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Background: Photodynamic therapy (PDT), a minimally
invasive therapeutic tool, has been an important option for
post-surgical treatment of malignant gliomas (MGs) in
both adult and young patients. Recent studies have shown
that PDT can also open the blood-brain barrier (BBB).
However, there are no optimized parameters of PDT for
patients at different ages. To determine whether there are
age differences in PDTeffects on theBBB,we studiedPDT-
related BBB opening through the optical clearing skull
window in healthy 4- and 8-week-old mice.

Methods: In this work, we realized BBB opening by
combining PDT with the optical clearing skull window by
using different radiant exposures (635nm, 10–20–30–40J/
cm2) and 5-aminole-vulinic acid (5-ALA, 20mg/kg). Then,
we evaluated BBB permeability by: (i) spectrofluorimetric
measuring of Evans Blue dye (EBd) leakage; (ii) confocal
imaging of 70 kDa FITC-dextran extravasation and the
BBB integrity; and (iii) histological analysis of brain
tissues.

Results: Using the skull optical clearing method, we
demonstrated PDT-induced BBB opening to EBd and
FITC-dextran in a radiant exposure manner. The histolog-
ical analysis revealed the different severities of vasogenic
edema corresponding to radiant exposures. Besides, the
PDT-related increase in the BBB permeability to high
weight molecules (EBd and FITC-dextran) and solutes
(vasogenic edema) was more pronounced in 4-week-old
mice than in 8-week-old mice.

Conclusions: The more pronounced PDT-induced BBB
disruption in juvenile mice compared with adult mice
suggests age differences in PDT-relatedBBBopening. This
might be an important informative platform for a new
application of PDT as a method for brain drug delivery,
especially for post-surgical treatment ofMGs. Lasers Surg.
Med. © 2019 Wiley Periodicals, Inc.
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INTRODUCTION

The BBB is a highly selective barrier, which is formed by
microvascular endothelial cells surrounded with pericytes
and perivascular astroglia. It controls the penetration of
blood-borne agents into the brain and the release of
metabolites and ions from brain tissue to the blood.
Therefore, BBB plays a vital role in the healthy central
nervous system (CNS), protecting the brain against
pathogens and toxins [1]. Although this protective mecha-
nism is essential for a normal functioning CNS, it also
creates a hindrance to the entry of drugs into the
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brain [2,3]. This is the reason why approaches for
reversible overcoming of the BBBhave received significant
attention in the last four decades [4–6].

In our previous studies on adult mice, we demonstrated
that PDT temporally increases BBB permeability [7,8].
Our results are consistent with data of Hirschberg et al.
and Madsen et al., who also showed PDT-related BBB
opening using a 400mm bare flat-end quartz fiber (635nm)
with 5-ALA and 670nm laser application with aluminum
phthalocyanine disulfonate (AlPcS2a) [9–11].

These novel data related to PDT-induced BBB opening
warrant revision of our knowledge about the cerebrovas-
cular effects of PDT and will stimulate the development of
novel therapeutic applications of PDT, such as brain drug
delivery in post-surgical PDT of MGs, which is distinct in
both children and adults.

Histologically, the pediatricMGs (PMGs) and adultMGs
(AMGs) are similar. However, there are quite different
biological, genetic, andmolecular characteristics ofMGs in
these two populations [12,13]. ThePMGs are characterized
by a more aggressive clinical behavior than AMGs. As
compared to AMGs, PMGs seem to possess a statistically
higher incidence of chromosomal mutations, such as gains
at 1q and losses at 16q and 4q [14–20].Mutations in the p53
pathway are much more common in PMGs [21,22]. Many
abnormalities identified in AMGs, such as retinoblastoma
gene mutation and amplifications of the MYC, MYCN,
CDK6, CCND2, and PTEN mutations, are less prevalent
among PMGs [12,13,21,23]. The expression of oncological
molecular factors, such as platelet-derived growth factor
receptor A, is predominant in PMGs, while a high
expression of the epidermal growth factor receptor is
more common in AMGs [12,13,16,24,25].

The mechanisms of the BBB functioning in fetuses and
in early stages of ontogeny are different from those in
adults [26]. In embryonic development, tight junctions
appear early, restricting the entrance of proteins into the
brain [27]. The expression of ABC-influx/efflux trans-
porters during mid-gestation is even higher than in
adults [28]. At birth, the BBB is functional with no
fenestrations [29], but the gene expression of BBB
endothelial proteins undergoes changes in normal brains
from the postnatal period to adulthood [30]. In our previous
study, we demonstrated a greater expression of the two
main tight junction proteins of the BBB (occludin and
claudin-5) in neonatal versus adult rats [31].

However, despite clear age differences in MG etiology
andBBB functions, there are no accepted standards of care
and treatment of MGs with age-related algorithms.
Historically, the therapy of MGs was simply adopted
from AMGs to PMGs. Nowadays, due to a better
understanding of age differences in MG biology, it has
become clear that these strategies may not be the most
effective solution to achieve advances in the treatment of
PMGs. Therefore, the development of new advances in
technologies and methods for therapy of MGs with age-
related approaches is a challenging task.

Since PDT is one of the most promising therapeutic
approaches in post-surgical treatment of both PMGs and

AMGs, for a better understanding of age differences in
the cerebrovascular effects of PDT, we studied PDT-
mediated opening of the BBB in a radiant exposure
manner (635 nm, 10–20–30–40 J/cm2 and 5-ALA, 20mg/
kg) in healthy 4- and 8-week-old mice by using
quantitative and qualitative tests for BBB permeability.
Additionally, we analyzed age differences of PDT on the
brain tissues using a histological method. To enhance the
light penetration through the skull and avoid or
significantly decrease negative influences of PDT on
BBB permeability, we performed PDT through the
optical clearing skull window.

MATERIALS AND METHODS

Subjects

Experiments were carried out on Balb/c mice (4 and
8 weeks, male). The animals were divided into control and
PDT treatment groups. The control groups include: (i)
without PDT treatment; (ii) 5-ALA injection without laser
irradiation; and (iii) laser irradiation without 5-ALA
injection. The PDT treatment groups were divided into
16 sub-groups corresponding with different ages (4- and 8-
week-old mice), radiant exposures (10, 20, 30, and 40J/
cm2), and time of BBB opening and recovery (1.5 and 4
hours after PDT). n¼ 6 mice in each group and subgroup,
and all the mice were treated by skull optical clearing
agent.
All experimental protocols were performed according to

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.

Protocol of BBB Opening Through the Optical
Clearing Skull Window by PDT

The mice were anesthetized with a cocktail of 2% a-
chloralose and 10% urethane (8mg/kg) via intraperito-
neal injection. The head was shaved and a midline
incision was made on the scalp. Then the scalp was
removed and the skull surface was dried by clean
compressed air. After that, we used skull optical clearing
agents to establish an optical clearing skull window
(diameter: 5mm). The detailed descriptions about prepa-
ration and application method of skull optical clearing
agents are reported in reference [32].
The PDT was performed 30 minutes after intravenous

injection of 5-ALA (20mg/kg) according to previous
studies [7,8]. We measured the irradiance of the laser by
a photosensor that was placed on the front surface of a
cranial bone, and it was irradiated from a 5-mm distance
with a laser diode (LD) light source at the wavelength of
635nm (NJL-LD-635-5-F-R, China, bandwidth: 3 nm,
diameter of the beam: 2mm, Gaussian’s beam profile).
Various radiant exposures of 10, 20, 30, and 40 J/cm2 were
achieved by using constant irradiance at 165mW/cm2 for
durations of 1, 2, 3, and 4 minutes, respectively.

2 ZHANG ET AL.2 ZHANG ET AL.626



Assessment of the BBB Permeability

To evaluate the BBB permeability, we used three
different methods.

(1) The first test was a spectrofluorometric assay of Evans
Blue dye (EBd) extravasation. The EBd (Sigma
Chemical Co., St. Louis, MI) was injected in a single
bolus dose (2mg/25 g, 1% solution in physiological 0.9%
saline) and circulated for 30 minutes in the blood. The
EBd injection was performed 60 or 210 minutes after
PDT. At the end of the circulation time (30 minutes),
the mice were decapitated, and their brains were
rapidly collected and placed on ice. The EBd extraction
and visualization were performed according to Wang
et al. [33].

(2) The second test used confocal microscopy to detect
FITC-dextran extravasation. In brief, 70 kDa FITC-
dextran (Sigma Chemical Co.) was injected intrave-
nously (4mg/25 g, 0.5% solution in 0.9% physiologi-
cal saline) 88 minutes after PDT treatment and
circulated for 2 minutes. Afterwards, mice were
decapitated and their brains were rapidly removed
and fixed in 4% paraformaldehyde (PFA) for 24
hours. The brains were cut into 100-mm thick slices
on a vibratome (Leica VT 1000S Microsystem,
Germany) and analyzed on a confocal microscope
(A1R, Nikon, Japan). Approximately 8–12 slices per
animal from cortical and subcortical (except hypo-
thalamus and choroid plexus where the BBB is
leaky) regions were imaged. Then the BBB perme-
ability was evaluated in groups [34]. The dextran
extravasation was determined as clear specific
fluorescence occurring outside of the vessel walls
and was classified as weak (þ), medium (þþ), strong
(þþþ), and diffusive (þþþþ). Weak infiltration was
defined as a faint cloud, clearly associated with one
vessel site of the tracer leakage. Medium was
defined as a bright cloud, clearly associated with
one vessel site of the tracer leakage. Strong
extravasation was defined as a bright cloud clearly
associated with a group of vessels. Diffusive extrav-
asation was defined as extensive leakage of the
tracer in many places of the brain without clear
association with specific vessels.

(3) The third test was a histological analysis of the BBB
permeability to solutes. Mice were decapitated 1.5
hours after PDT. The samples were fixed in 4% PFA
for 24 hours. Then the fixed specimens were embed-
ded in paraffin, sectioned (4mm) and stained with
haematoxylin and eosin. The histological sections
were evaluated by an upright microscope system
(Nikon, Japan).

To evaluate the integrity of the neurovascular unit
(NVU), we detected three different indicators: (i) the
endothelial barrier antigen conjugated with antibodies
SMI-71; (ii) the anti-glial fibrillary acidic protein (GFAP)
labeling astrocytes; and (iii) the laminin, labeling the basal
lamina membranes.

The preparation of the brain slices was the same as that
in the second test. Afterwards, the brains were fixed in 4%
PFA and cut into 100-mm thick slices with further
permeabilization with PBS containing 0.2‰ Triton-X-
100 (Sigma–Aldrich) for 30 minutes. Then potential
nonspecific binding sites were blocked with 5% bovine
serum albumin (BSA, Sigma–Aldrich) for 45 minutes at
room temperature. After that, the slices were incubated
with the primary antibody (SMI-71: 1:200; GFAP: 1:200;
laminin: 1:40) at 48C overnight. After being washed, the
sections were then incubated with secondary antibodies
(1:500) for 1 hour at room temperature. Finally, the slices
were imaged by confocal microscope (A1R, Nikon).

Statistical Analysis

In this work, all data are expressed as mean� standard
error unless stated otherwise. Significant differences were
analyzed using one-way analysis of variance test with
SPSS (IBM, Chicago, IL).

RESULTS

PDT-Induced Opening of BBB Evaluated by
Assessing EBd Extravasation

Next, we investigated PDT-induced changes in the BBB
permeability to the EBd albumin complex using spectro-
fluorimetric assay in 4- and 8-week-old mice. EBd, a
commonly-used 961kDa dye that binds to serum albumin
forming high weight molecules, cannot permeates the
intact BBB, thus, its leakage into brain tissue is widely
used to evaluate BBB disruption.

The BBB permeability to EBd was analyzed every 30
minutes after 5-ALA-mediated PDT over a 4 hours
duration. Here, we presented two time points: 90 minutes
after PDT, when we observed the first significant changes
in the BBB; and 4 hours after PDT, when we did not see
further increases in the leakage of EBd.

The results are presented in Table 1. There were no
changes in BBB permeability to the EBd albumin complex
in mice of both ages in all groups, including laser
irradiation itself or 5-ALA injection without laser as well
as in the untreated mice.

However, we found significant age differences in PDT-
related opening of the BBB to EBd. Indeed, an increase in
BBB permeability to EBd induced by radiant exposures of
10 and 20J/cm2 was 1.7 and 1.6 times higher in 4-week-old
mice compared with 8-week-old ones (Table 1). However,
application of higher radiant exposures (30 and 40 J/cm2)
was accompanied by a significant EBd leakage that was
similar for both ages.

Fourhours after PDT, the content of EBd in the brain for
both 4- and 8-week-old mice with different radiant
exposures returned to the normal state, suggesting the
BBB recovery.

Thus, this series of experiments clearly demonstrate age
differences in PDT-mediated opening of the BBBwhen low
radiant exposures (10 and 20J/cm2) were applied. How-
ever, high radiant exposures (30 and 40J/cm2) induced
comparable BBB disruption for both ages.
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Qualitative Evaluation of PDT-Induced Opening of
the BBB

The above quantitative data from spectrofluorimetric
assay of EBd complex content in brain tissue can
accurately reflect the changes in BBB permeability after
PDT, but the coloration of the brain tissues cannot be
directly viewed. Here, we have a guideline for evaluating
BBB permeability by injection of dextran (70 kDa) and
qualitatively characterizing the figures [34]. Therefore, in
the second series of experiments, we tested the PDT-
related opening of the BBB by confocal imaging of FITC-
dextran extravasation (Fig. 1).

Figure 1 shows direct viewings of FITC leakages in
different conditions, and we outlined the vessels profiles in
the magnified maps. Results shows that there is no FITC-
dextran leakage in the control groups. Radiant exposure of
10 and 20 J/cm2 caused strongFITC-dextran extravasation
for 4-week-old mice (bright cloud associated with a groups
of vessels), but for 8-week-old mice, it was weak (a faint
cloud around one vessel) at 10 J/cm2 and medium (a bright
cloud around one vessel) at 20 J/cm2. As for high radiant
exposures, it accompanied by diffuse type of FITC-dextran
extravasation for both age groups of mice.

These results with the usage of confocal imaging of
FITC-dextran extravasation clearly show that PDT-
related opening of the BBB depends on radiant exposures
and age of mice. For low and medium radiant exposures
(10–20 J/cm2), 4-week-old mice demonstrate more signifi-
cant changes in BBB permeability to FITC-dextran
compared with 8-week-old mice, while high radiant
exposures (30–40 J/cm2) causes significant BBB disruption
in both age groups (Table 2).

Changes in BBB Structure Integrity After PDT

Figure 2 shows the confocal imaging of PDT-induced
BBB opening to FITC-dextran using specific markers of

NVU at radiant exposures of 10 and 20J/cm2 for 4- and 8-
week-old mice. Figure 2A demonstrates FITC-dextran
leakage outside of the endothelial cells of cerebral vessels
labeled by SMI. Figure 2B demonstrates FITC-dextran
leakage outside the basal membrane labeled by the
antibodies of laminin, which is one of the proteins of the
basal membrane. Figure 2C illustrates the FITC-dextran
extravasation from the cerebral vessels into the brain
tissues among astrocytes.
These experimental data clearly exhibit that the selected

tracer of FITC-dextran effectively crossed all elements of
the BBB, including the cerebral endothelium, the basal
membrane and astrocytes after PDT.

Morphological Evaluation of PDT-Induced
Opening of the BBB

To analyze the morphological changes in the brain
tissues and cerebral vessels after PDT using different
radiant exposures, we performed histological studies in
mice of both ages.
Figure 3 uncovers that the PDT-mediated opening of

BBB was accompanied by the formation of vasogenic
edema (the empty area around vessels) in a radiant
exposure-dependent manner: for higher radiant expo-
sures, a more extravasated volume of extensive solutes
was observed around the cerebral microvessels. It is
important to emphasize that these changes were more
pronounced in juvenile mice compared with adult ones.

DISCUSSION

Our results clearly demonstrate that PDT causes a radiant
exposure-dependent increase in BBB permeability to high
weight molecules such as EBd (68.5kDa) and FITC dextran
(70kDa) for both ages of mice. Up to now, the mechanisms
underlying PDT-mediated opening of the BBB have not been
revealed completely. Some reports stated thatPDThas effects

TABLE 1. The PDT-Related Changes in the BBB Permeability to EBd

Groups Content of Evans Blue in the brain (mg/g tissue)

Age 4 weeks 8 weeks

Control (with optical clearing skull window)

Untreated mice 0.60�0.01 (n¼6) 0.69� 0.01 (n¼ 6)

5-ALA 0.64�0.03 (n¼6) 0.66� 0.01 (n¼ 6)

Laser 10 J/cm2 0.59�0.01 (n¼6) 0.62� 0.02 (n¼ 6)

Laser 20 J/cm2 0.62�0.02 (n¼6) 0.61� 0.01 (n¼ 6)

Laser 30 J/cm2 0.60�0.01 (n¼6) 0.65� 0.03 (n¼ 6)

Laser 40 J/cm2 0.64�0.02 (n¼6) 0.67� 0.03 (n¼ 6)

Time 1.5 hours after PDT 4hours after PDT 1.5 hours after PDT 4hours after PDT

PDT (635nmþ 5-ALA (with optical clearing skull window)

Laser 10 J/cm2 11.24�0.50 (n¼6) �† 0.66� 0.06 (n¼ 6) 7.62� 0.50 (n¼ 6) � 0.62�0.09 (n¼ 6)

Laser 20 J/cm2 19.19�1.05 (n¼6) �† 0.67� 0.04 (n¼ 6) 13.86�0.71 (n¼6) � 0.66�0.08 (n¼ 6)

Laser 30 J/cm2 18.98� 1.21 (n¼ 6) � 0.63� 0.06 (n¼ 6) 18.02�1.17 (n¼6) � 0.69�0.05 (n¼ 6)

Laser 40 J/cm2 18.85� 1.10 (n¼ 6) � 0.71� 0.06 (n¼ 6) 18.30�1.47 (n¼6) � 0.65�0.04 (n¼ 6)

P<0.05: �- versus the untreated mice group; †- versus between two age groups.
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on the endothelial cells resulting in increasing gaps between
endothelial cells via changes of the cytoskeleton, cell rounding,
and constriction loss due to microtubule depolariza-
tion [35–38]. The singlet oxygen (1O2) generated during PDT
causes endothelial regulation imbalance of vascular relaxa-
tion. Thus, the vascular resistance to photo-induced oxidative
stress decreases, resulting in the redistribution of calcium,
reduction of influx, and calcium release from intracellular
storage [39–42]. In our study, using markers of NVU such as
SMI (the vascular endothelial cells), laminin (the basal
membrane), and GFAP (the astrocytes), we uncovered
disordersofNVUresulting inanincreaseofBBBpermeability.
Therefore, the tested tracer (dextran, 70kDa) passed through
the vascular endothelium and the basal membrane with
further distribution between astrocytes.
Our data also demonstrate that there are age differences

in PDT-related opening of the BBB. The cerebral vessels of
4-week-old mice are more sensitive to PDT-mediated
changes in the BBB permeability compared with 8-week-
old mice. The young mice demonstrated a more significant
increase in the leakage of EBd and 70kDa FITC-dextran

after application of low and medium radiant exposures
(10–20 J/cm2).

The age-related differences in PDT-mediated open-
ing of the BBB can be related to BBB maturation,

Fig. 1. ThePDT-related opening of theBBBevaluatedby confocal imaging ofFITC-dextran (70kDa)
extravasation from cerebral vessels into the brain parenchyma. In each group, images in second rows
are magnified maps of the area enclosed in the first row, and the profiles of vessels are outlined.

TABLE 2. PDT-Related Opening of BBB Evaluated by

FITC-Dextran Extravasation

Radiant exposures

Classification of

FITC-dextran

extravasation

Age 4 weeks 8 weeks

Control (with optical clearing

skull window)(n¼6)

/ /

10 J/cm2 (n¼6) þþþ (�) þ
20 J/cm2 (n¼6) þþþ (�) þþ
30 J/cm2 (n¼6) þþþþ þþþþ
40 J/cm2 (n¼6) þþþþ þþþþ
/: normal; þ: weak; þþ: medium; þþþ: strong; þþþþ: diffuse.
�- between two age groups.
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which continues after birth. The BBB restricts the
entrance of proteins into the brain that already exists
in fetuses [26,27]. It is interesting to note that the
expression of the ABC-influx/efflux transporters dur-
ing mid-gestation is higher than in adults [28]. At
birth, the expression of two main tight junction

proteins of BBB (occludin and claudin-5) is higher in
newborn rats than in adult rats and the BBB has no
fenestrations [29,31]. In other stages of ontogeny, the
gene expression of BBB endothelial proteins undergoes
changes in a normal brain from the postnatal period to
adulthood [30].

Fig. 2. The confocal imaging of PDT-induced opening of the BBB to FITC-dextran using specific
markers of NVU: (A) FITC-dextran leakage outside of the endothelial cells of cerebral vessels
labeled by SMI; (B) FITCdextran leakage outside the basal membrane labeled by the antibodies for
the laminin; (C) FITC-dextran extravasation from the cerebral vessels into the brain tissues among
astrocytes. The white arrows points to the sites of FITC-dextran leakage.

6 ZHANG ET AL.2 ZHANG ET AL.630



Thus, the BBB maturation might be a crucial reason for
age differences in PDT-mediated opening of the BBB,
which is decisive for optimization of guidelines of PDT-
treatment of MGs in young and adult patients.
Our resultsalsodemonstrate thatPDT-mediatedopening

of the BBB is accompanied by the development of vasogenic
edema, which is more pronounced in young mice than in
adultmice. The formationof vasogenic edemaafterPDThas
also been shown in otherworksusing 5-ALA [10,43,44].One
of the mechanisms responsible for an extensive fluid
accumulation in the perivascular space of the brain is
disruption of the tight junction complex and imbalance in
the control of expression of the aquaporin channels in the
astrocytes and the vascular endothelium [45,46].
The PDT-mediated opening of the BBB is accompanied

by activation of the meningeal lymphatics, which play a
major role in brain clearing of molecules that crossed the
opened BBB [47]. The activation of lymphatic drainage
contributes to the elimination of water from the extracel-
lular space and recovery of fluid balance in the brain. In our
serial works, we clearly show the recruitment of the
meningeal lymphatics by BBB opening, including PDT-
mediated opening of the BBB [48].
There are age differences in the development of the

meningeal lymphatics and in the brain drainage system.
Themeningeal lymphatic system develops postnatally and
becomes fully anatomically present by day 28 of ontog-
eny [49]. However, there is no information about the
functional development of the meningeal lymphatic
system. It is well known that the arachnoid elements
that absorb brain fluids into the venous system do not exist
prenatally. They become visible in infants, but only exist in
abundance in adults [50,51].
These facts allow us to assume that the more significant

PDT-related vasogenic edema in young mice versus adult
mice can be explained by the undeveloped brain drainage
system and meningeal lymphatic vessels.
Note that high radiant exposure (40 J/cm2) caused

severe vasogenic edema after PDT for both young and

adult mice. This fact suggests that high radiant exposure
induces BBB disruption beyond the brain reserve capabil-
ity, which agrees with our previous results [7].

In this work, another important approach for minimizing
negative consequences of PDT effects to the brain vascu-
lature and tissues is the application of the skull optical
clearing technique [32,52,53]. Generally, PDT performance
requires a craniotomy in both clinical and fundamental
studies due to the high scattering property of the skull,
which leads to low light penetration into the
brain [7,9,10,54–56]. However, the craniotomy leads to
brain swelling, increasing in intracranial pressure and
cortical inflammation [10]. Our results clearly demonstrate
that the newly-developed skull optical clearing technique
assists us to realize BBB opening by PDT without
craniotomy. By applying this method, we demonstrate the
effective application of PDT through the skull with low
doses of laser and photosensitizer, and demonstrate the
possibility of using PDT for modulating BBB permeability.

CONCLUSIONS

In summary, our findings presented a novel understand-
ing about age differences in PDT-mediated opening of the
BBB. Young mice demonstrated a more pronounced PDT-
induced increase in BBB permeability to high weight
molecules (EBd 68.5 kDa and dextran 70kDa) as well as to
solutes which were observed as vasogenic edema.

These data are an important informative platform for a
new application of PDT as a method for brain drug
delivery, especially in post-surgical treatment of MGs. We
also believe that the skull optical clearing techniquewill be
an effective method for PDT application through the intact
skull inmice, which will be an important strategy for brain
drug delivery and brain diseases therapy.
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