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Background and Objective: Recently, there has been an increase in the
clinical application of low-level laser irradiation (LLLI) in various
fields. The present study was conducted to explore the effects of LLLI
on microcirculation.

Study Design/Material and Methods: We investigated the effects of LLLI
on rat mesenteric microcirculation in vivo, and on cytosolic calcium
concentration ([Ca2+*]i) in rat vascular smooth muscle cells (VSMCs) in
vitro.

Results: LLLI caused potent dilation in the laser-irradiated arteriole,
which led to marked increases in the arteriolar blood flow. The changes
were partly attenuated in the initial phase by the superfusion of 15 pM
L-NAME, but they were not affected by local denervation. Furthermore,
LLLI caused a power-dependent decrease in [Ca2+*]i in VSMCs.
Conclusion: The circulatory changes observed seemed to be mediated
largely by LLLI-induced reduction of [CaZ*]i in VSMCs, in addition to
the involvement of NO in the initial phase. Lasers Surg. Med. 27:427-

437, 2000. © 2000 Wiley-Liss, Inc.
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INTRODUCTION

Light exerts various effects on living beings.
The clinical efficacy of low-level laser irradiation
(LLLI) is widely accepted [1], and recently, there
has been an increase in its use for the treatment
of chronic pain [1-3] and to promote injury repair
[4]. These therapeutic effects were first reported
by Mester et al. [5] who showed that Ar laser or
He-Ne laser irradiation promoted the healing of
wounds by increasing the production of collagen,
leukocytes, and angiogenesis. Other studies sug-
gested that LLLI would exhibit some beneficial
effects on the nervous system [6-8], the synthesis
of fibroblasts [9], and the immune system [10].

Vascular reactions during LLLI are also pos-
tulated as one of the possible mechanisms respon-
sible for the above-noted clinical effects, because
blood flow is an important determinant of wound
healing and relief of pain. For example, Furchgott
et al. [11] showed that light in the wavelength
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range of 310—440 nm from a nonlaser source re-
duced vascular smooth muscle tone in vitro. Also,
Gal et al. [12] showed that low-level laser irradia-
tion reversed histamine-induced spasms in the
coronary artery of atherosclerotic microswine.
However, it is not clear so far whether these re-
actions occur specifically in the aorta and large
arteries; in particular, microcirculatory changes
during LLLI have not been well understood. Fur-
thermore, the mechanisms of the above photo-

Contract grant sponsor: The Ministry of Education, Science
and Culture of Japan; Contract grant number: Grant-in-Aid
for Scientific Research 08457411; Contract grant number:
Grant-in-Aid for Scientific Research 10470323.

*Correspondence to: Toshiyuki Itoh, MD, PhD, Department of
Physiology, Kyoto Prefectural University of Medicine, Kami-
gyo-ku, Kyoto 602-0841, Japan.
E-mail: itoh@basic.kpu-m.ac.jp

Accepted 31 May 2000



428

induced vascular relaxation have not been stud-
ied in depth, with the exception of a few reports
[13,14], suggesting that light-induced vascular re-
laxation would be mediated by a rapid increase of
intracellular cGMP.

In preliminary experiments, we found that
LLLI induced a rapid arteriolar vasodilation in
rat mesentery, which led us to a closer examina-
tion of the effects of LLLI on microcirculation. The
aims of the present study were (1) to investigate
in greater depth the time course of mesenteric
arteriolar vasodilation and the consequent in-
crease in microcirculatory blood flow after LLLI
in vivo, concomitantly assessing the involvement
of endothelial and neural factors in the laser-
induced vasodilation; and (2) to examine the in-
tracellular events of smooth muscle cells sub-
jected to LLLI in vitro. In regard to (1), we
compared the effects of local LLLI on intact,
chemically treated, and surgically denervated rat
mesenteric microvascular beds. For the latter, we
conducted fluorometric studies on the changes in
intracellular Ca?+ after LLLI in cultured vascular
smooth muscle cells.

MATERIALS AND METHODS

Animal Preparations and Experimental Protocol

Male Wistar rats, each weighting 300 to
350g, were anesthetized with sodium pentobarbi-
turate (50 mg/kg, s.c.) and the right carotid artery
was cannulated for continuous monitoring of ar-
terial blood pressure and heart rate (P23XL,
Gould, Oxnard, CA). Tracheotomy and endotra-
cheal cannulation were performed, and the rats
were under spontaneous respiration throughout
the entire protocol.

To assess the involvement of nitrogen oxide
(NO) and vasomotor nerves in the vasodilatory
effect of LLLI, the rats were randomly assigned to
one of the following experimental groups: Control
group (n = 7), with no laser irradiation; LLLI
group (n = 8), for which laser irradiation was only
performed on intact mesenteric arterioles;
LLLI+denervation (DNRV) group (n = 8), for
which laser irradiation was performed on surgi-
cally denervated mesenteric arterioles; and
LLLI+L-NAME group (n = 7), for which laser ir-
radiation was performed on the mesenteric arte-
rioles superfused with L-nitro L-arginine methy-
lester (L-NAME). In the LLLI + DNRV group, the
mesenteric microvascular bed of the rats was sur-
gically denervated 2 weeks before the LLLI study.
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Briefly, the animals were anesthetized with so-
dium pentobarbiturate (50 mg/kg, i.p.) and a
transverse abdominal incision was made. Arterial
denervation was achieved by removal of the ce-
liac-superior mesenteric ganglia, dissection of the
main postganglionic nerve trunk from the supe-
rior mesenteric artery, and topical application of
phenol on the dissected artery [15,16]. After being
subjected to the LLLI experiment, the rats in this
group were killed and the local denervation was
confirmed by immunohistochemistry by using
protein gene product 9.5 (PGP-9.5), which allowed
specific detection of nerve fibers [15].

In the L-NAME group, the mesentery was
superfused with phosphate-buffered saline solu-
tion (PBS) (pH = 7.4, 285 mOsm, 37°C) contain-
ing 15 uM L-NAME (Sigma, St. Louis, MO) at a
flow rate of 3 ml/min. It is known that this dose of
L-NAME inhibits the total activity of nitric oxide
synthase in mesentery by 88% [17].

Experimental System and Measurement of
Microvascular Blood Flow

A schematic of the experimental system is
shown in Figure 1. Briefly, it consisted of a trans-
mission microscope, a temperature-controlled ex-
perimental chamber for observation of mesenteric
microcirculation [18], a video recording system,
and an optical velocimetry system [19]. After an
abdominal midline incision was made, the rat in-
testinal mesentery was exteriorized and spread
out in the chamber filled with PBS. The rat abdo-
men was connected to the chamber by means of an
adaptor so that a tight seal was provided, and
then, in turn, the chamber was placed on the mi-
croscope stage (inset A in Fig. 1). The tempera-
ture of the medium in the chamber and the body
temperature were maintained at 37°C throughout
the entire protocol, unless otherwise stated.

Mesenteric microcirculation was viewed
through a glass window made in the chamber.
The light source of the microscope (mercury-arc
lamp; HBO 200W, Osram, Germany) was heavily
filtered with an interference green filter to mini-
mize temperature elevation in the tissue and also
to improve the contrast of the blood flow images.
Before LLLI and microcirculatory measurements,
the microvasculature was examined carefully by
using a x4 objective lens, and an appropriate mes-
enteric field containing an arteriole (R0 pm in
diameter was selected for observation. After the
selection, video recordings of the selected arteri-
ole and the measurements of arteriolar red cell
velocity (Vi) were performed to obtain the base-
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Fig. 1. Diagram of the experimental system. The intestinal
mesentery of rat (inset A, arrow M) was exteriorized into an
experimental chamber. The microscopic image of the vascu-
lature at the velocity measurement site was divided by a half-
prism into two light beams, which were simultaneously pro-
jected onto a video camera and a velocimeter. The low-level
laser (\ = 830 nm) was irradiated locally on the mesenteric
area by using a laser driver by means of an optical fiber,
which generated a thin (1-mm core diameter of output) laser

line value by using a x10 objective lens (Plan 10
LWD, NA 0.25, Nikon, Tokyo, Japan), and then
the mercury-arc lamp was switched to the laser
irradiation by means of an optical fiber.

The LLLI was performed locally on the se-
lected mesenteric area by using a laser driver (Pa-
nalas-1000A, Matsushita, Osaka, Japan) for 5
minutes by means of the optical fiber. This driver
generated a very thin (1-mm output core diam-
eter) circular laser beam with a wavelength of 830
nm. In the experimental protocol, the power den-
sity of the projected beam was set at 30 mW/fiber-
core (equivalent to 38.2 mW/mm?), unless other-
wise stated. The power density of the LLLI was
expressed with the mW/mm? unit.

The microscopic image of the vasculature

beam. The optical fiber was supported by a fine-positioning
manifold. Red cell velocity was determined digitally by dual-
slit photometric technique (inset B). Concomitantly, the im-
age of the microvessel was recorded by the video recording
system to measure the inner diameter through a digital im-
age processor. The output of the thermometers was A/D con-
verted together with that of the pressure transducer amplifi-
ers, and stored in a microcomputer.

was divided by a half-prism into two light beams,
one of which was simultaneously projected onto
the velocimeter for measurement of Vi and the
other onto a video camera (C2400-77, Hama-
matsu Photonics, Shizuoka, Japan) for measure-
ment of the arteriolar diameter. In the velocim-
eter, two small sensor windows were placed along
the axis of a magnified red cell flow image (inset B
in Fig. 1) and photometric signals acquired from
these windows were transferred to a desktop mi-
crocomputer (PC9801-FA, NEC, Tokyo, Japan) by
means of an A/D converter. Vg was determined
digitally by computing the delay time between
these two signals (1) (dual-slit photometric tech-
nique) [20,21]. The videotape was subsequently
played back through a digital image processor



430

(ARGUS 10, Hamamatsu Photonics), and the in-
ner diameter of the arteriole (D) at the Vg5 mea-
surement site was determined. D and Vig were
measured before and after (from 1 to 30 minutes)
the LLLI. The arteriolar blood flow (Q) was cal-
culated from these values as follows:

Q = x (D/2)* x Vgp/1.6,

where the factor 1.6 was used to convert the Vipe
measured along the centerline of the blood stream
to mean red cell velocity averaged over the entire
diameter [21].

Thermal Effects of LLLI

In this study, we applied a laser with a near-
infrared (NIR) wavelength of 830 nm. Because an
NIR laser irradiation of tissue might cause tem-
perature elevation and consequently alter blood
flow, the thermal effects of LLLI on the mesenter-
ic microcirculation were also assessed. A thin
thermocouple (BAT-10, Physitemp, Clifton, NdJ)
was placed in contact with the mesentery, posi-
tioning the tip in a close vicinity to a mesenteric
arteriole but out of the area affected by the irra-
diation beam, and the changes in local tissue tem-
perature were measured together with those in
the arteriolar blood flow during the laser irradia-
tion with graded power densities (0, 6.4, and 38.2
mW/mm?). Subsequently, the bulk temperature
in the experimental chamber was modified, simu-
lating local temperature elevation during the
LLLI, and the resultant changes in the microcir-
culatory blood flow were examined.

Effects of LLLI on Vascular Smooth Muscle Cell
In Vitro

Vascular smooth muscle cells (VSMCs) were
obtained from thoracic aortas of 10-week male
Wistar rats as described by Kanaide et al. [22].
Briefly, aortic tunica media was dispersed into
dissociated single cells by incubation with 1 mg/
ml collagenase and 0.5 mg/ml elastase (Worgin-
ton, Lakewood, NJ) and the cells were seeded on a
glass bottom chamber (Mat Tek, Ashland, MA) in
Dulbecco’s modified Eagle’s medium (GIBCO,
Grand Island, NY) containing 10% heat-inacti-
vated fetal bovine serum (GIBCO). After the for-
mation of a confluent monolayer, the cultured
cells were used for the experiment. To confirm
that the cultured cells were VSMCs, immunocy-
tochemical localization of smooth muscle specific
« actin was carried out with monoclonal antibody
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ASM-1 (Progen, Heidelberg, Germany) [23]. High
viability (>95%) of the primary culture cells was
maintained throughout the experiments, which
was confirmed by the trypan blue exclusion test
[22].

Measurement of [CaZ*]i was performed by
using a calcium-sensitive fluorescence dye, fluo 3
(Dojin, Kumamoto, Japan). The cells were labeled
with fluo 3 by incubation with 5 pM acetoxy-
methyl ester of fluo 3 (fluo 3-AM) for 60 minutes
at 37°C, and then washed with normal physiologi-
cal salt solution (normal PSS) at 25°C to remove
extracellular dye. Normal PSS contained the fol-
lowing constituents (in mM): NaCl, 135; KCl, 5;
CaCl,, 1; MgCl,, 1; glucose, 5.5; and HEPES, 10.
The cells were incubated in normal PSS for at
least 30 minutes before the initiation of image
recording. Bathing solution was exchanged con-
tinuously throughout the experiment while main-
taining the temperature at 25°C. The cells were
viewed through a confocal fluorescence micro-
scope (model BX50, Olympus, Tokyo, Japan), by
using a x20 water-immersion objective. The dye
was photoactivated with a 488-nm wavelength,
and it emitted 530-nm fluorescence.

After the recording of the control image, la-
ser irradiation (continuous wave, Ga-Al-As laser,
830 nm) was performed on the VSMCs for 3 min-
utes with graded intensities of 0, 2.5, 5, and 10
mW/mm?2. After the irradiation, a time series of
images were recorded to evaluate the changes in
[Ca%*]i from 1 to 10 minutes. Identical experi-
ments were performed with the Ca2*-free PSS
bathing solution, which was prepared in the same
manner as the normal PSS except that 2 mM
EGTA was added instead of 1 mM CaCl,,.

Analysis of the acquired confocal images was
performed with a commercial software package
(Flow View, Olympus, Tokyo, Japan). The inten-
sity of the fluo 3 fluorescence was not converted to
[Ca2+]i, due to the nonratiometric property of fluo
3 [24]. The mean intensity of the fluo 3 fluores-
cence in the selected area after stimulation was
divided by the mean intensity of the fluo 3 fluo-
rescence in the same area before LLLI, after sub-
traction of background fluorescence [24] and this
relative fluorescence intensity was used as an in-
dicator for [Ca2*]i.

Statistical Analysis

Data were presented as mean + SEM. Sta-
tistical analysis was performed by using one-way
analysis of variance (ANOVA) with Scheffe’s
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TABLE 1. Effects of Low-Level Laser Irradiation TABLE 2. Microcirculatory Parameters Before
(LLLI) on Systemic Circulation in Four Low-Level Laser Irradiation (LLLI) in Four
Experimental Groups Experimental Groups
Before Time after LLLI Vessel Red cell Blood flow
. . 3
LLLI 1 min 10 min diameter  velocity (x10
- (um) (mm/sec) mm?/sec)
Mean arterial pressure (mmHg)
Control (Il — 7) 118 + 6.7 114+ 7.1 116 + 8.8 COIltI‘Ol (Il = 7) 19.7+19 100+1.4 1.91+0.24
LLLI (n = 8) 114+51 115+6.1 109+51 LLLI(m =8 20015 9.6+0.7 1.88+0.33
Heart rate (beats/min) *DNRYV, denervation. Values are mean + SEM. See text for
Control (n = 7) 368+ 19 372+21 38511  ({etails of the four groups. No significant differences were de-
LLLI (n = 8) 363+17 365+17 36818  tected among the four groups.
LLLI+L-NAME (n = 7) 350+18 34922 35617
LLLI+DNRV (n = 8) 35917 363+12 36414

*DNRYV, denervation. Values are mean + SEM. See text for
details of the four groups. LLLI exerted no significant effects
on the circulatory parameters.

method. Statistical significance was tested at the
P < 0.05 level.

RESULTS
Effects of LLLI on In Vivo Microcirculation

LLLI did not affect systemic circulation
(mean arterial pressure and heart rate), as shown
in Table 1. The microcirculatory variables mea-
sured in the control (preirradiation) state are
summarized in Table 2. Because the microcircu-
latory parameters measured were heterogeneous,
these variables were analyzed and presented as
the relative percentage changes from the control
state.

The arteriole showed a considerable dilation
shortly after the LLLI, as typically presented in
Figure 2. The arteriolar diameter (D) showed a
rapid increase at [l minute after LLLI and fur-
ther increased to [0120% of the preirradiation
value (Fig. 3A, open circles). The occurrence of an
increase in red cell velocity (Vzpc) was retarded
slightly, but Vi showed a significant increase
by (b minutes after LLLI, reaching [(1130% of the
preirradiation value at the final state (Fig. 3B,
open circles). As a consequence of these changes,
the blood flow (Q) showed a rapid initial increase
even at [0l minute after LLLI (increase in the
early phase), and continued to increase till 30
minutes after LLLI (increase in the delayed
phase), finally leveling off at [(200% of the preir-
radiation value (Fig. 3C, open circles). In several
preparations, observations were continued for an
extended period up to 120 minutes. In most of
these preparations, however, the blood flow that

leveled off at 25-30 minutes did not show any
further increase throughout the extended period.

In the LLLI+L-NAME group (Fig. 3, tri-
angles), the rapid increases in D, Vg, Q in the
early phase were attenuated. In particular, in-
creases in Vgpc were highly attenuated and sig-
nificant changes in this variable were not de-
tected until 10 minutes after LLLI. However, in
the delayed phase, these microcirculatory param-
eters reached the same level as those observed in
the LLLI group by 10 minutes. This result sug-
gests that nitric oxide would be involved in the
increase in Q in the early phase.

In the LLLT + DNRYV group (Fig. 3, squares),
microcirculatory responses were similar to those
observed in the LLLI group in both the early and
the delayed phases, which indicated that the local
denervation did not affect the increase in blood
flow after LLLI.

The changes in the microcirculatory blood
flow after graded LLLI are summarized in Figure
4. When the laser power was set at 6.4 mW/mm?,
no significant elevation in the local tissue tem-
perature occurred and the microcirculatory blood
flow did not show any significant changes. When
irradiated with the power density of 38.2 mW/
mm?, the maximal temperature elevations de-
tected were 0.8-1.0°C. Thus, it seemed possible
that the 38.2 mW/mm?2-irradiation used in most of
our in vivo protocols would cause microcirculatory
changes due to a direct heat effect. However, in
the absence of LLLI, no significant arteriolar va-
sodilation was detected even if the bulk tempera-
ture in the chamber was raised by 1°C by inject-
ing warmed PBS medium into the chamber (data
not shown). From these results, the involvement
of macrothermal effects due to LLLI in the ob-
served circulatory changes should be ruled out
under the present experimental conditions.

The possible involvement of microthermal ef-
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Fig. 2. Photomicrographs showing typical arteriole responses to low-level laser irradiation
(LLLI). The images were recorded before (A), 1 minute after (B), and 30 minutes after (C) the
LLLI. Arteriolar dilation occurred shortly after the laser irradiation (B) and reached a
maximum at [B0 minutes after the LLLI (C). Scale bars = 10 pm.

fects due to LLLI was also assessed by another
spot-LLLI protocol, as follows. In this experiment,
the system used for the laser irradiation, shown
in Figure 1, was slightly modified, inserting a x4
objective lens between the experimental chamber
and the tip of optical fiber. This modification
made it possible to further collimate the laser
beam emitted from the fiber as a very thin (8 pm
in diameter) circular spot. Figure 5 shows a typi-
cal image of a spot LLLI projected on a single
arteriole, with the identical power density of 38.2
mW/mm? used in the other in vivo protocols. In
these additional experiments, the spot LLLI
caused similar vasodilation shortly (1 minute) af-
ter the irradiation (9.7 = 1.5%, n = 6, P < 0.01),
although the thermal effect due to LLLI was mini-
mized because the local heat possibly generated
on the microvessel was not only absorbed by the
surrounding medium but also washed out by the
blood flow. Thus, it seemed unlikely that the ob-
served microcirculatory changes were mainly at-
tributable to microthermal effects due to LLLI.

Effects of LLLI on VSMCs In Vitro

LLLI induced a significant decrease in the
fluorescence intensity (Fig. 6) in a power-
dependent manner (Fig. 7A, filled circles, open
triangles, squares). To confirm that the decrease
in fluorescence intensity was not an artifact due
to dye leakage caused by LLLI, a cell-free solution
of 5 M fluo 3 was subjected to 10 mW/mm? LLLI

(Fig. 7A, open circles). The resultant changes in
the fluorescence intensity were not significantly
different from those without LLLI. Furthermore,
without the LLLI, cytosolic fluorescence intensity
in VSMCs loaded with fluo 3 did not change sig-
nificantly in normal PSS containing 1.0 mM CaZ?*
throughout the observation period (Fig. 7A, filled
triangles). These findings indicated that the de-
crease in fluorescence intensity after LLLI (see
below) was not due to the so-called photo-
bleaching effect of the dye by repeated 488-nm
photoactivation, but the decrease in [CaZ*]i.

When the VSMCs were exposed to Ca?*-free
PSS containing 2 mM EGTA, the fluorescence in-
tensity decreased to reach a steady state level
within 6 minutes, and it remained at this level
during and after LLLI at a power level of 10 mW/
mm? (Fig. 7B, filled triangles).

DISCUSSION

Improved circulation due to low-level laser
irradiation is considered to be one of the possible
mechanisms of the clinical effectiveness of LLLI
for the treatment of pain or to promote the heal-
ing of wounds [1-4]. In regard to circulatory re-
sponses to LLLI, studies have been conducted on
larger vessels such as, for example, the aorta [25].
To date, to the best of our knowledge, no studies
have been performed in vivo on microcirculatory
changes during LLLI. Our experimental system,
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Fig. 3. Relative changes in arteriolar diameter (D), red cell
velocity (Vgpe), and arteriolar blood flow (Q) after low-level
laser irradiation (LLLI, 38.2 mW/mm?) in four experimental
groups. See text for details of the four groups. Increases in D,
Viee, and Q occurred at [11-5 minutes after the laser irradia-
tion (the early phase) and further increased, finally leveling
off at [R00% of the preirradiation value. Note that those
changes in Vigcthe early phase were highly attenuated in the
LLLI+L-NAME group (triangles). Data are mean + SEM.
Single asterisks indicate P < 0.05 and double asterisks indi-
cate P < 0.01 for Control vs. other three groups. Daggers
indicate P < 0.05 for LLLI group vs. LLLI+L-NAME group or
LLLI + DNRV group.
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Fig. 4. Contrasted changes in arteriolar blood flow after laser
irradiation with graded power densities (open circles, no ir-
radiation; filled circles, 6.4 mW/mm?; squares, 38.2 mW/
mm?). The LLLI administration period is indicated by a bar
on the abscissa. No significant changes in blood flow occurred
when the laser power was set at 6.4 mW/mm?2. Note that the
apparent increase in blood flow at 30 minutes in this protocol
is not statistically significant. Data are presented as the rela-
tive change from the control state (mean + SEM). Double
asterisks indicate P < 0.01 for no irradiation group vs. other
three groups.

equipped with a watertight chamber with well-
defined temperature control, has allowed us to
perform in vivo observation and detailed evalua-
tion of microcirculatory changes in rat mesentery
caused by LLLI, together with an assessment of
the involvement of NO and vasomotor nerves in
these changes. Furthermore, we have studied the
effect of LLLI on [Ca2?*]i in cultured smooth
muscle cells in vitro, which has provided us with
some insights into the mechanisms of LLLI-
induced vasodilation in microvascular beds.

Our results showed that LLLI is capable of
inducing potent arteriolar vasodilation and a con-
sequent increase of blood flow in mesenteric mi-
crocirculation. This increase in blood flow (Q) con-
sisted of two phases; the first increase occurred
shortly after the laser irradiation, and the in-
crease of Q in this stage was [R0% (early phase).
The second additional increase occurred approxi-
mately 20 minutes after the irradiation and, as a
whole, the total increase in Q reached [(200% of
the preirradiation level (delayed phase).

In some animals, we made additional obser-
vations of microcirculatory changes for up to 120
minutes after the irradiation. Throughout this ex-
tended period, the dilated arteriole exhibited no
significant recovery or constriction. These
changes in blood flow were not abolished by sur-
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Fig. 5. Photomicrograph showing a thin circular spot of a
laser beam ([B pm in diameter, shown as a bright area sur-
rounded by a gray-toned halo) projected on a single arteriole.
Despite the very limited local irradiation, the spot LLLI still
caused arteriolar dilation by 9.7 + 1.5% (n = 6, P < 0.01). In
this protocol, the experimental setup shown in Figure 1 was
slightly modified, inserting a x4 objective lens between the
experimental chamber and the tip of the optical fiber. By this
modification, the laser beam emitted from the fiber was fur-
ther collimated as a thin circular spot. Scale bars = 10 pm.

gical, local denervation. However, in the mesen-
tery treated by L-NAME, the occurrence of these
changes was retarded and no significant increase
in Q was detected until (110 minutes after the ir-
radiation.

The sympathetic vasomotor nerve plays a
key role in the control mechanisms of arteriolar
constriction [8]. Furthermore, it is known that
LLLI attenuates neural conduction in the dorsal
root of sensory nerves [6,7]. Thus, it is reasonable
to hypothesize that the attenuation of the vaso-
motor nerve activity by the laser would be in-
volved in the LLLI-induced arteriolar vasodila-
tion. As noted above, however, local denervation
of the superior mesenteric artery did not affect
the vasodilation that occurred in laser-irradiated
mesenteric arteriole. Thus, it seems unlikely that
the arteriolar dilation observed in this study was
caused by the attenuation of vasomotor nerve due
to LLLI. From a clinical viewpoint, however, this
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apparently negative finding would support the ef-
fectiveness of LLLI therapy in patients with neu-
rologically impaired blood vessels [26] (patients
with diabetes mellitus, for example).

As another mechanism of LLLI-induced va-
sodilation, we assessed the involvement of NO in
the microvascular responses to LLLI. In the
LLLI+L-NAME group, as noted above, rapid in-
creases in D, Vi, and Q in the early phase were
abolished, although they reached similar levels as
those observed in the LLLI group by minutes af-
ter the irradiation. Furchgott et al. [11] stated
that the relaxation of vascular smooth muscles
after photo-irradiation highly resembles the vaso-
dilation caused by certain nitrogen compounds
such as nitroglycerin. Furthermore, Karlsson et
al. [13] found that, in bovine mesenteric circula-
tion, a close relationship exists between the
photo-induced arterial relaxation and the cGMP
content in the arterial wall. Because NO is known
to up-regulate the production of cGMP [27], these
previous studies and our present observations are
consistent with each other and strongly suggest
that NO plays some role in the vasodilation and
the increase in blood flow observed in the early
phase after the laser irradiation.

In this study, we applied a laser with a near-
infrared (NIR) wavelength of 830 nm. Because an
NIR beam is capable of producing heat in irradi-
ated tissues, it seemed possible that direct mac-
rothermal or microthermal effects of laser were
involved in the microvascular responses observed
after LLLI. This possibility of macrothermal ef-
fects was first assessed by measuring the changes
in local temperature in the laser-irradiated area.
When irradiated at 38.2 mW/mm?, the measured
maximal elevation in the local tissue temperature
was 0.8-1.0°C. However, in the absence of LLLI,
no significant arteriolar vasodilation was detected
even when the bulk temperature of the PBS me-
dium surrounding the mesentery was raised to
the same temperature range. The possibility of
microthermal effects at the tissue level was fur-
ther assessed by performing spot laser irradiation
on single isolated arterioles with an identical
power density of 38.2 mW/mm? (Fig. 5). Such spot
LLLI caused marked vasodilations similar to
those shown in Figure 3. In these experiments,
the thermal effect of the laser was minimized, be-
cause the local heat possibly produced by LLLI on
the spot-lit microvessel was not only absorbed by
the surrounding PBS medium but also washed
out by the blood flow.

In clinical practice, LLLI treatments by us-
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Fig. 6. Microfluorographs showing changes in fluorescence emitted from rat vascular smooth muscle cells (VSMCs) loaded
with fluo 3. The micrographs were recorded before (A), 1 minute after (B), 5 minutes after (C), and 10 minutes after (D) the
laser irradiation (A = 830 nm, 10 mW/mm? for 3 minutes). The decrease in the emitted fluorescence indicates that the laser

irradiation reduces intracellular Ca?* concentration in VSMCs.

ing an NIR laser beam is expected in part to exert
thermal effects on patients but, from the two as-
sessments noted above, the involvement of heat
due to LLLI in the observed circulatory changes
seemed unlikely under the present experimental
conditions. However, the possible existence of
highly microscopic thermal effects manifested at,
for example, macromolecular levels should not be
ruled out, because such molecular effects by
means of light absorption could cause changes in
various enzymatic functions and lead to the bulk
effects observed at the tissue level. These photo-
chemical aspects deserve deeper investigations in
the future.

Based on the assessment of these various
factors, we next studied the involvement of vas-

cular smooth muscles in the circulatory changes
observed after LLLI. For this purpose, we exam-
ined the effect of LLLI on [CaZ?*]i in rat aortic
vascular smooth muscle cells (VSMCs) in primary
culture. This was done in vitro, because the in-
herent experimental limitations of in vivo studies
did not allow us to differentiate in vivo changes in
VSMCs from those in endothelial cells. LLLI in-
duced a decrease of [Ca2*]i in normal PSS con-
taining 1 mM Ca2?* in a power-dependent manner
(Fig. 7), which indicated that LLLI exerts a direct
effect on VSMCs. In the absence of extracellular
Ca?*, LLLI did not reduce [Ca%*]i in VSMCs (Fig.
7B), suggesting that the laser-induced reduction
of [Ca?*]i was attributable to increased Ca?* ex-
trusion by means of the sarcolemma, not to any



dependent ATPase was increased by NIR laser
irradiation without temperature elevation [28].
The power density of the laser applied was not
provided in their report but, because activation of
Ca?*-dependent ATPase leads to a reduction in
[Ca2+]i, it seems highly likely that the decrease in
[Ca2*]i in the VSMCs observed in the present
study was caused by means of similar mecha-
nisms.

As another possible mechanism leading to
the dilation of smooth muscle cells, changes in
membrane potential might be worthy of further
interest. Shimoyama et al. [8] studied the effect of
LLLI on the resting membrane potential of rat
superior ganglion cells, and showed that LLLI in-
duced hyperpolarization of the ganglion cells.
Thus, assuming that ganglion cells and smooth
muscle cells exhibit a similar electrical response
to LLLI, it might be possible that a hyperpolar-
ization mechanism was somewhat involved in the
vasodilation observed in the present study.

In analyzing phenomena related to light, the
dependence on wavelength should be taken into
consideration. In this study, we used a laser with
an NIR wavelength (830 nm) for LLLI, because
this wavelength range is widely used in pain clin-
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Fig. 7. Effects of low-level laser irradiation (LLLI, A = 830
nm, 10 mW/mm?) on fluorescence emitted from rat vascular
smooth muscle cells (VSMCs) loaded with fluo 3. Data are
presented as the relative change from the control state (mean
+ SEM, n = 10). A: Dependence of the fluorescence intensity
emitted from fluo 3-loaded VSMCs on the power density of
irradiated laser. Open circles denote the fluorescence inten-
sity emitted from a cell-free solution of 5 uM fluo 3 after LLLI
(10 mW/mm?). Single asterisks indicate P < 0.05 and double
asterisks indicate P < 0.01 for no irradiation group vs. other
three groups. B: Effects of the removal of extracellular Ca2*
from the suspension medium on the laser-induced reduction
in fluorescence emitted from fluo 3-loaded VSMCs. Removal
of extracellular Ca?* from the medium exerted no significant
influence on the changes presented by open circles and filled
triangles.

acceleration of Ca2* sequestration into the Ca?*
storage site in VSMCs. The possibility of in-
creased Ca2?* extrusion in laser-irradiated smooth
muscle has been pointed out by Nasu et al. [28].
By using histochemical techniques, they showed
that Ca?*-dependent ATPase was localized in en-
dothelial cells and smooth muscle cells of rat sa-
phenous arteries and that the activity of Ca2*-

ics due to its useful property of deeper penetration
into tissues [6]. By using a xenon arc and a grat-
ing monochrometer, Furchgott et al. [11] showed
that the light-induced relaxation of smooth
muscles in the aorta strip was rather potent in the
ultraviolet (UV) range and had a spectral depen-
dence on wavelength of the irradiated light; the
relaxation spectrum they presented showed a
dominant peak at the wavelength of 350 nm and,
in the remaining range of visible and infrared
light, the relaxation was minimal. In contrast,
Gal et al. [12] showed that light-induced vasodi-
lation could be caused by visible and infrared
light. Although the contradiction between these
results seems attributable to the difference in the
power of the laser applied, the potent effects of
UV light on the aortic relaxation shown by Furch-
gott et al. [11] would require deeper investigation
for possible clinical application.

In conclusion, we have shown that laser ir-
radiation at a wavelength of 830 nm is a potent
dilator of the arteriole and consequently causes a
marked increase in blood flow in the rat micro-
vascular bed. Nitric oxide seems partly involved
in the vasodilation that occurs in the early phase.
However, extrapolating our in vitro findings in
VSMCs to in vivo situations, the marked arterio-
lar dilation throughout the delayed phase seems
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attributable to the LLLI-induced reduction of
[Ca2*]i in microvascular smooth muscles.
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