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Abstract: The photodynamic (PD) effect has been reported to be efficient for the opening of
the blood-brain barrier (BBB), which provides a new informative platform for developing
perspective strategies towards brain disease therapy and drug delivery. However, this method
is usually performed via craniotomy due to high scattering of the turbid skull. In this work,
we employed a newly-developed optical clearing skull window for investigating non-invasive
PD-induced BBB opening to high weight molecules and 100-nm fluid-phase liposomes
containing ganglioside GM1. The results demonstrated that the BBB permeability to the
Evans blue albumin complex is related to laser doses. By in vivo two-photon imaging and ex
vivo confocal imaging with specific markers of the BBB, we noticed PD-related extravasation
of rhodamine-dextran and liposomes from the vessels into the brain parenchyma. The PD
induced an increase in oxidative stress associated with mild hypoxia and changes in the
expression of tight junction (CLND-5 and ZO-1) and adherens junction (VE-cadherin)
proteins, which might be one of the mechanisms underlying the PD-related BBB opening for
liposomes. Our experiments indicate that optical clearing skull window will be a promising
tool for non-invasive PD-related BBB opening for high weight molecules and liposomes that
provides a novel useful tool for brain drug delivery and treatment of brain diseases.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The blood brain barrier (BBB) plays an important role in the central nervous system (CNS)
health, which consists of the specialized endothelial cells, pericytes, basal lamina, and
astrocytes [1]. This BBB complex controls penetration of blood-borne agents into the brain
and protects the CNS from toxins and pathogens. However, it also limits delivery of
therapeutics to CNS that poses a challenge for effectively therapy to majority of CNS diseases
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[2]. Indeed, CNS diseases account for 30% of the total number in all diseases [3]. Therefore,
the methods for opening of BBB have received significant attentions in the last decades [4—6].
There are a number of strategies have been attempted for overcoming BBB, including
intracarotid arterial infusion of hyperosmolar solution [7]; focused ultrasound [8, 9];
intranasal delivery [10]; intrathecal & intraventricular delivery [11] and chemical disruption
of BBB [12]. Nevertheless, these methods are not applicable in the clinical practice due to
limitations such as invasiveness, limited parenchymal drug concentration, short opening
period, low efficiency, occurrence of vasogenic edema etc [13, 14].

Recently, it has been revealed that PD, as a widely used tool for fluorescent resection of
glioma [15, 16], can also effectively and site-specifically open BBB [17, 18]. PD is realized
by combining light irradiation with photosensitizing agents (porphyrins, chlorins and many
other photodynamic dyes). The excited photosensitizer directly oxidizes biomolecules and/or
interacts with molecular triplet oxygen (‘O,) producing singlet oxygen ('O,) that causes
cancer cells apoptosis and/or necrosis through plasma and mitochondria membrane
disrupture. 5-aminole-vulinic acid (5-ALA) is a pro-drug of photosensitizer that has been
widely used in a variety of PDT applications due to its safety and suitability for oral
administration [16]. After being administrated, 5-ALA is metabolized to protoporphyrin IX,
exhibiting a photodynamic effect via light irradiation to the targeted tissue [16]. Typically,
PD will induce the edema, which happens at the region surrounding the site of light treatment,
suggesting a local degradation of the BBB [17-20]. Therefore, PD appears to have a two-fold
effect: a direct antineoplastic effect on the remaining tumor cells as well as an effect that
causes localized opening of the BBB [18]. Indeed, several publications demonstrate PD-
mediated opening of BBB for both high and low weight molecules, such as the Evans Blue
albumin complex 68.5 kDa, FITC-dextran 70 kDa, gadolinium 552 Da, as well for
macrophages. However, the high scattering property of skull strongly limits light penetration.
Therefore, craniotomy needs to be implemented before applying PD [17, 19]. But it will
unavoidably induce the changes in intracranial pressure and cortical inflammation, which may
cause some misinterpretations of mechanisms underlying PD-related BBB opening [21].
Madsen demonstrated the BBB opening through the intact skull but with high doses of
photosensitizer and laser irradiation, which is often accompanied by severe vasogenic edema
[18,20].

Fortunately, optical clearing skull windows have been developed by topical treatment of
chemical agents on skull to reduce the skull scattering [22-26]. They not only allow us to
visualize cortical vasculature, neurons and microglia, but also permit to realize light
manipulation to cortex, such as laser-induced neuron and microglia damages. Therefore, the
optical clearing skull windows provide a potential way to open BBB by PD without
craniotomy.

In this study, we investigated the efficiency of PD-related opening of BBB and the
optimal laser dose through the optical clearing skull window. To evaluate the applicable
significance of PD-induced BBB opening, we performed ex vivo and in vivo studies of BBB
permeability to the Evans Blue albumin complex (68.5 kDa), rhodamine-dextran (70 kDa)
and GM1-liposomes (100 nm), which act as good candidates for brain drug delivery systems.
For better understanding the mechanisms responsible for liposomes penetration through BBB,
we studied changes in the expression of molecular factors that regulating BBB penetration
and in the indicators of oxidative stress such as the level of malondialdehyde in brain tissues
as well the blood oxygen saturation (SpO,) [27-29].

2. Materials and methods
2.1 Subject

The experiments were performed on 8-week-old male BALB/c mice in following groups: (1)
control — without laser irradiation; (2) 5-ALA injection without laser irradiation; (3) laser
irradiation without 5-ALA injection; (4) PD through the intact skull without optical clearing
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window; (5) PD through the intact skull after the treatment of skull optical clearing agent. The
fourth and fifth groups were divided into 4 sub-groups corresponding to different laser doses:
(4-1) (5-1) 10 Jem?; (4-2) (5-2) 20 Jem?; (4-3) (5-3) 30 J/em?; (4-4) (5-4) 40 J/em®. Each
group and sub-group included 6 mice. All experimental procedures were performed according
to animal experiment guidelines of the Experimental Animal Management Ordinance of
Hubei Province, P. R. China, and the guidelines from the Huazhong University of Science
and Technology, which have been approved by the Institutional Animal Ethics Committee of
Huazhong University of Science and Technology.

2.2 Preparation of skull optical clearing agents

In our recent work, we have reported newly-developed skull optical clearing agents that can
make the mouse skull transparent within 15 min, named USOCA [26]. USOCA consists of S1
and S2. S1 is a saturated supernatant solution of 75% (vol/vol) ethanol (Sinopharm, China)
and urea (Sinopharm, China) at 25 °C. For preparing S1, ethanol is slowly dropped into and
mixed with urea. The mixture is stirred constantly, then stands for 15 min to let the urea fully
dissolve, after which the supernatant is obtained. The volume-mass ratio of ethanol and urea
is about 10:3. S2 is a high-concentration sodium dodecylbenzenesulfonate (SDBS) solution
that is prepared by mixing 0.7 M NaOH solution (Aladdin, China) with
dodecylbenzenesulfonic acid (DDBSA, Aladdin) at a volume-mass ratio of 24:5, and the pH
is 7.2-8. Both S1 and S2 should be stored at ~25 °C. The detailed application method of
USOCA is reported in the reference [26].

2.3 PD-induced BBB opening through an optical clearing skull window

The mice were anesthetized with a cocktail of 2% a-chloralose and 10% urethane (8 mg/kg,
iv) via intraperitoneal injection. The scalp was removed and the skull surface was dried by
clean compressed air. Afterward, USOCA were used to establish an optical clearing skull
window (diameter = 5Smm) [26]. PD was performed in 30 min after intravenous injection of 5-
ALA. We used 5-ALA with the clinically recommended dose (20mg/kg) [16]. A 635 nm laser
(NJL-LD-635-5-F-R, China, bandwidth: 30 nm) was used to irradiate the mouse brain
through optical clearing skull window. By adjusting the irradiation duration, we treated the
mouse brain with different light doses at 10, 20, 30, 40 J/cm’, respectively. The constant
power fluence was 165 mW/cm” and the corresponding irradiation durations were 1, 2, 3 and
4 min, respectively. Figure 1 illustrates the schematic diagram of PD-related effects on the
BBB through optical clearing skull window.
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Fig. 1. PD-induced opening of BBB through optical clearing skull window
2.4 The preparation of GM1-liposomes

Liposomes have phospholipid bilayer structure (similar to physiological membrane) that
makes them more compatible than other nanoparticles with the lipoidal layer of the BBB and
helps the drug to enter the brain tissue [27, 29-34]. And they also display strong anti-glioma
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efficiency in in vitro and in vivo experiments, representing a promising platform for glioma
therapy.

In this work, fluorescently-labelled GM1-liposomes were constructed on the basis of a
matrix of egg yolk phosphatidylcholine (Lipoid GmbH, Germany) with a content of 10 mol.%
ganglioside GM1 from bovine brain (Sigma Chemical Co., St. Louis, MO, USA) using a
standard extrusion method [29]. Liposomes contained 1 mol.% BODIPY -phosphatidylcholine
in the bilayer (A = 497 nm, A, = 504 nm) [34,35]. After hydration in physiological saline
(phosphate buffer, pH 7.1, total lipid concentration 25 mM), the lipid film was subjected to
seven cycles of freezing/thawing (liquid nitrogen/+40°C), and extruded 10 times through
polycarbonate membrane filters (Nucleopore, USA) with a 100 nm pore diameter using
Extruder Lipex (Northern Lipids, Canada). Colorimetric assay of the phospholipid
concentration in liposome dispersion showed almost complete recovery of the material [36].
Particle size was assessed by dynamic light scattering using a 90Plus equipment (Brookhaven
Instruments Corp., USA) in at least three runs per sample. Average size of liposomes was
87.2 = 1.0 nm; PDI, 0.067. For reliable measurements of zeta potential, liposome samples
were prepared as described earlier [37]. Briefly, lipid films hydrated in 10 mM KCI, 1 mM
KH,PO,, 1mM K,HPO, solution (pH 7.4), were subjected to freezing—thawing procedure
followed by 20-fold extrusion through polycarbonate membrane filters with a pore size of 200
nm to gain liposome diameter at 200 nm. Zeta potential values were obtained using
ZetaPALS analyzer (Brookhaven Instruments Corp., Holtsville, NY; provided by the
CoreFacility of the Institute of Gene Biology, Russian Academy of Sciences). Samples of
liposomes (1.5 ml, Img/ml total lipids) were equilibrated for 1 min in cuvettes before 10 runs
of 25 cycles per sample, which was performed at 25°C. Two independent batches of
liposomes showed an average zeta potential value of — 48.3 £ 0.9 mV (according to
calculations using Smoluchowski approximation).

2.5 Assessment of the BBB permeability for high weight molecules and liposomes

For ex vivo evaluating BBB permeability, we tested Evans Blue dye (EBd) extravasation
using a spectrofluorometric assay. After establishing optical clearing skull window, we
performed PD. One hour after PD, EBd (Sigma Chemical Co., St. Louis, MI, USA) was
injected in a single bolus dose (2 mg/25 g mouse, 1% solution in physiological 0.9% saline)
through the tail vein. About 30 min after circulation, mice were decapitated, and their brains
were rapidly taken out and placed on ice. The EBd extraction and measurement was
performed accordingly to Wang et al [38].

For in vivo imaging of BBB permeability, we used two-photon laser scanning microscopy
(2PLSM) to image the extravasation of rhodamine-dextran (70 kDa). Briefly, we established
an optical clearing skull window on mice and intravenously injected rhodamine-dextran
(Sigma, 4 mg/25 g) and let it circulated for 20 min. The cerebral vessels before PD were
imaged by 2PLSM (A1R MP, Nikon, Japan) through optical clearing skull window. Then
mice were intravenously injected 5-ALA (20 mg/kg) and in 30 min after circulation, PD was
performed. Afterward, the same area of the brain was imaged again.

To investigate the efficiency of PD-related BBB opening for liposomes, we used three
different markers to reveal the BBB integrity: 1) the endothelial barrier antigen conjugated
with antibodies SMI-71 as a marker of cerebrovascular endothelium; 2) the anti-glial
fibrillary acidic protein (GFAP) labelling astrocytes; and 3) the laminin, labelling the basal
membranes.

In brief, liposomes were injected intravenously (0.2 ml/100 g, i.v.). 20 min after
circulation, mice were decapitated and their brains were taken out rapidly and post-fixed in
4% paraformaldehyde (PFA, Sigma) for 24 hrs. After that, the brains were sliced into 100-pm
on the vibratome (Leica VT 1000S Microsystem, Germany). The brain slices were
permeabilized with PBST (1% PBS containing 0.2% Triton-X-100 (Sigma)) for 30 min, then
we used 5% bovine serum albumin (BSA, Sigma) that dissolved in PBST to block the
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potential nonspecific binding sites for 45 min at room temperature. After that, the slices were
immersed into the primary antibody (SMI-71: 1:200; GFAP: 1:200; laminin: 1:40) at 4°C
overnight. Next, the slices were washed and incubated with the second antibodies (1:500) for
1 h at 25°C. Finally, the slices were imaged by confocal microscope (A1R, Nikon, Japan).

2.6 Immunohistochemical assay

Animals (8 weeks male Balb/c mice, 20-25 g) in the control group (before PD, n = 10) and
experimental groups (lh, 24h and 72 h after PD, n = 10 in each group) were anesthetized,
then intracardially perfused with PBS followed by 4% PFA, and brains were removed and
sliced into 50pm.

The expression of antigens on free-floating sections was evaluated using the standard
method of simultaneous combined staining (Abcam Protocol). Brain slices were blocked in
150 pl 10% BSA/0.2% Triton X-100/PBS for 2 h, then incubated overnight at 4°C with Rb
anti-mouse Anti-beta Arrestin 1 antibody (1:500; Abcam, ab32099, Cambridge, USA);
CLND-5 (1:500; Santa Cruz Biotechnology, sc-28670, Santa Cruz, USA); ZO-1 (1:500; Santa
Cruz Biotechnology, sc-8147, Santa Cruz, USA); VE-cadherin (1:500; Santa Cruz
Biotechnology, sc-6458, Santa Cruz, USA). After several rinses in PBS, the slices were
incubated for 3 h at 25°C with fluorescently-labelled secondary antibodies in 1% BSA/0.2%
Triton X-100 /PBS (1:500; Goat A/Rb, Alexa 555- Abcam, UK, ab150078). Following, the
mice cerebral cortex was imaged using a fully automatic confocal laser scanning microscope
(FV10i-W, Olympus, Japan). ImageJ was used for image data processing and analysis. The
areas of expression of antigens were calculated using plugin “Analyze Particles” in the
“Analyze” tab, which calculated the total area of antigen-expressing tissue elements - the
indicator “Total Area”. In all cases, 10 regions of interest were analyzed.

2.7 Histological analysis of the brain tissues

To assessment the changes of the brain tissues after PD, mice were decapitated after
performing experiments for morphological analysis. The brain samples were fixed in 4% PFA
for 24 hrs and then embedded in paraffin. After that, the brains were sectioned (4 um) and
stained with haematoxylin/eosin, then analysed using microscope (Nikon, Japan).

2.8 Malondialdehyde (MDA) analysis

The collected tissue samples were rinsed with saline solution, blotted and preserved at
—196°C before the MDA assay performed. Before the test started, tissue was homogenized in
0.1 mol/L phosphate-buffer (pH 7.4) at 4°C using homogenizer (ULIRA-TURRAXT]1S,
VWR, USA). The homogenates were then centrifuged at 4000 rpm for 10 min. The
supernatants were collected and used for MDA analysis. MDA level was measured according
to the methods described before [39].

2.9 Measurement of the blood oxygen saturation (SpO,) in the brain

Level of SpO, in the brain, as an important criterion of cerebral metabolic activity, was
monitored using pulse oximeter model CMS60D (Contec Medical Systems Co., Ltd.,
Qinhuangdao, China). Optical sensor was based on dual wavelengths pulse oximetry
approach, using 660 nm and 880 nm for the SpO, detection. The SpO, is given as a
percentage of HbO, vs. the total Hb in the blood as presented in our previous publication [40].

2.10 Statistical analysis

All data are expressed as mean * standard error unless stated otherwise. Significant
differences were analysed using one-way analysis of variance test with SPSS (IBM, USA).
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3. Results and discussion

3.1 PD-induced BBB opening for the EBd albumin complex: ex vivo data

At the first step, we analyzed laser-dose dependent PD effects on BBB permeability using
spectrofluorimetric assay of EBd content in the mouse brain [36, 38]. EBd, a 961 Da dye that
binds to serum albumin, becoming a high molecular weight complex (68.5 kDa) in the blood,
which cannot pass through intact BBB. Thus, EBd leakage is an indicator of BBB disruption.

We used 165 mW/cm® laser irradiation, and the duration were 1, 2, 3 and 4 min,
respectively. Thus, the corresponding laser doses were 10, 20, 30 and 40 J/ cm?, respectively.

Our results in Table 1 indicated that there were no changes in BBB permeability to the
EBd albumin complex in untreated mice and mice that only received 5-ALA injection or laser
with different doses. The similar results were found in mice underwent PD (5-ALA + laser)
without skull optical clearing treatment. However, PD with usage of USOCA accompanied by
high concentration of EBd in the brain, suggesting strong EBd leakage through opened BBB.
The comparison between groups of mice underwent PD with and without USOCA showed
that laser dose of 10 J/ cm” caused an 10.3 fold increase of EBd leakage, 20 J/ cm” — an 20.2
fold; 30 J/ cm” — an 22.3 fold; 40 J/ cm” — an 22.9 fold.

Table 1. PD-induced BBB opening for the EBd albumin complex

Groups Content of Evans Blue in the brain (ug/g tissue)
Untreated mice 0.685 +0.012
5-ALA 0.650+0.011
Laser 10, 202, 30, 40 0.708 + 0.007 0.673 £ 0.003 0.700 £ 0.006 0.801£0.011
J/em’

PD (5-ALA + laser) without optical clearing skull window
10,20,30,40 J/em®> | 0.741+0.017 | 0.687+0.013 | 0.807+0.015 | 0.796+0.010
PD (5-ALA + laser) with optical clearing skull window
10,20, 30,40 J/em? | 7.618 £0.496 *** | 13.863+0.712 *** [ 18.017 + 1.171 *** | 18.295 + 1.466 ***

**%_p<0.001 the comparison between untreated mice and mice underwent PD through optical clearing skull
window, n = 6 in each group and sub-group.

The occurrence of vasogenic edema after PD therapy (PDT) is the main complication of
this procedure due to direct laser effect on the brain tissues and intracranial pressure increase
after craniotomy [19]. To find the optimal PD effects on BBB permeability with the
appropriate vascular leakage but minimal brain injuries, we next analyzed morphological
changes in the brain tissues and cerebral vessels after application of PD with different laser
doses. As shown in Fig. 2, PD-related BBB opening was accompanied by vasogenic edema
(pointed by black arrows) that was described also in our previous work [19]. The low laser
doses (10 J/em® and 20 J/em?) caused mild accumulation of solutes around microvessels,
while higher laser doses (30 J/cm” and 40 J/cm?) induced stronger vasogenic edema.

Control 10J/cm? 20J/cm? 30J/cm? 40J/cm?

Fig. 2. The histological analysis of PD-related changes in the brain tissues and cerebral vessels.
The black arrows show vasogenic edema.

Thus, low laser doses of 10 and 20 J/cm® caused less pathological changes in the brain
vessels and tissues than high laser doses of 30 and 40 J/cm?, which also have been shown in
other works [19]. The further observation showed different time for recovering of the brain
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tissues after PD: in 72 hours with low laser doses of 10 J/cm? and 20 J/cm? and in 10-18 days
with high laser doses of 30 and 40 J/cm? [18, 19].

Considering the fact that the EBd leakage was more pronounced with laser dose of 20
J/em? vs. 10 J/em® but comparable morphological changes in the brain tissues, we used 20
J/em® in other experiments as optimal PD effect on the BBB.

3.2 PD-induced BBB opening for rhodamine-dextran: in vivo data

In this experimental set, we in vivo studied PD (20 J/cm?)-induced BBB opening and imaged
by 2PLSM through optical clearing skull window.

Figure 3 demonstrates PD-related opening of the BBB for rhodamine-dextran, which was
determined by quantitatively measuring fluorescence signal intensity inside and around the
cerebral vessels. Figure 3(a) is the timeline of the experiment. Firstly, 5- ALA (20mg/kg) was
intravenously injected into the anaesthetic mice and circulated for 30 min, in this duration, the
optical clearing skull window was established by topical application of USOCA. Then we
imaged the cerebral vessels through the optical clearing skull window using 2PLSM. After
that, 635 nm laser was applied to irradiate the mouse brain through the window, with the
constant power fluence at 165 mW/cm® and 2 min irradiation durations. 1 h after laser
irradiation (BBB was opened), we imaged the cerebral vessels at the same region again. We
randomly selected 6 corresponding areas for quantitative analysis of signal intensity before
and after PD (Fig. 3(d) and (e)). 1 hour after PD, we observed strong leakage of rhodamine-
dextran (70 kDa) from the cerebral vessels into perivascular space resulting in the high
fluorescent signal around the cerebral microvessels. Indeed, fluorescent signal in perivascular
space increased 2.0-fold, suggesting high leakage of rhodamine-dextran from the cerebral
vessels into the brain parenchyma via the opened BBB. The fluorescent signal in the cerebral
vessels decreased 2.3-fold due to rhodamine extravasation into the brain tissues, metabolism
by kidney, and even probably some photobleaching [41, 42] (Fig. 3(f)).

(@)

Anesthetiza 5-ALA injectioy Establishing optical Imaging Laser

-tion & circulation /' clearing skull window  (control) irradiation
5 min \ 15 min / ~15 min 2 min 1h ~15 min
30 min
(b) Before (c) After

—
—
=

35  mmm Before o x.x 2

Fluoresence intensity (%)

Background Vessel

Fig. 3. The in vivo analysis of PD-induced BBB opening for rhodamine-dextran. (a) The
timeline of the experiment. (b) and (c) are the same area imaged by 2PLSM before and after
PD. (d) and (e) are the magnified images corresponding to the areas boxed in (b) and (c),
respectively. (f) The bar graph of the average signal intensity inside (1-6) and outside (1’-6)
vessels.
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These series of in vivo experiments confirmed our ex vivo data, suggesting non-invasive
PD-related BBB opening for high weight molecules with the assistance of optical clearing
skull window.

3.3 PD-induced BBB opening for GM1-liposomes

As a clinical applicable aspect of our work, we studied the effectiveness of PD-related BBB

opening for liposomes as promising nanocarriers for brain drug delivery and anti-glioma
therapy [27-33].

()

Liposomes GFAP Merged

Ctr

PD

Liposomes Merged
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PD

Liposomes Laminin

Ctr

PD

Fig. 4. The confocal imaging of non-invasive PD-induced BBB opening for GM1-liposomes
with usage of markers of neurovascular unit: (a) liposomes distributions between the astrocytes
labelled by antibodies of GFAP; (b) liposomes leakage outside the vascular endothelial cells
labelled by antibodies of SMI; (c) liposomes distributions outside the basal membrane labelled
by antibodies of laminin. Approximately 10-12 brain slices per animal (n = 6) were imaged.
The white arrows show the sites of liposomes leakage.

Here, we analyzed BBB permeability to GMI1-liposomes (100 nm) and investigated
neurovascular unit integrity by using confocal microscopy. We have chosen such liposomes



Research Article Vol. 9, No. 10 | 1 Oct 2018 | BIOMEDICAL OPTICS EXPRESS 4858 l

Biomedical Optics EXPRESS

because GM1 was shown to contribute to both the stability of liposomes in the circulation to
carry them to the brain [43] and their transport across BBB [33]. To study whether liposomes
can cross BBB, we used markers of endothelial cell -SMI-71, the basal membrane — laminin,
astrocytes endfeet — GFAP.

Figure 4 demonstrates effective extravasation of liposomes from the cerebral vessels into
the brain parenchyma via opened BBB. We observed distribution of liposomes among the
astrocytes (Fig. 4(a)) and outside of the cerebrovascular endothelium and the basal membrane
(Fig. 4(b) and (¢)).

Collectively, our results markedly show non-invasive PD-related opening of BBB for
GM1-liposomes (100 nm) and their effective extravasation thought all elements of BBB
including the vascular endothelium, the basal membrane and the astrocyte feet.

3.4 Mechanisms underlying the PD-induced opening of the BBB
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Fig. 5. Mechanisms underlying PD opening of BBB for GM1-liposomes. (a) The expression of
TJ (CLDN-5 and ZO-1) and adhesion (VE-cadherin) proteins as well trans-membrane protein
of cellular signalling system (ARRB1). ***-p<0.001, the comparison between PD-treated mice
and untreated mice. (b) Schema of photodynamic opening of BBB: PD activates the
internalization of CLND-5 and VE-cadherin that is accompanied by the loss of surface of these
proteins in the space between vascular endothelial cells. (¢) The PD-induced changes in the
MDA level in the brain tissues. (d) The PD-induced changes in cerebral SpO,. *-p<0.05 the
comparison between PD-treated mice and untreated mice.

To better understand mechanisms responsible for PD-induced opening of BBB for GM1-
liposomes, we studied PD-related changes in the expression of molecular factors, which are
involved in the control of BBB permeability such as tight junction (TJ) trans-membrane
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proteins (CLND-5 and ZO-1) and adherens junction protein (VE-cadherin), as well as
molecular membrane factor (beta-arrestin-1, ARRBI1) controlling expression of these
complexes of BBB proteins. The expression of indicated molecular factors was analyzed
before PD (the control group), 1h after PD (when BBB was opened) and 24h and 72h after
PD (when BBB was closed and completely recovered).

Figure 5(a) demonstrates that BBB opening (1h after PD) was accompanied by decreases
in expression of CLND-5 and VE-cadherin but increases in expression of ZO-1 and ARRB-1
compared with the control group. Important note that expression of indicated molecular
factors almost recovered 24h after PD effects and persisted at the normal level 72h after PD
application.

To study metabolic changes related to PD-induced opening of BBB, we analyzed the
MDA level of brain tissues as a marker of oxidative stress and component of reactive oxygen
species production, as well the SpO, in the brain, as an important criterion of cerebral
metabolic activity [44]. Our results revealed that PD-mediated BBB opening was associated
with the increase in MDA by 12% (p<0.05) and a decrease in SpO, by 10% (p<0.05) 1 h after
PD effect (Fig. 5(b) and (c)).

Our results uncovered the elevated expression of ARRBI that is marshal in signaling
trans-membrane processes, and decreases in the expression of CLND-5 and VE-cadherin as
main components of BBB integrity [45-47]. We assume that the ARRBI induced the
internalization of CLND-5 and VE-cadherin, accompanied by the loss of surface on these
proteins in space between endothelial cells, which can be one of the mechanisms underlying
PD-induced opening of BBB for liposomes. Our hypothesis is based on the results of other
experiment demonstrating the mechanism of BBB disruption via ARRB2-mediated
internalization of VE-cadherin induced by vascular endothelial growth factor (VEGF). The
elevated expression of ZO-1 during PD-mediated opening of BBB on the background of
lowered expression of CLDN-5 and VE-cadherin could also suggest disordered interactions
of TJ proteins [48]. Our results are consistent with data of other research showing that PD has
a direct effect on increasing the gaps of the TJs between endothelial cells via changes of
cytoskeleton, vascular tone loss due to microtubule depolarization [49].

In our work we used 5-ALA, which is a porphyrin precursor. One of the mechanisms by
which porphyrin causes PD effects is an elevation of expression of heme-transport protein
(HCP1), which is capable of transporting porphyrin compounds. Recently, it has been shown
that HCP1 expression is associated with increased ROS production and hypoxia that we
observed in our work [50]. We suppose that PD-induced increase in oxidative stress
associated with mild hypoxia and changes in TJ and adherens junction proteins might be one
of mechanisms underlying PD-related BBB opening for GM1-liposomes.

4. Conclusion

Collectively, our results clearly show that application of USOCA allows to perform PD-
related BBB opening non-invasively. We demonstrated that PD opened the BBB on laser
dose manner and established optimal laser dose for PD-related BBB opening at 20 J/cm®
through optical clearing skull window. Using optimal laser dose, in our ex vivo and in vivo
experiments, we showed efficiency of PD to open BBB for high weight molecules (EBd
albumin complex 68.5 kDa and 70kDa rhodamine-dextran) and for 100 nm GM1-liposomes
that passed through the vascular endothelium, the basal membrane and distributed among
astrocytes. The PD induced an increase in oxidative stress that was associated with mild
hypoxia and changes in the expression of TJ (CLDN-5 and ZO-1) and adherens junction (VE-
cadherin) proteins, which might be one of the mechanisms underlying PD-related BBB
opening for liposomes.

These results indicate that by applying USOCA, we can realize PD-related BBB opening
with low doses of photosensitizer and laser irradiation, which permits to minimize brain tissue
injuries after PD. Because of its noninvasiveness, the mouse brain avoids secondary brain
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injuries and cortical inflammations caused by craniotomy, thus, the analysis about the
mechanisms underlying PD-related BBB opening is much closer to the reality. In addition, it
provides a convenient and flexible observation and light manipulation window, permitting in
vivo observing cerebrovascular leakage with high resolution and repeated application of PD
that has a great potential in glioma therapy.
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