Minimally invasive molecular delivery into the brain
using optical modulation of vascular permeability
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Systemic delivery of bioactive molecules in the CNS is hampered
by the blood-brain barrier, which has bottlenecked noninvasive
physiological study of the brain and the development of CNS
drugs. Here we report that irradiation with an ultrashort pulsed
laser to the blood vessel wall induces transient leakage of blood
plasma without compromising vascular integrity. By combining
this method with a systemic injection, we delivered target mole-
cules in various tissues, including the brain cortex. This tool allows
minimally invasive local delivery of chemical probes, nanoparticles,
and viral vectors into the brain cortex. Furthermore, we demon-
strated astrocyte-mediated vasodilation in vivo without opening
the skull, using this method to load a calcium indicator in conjunc-
tion with label-free photoactivation of astrocytes.

femtosecond pulsed laser | laser tissue interaction | molecular delivery |
permeability

Microvascular endothelial cells in the brain are intercon-
nected through complex tight junctions, forming a physio-
logical barrier against endogenous and exogenous molecules (1).
Becauee of this blood-brain barrier (BBB), nearly 100% of
macromolecules and more than 98% of small molecules do not
cross the blood vessel wall. Thus, exogenously introduced mo-
lecular probes are widely used in vivo to study the molecular
physiology of the brain. Systemic delivery through the blood
circulation would be a safe, effective, and desirable method of
distributing molecular probes or drugs into the brain.

Various strategies have been proposed to circumvent the BBB.
A transcranial approach invasively bypasses the BBB by drilling
a hole in the head and injecting probes or drugs intracerebrally
or intracerebroventricularly (2). At present, intracerebral injec-
tion is the gold standard for in vivo brain experiments; however,
the invasiveness of opening the skull and inserting a pipette
remains controversial (3, 4). A transnasal approach can non-
invasively deliver molecular probes or drugs across the nasal
mucosal barrier, but is limited to lipid-soluble small molecules
(5). Another approach is to chemically modify therapeutic agents
so that they can traverse the BBB effectively by enhancing lipid
solubility, lowering molecular weight, or taking advantage of an
endogenous transporter-mediated process. Various BBB dis-
ruption methods also have been proposed, including intracarotid
arterial infusion of vasoactive agents and local ultrasonic irra-
diation with i.v. microbubble injection (6). However, no method
allows the noninvasive and spatially specific delivery of large
molecules into the brain.

Near-infrared femtosecond pulsed lasers have been widely
used for in vivo imaging because of their deep tissue penetration,
reduced scattering, and localized nonlinear absorption. These
properties also have enabled noninvasive optical modulation of
live cells and tissues with subcellular resolution, including the
generation of intracellular calcium, dissection of intracellular
organelles, transient plasma membrane permeabilization, in-
duction of arterial contraction, and disruption of blood flow (7-
12). In the present study, we explored the use of a near-infrared
ultrashort pulsed laser for minimally invasive molecular delivery
into the brain.
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Results

Femtosecond Pulsed Laser Induces Local and Transient Vascular
Permeability to Macromolecules with Minimal Invasiveness. To test
the feasibility of optical delivery of macromolecules, we first
examined whether femtosecond laser irradiation focused on
a vessel wall induces vascular permeabilization in the brain. We
used i.v. 2 MDa FITC-dextran, which does not leak in normal
cortical vasculature, as the plasma indicator. The nonlinear op-
tical nature of the pulsed laser enables specific targeting of
subsurface vasculature without compromising the superficial
regions; thus, we used a murine thinned-skull window model to
image the brain cortex with minimal invasiveness. We selected
cortical veins after imaging the cortical vasculature. Arteries
were excluded to avoid femtosecond laser-induced arterial con-
traction (12) that could potentially compromise neurovascular
regulation, and capillaries were excluded because of their phys-
ical vulnerability (Fig. S1). After laser irradiation to the vessel
wall, the targeted vessel wall displayed localized leakage of the
blood plasma propagating to the nearby parenchyma (Fig. 1 4
and B). This laser-induced extravasation exhibited an all-or-none
response in a laser energy-dependent manner (Fig. S2). Blood
vessels ranging from superficial pial veins to deep cortical ven-
ules were successfully targeted without perturbing superficial
vasculature (Fig. S3). A regional time-series analysis demon-
strated diffusion of the fluorescent probe into the surrounding
region, followed by decreased fluorescence intensity at the core
of the permeation, suggesting that the changes in vascular per-
meability might have been transient (Fig. 1C). Because red blood
cells (RBCs) are not fluorescent, they appear as dark circular
structures in the positively stained blood plasma. Occasionally,
we observed transient clot formation in the luminal side around
the irradiated region concurrent with disturbed blood flow (9 of
104 cases). However, this usually disappeared within several
minutes, and blood flow recovered accordingly (Fig. S1). For
a sustained period after laser irradiation, we detected no nega-
tive signals moving in the extravasated area, indicating that no
significant RBCs leakage during laser-induced vascular perme-
ability. We further validated this finding by injecting fluorescently
stained RBCs before inducing extravasation (Fig. S4).

We next investigated the dependency of the laser-induced
extravasation profile on vessel properties. To compare vascular
parameters, we measured lumen diameter and blood flow, which
were positively correlated in the brain (Fig. S54; n = 37 in five
animals). We analyzed the extravasated area and circularity of
plasma extravasation at 1 min after laser irradiation. Notably,
compared with large venules (lumen diameter >25 pm; n = 9),
small venules (lumen diameter <25 pm; n = 28) exhibited sig-
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Fig. 1.

Optical modulation of vascular permeability in the brain. (A) Time-series two-photon laser scanning microscopic images of a cortical vein in the brain.

After i.v. injection of 2 MDa of FITC-dextran, the thinned-skull window was imaged with two-photon microscopy. A red dot indicates the position of laser
irradiation, and the red pulse indicates laser irradiation. Extravasation images were acquired by subtracting the baseline image. (Scale bar: 50 um.)
(B) Z-projection images obtained at baseline and at 5 min after irradiation. A white rectangle indicates the region of interest in A. (Scale bar: 100 um.) (C)
Regional time kinetics of fluorescence. The regions are indicated by the boxes in A with the corresponding numbers and colors. rfu, relative fluorescence unit.
(D and E) Lumen diameter and red blood cell speed were measured before and after inducing extravasation. Red lines show y = x, indicating no change. (F)
Extravasation was induced (Upper Right) after measuring the baseline vascular structure using 70-kDa TRITC-dextran (Upper Left). After 10 min, 70-kDa FITC-
dextran was injected to evaluate BBB integrity (Lower Left). (Lower Right) Distribution of the two fluorescent probes in the region indicated with a dashed
rectangle. (G and H) Extravasation could be repeated by irradiating the laser at the same position. In G, the red dots indicate the region of laser irradiation,
and the red pulses indicate laser irradiation. Arrows in H indicate the time of laser irradiation. (Scale bar: 20 pm.) (/) Nissl-stained brains with intact skull,
thinned skull, mild laser irradiation targeted on a venule, and severe laser irradiation targeted on arteriole. The red region in the lower right panel indicates

a blood clot caused by severe photodamage. (Scale bar: 50 pm.)

nificantly larger extravasation areas (Fig. S5B). Consistent with
the positive correlation between lumen diameter and blood flow,
slower blood flow tended to be correlated with larger extrava-
sation area, albeit nonsignificantly (Fig. S5C). Venules with
a smaller diameter or slower blood flow were positively corre-
lated with higher circularity of extravasation (Fig. S5 D and E).
Accordingly, the extravasation area was positively correlated
with the circularity of extravasation (Fig. SSF).

We also measured the volume of plasma leakage during laser-
induced extravasation. After injecting quantum dots along with 2
MDa of FITC-dextran i.v., we evoked laser-induced extravasa-
tion in cortical venules and counted the number of leaked
quantum dots in the brain parenchyma. We measured the con-
centration of quantum dots in the blood plasma from the blood
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sample, to convert the number of quantum dots to plasma
leakage volume. The estimated plasma leakage was 1.3 + 0.2 pL
(n = 8). Because the conventional pipette-based bulk loading
method for staining the brain requires ~0.4 pL of a dye solution
(13), we considered the volume of plasma leakage by our method
to be adequate for use in molecular delivery into the brain.

We next examined the effect of the laser-induced extravasa-
tion on the targeted blood vessel. We monitored changes in lu-
men diameter, blood flow, and BBB integrity to quantitatively
investigate structural and functional changes due to laser irra-
diation. To compare lumen diameter and blood flow, we ac-
quired baseline data for vascular structure and RBC speed and
then repeated the same measurements after 10 min of induced
extravasation. We detected no noticeable change in either para-
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meter by laser-induced extravasation (Fig. 1 D and E). To ex-
amine BBB integrity, we used the leakage of a 70-kDa dextran-
conjugated dye as a marker of a disrupted BBB (14). First, we
induced extravasation with 70-kDa dextran conjugated with
a red-colored TRITC and waited for 10 min. Then we i.v.
injected the dextran conjugated with a green-colored FITC to
check for restoration of BBB integrity. Simultaneous imaging of
the two dyes clearly showed that the later-introduced FITC-
dextran resided only in the lumen, whereas the TRITC-dextran
remained in both the lumen and extravasated region (Fig. 1F).
This finding lends further support to the transiency of laser-
induced vascular permeabilization. Having confirmed structural
and functional integrity, we then tested the repeatability of the
laser-induced extravasation. By applying laser irradiation at the
same position with the same or higher power, we could induce
extravasation repeatedly (Fig. 1 G and H).

We performed postmortem and functional analyses to further
evaluate the potential damage to surrounding parenchyma. First,
we performed Nissl staining at 3 h after inducing extravasation to
assess the acute effect on cell death. The Nissl staining demon-
strated no significant neuronal damage by skull thinning or mild
laser irradiation targeted to a venule, which induced transient
extravasation of a 2-MDa dextran-conjugated dye (Fig. 11). To
assess the delayed effect on cell death and immune response, we
performed Nissl staining and immunohistochemistry on the as-
trocyte and microglial activation markers GFAP and Iba-1 at 2 d
after inducing extravasation (3). We found no noticeable cell death
or immune response in the region (Fig. S6). Finally, we monitored
spontaneous glial calcium activity during laser-induced extravasa-
tion to evaluate any potential modification to cellular functional
activity by leaked plasma. After plasma leakage, astrocytes showed
a transient activation in the spontaneous calcium signal, but those
cells restored baseline activity within 10 min (Fig. S7). Collectively,
these data suggest that although laser-induced vascular perme-
abilization can transiently perturb the functional activity of nearby
cells, these effects are reversible and do not involve cell death or
immune response.
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Minimally Invasive Molecular Delivery of Bioactive Macromolecules
to the Brain Parenchyma. Given the ubiquitous presence of blood
vessels, we hypothesized that laser-induced vascular permeabiliza-
tion with i.v. administration of target molecules could be applied
for molecular delivery. To test this hypothesis, we first used
Hoechst 33342 nuclear staining dye. Because of its limited
penetration into cell layers, i.v. administered Hoechst is confined
to the lumen or vascular wall without affecting parenchymal
tissues where the BBB remains intact (15). In a thinned-skull
window model, we i.v. injected 2 MDa of FITC-dextran and
Hoechst simultaneously. In the brain, both dyes were confined to
the lumen of the cortical vasculature. After laser irradiation to
the vessel wall, the dyes propagated to surrounding parenchymal
tissue with different diffusion kinetics (Fig. 2.4 and C). At ap-
proximately 5 min after irradiation, the accumulation of the
Hoechst signal was visible as ring-shaped structures, which be-
came solid circles with brighter fluorescence, indicating pro-
gressive nuclear binding (Fig. 2 A and B). By subtracting the
FITC-dextran image from the Hoechst image, we could selec-
tively visualize the nuclei stained with Hoechst (Fig. 2D).

We then used sulforhodamine 101 (SR101), which specifically
stains astrocytes. SR101 is also used for angiography, suggesting
that it does not leak in healthy vasculature (16). Extravasation was
induced after i.v. injection of 2 MDa of FITC-dextran as a plasma
marker and SR101 (Fig. 2F). After 2 h, we observed stained
astrocytes, as well as the vasculature around the irradiated region.
By subtracting the FITC-dextran image from the SR101 image,
we could selectively visualize the stained astrocytes (Fig. 2F). A
region in the other hemisphere showed no noticeable staining
with SR101, suggesting that the astrocyte staining was actively
mediated by the laser-induced extravasation. Furthermore, we
confirmed that laser-induced extravasation is feasible using
quantum dots (Q21021MP; Invitrogen) and tetramethylrhod-
amine (TAMRA)-conjugated magnetic oxide nanoparticles
(MiONs), suggesting wide applicability of this technique (Fig. S8).

Next, we used adenovirus vectors encoding GFP to test the
feasibility of laser-induced extravasation as a gene-delivery tool
in the brain. The adenovirus has a hydrodynamic size of ~100 nm
and does not cross the BBB, limiting its use in CNS gene delivery

Fig. 2. Minimally invasive bulk loading of probes
and adenovirus in the brain. (A) Time-course images
of bolus dye loading and nuclear staining. Both
Hoechst 33342 and 2 MDa FITC-dextran were injected
i.v., and extravasation was induced. The red dot indi-
cates the irradiated region. White arrows denote the
stained nucleus. (B and C) Time course of intranuclear
(solid line circle in A) and extranuclear (dashed line
circle in A) FITC-dextran and Hoechst loading. (D) Local
nuclear staining in the brain cortex. The image was
obtained 30 min after induction of extravasation.
Note the clear nuclear staining near the irradiated
region (arrows). (Scale bar: 20 pum.) (E) Bolus astrocyte-
specific dye loading with laser-induced vascular per-
meabilization. Both FITC-dextran and SR101 were
injected i.v., and extravasation was induced. The red
dot indicates the region of laser irradiation; the red
pulse indicates laser irradiation. (Scale bar: 20 pm.) (F)
D Staining of astrocytes in the brain by imaging the

same region at 2 h after extravasation. The white
dashed box indicates the imaged region in E. White
boxes in the lower right image show an enlarged,
stained astrocyte. (Scale bar: 50 um.) (G) Adenoviral
gene delivery with laser-induced vascular perme-
abilization. Here 70-kDa rhodamine-dextran and GFP-
adenovirus were injected i.v., and extravasation was
induced by laser irradiation at the white dot. (Scale
bar: 20 um.) (H) Adenoviral infection. At 1 d after ex-
travasation, the vasculature and GFP were imaged at
the same region. (Scale bar: 20 pm.) (/) A magnified
view of the white dotted box in H. (Scale bar: 50 pm.)

SR101-FITC
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(17). After the skull-thinning surgery, we injected the plasma
indicator rhodamine-dextran to identify the target venules.
Considering its short plasma half-life of ~2 min, adenovirus was
injected via an iv. catheter about 5-10 s before induction of
extravasation. The time interval of 5-10 s was determined ex-
perimentally by measuring the mean arrival time to the brain
after injection of the dextran-conjugated FITC. To further in-
crease the delivery efficiency, we induced multiple sequences of
extravasations (two or three) by irradiating the same spot re-
peatedly. After 1 d, the same region was navigated by the vas-
culature pattern and imaged for vessel structure and GFP
expression. The vasculature showed no noticeable change in
structure or blood flow. Strong green fluorescence was detected
in multiple cells only around the targeted region, indicating
successful infection by the GFP-adenovirus (Fig. 2 G-I).

We next used a functional calcium indicator, Oregon Green
BAPTA1-AM (OGB-1:00 AM), to test the applicability of laser-
induced extravasation to the functional study of neurons and
astrocytes. Because calcium indicators do not cross the BBB,
transcranial delivery of a calcium indicator is the current stan-
dard for studying the functional dynamics of neuronal and glial
networks in the brain. Counterstaining of astrocytes with SR101
is widely used, because calcium indicators stain both astrocytes
and neurons (18). Because SR101 is highly stable in the blood, we
used iv.-injected SR101 to guide the vascular wall and stain
astrocytes when extravasated. Due to a high level of esterases in
the blood, acetoxymethyl (AM)-conjugated dyes have a relatively
short plasma half-life (19). To increase the efficacy of molecular
delivery, OGB-1:00 AM was injected via an intravascular catheter,
and extravasation was induced 5-10 s after bolus injection. After
2 h, cellular staining of the calcium dye and astrocyte indicator was
clearly visible around the irradiated region (Fig. 34). The SR101
stained a larger area (300-400 pm diameter) compared with the
calcium dye (150-200 pm diameter), presumably due to better
diffusion kinetics. Consistent with previous studies using the
conventional transcranial loading method, the calcium indicator
stained both neurons and astrocytes (20). Neurons could be
readily distinguished in the merged image by selecting cells stained
only by the calcium dye after astrocyte counterstaining. We could
detect spontaneous calcium activity in the stained neurons and
astrocytes. In agreement with previous studies using the trans-
cranial loading method, astrocytes demonstrated slow calcium
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Fig. 3. Simultaneous bulk loading of a functional calcium indicator and an
astrocyte marker in the brain using laser-induced vascular permeabilization.
(A) Z-projected images of the brain stained with a calcium indicator (OGB-
1:00 AM) and an astrocyte marker (SR101). Images were obtained at 2 h after
delivery. The white dot indicates the region of laser irradiation. V indicates
the targeted penetrating venule. White boxes show magnified views of
stained cells. Imaging depths from the surface are indicated. (Scale bar: 20
um.) (B) Spontaneous astrocytic and neuronal calcium activity. Images were
obtained at 2 Hz in the region indicated by the dotted circles in A.
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dynamics on the minute time scale, and neurons exhibited in-
frequent, short-duration calcium transients (20) (Fig. 3B).

Tight spatial and temporal coupling of brain activity with local
blood flow, so-called “neurovascular coupling,” is a hallmark of
brain function and is widely used for functional brain imaging
(21). The pivotal role of astrocyte activity in neurovascular
coupling is well known but has been demonstrated only in highly
invasive preparations, such as ex vivo tissue cultures and an
open-skull window model. We attempted to demonstrate the in
vivo role of astrocytes in regulating neurovascular coupling with
minimal invasiveness using the thinned-skull window model.
After the skull thinning surgery, we injected rhodamine-dextran
to select a target region in which an arteriole and venule were in
close proximity. The calcium dye was injected via an i.v. catheter,
and extravasation was induced at the surface venule (Fig. 44).
At 1 h after the laser-induced extravasation, we observed cells
around the irradiated venule strongly stained by calcium dye
(Fig. 4B). We observed stained cells at a cortical depth of 0-50
pum, where neurons are absent (18). These cells demonstrated
typical astrocytic morphology and consistent baseline calcium
signals, suggesting that intact cells were functionally stained.

To further validate functional loading of the calcium indicator,
we selectively stimulated positively stained cells using a recently
developed protocol with a label-free nonlinear optical techmque
(12). We selected a target astrocyte based on high baseline Ca**
ﬂuorescence astrocyte-like morphology, and slow spontaneous
Ca®* dynamics. After laser stimulation, the targeted cell and
surrounding cells showed synchronous increases in Ca** signals.
Astrocytic endfeet sheathing the nearby arteriole also exhibited
synchronous calcium activation, followed by vasodilation (Fig. 4 C-F).

Laser-Induced Extravasation Is Ubiquitously Applicable. We evalu-
ated the feasibility of femtosecond laser-induced vascular per-
meabilization on tissues outside the CNS. We tested various
optically accessible tissues, including the meninges, skull, striated
muscle, and ear. The meningeal vasculature was visualized using
a thinned-skull window, and the skull was imaged after the scalp
wqas removed. A dorsal skinfold chamber model was used for stri-
ated muscle. For all types of tissues studied, femtosecond laser ir-
radiation onto the vessel wall induced localized and transient
leakage of 2 MDa of FITC-dextran, suggesting the versatility of la-
ser-induced vascular permeabilization in a variety of tissues (Fig. 5).

Discussion

We have demonstrated that femtosecond pulsed laser irra-
diation induces transient and reversible permeabilization of
the targeted blood vessel wall, causing extravasation of plasma
along with bioactive macromolecules. By combining this method
with systemic injection, we could locally deliver molecular probes,
nanoparticles, and adenovirus into the brain cortex. We con-
firmed the feasibility of this method in various other tissues,
including the meninges, ear, striated muscle, and bone. To
demonstrate the feasibility of laser-induced extravasation for
molecular delivery, we successfully stained the cortex with
Hoechst, SRlOlj and a Ca®* indicator. By combining optical
delivery of a Ca** dye with label-free photoactivation of astro-
cytes, we examined the functional connectivity between perivascular
astrocytes and cortical arterioles with intact skull and meninges.
The use of laser-induced vascular permeabilization as a mo-
lecular delivery tool has both benefits and drawbacks. The de-
livery site can be selected with subcellular resolution, and
delivery is localized, allowing site-specific molecular delivery.
The procedure is minimally invasive and repeatable, allowing
increased efficiency of delivery by repeating extravasations or
targeting multiple nearby blood vessels (Fig. S3C). Large mole-
cules can be delivered into the brain where systemic delivery has
been prevented by the BBB, thereby permitting the use of large
chemical drugs, monoclonal antibodies, recombinant proteins, or
gene therapies in the brain. The use of a femtosecond pulsed
laser enabled intrinsic subsurface targeting; thus, we could stain
the brain without opening the skull, which is necessary in con-

PNAS | May 31,2011 | vol. 108 | no.22 | 9259

NEUROSCIENCE

APPLIED PHYSICAL

SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1018790108/-/DCSupplemental/pnas.201018790SI.pdf?targetid=nameddest=SF3

Baseline

Baseline

E.
= Cell 1 _
S —-Cell 2 E 1 —— Artery
s ——Cell 3 5 —&—Vein
T ——Cell4 ]
2 ——=Cell 5 5 12
E ©
-} €
3 £ 1]
(6] 3 P o ST e SRS
- t
—’IIO 6 1‘0 2‘0 3‘0 -10 0 10 20 30

Time (sec) Time (sec)

ventional brain staining for insertion of an injection pipette.
Because skull opening causes microglial activation and intra-
cranial pressure changes, and pipette insertion might further
compromise tissue integrity, we propose the wide use of laser-
induced extravasation for bulk loading of functional dyes in the
brain (4). Drew et al. (22) demonstrated that a reinforced
thinned-skull window is stable for months without causing brain
inflammation. However, transcranial delivery is not possible us-
ing this model, because the skull is not opened. We expect that
the use of the laser-induced molecular delivery method in this
window model will facilitate minimally invasive chronic studies in
the brain. However, the systemic injection procedure requires
a large amount of target molecule due to dilution by blood
plasma, and it is costly. Systemic injections of high dye or drug
doses might carry potential risks of unwanted side effects.
Moreover, the complex pharmacokinetics of a target molecule,
such as accumulation in the liver, kidneys, or other tissues, could
hinder precise estimation of molecular concentration in blood
plasma. In addition, the current laser’s tissue penetration depth
is ~1 mm, which limits target accessibility (23). Although we
observed a correlation between vessel diameter and extravasa-
tion area, precise control of injection volume poses a challenge.
Also, extravasated plasma may impair the integrity of the sur-
rounding tissue (24). Although we observed no histopathological
changes or irreversible functional disturbances by femtosecond
pulsed laser irradiation in our study, caution must be taken to
minimize laser-induced tissue damage.

Nishimura et al. (11) demonstrated that delivery of amplified
low- repetition-rate (1 KHz) femtosecond laser pulses induces a
targeted insult to individual subsurface cortical blood vessels,
such as hemorrhage, intravascular clot formation, or extravasa-
tion. These authors reported irreversible blood clot formation in
the target vasculature at 3 h after induction of extravasation. In
the present study, we used an unamplified 80-MHz femtosecond
laser, which is used widely for in vivo imaging. The use of an
unamplified, high-repetition-rate pulsed laser could avoid the
irreversible vascular damage or damage to surrounding tissue.
Unlike amplified low-repetition-rate lasers, which depend pri-
marily on photo-physical phenomena, the unamplified high-
repetition-rate laser forms localized low-density plasma in the
biological tissue (25). This generates photochemical effects with
minimal thermal damage, such as the poration of plasma mem-
branes (26) or generation of intracellular calcium waves, which
presumably alter local vascular permeability. Although the exact
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Fig. 4. Interrogation of astrocyte-mediated
vasodilation in the brain. (A) Oregon Green
Bapta-1:00 AM and rhodamine-dextran were
injected i.v., and extravasation was induced via
femtosecond laser irradiation. The white dot
indicates the region of laser irradiation; the red
pulse indicates laser irradiation. (Scale bar: 20
pm.) (B) Images were obtained at 1 h after ex-
travasation. The white dotted box indicates
the region of interest in A, and the yellow
dotted box denotes the region of interest in C.
(Scale bar: 20 um.) (C) Time-series images of
vasodilation by photoactivation of astrocytes.
The white dot indicates the region of laser
stimulation; the red pulse indicates laser irra-
diation. Note the calcium waves in the targeted
and surrounding cells and subsequent vasodi-
lation. The white dotted line demarcates the
baseline lumen of the arteriole. The colored
numbers indicate the cells used for calcium
signal analysisin D. A, artery. V, vein. (Scale bar:
10 pm.) (D) Quantification of calcium signals in
the cells and astrocyte endfeet around the ar-
tery. (E and F) Temporal kinetics of lumen di-
ameter change in the artery and vein in C. The
blue lines in Cindicate the region used in F.

in vivo mechanism for this is unclear, we suggest that the different
mechanism of action resulted in minimally invasive modulation of
vascular permeability, which can be used as a molecular delivery
tool in the CNS.

The development of new probes or drugs delivered by laser-
induced vascular permeabilization should meet several criteria
used to select dyes. First, a dye should not be leaky in the healthy
vasculature of the brain. Second, the dye should be stable in
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Laser-induced vascular permeabilization in other vessel types. Red
dots indicate the region of laser irradiation, and the red pulse indicates laser
irradiation. (A) Meningeal vasculature. (B) Skull vasculature. (C) Striated
muscle in the dorsal skin. (D) Ear. (Scale bar: 50 um.)
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the plasma and extravascular space. Vascular permeabilization
should be performed quickly after i.v. administration for dyes
with a short plasma half-life, such as adenoviruses or acetoxymethyl-
conjugated dyes (19). Increasing plasma stability by chemical
modification (e.g., adenovirus pegylation) also might be helpful
(27). Finally, once extravasated, the dye must diffuse and reach
the target, such as a nucleus or intracellular space.

The major obstacle to the use of laser-induced extravasation as
a drug delivery system in the clinic is limited tissue accessibility.
This problem can be ameliorated by introducing an endoscope
near the target tissue; however, this might compromise the
minimal invasiveness of the technique. Thus, the most promising
candidate for clinical application of this technique is the retina,
which is optically accessible. However, systemic drug delivery to
the retina has proven problematic because of the blood-retinal
barrier, which is similar to the BBB. A multiphoton fundus im-
aging system is currently under development (28), and we expect
that clinical translation of this technique for retinal drug delivery
will permit the use of large molecular drugs and provide a min-
imally invasive and spatially precise therapeutic modality.

Materials and Methods

Animal Model. The animal care and experimental procedures described herein
were performed with approval from the Korea Advanced Institute for Sci-
ence and Technology’s Animal Care Committee. All experiments used 7- to
10-wk-old male ICR mice (Charles River Japan). An i.p. injection of ketamine-
xylazine was used for anesthesia. Thinned-skull preparation was performed
as described previously (4). After anesthesia, the scalp was removed and the
skull was glued to a custom-designed metal plate (Namil Optical Compo-
nents) using dental cement. Using a high-speed microdrill, a circular area of
skull ~1-3 mm in diameter over the region of interest was thinned under
a dissection microscope until a thin, smooth preparation was achieved. For
the in vivo skull imaging experiments, the same procedures were used
without the skull thinning. For the dorsal skinfold chamber model, we used
a small dorsal skinfold chamber kit (SM100; APJ Trading) as described pre-
viously (29). In brief, mice were anesthetized, the dorsal skin was extended,
and two mirror-image titanium frames were mounted. One layer of skin was
excised, leaving the striated muscle of the opposite side intact, and then
replaced with a glass coverslip mounted onto a frame. For in vivo ear im-
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aging, mice were anesthetized, and the ear was glued to a glass slide and
placed on a custom-designed mount.

Two-Photon Laser Scanning Microscopy. We performed two-photon laser
scanning microscopy (LSM510; Carl Zeiss) with a femtosecond pulsed laser
(Chameleon; Coherent) tuned to 800 nm and a water-immersion objective
lens (20x with a 1.0 numerical aperture). The pulse width of the laser output
was ~140 fs. For animal imaging after the skull-thinning surgery, a dye so-
lution was injected i.v., and the mice were placed on a customized frame
designed to minimize movement artifacts (Namil Optical Components). The
average laser power used for imaging was <90 mW.

Laser Stimulation. The optical path and laser source for optical intervention
were the same as those used for two-photon fluorescence imaging. For the
laser-induced vascular permeabilization experiments, we selected target
venules with a lumen diameter of 10-50 um and a subsurface depth of up to
100 pm in a thinned-skull window model (Fig. S9). Vascular type was con-
firmed by measuring the direction of blood flow in the branching vessels. To
target the vessel wall, a region outside the visualized luminal surface was
selected for irradiation for a fixed duration of 1.6 ms. The average laser
power was initially set at 300 mW and then increased up to 2000 mW until
extravasation was observed. For the label-free photoactivation experiments,
the cell body of the target astrocyte was irradiated for 160 ps. The average
laser power was set initially at 300 mW and then increased up to 900 mW
until the calcium signal wave was observed.

Image Processing. ImageJ and MATLAB were used for image processing
and data quantification, respectively. The TurboReg or StackReg function
was used to eliminate movement artifacts. Data are expressed as mean + SEM.

Statistical Analysis. Statistical analyses were performed using Graph Pad Prism
software. Data are expressed as mean + SEM. Statistical differences were
analyzed using the t test, where indicated. A P value < 0.05 was considered
statistically significant.
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