
L

M
J
K

D
C
3
D

C
K

D
C

G

K
3
D

1
T
b
n
n
a
b
t
t
v
o

t
c
m
a
g
r
a
E
e
h
i

w
r
a
a
i
g
t

A
B
d
3

Journal of Biomedical Optics 15�1�, 015006 �January/February 2010�

J

abel-free optical control of arterial contraction
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Abstract. The diameters of blood vessels, especially in the brain,
change dynamically over time to provide sufficient blood supply as
needed. No existing technique allows noninvasive control of vascular
diameter in vivo. We report that label-free irradiation with a femto-
second pulsed laser can trigger blood vessel contraction in vivo. In
response to laser irradiation, cultured vascular smooth muscle cells
showed a rapid increase in calcium concentration, followed by cell
contraction. In a murine thinned skull window model, laser irradia-
tion focused in the arterial vessel wall caused localized vascular con-
traction, followed by recovery. The nonlinear nature of the pulsed
laser allowed highly specific targeting of subcortical vessels without
affecting the surrounding region. We believe that femtosecond pulsed
laser irradiation will become a useful experimental tool in the field of
vascular biology. © 2010 Society of Photo-Optical Instrumentation Engineers.
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Introduction
issue demands for the nutrients and oxygen delivered by
lood change according to cellular activity. To meet these
eeds with a limited blood supply, the vascular system dy-
amically regulates regional blood flow, and the control of
rterial tone is integral to regulating tissue perfusion by
lood.1 Arterial tone is determined by the contraction or dila-
ion of vascular smooth muscle in the tunica media layer of
he arterial wall, and the intracellular calcium dynamics in
ascular smooth muscle cells �VSMCs� are a key determinant
f tone.2

The central nervous system, especially the brain, exhibits
ight coupling between neuronal metabolic activity and vas-
ular tone.3 This neurovascular coupling is used to indirectly
easure neural activity in functional magnetic resonance im-

ging �fMRI�, and its malfunctioning is related to neurode-
enerative diseases and stroke.4 However, the study of neu-
ovascular coupling has been hampered by the lack of
ppropriate experimental tools to regulate arterial tone in vivo.
xisting methods of controlling vessel tone, including direct
lectrical stimulation and treatment with vasoactive agents,
ave low spatial specificity and a high degree of
nvasiveness.5

Near-infrared �NIR� femtosecond pulsed lasers have been
idely used for bioimaging because of their deep penetration,

educed scattering, and localized nonlinear absorption.6 These
dvantages have enabled the optical modulation of live cells
nd tissues in live animals—for example, the generation of
ntracellular calcium,7 dissection of intracellular organelles,8

ene transfection,9 induction of neuronal firing,10 and disrup-
ion of blood flow.11 Especially, as the generation of calcium

ddress all correspondence to: Chulhee Choi, KAIST, Department of Bio and
rain Engineering, Cell Signaling and Bioimaging Laboratory, 373-1 Guseong-
ong, Yuseong-gu, Daejeon 305-701, Korea. Tel: 82-42-350-4321; Fax: 82-42-
50-4380; E-mail: cchoi@kaist.ac.kr
ournal of Biomedical Optics 015006-
in cardiomyocytes elicits cell contraction, timely irradiation
has been proposed as a cardiac pacemaker.12 Here, we studied
the effects of a femtosecond laser on vascular smooth muscle
in vitro and in vivo.

2 Materials and Methods
2.1 Cell Culture
Primary cultures of rat aortic smooth muscle cells were pre-
pared from the thoracic and abdominal aortas of 5-week-old
male Sprague-Dawley rats �150 to 200 g�, as described
previously.13 The cells were maintained in Dulbecco’s modi-
fied Eagle’s medium �DMEM� supplemented with 10% fetal
bovine serum and were used between passages 5 and 10. Pu-
rity ��95%� was confirmed by the staining of �-smooth
muscle actin.

2.2 Murine Thinned Skull Model
All experiments used 7- to 10-week-old male ICR mice
�Charles River Japan, Yokohama, Japan�. The procedures for
the thinned skull preparation were as described previously.14

After anesthesia with an intraperitoneal injection of ketamine-
xylazine, the scalp is removed and the skull is glued to a
custom-designed metal plate �Namil Optical Components, In-
cheon, Korea� using dental cement. Using a high-speed mi-
crodrill, a circular area of skull, 2 to 4 mm in diameter, over
the region of interest is thinned under a dissection microscope
until a thin, smooth preparation is achieved. The animal care
and experimental procedures were performed under the ap-
proval of the Animal Care Committee of KAIST �Daejeon,
Korea�.
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.3 Two-Photon Fluorescence Imaging
e used two-photon laser scanning microscopy �LSM510;
arl Zeiss, Oberkochen, Germany� with a femtosecond pulsed

aser �Chameleon; Coherent, Santa Clara, California� tuned to
00 nm and a water immersion objective lens �20�, 1.0 nu-
erical aperture�. For cellular calcium imaging, cultured cells
ere loaded with 10 �mol /L of the acetoxymethyl form of
luo-4 �Fluo-4AM; Molecular Probes, Eugene, Oregon� at
7 °C for 40 min in DMEM and then washed with
hosphate-buffered saline �PBS�. For membrane staining, the
ells were loaded with 5 �g /ml Alexa Fluor 594-conjugated
heat germ agglutinin �WGA-Alexa Fluor 594; Invitrogen,
arlsbad, California� at 37 °C for 5 min in Hank’s balanced

alt solution and then washed twice with PBS. For animal
maging, after the skull thinning surgery, we intravenously
njected 2-MDa FITC-dextran �100 �l of 2% w/v in PBS;
D-2000S; Sigma�, and the mice were placed on a customized
rame �Namil Optical Components, Incheon, Korea� designed
or minimizing movement artifacts �Fig. 1�. We imaged the
aseline state of a region of interest for 10 s and subsequently
maged the region for up to 1 to 2 min after laser irradiation.
he average laser power used for imaging was less than
0 mW.

.4 Laser Irradiation
he optical path and laser source for optical intervention were

he same as those used in the two-photon fluorescence imag-
ng. For the in vitro study, we selected a target region of

0.09 �m2 in the cytosol of a cultured VSMC. The irradia-
ion duration was fixed at 1.6 ms, and the average laser power
as set to 300 to 450 mW. We started with low laser power

nd increased it until a calcium response was observed. For
he animal experiments, we selected target arteries that
oursed parallel to the cortical surface and that had lumen
iameters of 15 to 30 �m and subsurface depths of up to
00 �m in a thinned skull window model. The arterial vas-
ulature was confirmed by measuring the direction of blood
ow in the branching vessels. To target the media layer of the
rterial wall, a region located 3 to 5 �m from the luminal
urface was selected for irradiation. The irradiation duration
as fixed at 1.6 ms. The average laser power was set initially

t 300 mW and was increased to 900 mW, until vasoconstric-
ion was observed.
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Head frame
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ig. 1 In vivo experimental setup. �a, b� Schematics of the animal imag
maging setup.
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2.5 Data Analysis

We used ImageJ or MATLAB for image processing and data
quantification. Data are expressed as the means�S.E.M.

3 Results
3.1 Laser-Induced Calcium Signals in VSMCs

To test whether femtosecond pulsed laser stimulation can trig-
ger calcium waves in VSMCs, we irradiated rat aortic VSMCs
stained with the calcium indicator Fluo-4AM. A target cell
was selected using the basal calcium fluorescence, and the
cytosol region was irradiated as described in Sec. 2. Before
starting the laser stimulation experiments, we confirmed that
repetitive imaging with an average power of less than 50 mW
did not cause any notable changes in the calcium signal or cell
viability �data not shown�. Considering that the laser-induced
calcium response in other cell types is known to exhibit a
power-dependent, all-or-nothing response, we gradually in-
creased the laser power used for cell stimulation until we
observed a change in the calcium signal in the cell.15 For most
cells, we observed an approximately twofold increase in cal-
cium fluorescence signal, which reached a maximum at �1 s
and was followed by a subsequent decrease to the basal level.
Nonresponding cells underwent necrotic cell death, character-
ized by loss of the calcium signal and membrane integrity, on
repeated irradiation with increasing laser power. In the irradi-
ated cell, increase in a calcium signal was observed in both
nuclear and cytosol regions, with a greater signal intensity in
the nuclear region, and punctate calcium pattern was observed
in the cytosol at the later time points. The calcium wave
propagated to the neighboring cells, and the propagation was
blocked by treating with a gap junction blocker, 18
�-glycyrrhetinic acid, suggesting that the gap junction medi-
ated propagation of the calcium signal �data not shown�. To
produce a dose-response curve for the laser-induced calcium
signals, we irradiated randomly selected cells �n=30 for each
laser power� with seven different laser powers �32.9, 99, 164,
230, 296, 370, 444, and 740 mW� and found that 300 mW
was enough to trigger a calcium signal in VSMCs �Fig. 2; also
see Video 1�. We used this laser power for the following in
vitro experiments.

c
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.2 Laser-Induced Contraction of VSMCs
levation of intracellular calcium ion concentration is a well-
nown signaling pathway responsible for VSMC contraction.1

e investigated whether the laser-induced calcium increase
eads to VSMC contraction. To visualize cell contraction, we
sed a plasma membrane-staining dye, WGA-Alexa Fluor
94, together with a calcium indicator. Repetitive imaging did
ot show any noticeable changes in plasma membrane mor-
hology, except minimal photobleaching acceptable for struc-
ural imaging �data not shown�. Subthreshold laser stimulation
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ideo 1 Representative temporal dynamics of the laser-induced cal-
ium wave in a cultured VSMC. The red dot indicates the irradiated
egion. Scale bar, 20 �m �MPEG, 1.4 MB�.
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did not induce changes in cell morphology or the calcium
signal. Following suprathreshold laser stimulation, the plasma
membrane showed gradual shrinkage, indicating active cell
contraction �2.6�0.2% cell area change per min�, along with
rapid calcium responses consistent with the previous experi-
ments. After 100 s, the cell area had changed to 97�0.3%
�n=15� of the baseline area �Fig. 3; also see Video 2�.

3.3 Laser-Induced Arterial Contraction

Next, we examined whether this laser-induced VSMC con-
traction occurred in a live animal �Fig. 4�. We used a murine
thinned skull model to optically access the cortical vascula-
ture in the brain, in a minimally invasive manner. The vascu-
lar lumen was visualized by an intravenous injection of
2-MDa FITC-dextran, which cannot pass through the vessel
wall. Arteries were selected by measuring the blood flow di-
rections in the branching vessels, using a line-scanning
method. To target the arterial media layer containing smooth
muscle, a region located 3 to 5 �m from the luminal surface
was irradiated.

Laser irradiation focused in the arterial vessel wall caused
localized vascular contraction, followed by recovery. The vas-
cular lumen contracted to 74.3�3.9% �n=5� of the baseline
diameter, and contraction peaked at �10 s after irradiation.
Recovery was completed within 1 min, with almost complete
reversal of the vascular diameter. The arteriolar contraction
dynamics with laser stimulation were comparable to those
with other stimuli.1 Irradiation of a spot in the vessel wall
resulted in the rapid lateral spread of contraction within a few
seconds.
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4 Discussion

We demonstrated that a femtosecond pulsed laser can induce
the contraction of arterial blood vessels without the use of
exogenous probes such as caged molecules. To our knowl-
edge, this is the first methodological report on noninvasive
optical control of vascular tone in vivo. Using a femtosecond
pulsed laser, we could precisely target the subsurface vascu-
lature, without affecting the out-of-focus regions. This novel
method will help to answer previously experimentally unap-
proachable questions in vascular physiology. As laser irradia-
tion has only spatial specificity, without specific chemical tar-
gets, any subcellular structures in the focal volume are
potential candidates responsible for the calcium response. A
focused ultrashort pulsed laser can locally disrupt subcellular
structures such as the plasma membrane, chromosomes, and
mitochondria.8 Given that we observed a response in ran-
domly selected regions in the cytosol, the target may be a
ubiquitous cytosolic structure with a role in intracellular cal-
cium homeostasis, possibly the plasma membrane or endo-
plasmic reticulum. Pulsed laser irradiation that is focused on
the plasma membrane can induce the formation of a transient
pore, leading to the influx of extracellular calcium.16 Disrup-
tion of the endoplasmic reticulum, the main intracellular cal-

10 s 100 s

mics of laser-induced VSMC contraction. The calcium signal and
indicate the cell margin at the baseline, and the yellow dashed lines

mulation at 0 s. The red dot indicates the irradiated region. Scale bar,
change �n=15�.
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ndicate the cell margin at 100 s. The numbers indicate the time after laser sti
0 �m. �b� Quantification of laser-induced calcium dynamics and cell area
ideo 2 Representative temporal dynamics of the laser-induced
SMC contraction. The red dot indicates the irradiated region. Scale
ar, 20 �m �MPEG, 1.4 MB�.
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ium reservoir, can also lead to an increase in the intracellular
alcium concentration. In addition, the laser may affect the
ctions of membrane ion channels important in calcium
egulation.7 Further study is ongoing to characterize the
echanisms of pulsed laser effects on VSMCs and other cell

ypes.
Most of the irradiated cell showed punctate calcium distri-

ution in the cytosol at the later time point. It exhibited mem-
ranous morphology and existed only in the cytosol. Because
t appeared at the later time point when the calcium signal
ropped, the punctate calcium pattern may be related to the
alcium reuptake process.17 Combining these, the punctate
alcium pattern may be endoplasmic recticulum or mitochon-
ria. Especially because mitochondria can have dynamic fu-
ion and fission depending on the change in cellular
nvironment,18 further study is ongoing on the effect of laser
n mitochondria.

In the animal experiment, laser stimulation induced circu-
ar vasoconstriction. Because the calcium wave from the irra-
iated cell propagates to the neighboring cells in vitro, similar
alcium signal propagation might occur in vivo. It is specu-
ated that the calcium signal from the irradiated cell propa-
ates circularly and longitudinally to some extent, resulting in
he synchronous vascular constriction.

The control of vascular tone in the brain is mediated by
ultiple cell types, including endothelial cells, smooth muscle

ells, neurons, and astrocytes.19 Although we tried to avoid

a b

c

ig. 4 Laser-induced cortical arterial constriction. �a� Vascular structu
uorescein conjugated to 2-MDa dextran. The dashed square indicat

ative time points after irradiation. The red dot and dashed line indi
0 �m. A line scan image reconstructed using time series images is s
nline only.�
ournal of Biomedical Optics 015006-
the inner layer and to irradiate the media layer by targeting a
region 3 to 5 �m from the luminal surface, we must consider
that the outer layer of the vessel wall is in contact with astro-
cytic endfeet and neuronal processes. Therefore, not only
smooth muscle cells but also other cell types may be respon-
sible for laser-induced arterial contraction. The initial re-
sponse to irradiation was uniformly vasoconstriction, with no
case of vasodilation, which is often observed with electrical
stimulation in neurons19 or photolysis of a caged-Ca2+ com-
pound in astrocytes20,21 in vivo. Furthermore, similar arterial
contraction was observed in dermal tissues, which lack neu-
rons and astrocytes, collectively indicating that vascular
smooth muscle can contract in vivo with laser stimulation
�data not shown�. Still, the involvement of astrocytes, neu-
rons, or even endothelial cells in laser-induced cortical arterial
contraction cannot be precluded completely, and further study
is needed.
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