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fluorescence from platelets and leukocytes. Transdural observation can be less invasive in order to
maintain natural condition of the brain.

Interaction of platelets and leukocytes may be induced by binding between P-selectin on the
platelet surface and its ligand, PSGL-1 on the leukocyte surface. And this interaction would have
some harmful effect on reperfusion injury on the brain. Color cranial window method applied to mice
is very attractive to analyze the interaction of platelets and leukocytes on the brain.

References
1, Ishikawa M. et al. Stroke 34(7):1777-82, 2003.

Fig. Sequential grayscale photographs of platelet rolling on the surface of sticking leukoecyte.
' After adhering to the leukocyte surface, the platelet is moving downstream.
(Dot arrow : blood stream)

(Key Word : ischemia, brain, reperfusion )
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Tsukada, Kosuke, Eiichi Sekizuka, Chikara Oshio, Katsuhiko
Tsujioka, Haruyuki Minamitani. Red blood cell velocity and oxygen
tension measurement in cerebral microvessels by double-wavelength photo-
excitation. J Appl Physiol 96: 1561-1568, 2004. First published December 3,
2003; 10.1152fapplphysiol 00764.2003.—Because the regulation of micro-
circulation in the cerebral cortex cannot be analyzed without measuring the
blood flow dynamics and oxygen concentration in cerebral microvessels, we
developed a fluorescence and phosphorescence system for estimating red
blood cell velocity and oxygen tension in cerebral microcirculation noninva-
sively and continuously with high spatial resolution. Using red blood cells
labeled with fluorescent isothiocyanate to visualize red cell distribution and
using the oxygen quenching of Pd-meso-tetra-{(4-carboxyphenyl}-porphyrin
phosphorescence to measure oxygen tenston enabled simultancous measure-
ment of blood velocity and oxygen tension. We examined how the measure-
ment accuracy was affected by the spatial resolution and by the excitation
laser light passing through the targeted microvessel and exciting the oxygen
probe dye in the tissue beneath it. Focusing the excitation light into the
microvessel stabilized the phosphorescence lifetime at each spatial resolution;
moreover, it greatly reduced phosphorescence from the brain tissue. Animal
experiments involving acute hemorhagic shock demonstrated the feasibility
of our system by showing that the changes in venular velocity and oxygen
tension are synchronized to the change in mean arterial pressure. Our system
measures the red cell velocity and oxygen concentration in the cercbral
microcirculation by using the differences in luminescence and wavelength
between fluorescence and phosphorescence, making it possible to easily
acquire information about cerebral microcirculatory distribution and oxygen
tension simultaneously.

cerebral microcirculation; erythrocyte velocity; oxygen tension; fluo-
rescence; phosphorescence

THE CEREBRAL NERVE CELLS ARE extremely vulnerable to ischemia
because they store hardly any oxygen or substrates. Because
higher brain function therefore depends on the microcircu-
lation, the brain is expected to have a strong autoregulation
maintaining the local blood flow and velume. Consequently,
an extremely effective way to study the regulation of the
microcirculation in the cerebral cortex is by measuring the
dynamics of the cerebral microcirculation while simulta-
neously measuring the oxygen concentration in the cerebral
microvessels.

When one measures the microcirculatory blood flow in
two-dimensional structures such as dorsal skin, the mesentery
or cremaster muscle, the cheek pouches of hamsters, and the
ears of rabbits, one can observe these structures under trans-
mitted illumination. Although the microcirculation in the brain
cortex cannot be observed under transmitted illumination, the
dynamics of the blood flow distribution can be visualized by
using FITC-labeled red blood cells (RBCs) and an incident-
light fluorescence microscope, as described by Ishikawa et al.
(3). On the other hand, the oxygen electrodes often used when
measuring oxygen tension in vivo cannot be used in microves-
sels because they physically damage them too much and
because their spatial resolution is inadequate. The partial pres-
sure of oxygen in organs must therefore be measured by a
noncontact, noninvasive method. The oxygen tension can be
measured in vivo by using the changes in the lifetime of
phosphorescence emitted from a porphyrin dye, as reported
(12, 22), and this technique is being established as an alterna-
tive method for measuring the oxygen tension in organs.

In the present study, we used fluorescently labeled RBCs to
visualize blood flow and used the phosphorescence decay method
to measure oxygen tension. By exciting two dyes with two
different wavelengths, both RBC velocity and oxygen tension
could be measured continuounsly, but we had to ensure that the
absorption and emission spectra of the fluorescence dye used for
visualizing RBC flow and the phosphorescence dye used for
measuring oxygen tension did not overlap. In addition, we had to
determine how the measurement accuracy was affected by exci-
tation light passing through the targeted microvessel and exciting
the oxygen probe dye in the brain tissue beneath it,

The aim of this study was to develop a fluorescence and
phosphorescence system that can simultaneously measure the
cerebral microcirculatory distribution and the oxygen tension
in cerebral microvessels. We examined the emission and ab-
sorption spectra of fluorescence and phosphorescence dyes, the
spatial resolution, the half-life of probe dye in blood, the
extravasation of the dye, and the phosphorescence emission
from the tissue lying under the targeted microvessels. To
demonstrate the feasibility of our system, we performed animal
experiments involving acute hemorrhagic shock.
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1562
MATERIALS AND METHODS

Animal preparations. All animals received humane caresin com-
pliance with the “Guide for the Care and Use of Laboratory Animals”
prepared by the Animal Research Committee of the Kawasaki Med-
ical School. Male Wistar rats weighing 300-350 g were anesthetized
with an intraperitoneal injection of a-chloralose (60 mg/kg) and
urethane (600 mg/kg). The head of each rat was fixed in a stereotaxic
frame, and the left parietal bone was exposed by a longitudinal
midline skin incision. After three polyethylene tubes (PE-50) were
fixed to the skull with cyanoacrylate, a craniectomy was performed,
and a closed cranial window (5 mm in diameter) was made using a
cover glass and a rubber O-ring. Artificial cerebrospinal finid consist-
ing of 147.8 meq/ Na*, 3.0 meq/l K*, 2.3 meq/l Mg?*, 2.3 meg/l
Ca?*, 135.2 meq/l C1—, 19.6 meqAl HCO;, 1.7 meq/! lactate, 1.1 mM
phosphate, and 3.9 mM glucose was superfused at 0.1 ml/min. A
thermistor with a diameter of 2.3 mm was fitted to the cranial window
to meonitor the temperature, and the cerebral fluid was maintained at
37°C. The left femoral artery was cannulated for monitoring the mean
arterial blood pressure (MAP), the right femoral artery was cannulated
for withdrawing blood, and the right femoral vein was cannulated for
infusing blood or drugs.

Probe administration for RBC flow visualization and oxygen mea-
surement. The RBC flow in cerebral microvessels was visualized by
perfusing RBCs labeled with fluorescent isothiocyanate (FITC, Sigma
Chemical) as described by Ishikawa et al. (3). Blood was withdrawn
from the donor rat, and the RBCs were centrifuged and washed, The
FITC was excited by irradiating it at an energy density of 5 mW/cm?
with the light from a mercury lamp and passing it through 2 band-pass
filter (450-490 nm). Each rat received 0.1 ml of FITC-labeled RBC
suspension injected into its cannulated femoral vein. (This amount of
FITC-labeled RBCs accounted for ~1/50 of all the RBCs in the
body.)

Image processing of fluorescent blood flow. Figure 1 shows a block
diagram of the system used for measuring RBC velocity, vessel

CEREBRAL RED BLOOD CELL VELOCITY AND OXYGEN MEASUREMENT

diameter, and oxygen tension in individual microvessels of the cere-
bral cortex. Microscopic images made with the FITC-emitted light
that had passed through a leng-pass filter (=520 nm) were recorded
with a charge-coupled device camera equipped with an image inten-
sifier (C6653MOD, Hamamatsu Photonics). The images were pro-
cessed automatically by using a previously developed system (21).
Briefly, this system consists of a host computer, a Hi8 video recorder,
and an image-data-processing board. One frame of a still image can be
viewed on the monitor via the image-processing board, which takes
two still 512 X 512-pixel images, and the intensity can be digitized to
256 levels. Automated velocity measurement was made possible by
writing C-language sequences to load the images into memory,
calculate the correlation, fast-forward through the video frames, and
S0 on.

Oxygen tension measurement using phosphorescence decay. The
Pd-meso-tetra-(4-carboxyphenyl)-porphyrin  (Pd-TCPP, Porphyrin
Products) used as the phosphorescent probe for the Oz-dependent
quenching was dissolved (20 mg/ml) in physiological saline contain-
ing bovine serum albumin and buffered to a pH of 7.4 with phosphate
buffer, Each rat received a bolus of PA-TCPP (30 mg/kg) through a
slow intravenous injection, and the Pd-TCPP in the microvessels was
excited by using the second harmonic of a Q-switched Nd: YAG pulse
laser (532-nm wavelength, 6-11s pulse width at half maximum, 1-Hz
pulse recurrence frequency, 200-nJ/pulse irradiation energy) through
the objective lens of a microscope. Phosphorescence passing through
a long-pass filter (>>620 nm) was detected with a photomultiplier tube
(PMT) (R18%4, Hamamatsu Photonics). The voltage signal (current
signal converted with resistance of 50 k{2) from the PMT was fed into
a personal computer via an analog-to-digital converter (NR-2000,
Keyence) with a sampling frequency of 200 kHz and a sampling
number of 500 points. When the decay signal was processed for use
in calculating the phosphorescence lifetime, the first 10 sampling
points (corresponding to 50 ps) from the start of sampling were
excluded because they included the intensity of the exciting laser

High-Speed Video Camera T8 VIR
with Image Intensifier v computer
(1000 framefs) (30 frame/s)
fluorescence
/ (>620nm)
4 PMT = AD converter = computer
. / phosphorescence

Fig. 1. Block diagram of system used for measuring Microscope T
red blood cell (RBC) flow velocity and oxygen :
tension in cerebral microvessels. To irradiate FITC - :
for visualizing flow diswibution and Pd-meso-tetra- (>520nm) H
(4-carboxyphenyl)-porphyrin (Pd-PCPP) for mea- | :
suring oxygen tension alternately, a mechanical L L T
shutter was used to control the output of a mercury shutter ercury lam
lamp and the signal from a limit switch was used to / v M ry P

trigger an Nd:YAG laser when the shutter was
closed. Blood flow images recorded with a charge-
coupled device camera were used to automatically
measure flow velocity by computer. PMT, photo-
multiplier tube; VTR, video tape recorder; AD,
analog to digital; ND, neutral density.
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light, which was not completely blocked by the long-pass filter. In
addition, <1% of the maximum intensity of the PMT signal was
rejected to reduce the contribution of dark current generated by the
PMT. Phosphorescence lifetime 7 was obtained by least-squares
fitting of the remaining data to a single exponential curve. The
oxygen tension (Poz) was calculated from the Stern-Volmer equa-
tion

L/I=1/1=1+k 1" Po, )

where fo and 7o are phosphorescence intensity and lifetime in the
absence of oxygen, I and 7 are the intensity and lifetime at a given
oxygen tension, and k, is the rate constant of oxygen quenching. The
kg and To values for our system were obtained from a calibration
experiment using oxygen electrodes; at 37°C with a pH of 7.4 they
were 374 Torr™!s™! and 0.74 ms. .

Irradiation timing of two light sources. To obtain two physiological
values, the cerebral microcirculatory blood flow distribution and
oxygen tension, we had to alternately irradiate each of two dyes in a
targeted microvessel with the light from two excitation light sources.
To measure the RBC velocity and oxygen tension at 1 Hz, we used a
mechanical shutter to control the output of a mercury lamp and used
the signal from a limit switch to trigger an Nd:YAG laser when the
shutter was closed. The irradiation times of the laser and mercury
lamp were, respectively, 6 ns and 300 ms.

Estimation of Pd-TCPP concentration in blood plasma. After five
rats received 30 mg/kg of Pd-TCPP in solution (20 mg/ml) by slow
injection into the femoral vein, blood samples were removed from the
postcaval vein with a heparinized syringe at 5 and 30 min and at 1, 3,
and 6 h. The plasma was extracted by centrifuging the samples at
1,500 rpm for 15 min; the skimming fluid taken as a measurement
sample was obtained by additional centrifugation at 1,000 rpm for §
min. The Pd-TCPP concentration in the plasma sample was quantified
by absorption spectrophotometry, using the relation between absor-
bance and concentration previously calibrated at Pd-TCPP concentra-
tions of 0.50, 0.25, 0.13, and 0.06 mg/ml (data not shown).

Narrow capillary model. Because the spatial resolution depends on
the diameter of the laser spot, the effect of the spot size on lifetime
was determined by changing the objective lens of the microscope. A
narrow glass capillary with a 410-pm outer diameter and a 350-pum
inner diameter was used as a microvessel model; it was set in a cranial
window made by using the same materials and conditions as for the in
vivo experiments. A solution of Pd-TCPP deoxygenized with sodium
sulfite was kept at 37°C and a pH of 7.4 and perfused through the glass
capillary. The phosphorescence intensity and lifetime were measured
at different resolutions (i.e., spot sizes) by changing the magnification
of the objective lens (X20 or X50).

Flushing blood from microvessels. To photoexcite Pd-TCPP de-
fused into extravascular cerebral tissue (i.e., not in microvessels), we
inserted a catheter tube 0.8 mm in diameter into the left common
carotid artery in the direction of the middle cerebral artery, and we
fixed the edge of the tube at the internal carotid artery. After preparing
the closed cranial window on the left parietal bone and administering
the Pd-TCPP, we left the rat for 1 h so that the Pd-TCPP had sufficient
time to leak from the microvessels into the extravascular tissue. Then,
while applying continuous laser irradiation to a venule, we gave the
rat an overdose of pentobarbital sodium, reducing both the MAP and
heart rate to 0. Physiological saline was immediately infused via a
carotid artery, flushing the blood and Pd-TCPP from the microvessels,
and the targeted microvessel was observed with a microscope to
verify that it was filled with saline. The phosphorescence emission
from the Pd-TCPP that had leaked into the tissue was measured at a
constant laser power before and after the flush.

Acute hemorrhagic shock model. Four rats were put into acute
hemorrhagic shock by letting them bleed from a catheter in the
femoral artery. They were bled, at 7-8 ml/min, to a MAP of 40 mmHg
in <1 min. The shed blood was collected in heparinized syringes and
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kept at 37°C. The MAP was maintained at 40 = 3 mmHg for 5 min
by intermittently withdrawing 0.3-0.4 m! of blood. After the period of
shock, the rats were resuscitated by infusing autologous whole blood.

RESULTS

Absorption and emission spectrum of FITC and Pd-TCPP.
The absorption and emission spectra of the FITC used for
labeling the RBCs and Pd-TCPP used as the oxygen-sensitive
probe are shown in Fig. 2. For RBC velocity and oxygen
tension to be measured simultaneously, the Pd-TCPP absorp-
tion must be extremely small in the wavelength band used to
excite the FITC (from 460 to 490 nm). The Q-band of the
Pd-TCPP was observed near 532 nm, which is the wavelength
of the second harmonic of the Nd:YAG laser.

Simultaneous measurement of RBC velocity and oxygen
tension. Figure 3A shows the microcirculatory vessel structure
in the cerebral cortex observed in the closed cranial window.
Figure 3B shows a high-magnification blood flow image with
FITC-labeled RBCs. Figure 3C shows an image of laser light
irradiating a targeted microvessel to measure the oxygen ten-
sion in the vessel. The RBC velocity and oxygen tension were
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Fig. 2. Absocrption (A) and emission (8) specira of FITC used for labeling

RBCs and Pd-TCPP used as oxygen-sensitive probes. Pd-TCPP absorption was

extremely small in the band exciting the FITC (from 460 to 490 nm), and FITC

absorption was small at the 532-nm wavelength exciting the Pd-TCPP. a.u.,
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Fig. 3. Microscopic images of cerebral microvessel structure observed in
closed cranial window (4), high-magnification blood flow of cerebral micro-
circulation visualized with FITC-labeled RBCs (estimated to be ~2% of all
circulating RBCs) {B), and image of laser light trradiating a targeted microves-
sel to measure oxygen tension {(C). Irradiation times of mercury lamp in B and
laser in C were, respectively, 300 ms and 6 ns.

CEREBRAL RED BLOOD CELL VELOCITY AND OXYGEN MEASUREMENT

B a o]

A -@- lightintensity —#— lifetime
200
S'150 - I 3 *
Eo A -
z ol
gmo -
£ : !
£ [ ) :
S 50} ‘ '
0 ! ; . : 1 ! } ' b
i Vo i L :
glass capillary 52 pm
B
—&— lightintensity —e— Jifetime
100
. 80 }
S. [ ] ! 1
E T T
2 60 . |
a : | ' | '
% | 1 1 ! | :‘
€ 40 ‘ : l ‘.
g | C 1 :
D - \ ' ! '
T 2 ; ! ! :
ol — ;
1 t : 1

0.9

lifetime [msec]

0.3

0.9

o
>

o
w

lifetime [msec]

0|0

glass capiliary

O & 0o

|0

27 um

Fig. 4. Effect of laser spot size on measurement accuracy was small. Laser
spot diameter, 52 (A) and 27 pm (B), i.e., the spatial resolution, was deter-
mined by magnification of objective Iens: X20 (4) and X50 (B). A narrow
glass capillary tube with a 410-pm outer diameter and a 350-pm inner
diameter was filled with Pd-TCPP solution and used as a microvessel model.
Even when the phosphorescence intensity was lower for spots near the wall,
the lifetime was not affected at either resolution, indicating that stable oxygen
measurement can be obtained by irradiating the inside of the microvessel.
Values are means = SD for 20 laser irradiations.

measured alternately at 1 Hz by using the shutter installed in
the microscope to change between the two light sources (Nd:
YAG laser and mercury lamp). After a microvessel was chosen
for measurement, the microscope stage was positioned so as to
direct the laser into the targeted vessel.

Spatial resolution. The phosphorescence intensity and life-
time at various locations in a glass capillary under different
laser spots are shown in Fig. 4, A and B. Values are expressed
as means * SD for 20 laser irradiations. The phosphorescence
lifetimes at the center were 0.72 *= 0.03 and 0.74 £ 0.05 ms
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Fig. 5. Blood concentration curve oblained after bolus injection of Pd-TCPP.
Leakage of Pd-TCPP from microvessels to extravascular tissue was observed.
Fitting this data to an exponential decay curve yielded the equation y = 0.52
exp(—0.31x), r = 0.885, and 2.23 h for the half-life of Pd-TCPP in bloed.

with X20 and X50 magnification, which was almost equiva-
lent to To. The laser spot, as measured from the irradiated
images, was ~52 and 27 pm in diameter with objective lenses
with X20 and X50 magnification, respectively. The phospho-
rescence lifetime remained about the same, even though the
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intensity decreased as the spot approached the wall because the
amount of irradiated Pd-TCPP near the capillary wall was less
than at the center in the Z-axial direction,

Pd-TCPP half-life in blood. Figure 5 shows the blood
concentration after bolus injection of Pd-TCPP. Five minutes
after the injection, the plasma concentration of Pd-TCPP was
624.7 ng/ml. At 0.5, 1, 3, and 6 h, the concentrations were,
respectively, 366.2, 302.5, 222.2, and 155.7 pg/ml. Fitting this
data to an exponential decay curve yielded 2.23 h for the
half-life of Pd-TCPP in blood. '

Phosphorescence emission from cerebral tissue after flush-
ing blood from microvessels. Figure 6, A and B, shows,
respectively, the decay curves of the phosphorescence before
and after flushing the blocd from the microvessels, and Fig. 6,
C and D, shows, respectively, the log-intensity plots of the data
in A and B. After the subject rat was killed, the oxygen tension
calculated from the phosphorescence decay curves, obtained
both before and after flushing, was 0.9 Torr. Correlation
coefficient 2 for the data in the valid area could be fitted to a
single exponential function (0.998), suggesting that phospho-
rescence decay can be detected with high sensitivity and that
lifetime can be calculated with high accuracy. In contrast, the
phosphorescence intensity from the microvessel from which
Pd-TCPP had been flushed with physiological saline was
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Fig. 7. Typical changes in mean arterial blood pressure (MAP), RBC velocity, and oxygen tension in venules during acute
hemorrhagic shock, Blood was bled from a catheter in the femoral artery until the arterial pressure reached a mean of 40 mmHg;

after the rats entered a period of shock, they were resuscitated by infusing aut

ologous whole blood. Gray bars in A indicate the

periods of bleeding and infusing blood. The average * SD values of these variables {n = 4) before bleeding (baseline), during

shock, and for 10 min after resuscitation are shown in B.

greatly reduced. As described above, the valid data for calcu-
lating the phosphorescence lifetime are the data gathered start-
ing 50 s after data acquisition. The greatest phosphorescence
intensity (voltage signal from PMT) in this range was 15.4 mV
in blood (Fig. 6A) and 1.9 mV in tissue (Fig. 6B). And shown
in Fig. 6D, the sampling signal in the valid data area was
extremely low, suggesting that there was very little phospho-
rescence emission from the extravascular tissue.

Hemorrhagic shock and resuscitation. Typical changes in
the MAP, RBC velocity, and oxygen tension in the venules are
shown in Fig. 74, where we can see that the changes in the
venular velocity and oxygen tension were synchronized to the
change in MAP. The average values of these variables (n = 4)
before bleeding (baseline), during shock, and for 10 min after
resuscitation are shown in Fig. 78. MAP fell from 117.3 £ 9.2
to 38.2 = 1.4 mmHg during shock and then increased to
119.3 * 11.9 mmHg after resuscitation. The venular velocity
dropped to 43 *+ 4% of its baseline value and then increased to
110 * 12% of its baseline value, The venular oxygen tension
fell from 41.9 * 5.8 to 24.0 £ 9.0 Torr and then increased to
40.0 * 7.2 Torr,

J Appl Physiol « VOL. 96+

DISCUSSION

We set up and evaluated the effectiveness of our optical
system for measuring the RBC velocity and oxygen tension in
cerebral microcirculation simultaneously and continuously by
using the difference in wavelength and luminescence between
fluorescence and phosphorescence. We also examined factors
affecting the accuracy of our phosphorescence photometry
measurements through in vitro experiments.

Simultaneous measurement of RBC velocity and oxygen
tension. Because brain cells store hardly any oxygen or sub-
strates, brain function depends on microcirculation. An ex-
tremely efficient way to analyze cerebral microcirculatory
regulation would thus be to simultaneously measure the RBC
velocity and oxygen concentration in microregions. However,
there is no convenient equipment suitable for measuring these
two parameters continuously and simultaneously. Liss and Liss
(8) monitored tissue oxygen pressure in flap microcirculation
with electrodes and measured blood flow velocity by using the
laser-Doppler method. In macroscopic measurement of tissue
oxygenation, these techniques are probably easy to use. With
regard to measurement in microcirculation, Parthasarathi and
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Lipowsky (9) used oxygen electrodes to measure the oxygen in
rat cremaster muscle and used the two-slit technique to mea-
sure blood flow in the muscle. Although oxygen electrodes can
be used to measure the oxygen tension in various types of
tissue, they cannot be used in blood vessels (especially mi-
crovessels) because their use requires physical invasion. The
phosphorescence decay method using the photochemical reac-
tion between porphyrin dye and oxygen molecules makes it
possible to measure oxygen tension noninvasively, to obtain
the local oxygen concentration with high spatial resolution, and
to obtain the absolute partial pressure instead of a relative
value.

Systems based on phosphorescence decay can be roughly
divided into two types: those that can be used to draw oxygen
mappings and those that can provide one-point measurements
suitable for microcirculation study. The former type has been
applied to kidney (11), liver (25), the carotid body (7). cells (10),
and brain (24) and has also been used in ophthalmelogy (16) and
in cancer studies (23). Shonat et al. (15) imaged hemoglobin
saturation and oxygen tension in the cerebral cortex of mice. The
latter type can be used to measure the local oxygen tension in
tissue or in microvessels by focusing excitation light through the
objective lens of a microscope (1, 2, 6, 13, 18). Kerger, Tsai, and
colleagues (5, 19, 20) applied it and used the photodiode corre-
lation method to measure blood velocity in dorsal skin microcir-
culation while using originally developed equipment to measure
the diameter of the microvessels. As explained in the introduction,
however, when researchers needed to measure both RBC velocity
and oxygen tension, they were restricted to two-dimensional
tissue samples.

As shown in Fig. 7, both venular velocity and oxygen
tension in microvessels were synchronized to changes in blood
pressure, The phosphorescence decay method has been used to
evaluate the physiological reactions in certain organs during
hemorrhagic shock (4, 14). Song et al. (17) reported deterio-
ration in the oxygen tension in cortical tissue caused by
hemorrhagic hypotension and recovery with PEG solution in
piglet brain, and Yonetani et al. (26) reported a decrease in the
cortical oxygen pressure with decreasing arterial pressure.
However, quantified oxygen fluctuation with changes in the
microcirculatory distribution in the cerebral cortex has not
been reported.

Measurement accuracy and spatial and time resolution, As
shown in Fig. 4, the phosphorescence lifetime was stable at
each resolution when the laser spot was inside the targeted
microvessel, even when the phosphorescence intensity de-
creased. This indicates that measurements should be stable if
the phosphorescence lifetime is stable, even if the phosphores-
cence intensity decreases because of a decrease in Pd-TCPP in
the blood. Also, as shown in Fig. 4, the spatial resolution
increased when the magnification was increased, meaning that
the measurement of the true capillaries is theoretically possible
(27). However, increasing the magnification reduces the vol-
ume of phosphorescent light received, and, in the case of true
capillaries, the volume of Pd-TCPP in the vessels also de-
creases, so measurement accuracy drops noticeably, meaning
that the noise and the error rate will increase.

The time resolution of our measurements was 1 s because
the laser irradiation frequency was set at 1 Hz (although the
maximum was 110 Hz). Increasing the irradiation frequency
and adding the decay curves to smooth them reduces the noise
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in the phosphorescence signals. However, as shown in Fig. 6,
clear decay curves with little noise were obtained by one-shot
irradiation, indicating that 200 nJ of pulse energy is sufficient
for measurement. Moreover, increasing the pulse irradiation
would create excessive singlet oxygen production. Measure-
ment in milliseconds is more than sufficient for a vital reaction.
For these reasons, a time resolution of 1 s is sufficient for
continuous measurement of oxygen tension.

Reactive oxygen caused by double-wavelength photoexcita-
tion. We monitored RBC velocity and oxygen tension in rat
brain microcirculation simultaneously by injecting RBCs la-
beled with FITC and oxygen probe Pd-TCPP and then exciting
these probe dyes by irradiation from a mercury lamp and an
Nd:YAG laser, respectively. Exciting photosensitive sub-
stances like porphyrin dyes inevitably generates reactive oxy-
gen in microvessels, and reactive oxygen, especially singlet
oxygen, causes thrombus formation, which can affect blood
flow. We tested continual irradiation of capillaries in intesti-
num tenue for 10 min but did not observe any change in flow
velocity (data not shown). This result depends on not much
light energy being needed to measure phosphorescence and the
irradiation time being extremely short. In contrast, the excita-
tton light for visualizing the FITC-labeled RBCs came from a
mercury lamp and passed through a band-pass filter (450-490
nm) while the shutter was open. The stronger the excitation
light, the sharper the images we can create for measuring RBC
velocity. When the microvessels were irradiated with high
power, however, flow stasis in the vessels was observed within
a few minutes. Singlet oxygen must be suppressed to reduce
thrombus formation and stasis as much as possible, so we
decreased the irradiation power to <5 mW/cm? and equipped
the recording camera with an image intensifier. We observed
no stasis and obtained clear blood flow images.

Phosphorescence emission from tissue under microvessels.
When the oxygen tension in a single microvessel in the
cerebral cortex is measured, the laser light irradiated through
the microscope’s objective lens should pass through the mi-
crovessel. The measured value may thus be affected by the
excitation of Pd-TCPP in the tissue under the targeted mi-
crovessel. The oxygen concentration in brain tissue is consid-
erably lower than that of blood in a microvessel, so any mixing
of the phosphorescence emitted from intravascular Pd-TCPP
with that emitted from interstitial PA-TCPP would artifactually
reduce the measured oxygen concentration in a blood vessel.
The effect of this mixing on the measured concentration needs
to be investigated. Moreover, the effects of a laser light
irradiated not from a confocal system but from a conventional
incident-light system also need to be investigated. The main
reason that the phosphorescence from the tissue irradiated
though a microvessel was extremely weak is attributed to the
focusing of the laser light by the objective lens. The irradiation
angle of laser light depends on the numerical aperture. The
microvessel was irradiated at an angle, not vertically, and the
profile of the laser intensity was Gaussian. Consequently, the
excitation energy is thought to have been focused in the laser
spot area and at the focal depth of the objective lens. For
instance, at a wavelength of 532 nm, the focal depth of the
objective lens we used, which had a numerical aperture of 0.4,
is theoretically 1.7 pm. Therefore, even when scattering by
blood is taken into consideration, when the light was focused in
a microvessel almost 50 pum in diameter, little excitation light
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could have reached the underlying extravascular tissue by
passing through the vessel.

In summary, we measured the RBC velocity and oxygen
tension in cerebral microcirculation by using the differences in
luminescence and wavelength between fluorescence and phos-
phorescence. With this system, we can acquire information
about cerebral microcirculatory distribution and oxygen ten-
sion simultanecusly and easily. We evaluated our method by
examining the factors causing measurement error. Because
blood flow and oxygen concentration are associated in organs
using large amounts of oxygen, particularly the brain, the heart,
and the kidney, simultaneous measurement of the microcircu-
latory red cell velocity and local oxygen tension should be
widely applicable to research.
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Abstract: We have established an animal model of coronary arteritis which is histopathologically similar to
that observed in cases of Kawasaki disease (KD), is a well-known childhood vasculitis syndrome. Coronary
arteritis in this mouse model has been induced by intraperitoneal injection of Candida albicans-derived
substances (CADS). Arteritis varied by mouse strain with the highest incidence by 71,1% (27/38) found in
C3H/HeN mice, but absent in CBA/JN mice (0%, 0/27), suggesting association of genomic background to
develop the disease. The present study aims to elucidate the susceptibility loci associated with coronary
arteritis by using this animal model. The association of the onset of arteritis with polymorphic microsatel-
lite markers between the two strains was examined using one hundred and fifteen of N1 backcross progeny
[(CBAx C3H)F1x C3H]. Based on our analysis, arteritis-susceptibility loci with suggestive linkage were
mapped on DIMit171 and DIMit245 (map position 20.2 ¢M) on chromosome 1 (P=0.0019). These loci
include several kinds of inflammatory cytokine receptors, such as interleukin 1 receptor and tumor necro-
sis factor receptor. We also found the cytokine response against CADS, levels of inflammatory cytokines
interleukin-1pB, tumor necrosis factor-e, and interleukin-6 in sera increased within 24 hr after CADS
injection. Our results may indicate based on genomics that ligand-receptor interaction between these

inflammatory cytokines and the receptors of these cytokines may affect the onset of arteritis,

Key words: Kawasaki disease, Arteritis, Candida albicans, Interleukin 1 receptor, Chromosome mapping

Kawasaki disease (KD) is an acute febrile mucocuta-
neous syndrome with systemic vasculitis mainly affect-
ing infants and small children. The principal symptoms
of KD are fever, congestion of ocular conjunctivae, red-
dening of lips and oral mucosa, swelling and reddening
of palms and soles followed by peeling of skin,
swelling of cervical lymph nodes coincidentally with
systemic vasculitis (9). Inflammation of medium-sized
muscular arteries, especially the coronary artery, is
commonly associated with this disease. Ischemic heart
disease with thrombotic occlusion, originating from
coronary arteritis is a severe complication of KD.
Histopathologically, it was reported that arteritis defined
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as ‘productive granulomatous inflammation’ was typical
in KD cases (15, 19). This type of inflammation con-
sists of dense infiltration of both neutrophils and histio-
cytes accompanied with a few lymphocytes. Mecha-
nisms of developing arteritis in the patients with KD

Abbreviations: CADS, Candida albicans derived substances;
cM, centi-morgan; ELISA, enzyme-linked immunosorbent
assay; EvG, Elastica van Gieson; HE, hematoxylin and eosin;
IFN-y, interferon-y; IL, interleukin; H{/ri, interleukin-1 receptor
type 1; [11r2, interleukin-1 receptor type 2, KD, Kawasaki dis-
ease; MCLS-6, mucocutaneous lymphnode syndrome-6; MPO,
myeloperoxidase: MPO-ANCA, myeloperoxidase-antineu-
trophilic cytoplasmic antibody; PCR, polymerase chain reaction;
QTL, quantitative trait of loci; TNF-tt, tumor necrosis factor ¢r;
Tnfrsf1b, TNF receptor superfamily member 1b; Tnfrsf8, TNF
receptor superfamily member 8; Tnfrsf9, TNF receptor super-
family member 9.
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remain to be determined; however, there are some
reports that coronary arteritis is affected by genetic
polymorphism of several kinds of inflammatory
cytokines, such as tumor necrosis factor o (TNF-¢t) (8),
and interleukin-6 (IL-6) (7). Appropriate animal models
of KD will allow for the clarification of the mechanisms
governing the development of arteritis, and possibly,
specific treatments for this disease, One of the animal
models of arteritis that exist is the MRL/lpr mouse
model. Tt is the standard animal model for studying
systemic lupus erythematosus, with a common afflic-
tion to spontaneous arteritis. In MRL/lpr mice, some
genes associated with arteritis have been elucidated (5).
Recently, it was reported that arteritis in different tis-
sues were under the control of different susceptibility
loci (21).

Some infectious microorganisms, such as Staphylo-
coccus aureus (11), Streptococcus sanguis (16), Strepto-
coccus pyogenes (22), and Rickettsia (6) have been con-
sidered likely etiology candidates for this disease,
though the primary causes remain unclear. These
microorganisms are considered to act as the initial trig-
ger for the development of arteritis in the patients with
KD. Therefore, the initial trigger by an infectious
microorganism is necessary for ideal model of KD to
induce arteritis,. However, this spontaneous arteritis
model may not be well suited as an animal model for
KD. On the other hand, Murata (13) has established a
unique arteritis model that has been evaluated as an ani-
mal model of KD. In this model, arteritis induction is
ascertained by injecting mice with alkaline extract of
Candida albicans as an experimental arteritis. It should
be noted that the quantity of this yeast was observed to
be in elevated in stool samples of KD patients (14).
The histology of this experimental arteritis model is
similar to that of an autopsy case of KD (2). In this
model, genetics in mice may have an influence on the
development of arteritis. It was shown that the inci-
dence of coronary arteritis varied by mouse strain, with
the C3H/HeN mice having the highest incidence and
coronary arteritis being absent in CBA/IN strains (20).

To identify susceptibility loci to the coronary arteritis,
we analyzed coronary arteritis in [(CBA/IN X C3H/HeN)
XC3H/HeN]N1 backcross progeny. The evidence pre-
sented herein shows that the susceptibility loci are
linked to genes of several inflammatory cytokine recep-
tors found in the coronary artery.

Materials and Methods
Chemicals. Sabouraud-2% dextrose broth (MERCK,

Darmstadt, Germany) was used as culture medium.
Sodium chloride, potassium hydroxide, acetic acid,

ethanol, acetone, diethyl ether (Wako Pure Chemical
Industries, Ltd., Osaka, Japan) and n-octyl alcohol
(Kanto Chemical Co., Tokyo) were used for polysac-
charide extraction from the cell wall of C. albicans,

Genomic DNA was isolated from whole blood
obtained from the tail of animals using the QlAamp
DNA mini kit (Qiagen, Hilden, Germany). FAM
labeled primers for microsatellite markers were pur-
chased from SIGMA Genosys Japan (Ishikari, Japan).
Amplification and labeling of each microsatellite locus
were performed by using Z-Tag polymerase (TaKaRa,
Kyoto, Japan).

Animals. Mice, CBA/INCr (CBA/IN) and
C3H/HeNCrj (C3H/HeN), were purchased from
Charles River Japan (Astugi, Japan). Using C3H/HeN
and CBA/IN strains, (C3H/HeN femaleXCBA/IN
male)F1, (CBA/JN femaleXC3H/HeN male)F1, and
[(CBA/INXC3H/HeN)F1 XC3H/HeNIN1 were pre-
pared. NI backcross progeny, 4-week-old males, were
used for the linkage analysis (n=115). These mice
were housed in a specific pathogen-free animal quarter
and cared for under strict ethical guidelines.

Preparation of alkaline extract of C. albicans {CADS).
CADS were prepared as follows. C. albicans (strain
MCLS-6) isolated from the feces of patients with typical
Kawasaki disease, was cultured in Sabourand’s dextrose
medium with 2% glucose at 37 C. After a 72-hr incuba-
tion period, the yeast was harvested by centrifugation
and extracted sequentially with boiling water, 0.1 M,
and 0.5 M potassium hydroxide. After neutralization
with acetic acid and dialysis against distilled water for 3
days, the extract was precipitated with ethanol. Four
milligrams of the CADS, suspended in 0.2 ml of phos-
phate-buffered saline without calcium and magnesium
(PBS(—)), were prepared as the inoculants.

Experimental schedule. Inoculation was conducted
as described in the previous procedures (13). Namely,
mice were injected once daily with 0.2 ml of inoculate
intraperitoneally for 5 consecutive days during the first
and fifth week. Each mouse was sacrificed with carbon
dioxide asphyxiation at the ninth week and autopsied.

Histopathological evaluation of arteritis. The fol-
lowing visceral organs were obtained for histopatholog-
ical examination: heart, aorta, kidney, lung, liver, pan-
creas, spleen, thymus, testis, muscle of hind leg, and
spine. These specimens were fixed in 10% formalin
and embedded in paraffin. Hematoxylin and eosin (HE)
and Elastica van Gieson (EvG) stains were performed
by routine histological techniques. Arteritis in individ-
ual mice was determined using light microscopy. A
mouse with inflammation involving all layers of coro-
nary artery and/or the aortic root was considered posi-
tive for coronary arteritis and used for linkage analysis.
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