increases by 4.3-fold and P to Dex-70k by 38.6-fold
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FIGURE 7. Comparison of model predictions with experimental results for the effects of tDCS, .-NMMA and tDCS with .-NMMA on
the BBB permeability P. (a) Effects of tDCS. The lines are model predictions for the case of increasing the interendothelial cleft
width 2B and the basement membrane width 2L, when the glycocalyx and fiber matrix in the basement membrane are degraded,
and the junction is disrupted (Bs = B). The solid lines are for P to FITC-dextran 70k and the dashed lines for P to sodium
fluorescein. The symbols are the measured data 5, 10 and 15 min post 20-min 1 mA tDCS treatment (mean + SE). The brown
colored symbols for P to FITC-dextran 70k and the blue colored symbols for P to sodium fluorescein. (b) Effects of L-NMMA
treatment only and (c) effects of tDCS after L-NMMA pretreatment on the BBB permeability. In (b), the lines are the model
predictions (solid line for Dex-70K and dashed line for sodium fluorescein) for the case of increasing junction strand resistance
Rjun in the interendothelial cleft. The symbols are measured data after ~ 55 min 1 mM .-NMMA treatment (mean = SE). In (c), the
lines are the model predictions (solid lines for Dex-70K and dashed lines for sodium fluorescein) for the case of increasing junction
strand resistance R, to 30-fold of the control, and increasing the interendothelial cleft width 2B and the basement membrane
width 2L,. The symbols are the measured data 5, 10 and 15 min post 20-min 1 mA tDCS treatment after ~ 30 min 1 mM L.-NMMA
pretreatment (mean = SE).

when the width is enlarged by tenfold and the fiber increasing 2B to 2B or disrupting tight junctions
matrix is completed removed from the BM (L¢/L¢ con- would increase P to NaFl by 2.5-fold and P to Dex-
ol = 0, Lp/Ly contror = 10, no fiber matrix in the 70k by 24-fold; but would increase P to NaFl by 3.9-
BM). If tDCS only additionally enlarges the width of fold and P to Dex-70k by 41-fold if the width of the
the BM without degrading the fiber matrix in the BM, BM (2L,) is enlarged by fourfold (L;, = 40 nm)
Fig. 6b shows that it can significantly increase P to (Figs. 6d and 7).

both solutes. P to NaFl increases by 3.7-fold and P to It seems that the above modulations in the struc-
Dex-70k by 17.9-fold when the width is enlarged by tural components of the BBB may explain the increase
tenfold (L¢/Lt control = 0, Lv/Lt, control = 10, fiber in P to both solutes by 0.1 mA and 0.5 mA tDCS (see

matrix in the BM). Figure 6¢ shows the effects of tight Fig. 8 for the comparison between the model predic-
junction opening width 2B on P when the ESG and tions and the measured data), but cannot explain the
the fiber matrix in the BM are degraded. When the increase in P by 1 mA tDCS. Figure 6d further
width of the BM (2L,) is unchanged (L, = 10 nm), demonstrates the effects of the interendothelial cleft
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FIGURE 8. Comparison of the model predictions (lines) with
the experimental results (symbols) for the effects of 0.1 mA
and 0.5 mA tDCS on the BBB permeability P. The lines are the
model predictions for the cases of increasing basement
membrane (BM) thickness L, in addition to degrading the
ESG. The solid lines are for Dex-70k and the dashed lines for
NaFIl. The blue lines are for the cases when the fiber matrix is
intact in the BM and the green lines are for the cases when the
fiber matrix is disrupted in the BM. The blue and green colored
symbols are the measured permeability data for NaFl, 5, 10,
15 min post-0.1 mA and post-0.5 mA tDCS, respectively, while
the purple and orange colored symbols are the measured
permeability data for Dex-70k, 5, 10, 15 min post-0.1 mA and
post-0.5 mA tDCS, respectively.

width 2B on the BBB permeability P when the ESG
and the fiber matrix in the BM are degraded and the
tight junction is disrupted (2By = 2B). Increasing 2B
by tenfold increases P to NaFl by 3.4-fold and P to
Dex-70K by 35-fold when the width of the BM (2L,) is
unchanged (L;, = 10 nm); it increases P to NaFl by
6.6-fold and P to Dex-70k by 91-fold when the width
of the BM (2L,) is also increased by fourfold
(Ly = 40 nm), and increases P to NaFl by eightfold
and P to Dex-70k by 107-fold when the width of the
BM (2Ly) is increased by tenfold (L, = 100 nm). It
seems like that the predictions in Fig. 6d can explain
the measured BBB permeability under the treatment of
1 mA tDCS.

Comparison of the Model Predictions with the Measured
BBB Permeability Data

Figure 7a compares the model predictions shown in
Fig. 6d with the measured BBB permeability P at 5, 10,
15 min post 20-min 1 mA tDCS treatment. We can see
from Fig. 7a that 20-min tDCS most likely degrades
the ESG and fiber matrix (ECM) in the BM, disrupts
the tight junctions, and increases the gap between
adjacent endothelial cells (2B) and the gap (the width
of the BM, 2L;) between endothelial cells and the
wrapping astrocyte foot processes (see Fig. 5). At
5 min post tDCS, the measured P to Dex-70k is 88.0 +
10.9-fold (brown filled triangle) and that to NaFI is

13.0 £+ 1.5-fold (blue filled triangle) of their control
values, which are consistent with the predicted P when
the 2B is fivefold and 2L, is fourfold of the controls. At
10 min post tDCS, the measured P to Dex-70K re-
duces to 57.0 £ 9.3-fold (brown filled circle) and that
to NaF1 reduces to 9.3 £ 1.6-fold (blue filled circle) of
their control values, which are consistent with the
predicted P when the 2B is 1.5-fold and 2L, is fourfold
of the controls. At 15 min post tDCS, the measured P
to Dex-70K reduces to 25.0 + 2.7-fold (brown filled
square) and that to NaFl reduces to 5.4 + 0.5-fold
(blue filled square) of their control values, which are
consistent with the predicted P when the 2B and 2L,
go back to their control values. Finally, at 20 min post
tDCS, the measured P to both solutes return to their
control values, which are consistent with the predicted
P when the ESG, the ECM in the BM, and the tight
junctions restore to their controls (not shown).

Figure 7b compares the measured P with the pre-
dicted P for the effects of the NOS inhibition by L-
NMMA. Treatments with L-NMMA for ~ 55 min re-
duce P to Dex-70k to 0.6640.05-fold (blue filled circle),
and P to NaFl to 0.67+0.07-fold (red filled square) of
their control values, which are consistent with the pre-
dicted P when the resistance of the tight junction
increases to 100-fold of the control. L-NMMA is known
to enhance the junction integrity.>* Figure 7c compares
the measured and predicted P, at 5, 10, 15 min post-
20 min 1 mA tDCS with the ~ 30 min pretreatment of
L-NMMA. At 5, 10 and 15 min post tDCS, pretreat-
ment of L-NMMA (reinforcing the junctions) reduces
the increase in P to Dex-70k from 88.0 + 10.9-fold to
8.3 £ 0.5-fold (brown filled triangle), from 57.0 + 9.3-
fold to 6.4 + 0.4-fold (brown filled circle), from 25.0 &
2.7-fold to 4.5 + 0.2-fold (brown filled square) of their
control values, which are consistent with the predicted P
when the junction resistance is increased to 30-fold due
to 30 min pretreatment of L-NMMA. Correspondingly,
at 5, 10 and 15 min post tDCS, pretreatment of L-
NMMA reduces the increase in P to NaFI from 13.0 +
1.5-fold to 3.8 & 0.3-fold (blue filled triangle), from 9.3
+ 1.6-fold to 2.8 + 0.3-fold (blue filled circle), from 5.4
+ 0.5-fold to 1.9£0.2-fold (blue filled square) of their
control values, which are consistent with the predicted P
when the junction resistance is increased due to the
pretreatment of L-NMMA.

DISCUSSION

Although effects of tDCS on neuronal activities and
brain functions have been widely investigated, the post
treatment effect of tDCS on the BBB permeability has
never been directly addressed in vivo. In the current
study, we employed multiphoton microscopy with a
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high temporal (one sec per image of area ~ 239 um x
239 um) and spatial (sub-micron) resolution to non-
invasively and accurately determine the permeability of
individual cerebral microvessels in the rat brain, post
20 min treatment of 0.1-1 mA tDCS. We found that
tDCS in this dose range and duration significantly and
transiently increased the BBB solute permeability. Our
results suggest that another mechanism of action
(MoA) of tDCS is direct vascular activation, in addi-
tion to neuronal polarization as previously found.

tDCS is safe and well tolerated in humans when the
established protocols like proper electrode preparation
and monitoring of electrode resistance are followed.
The dose and duration of the tDCS used in our study
were chosen based on the prior studies on rodents'*
and humans." Safety limits of tDCS studied on rats
showed that a current density of 14.29 mA/cm? for
duration greater than 10 min produced no pathologi-
cal brain lesions.'® In our work, we adopted a cathodal
tDCS setup on rats similar to that in Ref. 18 and
delivered 0.1-1 mA (or 0.8-8 mA/cm?) tDCS, which is
much lower than the safety limit found. tDCS was
administered to the right frontal cortex of rat (ap-
proximately 2 mm posterior to bregma and 2 mm right
to sagittal suture) to obtain similar physiological out-
come as that in the human tDCS application studies.
Twenty min 1 mA tDCS was widely used in humans
and no structural and functional tissue damages were
observed.”* Hence, contribution of any tDCS related
tissue damage to the increased BBB permeability is
unlikely. We also measured the temperature increase at
the site of tDCS application and that at the site of
observation. The temperature increase was less than
2% (from 33 to less than 33.5 °C) at both sites after
20 min 1 mA tDCS treatment. The effect of heat
generated by the tDCS is negligible.

To sustain neuronal function, the brain has evolved
neurovascular coupling mechanisms to increase the flow
of blood to regions in which neurons are activated.’ By
changing neuronal excitability, tDCS modulates re-
gional cerebral blood flow in humans®' and animals,*
and enhances blood NO levels."” DCS on ECs upregu-
lates angiogenic factors such as VEGFs in human
umbilical vein ECs* and enhances NO production in
bovine aortic ECs.*” Our previous study reported that
1 nM VEGF transiently increases the BBB permeability
in rats.?® Activation of endothelial nitric oxide synthase
(eNOS) by cytokines or inflammatory agents and flow-
induced shear stresses enhances NO release that
increases peripheral microvessel permeability.' %3 tDCS
was reported to induce astrocytic Ca’>" surges in a
transgenic mouse expressing G-CaMP7 in astrocytes.”’
The Ca?" can enter into neurons and activate neuronal
nitric oxide synthase (nINOS) to release NO and dilate
cerebral microvessels.® The released NO from neurons
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may also increase the permeability of cerebral
microvessels.

To investigate whether tDCS triggered NO, either
from neurons through nNOS or from ECs through
eNOS, is responsible for the increase in the BBB perme-
ability by tDCS, we used L-NMMA, an inhibitor for both
eNOS and nNOS'? to pretreat the cerebral microvessels
for 30 min prior to the tDCS treatment. Pretreatment of
L-NMMA indeed greatly reduced the BBB permeability
increased by tDCS. This result indicates that the tDCS-
enhanced BBB permeability is NO dependent.

Mayhan?' found that the basal permeability of the
rat pial microvessel to various sized solutes was not
altered by topical application of 10 and 100 uM °L-
NMMA for 20—60 min. Our current study found that
the basal permeability of the BBB to sodium fluorescein
and Dex-70k reduced to ~ 65% after 55-70 min -
NMMA treatment with ~ 1 mM initial concentration
through the tail injection for ~ 55 min and 100 uM in
the perfusate through the carotid artery infusion after-
wards. The different findings may come from (1) a
higher concentration of L-NMMA used in our current
study; (2) the different application methods, one is by
topical application of L-NMMA on the pial microvessel,
which needs craniotomy and another by perfusion to
the cerebral microvessels 100-200 ym below pial mater,
which does not need craniotomy. Easton ez al.'' found
that the permeability of the pial microvessel to Lucifer
Yellow rose to eight times in 20-60 min following the
craniotomy. The topical application of L-NMMA may
just compensate the permeability increase by cran-
iotomy in Mayhan;>' and (3) Our recent study in Zhang
et al** indicated that perfusion of 1 mM L-NMMA into
an individually cannulated rat mesenteric microvessel
slightly increased the permeability to albumin initially,
but reduced the permeability after 35 min perfusion. In
the current study, the permeability was measured
after ~ 55 min L-NMMA treatment.

Our results show that the tDCS-induced BBB per-
meability fold increase to a small solute, sodium fluo-
rescein with molecular weight 376, is much lower than
that to a large solute, Dex-70k. To explain these
observed data and to investigate the transient struc-
tural changes in the BBB by tDCS, we employed a
previously developed mathematical model for the
paracellular transport across the BBB to predict the
possible changes. Comparison of the model prediction
with the measured data suggests that tDCS increase
the BBB permeability by transiently degrading the
endothelial surface glycocalyx (ESG) and the extra-
cellular matrix (ECM) in the BM, disrupting the
endothelial junctions, and enlarging the gap between
endothelial cells (ECs) and that between ECs and
astrocyte foot processes. These structural changes may
be due to the contraction of ECs induced by tDCS
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through astrocytic Ca”>" surges® and NO release.'"*

The tDCS-induced BBB permeability increase is re-
versible. It returns to the control for both small and
large solutes 20 min post treatment. Figure 7a shows
that the reversal starts from recovering the increased
gap between ECs and that between ECs and astrocyte
foot processes, then EC junctions are reconstructed,
finally the ESG and ECM in the BM are restored. ESG
lining the inner wall of all the blood vessels is a dy-
namic structure which can be degraded, reinforced and
restored by the blood-borne components.** It is almost
impossible to examine in vivo if the ESG and ECM are
degraded by the tDCS, however, we may test it by
using our in vitro BBB model'® in the future study.

The decreased microvessel permeability by NOS
inhibitor L-NMMA is likely due to the formation of
more EC junctions.** Thus we used the model shown
in Fig. 3 by increasing the resistance of the EC junc-
tions to predict the effects of L-NMMA treatment
alone and pretreatment along with tDCS on the BBB
permeability. Reinforcing the EC junctions by L-
NMMA not only decreases the BBB basal permeabil-
ity, but also greatly reduces the tDCS-induced increase
in the BBB permeability (Figs. 7b and 7c).

In conclusion, our results conform to our hypothesis
that tDCS transiently increases the BBB permeability,
suggesting another mechanism of action of tDCS by
direct vascular activation. The permeability increase by
the tDCS is NO dependent and reversible. Our findings
also suggest that tDCS at proper dose and duration
can be used as a convenient, non-invasive, and selective
approach for systemic drug delivery to the central
nervous system via the BBB.

APPENDIX

We used the following empirical formula, which
were generated by rigorous theoretical models from
hydrodynamics and transport phenomena and sum-

marized in Ref. 29, to estimate the effective solute
diffusion coefficients in different regions of the BBB
(Fig. 3b). The basic concept is that the diffusion
transport of a solute is retarded by the friction between
the solute and the walls/fibers and by the steric hin-
drance due to the existence of the walls and the fibers.
The effective solute diffusion coefficient thus changes
with the sizes of cleft/slit, fiber matrix porosity/ar-
rangements and the solute sizes.
In the endothelial surface glycocalyx region,

Dﬁber 0.5 2a
Here, « is the solute radius, r¢ is the fiber radius, St is
the volume fraction of fibers, ¢ = 1 — Sy is the void
volume fraction. Dy is the solute diffusion coefficient
in free aqueous solution at 37 °C in our study.'’

In the inter-endothelial cleft, junction slit and the

cleft between astrocyte foot processes, as well as in the
basement membrane (BM) without ECM,

Deieft o ( ﬁ)

D free

# (1 —1.0048 + 0.4185° +0.2108* — 0.1696°)
(6)

Here, f = 2 a/W, a is the solute radius and W is the
cleft/slit width or the BM width.
In the BM with ECM,

o fie - (e g ) [ bea-p

% (1 —1.004B + 0.4184> 4+ 0.2108* — 0.16965°)
(7)

Table 2 summarizes the anatomical parameters of the
BBB under control, which were used to calculate the
effective solute diffusion coefficients (Table 3) and resis-
tances (Table 4) in five regions of the BBB (Eq. (4) in the
main text), by employing the corresponding Egs. (5)—(7).

TABLE 2. Anatomical parameters of the BBB under control (from Li et al.,'®'” see Fig. 3b).

Vessel diameter

Endothelial surface glycocalyx (ESG) thickness
Glycocalyx fiber radius

Fiber volume fraction of ESG

Total length of the cleft region

Distance between the tight junction strand and the front of the inter-endothelial cleft

Thickness of the tight junction strand

Width of the inter-endothelial cleft

Width of the small slit of the tight junction
Thickness of the basement membrane

Thickness of astrocyte foot processes

Width of the cleft between astrocyte foot processes
Length of astrocyte foot processes

D, 10,000 nm
L 100 nm
i 6 nm

S 0.326

L 700 nm
Ly 350 nm
Ljun 11 nm
2B 18 nm
2B 8 nm
2L, 20 nm
Lo 1000 nm
2B, 30 nm
2W, 5000 nm
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TABLE 3. Effective diffusion coefficients for each region of the BBB under control.

NaFI| Dex-70k

Solute radius

Diree at 37 °C

Ratio of Det/Diree in 5 regions of the BBB

Dfs (ESG)/Dfree

D (inter-endothelial cleft)/Diee

D" (tight junction slit)/ Dyee

DEM (BM with ECM)/Dyree

D2 (cleft between astrocyte foot processes)/Dyee

0.45 nm 3.5 nm
56.2 x 10~ 7 cm?/s 7.23 x 1077 cm?/s

0.24 0.053
0.90 0.64
0.79 0.44
0.22 0.036
0.94 0.59

TABLE 4. Resistance from each region of the BBB under control.

NaFI Dex-70k

R: (ESG)

Rt (inter-endothelial cleft)

Riun (tight junction slit)

Rsm (BM with ECM)

Rzt (cleft between astrocyte foot processes)
Predicted BBB permeability under control

23.4 (s/cm?)

42.4 (s/cm?)

1.75 (s/cm?)
577.7 (s/lcm?)
35.4 (s/cm?)

26.3 x 1077 cm/s

104.4 (s/cm?)
98.3 (s/cm?)

25.1 (s/cm?)
1756.1 (s/cm?)
56.4 (s/cm?)

1.13 x 107" cm/s
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