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initiated approximately 1 h after surgery. Heart rate and arterial blood pressure
measurements wererecorded withthe aid of dataacquisition software (AcgKnowledge,
Biopac Systems, Inc., Goleta, CA), and end-tidal CO, and blood gas levels were
maintained within physiologic limits.

2.2 Image Acquisition and Analysis

Qdot 605 amino (PEG) quantum dots (1 pM in saline, Invitrogen) were intrave-
nously injected into the animals (1 mL/kg). To obtain a 3D structure of the cortical
microvasculature, GFP-expressing RBCs and Qdot plasma were simultaneously
imaged using a two-photon microscope (TCS SPSMP, Leica Microsystems, Germany)
with a Ti:Sapphire laser (MaiTai HP, Spectra-Physics, CA). The excitation wave-
length was 900 nm, and the emission signal was separated by a beam splitter at
560/10 nm and detected through band-pass filters of 525/50 nm and 610/75 nm for
GFP and Qdot, respectively. A single image consisted of 1,024x1,024 or 512%x512
pixels, and the volume image was acquired with a step size of 2.5-5 um. For activa-
tion experiments, the right forepaw was electrically stimulated (1.5-1.7 mA, 6 Hz)
[16, 17], and volume imaging was conducted before stimulation (pre-stimulus resting
state) and during stimulation (activation state). The vessel diameter was compared
for both RBC and plasma images. '

3 Results and Discussions

The images of the microvasculature that were captured based on Qdot plasma signals
showed detectable signals up to a depth of 0.6 mm from the cortical surface, which
was in agreement with our previous report [3, 15]. In contrast, the images obtained -
with the GFP-RBC signals showed a detectable signal up to only 0.4 mm from the
cortical surface. The difference in the detectable depth could be due to a differing
optical property of the brain tissue for green and red wavelength ranges and/or dif-
ferent characteristics of the fluorescent substances themselves (GFP vs. Qdot). The
quantum efficiency of Qdot is higher relative to organic dye [18], which may enhance
the depth detection for Qdot plasma imaging. Based on this result, the following
analysis was performed for volume images obtained up to a depth of 0.4 mm from
the surface where the image contained both RBC and plasma signals.

Comparison of the vessel width showed a thicker width of Qdot plasma than that
of the GFP-RBCs (Fig. 23.1). Among the vessels investigated, the plasma layer was
observed to be 2—5 pm thick for venous vessels and approximately 1 pm for arterial
vessels. In capillaries (<7 pm), no detectable difference in the RBC and plasma
width was observed. Additionally, a variable ratio of RBC and plasma distribution
was found among multiple capillaries, which indicates dynamic changes of hemat-
ocrit in single capillaries as well as among multiple capillaries. Following neural
activation, the distribution of RBCs varied among the adjacent capillary networks
(Fig. 23.2), which may represent the redistribution of RBCs in the activated region.




a GFP-RBC b Qdot-plasma ¢ Difference (A-B)

Fig. 23.1 A representative volume image of cortical microvasculature obtained with two-photon
microscopy in the cerebral cortex of transgenic rats based on the fluorescent signals of GFP-RBC
(a) and Qdot plasma (b). For visualization purposes, a maximum intensity projection is displayed
for the images obtained over a depth of 60-200 pm from the cortical surface. (e). Differential
image. This image was created by subtracting the plasma image (b) from the RBC image (a). The
dark area (arrows) apparent in the vessel edge indicates the thicker width of the plasma (i.e.,
plasma layer). In contrast, no clear plasma layer was found in the capillaries (arrow head). The
white spots that are seen in the extravascular area in the RBC image were due to non-GFEP cells’
auto-fluorescence, which has a similar emission spectrum to GFP. Scale bar: 50 pm

a GFP-RBC b Qdot-plasma ¢ Redistribution
Rest Rest s Rest

1

Fig. 23.2 Comparison of the cortical microvasculature during rest (upper) and activation (botton)
states. The forepaw stimulation-induced activation provoked a change of RBC (a) and plasma
(b) distribution in the vessels. Scale bar: 100 pm. (¢) Enlarged RBC image. RBC redistribution due
to activation was seen in two adjacent capillary networks (regions *J and *2). In region *I, RBC
occupation in this capillary (arrows) was dense at rest but became sparse during activation. In
contrast, the capillaries (arrows) in region *2 had increased RBC flux due to activation relative to
the resting state. These observations indicate the RBC redistribution among the inter-capillaries in
the adjacent capillary networks. Scale bar: 20 pm
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These observations strongly indicate that there is local regulation for RBC flow at
the single capillary level and/or among multiple-capillary units, which requires
further investigation in relation to the activity of surrounding cells, such as neurons,
astroglias, and vascular cells.

4 Summary

The present study described 3D imaging of cortical microvasculature based on
GFP-expressing RBCs and Qdot-stained plasma fluorescence with two-photon
microscopy. The GFP and Qdot images showed an imaging depth up to 0.4 and
0.6 mm, respectively. The plasma layer was thicker in venous vessels relative to
arterial vessels of the same size. In response to neural activation, redistribution of
RBC and plasma occupancy was detected in individual single capillaries and among
multiple capillaries. The findings showed that the animal model presented may be
useful in further investigations of the mechanism that controls RBC flow in single
capillaries and multiple-capillary units in healthy and diseased brains.
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Elucidating the mechanisms underlying the regulation of cerebral blood flow (CBF) is
important to understanding the hemodynamic changes measured by positron emission
tomography (PET) and functional magnetic resonance imaging (fMRI) signals. The purpose
of this study was to explore changes in hemodynamic characteristics during resting and
sensory stimulation in awake animals as compared with those in anesthetized animals.
Changes in CBF, red blood cell (RBC) velocity and concentration in the somatosensory
cortex to whisker stimulation were measured using laser-Doppler flowmetry in awake and
anesthetized mice. The increase in the rate of RBC velocity change observed during
whisker stimulation was far greater than the increase in the rate of RBC concentration
change under the awake condition. During the resting condition, significant differences in
baseline CBF, RBC velocity and concentration between awake and anesthesia mice were
not observed. Isoflurane-induced anesthesia attenuated the increase in RBC velocity and
concentration during stimulation, with the attenuation of the RBC velocity increase being
greater than that of RBC concentration. The RBC measurement techniques in awake
animals should lead to much better understanding of the hemodynamic system evoked by
neural activity.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

models. Anesthesia significantly affects the physiological
state including the regulation of cerebral circulation through-

Neural activation is accompanied by changes in regional
cerebral blood flow (CBF). Although the regional hemody-
namic response during neural activation can be measured by
positron-emission tomography (PET) and functional magnetic
resonance imaging (fMRI), the mechanisms of regional hemo-
dynamic response during neural activation have yet not
been elucidated. As a result, these mechanisms have been
investigated by many researchers using anesthetized rodent

*Corresponding author. Fax: +81 43 206 0819.
E-mail address: hito@nirs.go.jp (H. Ito).

0006-8993/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
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out the brain (Martin et al.,, 2002, 2006; Lahti et al., 1999;
Peeters et al., 2001; Sicard et al., 2003; Takuwa et al., 2010).
To remove the physiological effects of anesthesia, a system
for an awake animal experiment for the study of brain micro-
circulation is needed. Thus, several studies have demon-
strated measurement systems in awake rodent models using
optical imaging spectroscopy, fMRI and PET (Martin et al,,
2002, 2006; Sicard et al., 2003; Mizuma et al., 2010; Schulz
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Fig. 1 - Experimental protocol for LDF measurement and
blood gas sampling. (A) LDF measurements were performed
in awake and anesthetized mice. Changes in CBF and RBC
velocity and concentration were measured during resting
state and whisker stimulation. In each examination, 10
successive stimuli (10 Hz and 20 s) were applied at 2-min
intervals. (B) Blood gas sampling for monitoring PaCO,,
Pa0, and pH was performed in awake and

anesthetized mice.

et al, 2011). We have previously reported on longitudinal
measurements using laser-Doppler flowmetry (LDF) and
laser-speckle flowmetry (LSF) in awake-behaving mice
(Takuwa et al., 2011). Our apparatus could simultaneously
measure stable and reproducible CBF responses induced by
whisker stimulation and the amount of locomotion over a
1-week period.

In the current study, we investigated the mechanisms
underlying CBF regulation in awake mice as compared with
anesthetized mice using an LDF system (Takuwa et al., 2011).
To the best of our knowledge, no study has investigated the
dynamics of red blood cell (RBC) velocity and concentration
independently in awake animals, although several studies
have reported the hemodynamic response in anesthetized
rodents using LDF (Matsuura et al., 1999, 2000, 2001). In the
present study, we used the LDF system by which measured
RBC velocity and concentration are empirically validated
using a thin tube (Kashima et al, 1990, 1993, 1994). We
focused on the dynamics of RBC velocity and concentration
in cerebral microvessels, key components of CBF, during
resting and neuronal activation states under awake and
anesthetized conditions.

2. Results
2.1.  Baseline levels of hemodynamics in awake and
anesthetized conditions

Isoflurane anesthesia increased the mean baseline CBF (%
increase: 17.7 + 20.7%), RBC velocity (18.3 4 16.3%) and con-
centration levels (2.8 + 3.3%) as compared with those in
awake condition (Fig. 2), but no significant differences
between awake and anesthetized conditions were observed.
The increase in baseline RBC velocity was relatively larger
than that in RBC concentration (P < 0.05).

273
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Fig. 2 — Baseline CBF, RBC velocity and RBC concentration
under awake and anesthesia conditions (n = 11). The
baseline values under anesthesia condition were
normalized with those under awake condition. Black bars
indicate % change in baseline values under isoflurane
anesthesia condition. Error bars represent SD.

2.2.  Increases in CBF and RBC velocity and RBC
concentration during whisker stimulation

The response curves of CBF and RBC velocity and concentra-
tion in awake condition are shown in Fig. 3. The increases in
CBF and RBC velocity and RBC concentration in awake
condition were 20.2 + 6.3%, 184 + 7.5%, and 1.7 + 2.9%,
respectively (Fig. 3A and 4), whereas those in anesthetized
condition were 4.8 4+ 2.7%, 3.4+ 29%, and 1.4 + 1.0%,
respectively (Figs. 3B and 4). The increases in CBF and RBC
velocity in anesthetized condition were significantly lower
than those in awake condition (P < 0.01), whereas no sig-
nificant difference was observed in the increase in RBC
concentration between anesthetized and awake conditions
(Fig. 4).

2.3.  Rise time of response curve in awake conditions

In each experiment, we calculated the rise time, which
indicated the onset time of increase in LDF signals during
whisker stimulation (see Section 4). Rise times for the
response curves of CBF and RBC velocity and concentration
in awake mice were 0.35s, 0.86 s and 0.35 s, respectively, on
average. The rise time of RBC concentration occurred 0.53 s
faster than that of velocity. In addition, an acute increase in
RBC concentration during stimulation was observed in awake
condition (Fig. 3C). The onsets of increase in the response
curves of all parameters in anesthetized condition were
relatively delayed as compared with those in awake condition
(Fig. 3C).
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stimulation under awake and anesthesia conditions. Horizontal bars indicate stimulation period. (A) Response curves for
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Fig. 4 - The percentage change in GBF, RBC velocity and
concentration calculated as averaged values during whisker
stimulation (20 s). Gray and black bars indicate increases in
CBF, RBC velocity and concentration during whisker

stimulation before anesthesia (awake) and after anesthesia
(anesthesia), respectively. Error bars indicate SD. **P < 0.01.

2.4.  Blood gas values in awake and anesthetized
conditions

PaCO, and Pa0, values in anesthetized and awake animals are
shown in Table 1. During blood gas sampling, body temperature
was maintained at about 37.0°C. A significant difference in
PaCO, was observed between awake and anesthetized condi-
tions (439 4+ 6.1lmmHg and 50.3 + 54mm Hg, respectively)
(P < 0.05). There was a significant difference in PaO, between

Table 1 - Parameters of blood gas sampling under awake
and anesthesia conditions.

; dit ,‘Anes'tkh‘eyﬁyzedk' :
n=6) _ condition® (n=6) -

_Parameters® Awake condition®

-9

"Pa0, (mmHg) = 129.0 £ 26.8

1821 + 27.5%*
PaCoO, 439+ 6.1 - 50.3 +5.4*
(mm Hg)
- pH 7.38 + 0.1 733401
2 Number of mice; mean + SD.
*P <005 '
**P.<0.01.

awake (129.0 + 26.8 mm Hg) and anesthetized (182.1 + 27.5 mm
Hg) mice (P < 0.01), as isoflurane anesthesia was with O, and N,
mixed gas.

3. Discussion

Previous studies have verified the validity of RBC velocity and
concentration measurements using LDF (Kashima et al., 1990,
1993, 1994). In the present study, a hemodynamic response in
the somatosensory cortex to whisker stimulation was
observed in both RBC velocity and concentration under
awake and anesthesia conditions. Although RBC velocity
and concentration were previously measured with anesthe-
tized rodent models in several studies, this is the first
observation of the measurement of hemodynamics in awake
mice. The increase in CBF during whisker stimulation under
awake condition was four times higher than that under
anesthetized condition (Figs. 3 and 4) in spite of a relatively
stable baseline CBF between the different conditions (Fig. 2).
The increase in RBC velocity was far greater than that in RBC
concentration under awake condition. Isoflurane-induced
anesthesia attenuated both increases in RCB velocity and
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concentration during whisker stimulation, and the attenua-
tion of the increase in RBC velocity was relatively large as
compared to that of the increase in RBC concentration.

Lee et al. (1994) and Sicard et al. (2003) reported an increase
in baseline CBF during isoflurane anesthesia when PaCO, was
controlled within normal range using artificial respiration,
suggesting that only isoflurane anesthesia causes vasodilata-
tion in the brain. In addition, hypercapnia was observed in
isoflurane anesthetized mice (Table 1). Previous studies
reported that hypercapnia causes cerebral vasodilatation
and increases the baseline CBF (Kety and Schmidt, 1948;
Raper et al.,, 1971; Shimosegawa et al., 1995). In this study,
mean baseline CBF and RBC velocity and concentration under
anesthesia condition also increased as compared with those
in awake condition, but no statistical difference was
observed. The discrepancy between previous reports (Lee
et al,, 1994; Sicard et al., 2003) and the present study might
be due to the effects of hyperoxia on baseline CBF. A
significant increase in PaO, in anesthetized mouse was
observed in this study. It has been reported that acute
hyperoxia caused a vasoconstriction of arteriole (Duling and
Berne, 1970; Pries et al., 1995) and decreased baseline CBF in
a rodent model (Matsuura et al, 2001, 2002). Especially,
Matsuura et al. reported a 5.6% decrease in baseline CBF
under hyperoxia caused by 100% O, inhalation (Matsuura
et al, 2001). However, since Pa0, under anesthesia in our
study (182 + 28 mm Hg) was far lower than that in their
report (513.5 + 48.4 mm Hg), the effects of hypoxia in the
current study were considerably lower than those in the
previous report. Thus, the increase in baseline CBF was
caused by hypercapnia and isoflurane anesthesia, but it
might have been attenuated by the effects of hyperoxia.

The increase in RBC velocity during whisker stimulation in
awake mice was far greater than that in RBC concentration.
Increases in CBF and cerebral blood volume (CBV) during
sensory stimulation were previously investigated in humans
using PET. Ito et al. (2003) reported an increase in CBF that
was greater than that in CBV in the visual cortex by high-
frequency visual stimulation in humans, indicating an
increase in vascular blood velocity. Of course, RBC concentra-
tion was different in observation object from CBV in the PET
study, the relationship between RBC velocity and concentra-
tion in awake mice might be similar to that between vascular
blood velocity and CBV in humans. Thus, a slight change in
vessel volume might result in a great effect on RBC velocity.

Antognini et al. (1997) reported that isoflurane anesthesia
attenuated the CBF response to sensory stimulation in a
human fMRI study. In the present study, we also observed
attenuation of the increase in CBF during whisker stimulation
under isoflurane anesthesia, indicating that this occurs in
both mice and humans. Under isoflurane anesthesia, we
observed that attenuation of the increase in RBC velocity
was also far greater than the increase in RBC concentration
(Figs. 3 and 4). The increase in CBF was caused by a major
increase in RBC velocity and a slight change in RBC concen-
tration. The observations also support the above suggestion
that a slight vessel volume change will affect RBC velocity.

Anesthesia inhibited the increase in neuronal activation
(field potential) with increasing frequency of electrical stimu-
lation in the somatosensory cortex of rats and suppressed the

2R

increase in CBF during sensory stimulation (Martin et al,,
2006). Based on this finding, we hypothesized that isoflurane
anesthesia attenuated the neuronal response to sensory
stimulation, resulting in the attenuation of neuronal activa-
tion suppressing the increase in CBF due to decrease in
energy demand. As a result, the increase in RBC velocity
and concentration in anesthetized mice was inhibited. Martin
et al. (2006) also reported that anesthesia prolonged the
latency to the onset of neuronal response in rats, which is
consistent with our finding that the rise time of increase in
CBF in anesthesia was later than that in awake condition
(Fig. 3).

In conclusion, RBC velocity and concentration were mea-
sured in awake and anesthetized mice. The relationship
between RBC velocity and concentration in awake mice was
similar to that shown in humans using PET. Isoflurane-
induced anesthesia attenuated the increase in CBF that was
mainly caused by an increase in RBC velocity during stimula-
tion, indicating that decreased energy demand in the brain
as a result of the attenuation of neuronal activity with
anesthesia might inhibit the increase in RBC velocity and
concentration. The RBC measurement techniques in awake
animals are likely useful for investigation of the hemody-
namic changes caused by changes in neural activity or other
chemical factors like PaCO,.

4. Experimental procedures

4.1.  Animal preparation

All experiments were performed in accordance with the
institutional guidelines on humane care and use of laboratory
animals and were approved by the Institutional Committee
for Animal Experimentation. A total of 18 male C57BL/6] mice
(2030 g, 7-11 weeks; Japan SLC, Inc., Hamamatsu, Japan)
were used in two separate experiments: LDF measurements
(n = 12) and blood gas analysis (n = 6). The animals were
housed in a 12-h light/dark cycle room at a temperature of
25 °C with ad libitum water and food.

For the surgical procedure, the animals were anesthetized
with a mixture of air, oxygen and isoflurane (3-5% for
induction and 2% for surgery) via facemask. The animals
were fixed in a stereotactic frame, and rectal temperature
was maintained at 37.0°C using a heating pad (ATC-210,
Unique Medical Co., Ltd., Tokyo, Japan). A 10-mm midline
incision was made to expose the skull over the left somato-
sensory cortex. The skull (3 mm x 3 mm centered at 1.8 mm
caudal and 2.5mm lateral from bregma) was thinned to
translucency using a dental drill. A custom-made metal plate
with a 7-mm diameter hole in the center was attached to the
skull with dental resin. After completion of the surgery, the
animals were allowed to recover from anesthesia and housed
for at least one week before initiation of the experiments.

4.2.  Experimental protocols

The experimental protocol for CBF and locomotion measure-
ments in awake mice was reported previously (Takuwa et al.,
2011). Briefly, the metal plate on the animal's head was
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screwed to a custom-made stereotactic apparatus. The ani-
mal was then placed on a styrofoam ball that was floating
using a stream of air. This allowed for the animals to exercise
freely on the ball while the animal’s head was fixed in the
apparatus. CBF was measured from the somatosensory
cortex.

LDF measurements were performed under awake and
isoflurane-anesthetized conditions. The recording was
started under awake condition, followed by anesthetized
state (Fig. 1A). To measure the hemodynamic response during
anesthetized condition, mice were given 1.5% isoflurane (3%
for induction).

4.3.  CBF and RBC velocity and concentration
measurements

CBF was measured with an LDF system (FLO-C1, OMEGAWAVE,
Tokyo, Japan) using an LDF probe with a 0.46-mm tip diameter
(Probe NS; OMEGAWAVE) placed perpendicular to the barrel
cortex in the somatosensory cortex. The probe was attached to
the thinned skull of an awake mouse, avoiding areas with large
blood vessels (Matsuura and Kanno, 2001). Our LDF system
simultaneously provided three parameters: flux (CBF), RBC con-
centration and RBC velocity, where RBC velocity == CBF/RBC
concentration (Nilsson, 1984). The volume of LDF measurement
was approximately 1 mm? (Nilsson et al., 1980). A sampling rate
of 0.1 s was used for measuring all LDF signals (CBF, RBC velocity
and concentration).

During CBF measurements, CBF response to neuronal
activation was induced by whisker stimulation. An air puff
was delivered to all of the right whiskers at a pressure of
~15psi via a compressed-air bottle. A rectangular pulse
stimulation (50-ms pulse width and 100-ms onset-to-onset
interval, ie., 10Hz frequency) generated with a Master-8
(AM.PI, Jerusalem, Israel) was induced for a 20-s duration
(Takuwa et al., 2011).

Our previous study using the same procedure as the
present experiment revealed that the increase in CBF induced
by whisker stimulation in awake mice was quite stable in
despite of variable animal locomotion, between daytime and
nighttime and over one week (Takuwa et al.,, 2011). These
results indicated that the effect of animal locomotion on the
increase in CBF induced by whisker stimulation was negli-
gible. On the other hand, as it is possible that baseline CBF
might be affected by excessive exercise during the experi-
ment, we used only the LDF signal data, which were obtained
under resting condition.

4.4.  Blood gas analysis

The tail artery of mice was cannulated for blood gas sampling
under isoflurane anesthesia (3% for induction and 2.0%
during surgery). Body temperature was monitored with a
rectal probe and maintained at approximately 37.0°C by
heating pad (ATC-210; Unique Medical). The mice were fixed
in a custom-made stereotactic apparatus and anesthetized
with isoflurane via facemask. The protocol used for blood gas
sampling is shown in Fig. 1B. Sampling in anesthetized state
(1.5% isoflurane) began after approximately 30 min from
the completion of surgery to stabilize the experimental

conditions (sampling 1 in Fig. 1B). A second sampling was
performed 30 min after the cessation of anesthesia, during
which the mice had enough time to recover from anesthesia
(sampling 2 in Fig. 1B). In the third sampling, mice were
anesthetized again, and blood gas sampling was performed
30min after the induction of anesthesia (sampling 3 in
Fig. 1B). These blood samples were analyzed by blood analy-
zer (I-STAT; Abbott, IL, USA) under awake and anesthetized
conditions. PaCO,, PaO, and pH were measured at every
sampling. To remove the effect of surgery on the blood gas
condition, the values in samplings 1 and 3 were averaged.
These averaged values, obtained from anesthetized mice,
were statistically compared with those of awake mice (T-test).

4.5.  Data analysis

During the experiments, LDF data were recorded using a
polygraph data acquisition system (MP150; BIOPAC Systems,
Inc., Goleta, CA, USA) and analyzed offline. For the time-
course data of CBF and RBC velocity and concentration, the
LDF signal was normalized toward a baseline level of each
signal. Twenty-second pre-stimulus values of each signal
were defined as baseline CBF and RBC velocity and concen-
tration. The time-course data in each trial were then aver-
aged across all trials in each animal. In this study, the rise
times of increase in CBF and RBC velocity and concentration
during whisker stimulation were determined as the first time
greater than mean plus three times of the standard deviation
of the averaged baseline, which was obtained within 20s
before whisker stimulation. We compared the rise time in the
response curve between different parameters in awake mice.

For calculation of the percentage change of increases in
CBF, RBC velocity and concentration, each LDF parameter
(CBE, RBC velocity and concentration), which were normal-
ized to the respective baseline values, was averaged within
the whisker stimulation period (percentage change of LDF
parameters = LDF parameters (activation)/LDF parameters
(baseline) — 1). The increases in CBF, RBC velocity and con-
centration during whisker stimulation were obtained from
awake and anesthetized conditions. These conditions were
statistically analyzed by paired t-test.
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ARTICLE INFO ABSTRACT

The aim of the present study was to test the hypothesis that vascular tones of cortical surface and parenchy-
mal blood flow can be dissociated depending on the perturbation. To this end, a novel image-based analytical
method for quantitatively measuring vessel diameters and flow dynamics was developed. The algorithm re-
lies on the spatiotemporal coherence of the pixel intensity changes induced by the transit of the fluorescent
signals measured using confocal laser scanning fluorescent microscopy in the rat cerebral cortex. A cocktail of
fluorescently labeled red blood cell (RBC) and plasma agents was administered to simultaneously compare
RBC and plasma dynamics in the same vascular networks. The time to fluorescent signal appearance and
the width of the fluorescent signal were measured in each segment and compared between sodium
nitroprusside-induced global and sensory stimulation-induced local perturbation conditions. We observed
that infusion of sodium nitroprusside induced significant vasodilation in the surface artery, particularly in
the small arteries (1.8-fold increase). Vasodilation induced by sensory stimulation was observed to depend
on vessel size, but significant changes were only detected for the small arteries and veins. Measurements
of the time to venous appearance revealed that appearance time was extended by sodium nitroprusside,
but shortened during forepaw stimulation, relative to the control condition. Both perturbations provoked
the largest changes between the small artery and vein segments, indicating that the changes in the appear-
ance time originate from blood passage through parenchymal microcirculation. These findings support the
hypothesis that cortical surface vascular tone and parenchymal blood flow are individually coordinated.
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Introduction

It is well known that the network structure of the cerebral vas-
culature differs between the cortical surface and parenchymal tissue
(Mchedlishvili, 1986). On the surface, arteries have mesh-like anas-
tomosis (i.e., arterio-arterial anastomosis), but no capillaries are
present (Schaffer et al,, 2006). In the parenchyma, each arteriole
forms a terminal arteriole that governs a unit of microvascular net-
works (Nishimura et al, 2007), and capillary density roughly
matches metabolic activity of glucose in the region (Borowsky and
Collins, 1989). These morphological features have been thought to
play a critical role in coordinating the spatial balance of blood flow
supply to meet the localization of the brain functions (ie., region-
specific demand).

It has been proposed that the cortical surface arteries have a major
role in controlling the parenchymal blood flow (Mchedlishvili, 1986;

* Corresponding author at: Center for Frontier Science and Engineering, University
of Electro-Communications, 1-5-1 Chofugaoka, Chofu, Tokyo 182-8585, Japan. Fax:
-+ 81 42 443 5930.
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Rosenblum and Kontos, 1974). This view was supported by the find-
ings of the parallel changes in parenchymal blood flow and vascular
tone of cortical surface arteries during both systemic perturbations
induced with an inhalation of 5% carbon dioxide in air and systemic
hypertension (Haberl et al,, 1989a). However, a dissociation of the
surface artery and parenchymal blood flow responses were also
found for perturbation induced with topically applied vasoactive
agents (Haberl et al., 1989b). These findings indicate that different
blood flow regulation mechanisms may exist depending on global
and local perturbation.

To test the hypothesis that vascular tone of cortical surface and pa-
renchymal blood flow can be dissociated depending on the perturba-
tion, the present study developed a novel image-based analytical
method with high-speed laser scanning confocal microscopy. The al-
gorithm relies on the spatiotemporal coherence of the pixel intensity
changes induced by a transit of the fluorescent agents through the
time-lapse images captured on the cortical surface of the rats (Autio
etal,, 2011). To further determine the detailed microcirculation prop-
erties, a cocktail of fluorescently labeled red blood cell (RBC) and
quantum dot (Qdot) as a plasma marker was administered. The indi-
vidual vessel widths and transit times of the both RBC and plasma sig-
nals were then determined to characterize their vessel-by-vessel
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responses to either systemic global or local perturbations induced
with intravenous administration of sodium nitroprusside (SNP) or
with electrical forepaw stimulation, respectively.

Materials and methods
Animal preparation

The protocols of all animal experiments were approved by the
Institutional Animal Care and Use Committee, and all experiments
were carried out in accordance with the institutional guidelines
for conducting of animal experiments. A total of five male
Sprague-Dawley rats (7-9 weeks, 270-340 g) were used for the ex-
periments. Each animal was initially anesthetized with isoflurane
(4-5% for induction and 1.8-2.2% for surgery), and intubation was
performed for mechanical ventilation. Three catheters were inserted
in the femoral artery, femoral vein, and external carotid artery for
systemic arterial blood pressure monitoring and blood sampling,
drug infusion, and administration of fluorescent agents, respectively.
Each anesthetized animal was secured with a stereotactic apparatus
(SG-3N, Narishige, Tokyo, Japan), and the skull over the somatosen-
sory area (3 mm by 3 mm) was removed (Park et al., 2008). The
dura was also thinned to enhance translucency, but a thin layer
was preserved to maintain cortical microcirculation homeostasis.
The exposed cortex was then covered with warmed saline.

After all surgery was completed, the isoflurane concentration was
reduced to 1.3-1.5% (Masamoto et al., 2007), and the animal's condi-
tion was stabilized for 1 h prior to the measurements. The respiration
rate was fixed at 0.87 Hz, and the ventilatory volume was adjusted to
maintain end-tidal CO, levels (35-42 mm Hg) and blood gas condi-
tions (PaO, =128 4+ 25 mm Hg, PaCO, =354-3 mm Hg, pH=7.40+
0.09, Hct=42 4 2%). The end-tidal gas and arterial blood gas condi-
tions were measured with a capnograph monitor (V9400, Smiths
Medical PM, Inc, Norwell, MA) and a blood gas analyzer (i-STAT
300F Analyzer, i-STAT Corporation, East Windsor, NJ), respectively.
Body temperature, measured rectally, was maintained at 37 °C with
a heating pad (TR-200, Fine Science Tools Inc., Foster City, CA).

Time-lapse imaging

A cocktail of Qdot 605 (1 pM in stock solution with saline, Invi-
trogen, San Diego, CA) and fluorescently-labeled RBCs that were
collected from a donor rat and incubated with fluorescein isothiocy-
anate (FITC) (Seylaz et al., 1999), was injected using syringe pump
(PHD4400, Harvard Apparatus, MA) into the external carotid artery
at a rate of 2.2 mL/min with an injection volume of 0.02 mL (i.e.,
about 0.5-s duration for one-shot injection) in which hematocrit
level was preliminarily adjusted to be within physiologic limits. A
previous study has shown this type of water-soluble Qdot (nega-
tively charged) can be used as an analogous agent to the conven-
tionally used fluorescent dextrans (Larson et al, 2003). Thus, we
assumed that Qdot represents plasma flow. Images were captured
at the cortical surface with a laser scanning confocal microscope
(TCS SP5, Leica Microsystems Gmbh, Wetzlar, Germany) with a 5x
objective lens (PL FLUOTAR 0.12 NA, Leica Microsystems Gmbh,
Wetzlar, Germany). The excitation light was 488 nm Argon, while
the emission signal was detected with two photomultiplier tubes
(R6357, Hamamatsu Photonics KK., Hamamatsu, Japan) for simulta-
neous detection of FITC-RBC and Qdot-plasma through an emission
filter of 545/90 nm and 605/20 nm, respectively. For Qdot detection
channel, a narrow spectrum emission filter was set and the gain
level of the detector was adjusted to minimize potential contamina-
tion of the signals from FITC which has a relatively broad emission
spectrum {480 to 620 nm at 5% of the peak). The size of each single
plane image was 512 by 512 pixels (field of view: 1.82 mm by
1.82 mm), and fast time-lapse imaging was performed at a frame
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rate of 14.2 fps (ie,, 70.4-ms interval for onset to onset) with a
total acquisition time of 18 s (256 frames). Due to the low numeri-
cal aperture of the lens, the resolution in the depth direction was
approximately 50 um and the lateral resolution was approximately
3 um under our experimental conditions.

Global and local perturbation

Global perturbation was induced with an intravenous injection of
sodium nitroprusside (SNP; 2.2 mg/kg body weight), a well-known
vasodilator (Auer, 1978). After blood pressure was stabilized (40
to 50 mm Hg) following the SNP injection, time-lapse imaging was
initiated. Previous studies have confirmed that under these ranges
of systemic blood pressure, evoked neural activity and oxygen met-
abolic rate are preserved, and only the evoked vascular response is
suppressed (Fukuda et al., 2006; Masamoto et al., 2008).

Local perturbation was given by electrical pulse stimuli (1.0 ms
width and 1.5-1.7 mA current with 6 Hz frequency for 25s) to
the forepaw via two needles implanted under the skin in the
contra-lateral side of the measurement (Kim et al, 2010;
Masamoto et al,, 2007). The active area was preliminarily identified
by measuring the area of arterial dilation responding to forepaw
stimulation. The measurements were started 5 s after the onset of
forepaw stimuli, when the evoked hemodynamic changes were ob-
served to reach a plateau.

In each perturbation experiment, between one and four mea-
surements were repeatedly conducted, and a total of four to nine
measurements were performed in each animal. In these experi-
ments, mean arterial blood pressure'was 97+11 and 45+ 1 mm
Hg under control and SNP conditions, respectively (N=3 animals),
and 93+ 3 and 94+ 3 mm Hg under control and forepaw stimula-
tion conditions, respectively (N=3 animals).

Measurement of appearance and disappearance times

Image analysis was performed with custom-written software
(MATLAB, The Mathworks, Natick, MA) after all images were trans-
ferred to a computer workstation. First, the times of appearance and
disappearance of the fluorescent agent were determined on a per-
pixel basis. Since the original raw images involved shot noises
from the photomultiplier tube, temporal smoothing was performed
every 5 frames on each pixel's raw data. The mean and standard de-
viation of the baseline intensity were calculated for several tens of
frames obtained from the beginning of the measurement. The ap-
pearance time was determined as the earliest time point where
the pixel intensity surpassed the mean+ 3SD of the baseline inten-
sity. Similarly, the disappearance time, the latest time point where
the intensity decreased to baseline, was determined by applying
the same pixel intensity criterion to the data with time reversed
(so that the end became the beginning). For the original (non-re-
versed) data, the temporal origin (t=0) was set at the earliest
time point in the image for the appearance of the plasma agent
measured under control conditions.

Automatic segmentation

In imaging analysis, a minimum unit can be a single pixel; how-
ever, pixel-to-pixel comparison is not valid for images containing
displacement of the signal location, such as during vasodilation or
vasoconstriction. This study instead used a single vessel segment
as a minimum unit, which overcomes this limitation for comparing
images obtained at different conditions. First, an extraction of the
vessel area was made by determining appearance time measured
for all 512 by 512 pixels in the image. If the appearance time was
assigned as null, the pixel was regarded as being in the non-vessel
area (ie., tissue area). Second, the vessel area was divided into
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either artery or vein clusters, based on the differences of their ap-
pearance time. A histogram of the appearance time typically showed
a bimodal distribution (i.e., originating from artery and vein differ-
ences). However, this does not necessarily mean that the pixels
showing the earlier appearance time were all belong to artery
components and vice versa (e.g., for the smallest artery and vein
components). Thus, the present study focused on the spatiotempo-
ral continuity of the signal appearance within and among the con-
necting vessels to achieve a complete separation of the artery and
vein segments. To this end, an iterative region-growing procedure
was applied to cluster similar appearance time areas into the re-
spective large artery and vein areas which showed two predomi-
nant components in the histogram of appearance time. The
vessel area was first subdivided into 8 components whose appear-
ance time was identical. Then, the components were organized in
ascending order according to their size (i.e., number of pixels),
and the component that had the smallest size was merged into
the adjacent component that had the closest appearance time. If
there were several candidates that had equally close appearance
time, the largest component among the candidates was selected.
Then, the appearance time in the smallest component was rep-
laced to that of the merged component, and the histogram of ap-
pearance time was updated. These iterations were repeated until
two separate clusters (ie, artery and vein compartments)
appeared in the histogram. Finally, the cluster that had the earlier
appearance time was assigned as an artery area, and another cluster
was assigned as a vein area. Based on these clustering methods, the
vessel area was segmented and the separation of artery and vein
segments was visually confirmed by comparing the segmented
image with the original raw image.

If necessary, the manual correction was made for artery and vein
segmentation. For example, an intersection of the artery and vein
caused discontinuous vessel segmentation. In the case of a vein ap-
parently crossing over an artery, the edges of venous segments
along the intersection were invaded by arterial signals that passed
under the venous trunk because of low absorption effects near the
side of the vein. To correct this error, the two discontinuous portions
of the arterial segment were manually connected to recover the ar-
tery segments lost under the vein segment. If the artery crossed
over a vein, the discontinuous vein segment was present in the ap-
pearance time image. Because the crossing area was a mixture of
the artery and vein appearance time signals, the lost portions of the
venous segments were recovered based on the disappearance time
image. Alternatively, the mixed signals of the arterial and venous
components in these crossing areas can be deconvoluted into the
original arterial and venous signals, if a whole time-course of the
fluorescent signals was available and the both signals from con-
necting arteries and veins to the crossing areas were detectable.
However, due to a lack of the whole time-course data, only manual
correction for segmentation was made possible, but no further anal-
ysis for these crossing areas was made in the present study.

The last step of the segmentation procedure was to define a
single vessel segment which had two branches at both ends. First,
artery and vein images were thinned in the longitudinal direction
of the vessel tree. Then, the thinned vessels were segmented with
a part-type segmentation method for articulated voxel shapes
(Reniers et al., 2008) with modifications for two-dimensional images.
To determine the branching pattern of the vessel, a geodesicness mea-
sure (y) was computed at each pixel on the vessel segments except
for the junctions and endpoints (Reniers et al,, 2008). For example, if
the target segment vessels had a high geodesicness measure (e.g.,
y=nearly 1), those vessels were judged as running in parallel to
the vessel wall and thus defined as a single segment. If their geo-
desicness was low (e.g., v=0.5-0.8), the vessels were considered as
two separate vessels (i.e, two segments) (see also Supplemental
Fig. S1 which represent the results of segmentation from the raw

image shown in Fig. 1a). These segmentation tools we made are dis-
closed in Matlab Central (http://www.mathworks.com/matlabcentral/
fileexchange/36031-vessel-branch-segmentation).

Measurement of passage width

The width of the vessel segment, i.e., the spatial width of the
contrast agent's passage, was measured in each vessel segment.
First, a Euclidean distance technique was applied for all segmented
vessels to measure the gross distance from the edge of the vessel
segment to the thinned vessels along the longitudinal direction of
the vessel segment. Then, the mean of the largest 5% of distances
(i.e., the farthest points from the edge of the vessel wall) was mea-
sured and doubled to compute the width. Also, the area of the
segmentalized vessels was measured and represented by the num-
ber of pixels. Finally, each vessel segment was indexed with an
identical number across different imaging sessions, i.e., control,
global (SNP), and local (forepaw) perturbation in each animal, by
referring to a plasma flow image obtained under control conditions.
Then, all vessel segments were sorted into 6 categories by
referencing the width of the plasma passage (i.e., the lumen diame-
ter): small (SA; <25 pm), medium (MA; >25, <50 um), and large
arteries (LA; >50um), and small (SV, <50pm), medium (MV,
>50, <100 pm) and large veins (LV, >100 pm).

Statistics

Statistical analysis was performed using custom MATLAB
scripts. A Student's t-test was applied to evaluate the changes in
diameter and appearance time between control and perturbation
conditions for each vascular segment. Bonferroni corrections were
performed for comparisons among 6 vascular segments. A p-
value of less than 0.05/6 was considered statistically significant.
Data were represented as mean 4+ standard deviation.

Results
Imaging the spatiotemporal evolution of fluorescent agents

Time-lapse images of the fluorescent agents showed distinct
differences between the fluorescent signal changes in artery and
vein compartments (Fig. 1a). The apparently similar spatiotemporal
behaviors were seen for the RBC and plasma markers (Fig. 1a). The
changes in signal intensity were sufficient to determine both
appearance and disappearance times on a single-pixel basis after
removal of shot noises (Fig. 1b). However, due to a limited dy-
namic range, the peak intensity was not measurable in our exper-
imental condition (i.e., a lack of a whole time-intensity curve).
The reconstructed images for both appearance and disappearance
times showed detailed spatiotemporal evolution of the injected
fluorescent agents within and across the vascular networks
(Figs. 1c and d).

In arterial compartments, relatively uniform appearance and dis-
appearance times were seen for all vessel sizes. In contrast, the
veins showed different patterns depending on the size of the vessels.
Small veins had a relatively homogeneous pattern and fast appear-
ance and disappearance times, whereas medium and large veins
showed a stripe pattern of passage times that continued from their
individual daughter veins along the vessel wall. In these vessels, the
stripe patterns were observed to be unmixed in a radial direction
within the vessel segment, indicating a parallel flow.

Automatic segmentation and representative histogram

The spatiotemporal continuity of the fluorescent signal dynamics
was used for automated segmentation of the artery and vein
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Fig. 1. Imaging and measurement of spatiotemporal fluorescent signal changes. (a) Representative time-lapse images for the transit of FITC-labeled RBC (green, upper) and Qdot
plasma markers (red, bottom) measured using confocal laser scanning microscopy in the rat cerebral cortex. The fluorescent agents first appeared in the artery (time 0) and
then propagated to the small to large veins. No detectable differences were seen between the RBC and plasma dynamics. (b) Time series of pixel intensity changes measured
at a single pixel (“+") shown in (a). The raw signal intensity is shown as dotted lines for the RBC (green) and plasma (red) images. Signal intensity changes were sufficient to
determine both appearance and disappearance times after filtering the shot noises (straight line). Representative images for the appearance (c) and disappearance (d) times
measured on a single-pixel basis shown in (a). Fast appearance and disappearance were observed in the arterial vessels (red), whereas the large veins (green to blue) had
slow appearance and disappearance. Note that longitudinal traces along the vessel were seen for the large veins, indicating the parallel flow in these vessels.

compartments (Fig. 2a). From all five animals, we obtained a total of
423 vessel segments (i.e., 145 artery and 278 vein segments,
Table 1), which can be considered as a sufficient number of samples
for comparative statistical analysis between control and perturba-
tion conditions. The mean pixel occupancy per image was 7.1%,
4.1%, and 0.7% for the arterial segments LA, MA, and SA, respectively,
whereas it was 5.0%, 8.8%, and 21% for the venous segments SV, MV,
and LV, respectively (Table 1). The mean number of the vessels an-
alyzed for all 6 segments is also summarized in Table 1. In case of
mis-prediction after automated segmentation, such as for an inter-
section of an artery and a vein, manual corrections were made
with reference to the original time-lapse images (Fig. 2b).

The appearance time histogram showed two sharp peaks
corresponding to the artery and vein signals (Fig. 2c¢). In contrast,
the disappearance time histogram showed a broad, mixed distribu-
tion (Fig. 2d). Because the mixture of the artery and vein signals
makes it difficult to differentiate the two, only appearance time re-
sults were used for later analysis.

Global perturbation

Comparison between control (Fig. 3al) and SNP conditions
(Fig. 3a2) showed an increase in the fluorescent agent passages
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after SNP induction, largely in the arterial side. The average increases
in the arterial widths were 947 and 5 & 7 pm for the RBC and plasma
passages, respectively, in this representative animal, where the arte-
rial baseline widths were 244-13 and 31+ 13 um for the RBC and
plasma passages, respectively (Fig. 3b1). On the other hand, the ve-
nous vessel RBC and plasma widths were 54459 and 60460 um,
respectively, under control conditions, and 56 £+ 60 and 58 4- 59 pm,
respectively, under SNP conditions (Fig. 3b2). The statistically signif-
icant (p<0.01/4, paired t-test with Bonferroni correction) increase
in the width changes due to SNP were detected for the arterial com-
partment, but not the venous side, in both RBC and plasma mea-
surements. It should be noted that a relatively wide width was
detected for the plasma compared to the RBC passages (Figs. S2al
and S2a2).

A marked increase in the appearance time was also detected in all
vein segments after SNP injection (Figs. 3al and a2). The average in-
crease was 1.440.5 and 1.5+ 0.6 s for RBC and plasma, respectively,
in the veins (Fig. 3¢2), whereas it was 0.2540.22 and 0.28 £0.19s
in the arteries (Fig. 3c1). Tease differences between the control and
SNP conditions were statistically significant (p<0.01/4) for both ar-
tery and vein components. Consequently, the difference in the
mean appearance time between artery and vein compartments also
increased: control vs. SNP appearance times were 1.0 vs. 2.2 s for
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Fig. 2. Segmentation and histogram measurements. (a) Representative raw images after automatic segmentation. The artery (red) and vein (blue) areas were masked out by the
region-growing technique by referencing appearance time results. (b) The masks were manually corrected for intersection and error regions (arrowheads) by referencing the orig-
inal time-lapse image. Histograms of the appearance and disappearance times are shown in (c) and (d), respectively. The red and blue populations represent the pixels in the ar-
terial and venous masked regions, respectively. Due to the large overlap of the artery and vein pixels in the disappearance time measurements, only the appearance time

measurements were used for later analysis.

RBC and 0.8 vs. 2.1s for plasma, indicating an extended traveling
time through parenchymal microcirculation under SNP conditions.
The similar trend was detected in the changes of appearance time
for RBC and plasma in the both arteries (Supplemental Fig. S2b1)
and veins (Supplemental Fig. S2b2).

Local perturbation

Width changes of the fluorescent signal passages were not evi-
dently observed for the response to forepaw stimulation (Fig. 4a2)
relative to the control condition (Fig. 4al). Vessel-by-vessel compar-
isons showed that the widths under control vs. local perturbation
conditions were 40 +17 vs. 37+ 18 um for RBC and 42+ 17 vs. 42 £
18 um for plasma in arteries (Fig. 4b1), and 57 &60 vs. 594 60 pm
for RBC and 64 + 59 and 63 + 58 um for plasma in veins (Fig. 4b2), re-
spectively. On the other hand, the venous appearance time decreased

(0.7 0.2 s) equally for both RBC and plasma (Fig. 4c2), whereas the
mean difference in the arterial appearance time between control and
forepaw stimulation was 0.17 4 0.09 s and 0.13 4-0.07 s for RBC and
plasma (Fig. 4c1), respectively. The similar trend was detected in
the width changes (Supplemental Figs. S3al and a2) and appearance
time (Supplemental Figs. S3b1 and b2) between RBC and plasma
passages.

Width changes: global vs. local perturbation

Population data showed that global perturbation induced signifi-
cant vasodilation in the arteries (1549 and 15412 um) as well as
the veins (108 and 7410 pm) for both RBC and plasma, respec-
tively. These changes were uniform among the vessel segments, lead-
ing to relatively higher change ratios in the small arteries due to the
smaller widths at their baseline (Fig. 5a1). The SA compartment
showed average increases of 89% and 79% in the RBC and plasma

Table 1
Segmented vessel properties (N=5).
LA MA SA sV MV Lv
Mean width (um) 6446 3542 1943 3243 66+ 1 188435
Total number of vessels 23 73 49 176 75 27
Mean number of vessels per image 542 15+8 10£5 3549 15+4 542
Mean number of pixels per vessel 4540+ 1957 7134+160 212475 359473 1644+ 556 10,339+ 3417
Mean occupancy per image (%) 7.1+26 4.1+3.0 07403 50421 8.8+14 2148
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Fig. 3. Representative results for global perturbation measurements (N=1). (a) Plasma appearance times are shown for control (a1) and SNP (a2) conditions. The color differences
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slightly in the arteries (c1) and increased the appearance time greatly in the veins (c2).

widths, respectively: these were the largest changes among all 6 ves-
sel segments. For local perturbation (Fig. 5b1), large arteries and veins
showed no significant changes in width for either RBC (1.7 4.7 and
—0.24+5.8pum) or plasma (1.9+5.1 and 0.545.6 um), while the
small arteries and veins showed significant dilation (2.34+4.9 and
2.3 +4.2 um for RBCand 4.1 £ 4.1 and 2.7 4 6.0 um for plasma, respec-
tively). As aresult, the SA had the highest increases in the vessel width
induced by local perturbation; 13% and 18% increase for RBC and plas-
ma, respectively.

Appearance time changes: global vs. local perturbation

Dependence on vessel size was not observed for changes in ap-
pearance time induced by either global (SNP injection) or local
(forepaw stimulation) perturbations. SNP injection induced a rela-
tively uniform increase in the venous appearance time (Fig. 5a2).

333

A significant increase was observed in the MA, SA, SV, and MV com-
partments (0.2 to 1.0 s). In contrast, forepaw stimulation significant-
ly shortened the venous appearance time (—0.5 to — 0.4 s, Fig. 5b2).
The SA and SV compartments consistently had the largest gap for
both perturbations, indicating that the changes in the appearance
time mostly originate from parenchymal microcirculation. To further
investigate the contribution of parenchymal microcirculation to the
changes induced by SNP, the time differences between the end
point of the SA and the starting point of either the SV or MV compart-
ments were measured. The results showed that the average differences
in the RBC appearance time were 0.8 404 and 0.9 + 0.5 s in SA-SV and
SA-MV, respectively, under control conditions, and increased to 1.4+
0.1 and 1.5£0.2 s following global perturbation. Similarly, the differ-
ences in the plasma appearance time were 0.7+ 0.4 and 0.8 4+ 0.5 s for
SA-SV and SA-MV, respectively, under control conditions, and in-
creased to 12403 and 1.240.2 s under global perturbation. These
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respectively. (c) A comparison of the ap-

pearance time measurements. Forepaw stimulation shortened the appearance time slightly in the arteries (c1) and shortened the appearance time greatly in the veins (c2).

results show a large increase in the parenchymal traveling time: there
were 0.56 and 0.56 s increases in the RBC appearance times for SA-SV
and SA-MV, respectively, and 0.49 and 0.38 s increases in the respective
plasma appearance times.

Discussion

To distinguish the vessel type and segments, the present study
focused on the spatiotemporal continuity of the fluorescent signal
changes measured using high-speed confocal microscopy on a
per-pixel basis and across neighboring pixels (Fig. 1), which
allowed automatic segmentation without applying spatial filtering
(Fig. 2). Because the algorithm relies on the spatial continuity and
separability of the fluorescent signal transits within and between
the artery and vein compartments, the extension to three-
dimensional segmentation can be possible if the signal source orig-
inating from the artery and vein components was identified across

the different planes. By using a mixed tracer of the fluorescently-
labeled RBC and plasma, the present method further allowed
cross-image comparisons of the both vessel-by-vessel RBC and plas-
ma passages (Figs. 3 and 4). The demonstrative results showed that
the image-based analysis of the flow dynamics provides large num-
bers of data points for small to large vessels (i.e., about 30 arteries
and 55 veins per image, Table 1) and reveals the spatial coherence
of the vessel size and type dependent responses (Fig. 5).

Responses to global vs. local perturbation

We observed an identical extension of the RBC and plasma width
following the SNP induction (Fig. 5a), which indicates a parallel
width shift for RBC and plasma. To confirm this observation, a
single-pixel-basis correlation analysis was further performed (Sup-
plemental Fig. S4). The results showed no detectable differences of
the RBC and plasma profile changes in the radial directions, i.e. no

334



H. Kawaguchi et al. / Microvascular Research 84 (2012) 178-187 185

200

al)
& 150
=
S
£%
v
;,g_ 100
ZE
£
-]
jo
§a 50
55
@
T 0
p=1
-50 . .
LA MA SA SV MV LV
2
a2)
T 15
Qo
E&
= o
32 1
52
52 -
8E 05
=
T
=
oz O
29
@
5T .05
=

LA MA SA sV MV LV

200 b1 )
150

100

50

change in width
under forepaw stimulation (%)

LA MA SA SV MV LV

b2)

1.5

05

change in appearance fime
under forepqw stimulation (sec)

LA MA SA SV MV LV

Fig. 5. Width and appearance time changes. The responses to global (a) and local (b) perturbation were compared across all 6 segments; LA: large arteries (>50 um in a diameter),
MA: medium arteries (>25, <50 pm), SA: small arteries (<25 pm), LV: large veins (> 100 um), MV: medium veins (> 50, <100 pm), and SV: small veins (<50 um). The results of the
RBC (green) and plasma (red) measurements are indicated as upward-pointing and downward-pointing triangles, respectively. SNP induced vasodilation for all vessels (a1). The
largest change was observed for the SA, which was consistent with the forepaw stimulation response (b1). In contrast, different responses to the SNP and forepaw stimulation were
seen for the appearance time measurements (a2 and b2). The SNP increased venous appearance time (b2), whereas the forepaw stimulation decreased it. The difference could be
related to changes in systemic blood pressure under two conditions. Nevertheless, both conditions provoked the largest gap between SA and SV, which indicate that the changes

mostly originate from parenchymal microcirculation. Error bar: standard deviation.

changes in hematocrit level, between control and SNP conditions.
The correlation image also showed a thin layer of the intermedi-
ate correlation pixels (0.4 to 0.6) near the interface between the
vessel and tissue areas. Because the correlation is high (>0.8) in
the vessel areas and low (<0.1) in the tissue areas, the lowered
correlation indicates dissociation of the RBC and plasma signals
(i.e., a plasma layer). The thickness of this layer was measured
as 4 to 6 um, which was slightly larger than the reported size of
the plasma layer; 1 to 3 um in the rat cremaster muscle arteries
(Kim et al, 2007), about 3pm in the rabbit omentum micro-
vessels (Schmid-Schoenbein and Zweifach, 1975), and 4pum in
cat cerebral microvessels (Yamaguchi et al,, 1992). The difference
between the present and previous reports could be related to
the low pixel resolution (3.6 pm/pixel) of our measurements. At
the border areas of the vessels, signal to noise ratio tends to be
low due to partial volume effects, which may also contribute to
the overestimation.

The results of significant vasodilation seen in both arteries and
veins under SNP conditions are in good agreement with previous
reports (Auer, 1978). On the other hand, local perturbation in-
duced vasodilation in the small arteries, which are also consistent
with previous reports (Drew et al, 2011; Vanzetta et al., 2005).
The differences in the responses to the two types of perturbation
were further revealed in our measurements of the appearance
time that showed both an extension and shortening depending
on the perturbation. The change of venous appearance time indi-
cates a change of flow speed or traveling distance through paren-
chymal microcirculation. Because both perturbations induced
upstream arterial dilation, the shortening of the traveling distance
(i.e., hypoperfusion) is not likely. Thus, the shortened venous
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appearance time induced by forepaw stimulation indicates an in-
crease in the flow speed (Kleinfeld et al., 1998; Stefanovic et al.,
2007), whereas the extended venous appearance time during
SNP administration could be due to a decrease in flow speed
and/or an increase in the traveling distance. The SNP-induced de-
crease in the flow speed was further confirmed with correlation
analysis of time-intensity curves in two cross-sections (Supple-
ment Fig. S5). Under control conditions, the mean venous speed
was 0.89+0.39 and 0.97 £0.42 mmy/s for the RBC and plasma, re-
spectively (n=10 from one representative animal, Supplemental
Fig. S6). Following SNP induction, the mean venous speed de-
creased to 0.464-0.24 and 0.50+40.29 mm/s for the RBC and plas-
ma, respectively. It should be noted that a slightly faster speed
was detected for the plasma in these vessels. This observation
contradicts previous reports measured in the cerebral microcir-
culation (Lin et al, 1995; Rovainen et al, 2003; Schiszler et al.,
2000). The contradiction may be due to differences in the vessel
size and type investigated. Further improvements of the spatial
and temporal resolution for the image acquisition will enable us
to provide detailed flow velocity maps, including arterial vessels,
in future studies.

Implication for flow regulatory mechanisms in the
parenchyma microcirculation

Another important aspect of our observations is that each longi-
tudinal trace appearing in the venous vessel represents a different
travel path of the blood through the parenchymal microcirculation.
For example, a fast appearance in the venous trace represents a
fast path in the parenchymal microcirculation. Considering the
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three-dimensional structure of the parenchymal microcirculation
(B&r, 1981), it can be expected that a fast path represents a pas-
sage through subsurface regions (i.e., a short path), and a slow
path represents a passage deep in the parenchyma (ie, a long
path). If the surface arteries primarily respond to cortical activa-
tion, the uniform increase in the parenchymal blood flow was
expected. However, recent fMRI studies have shown that the earli-
est vasodilatory response to somatosensory stimulation was evoked
at middle cortical layers in the anesthetized rats (Hirano et al.,
2011; Tian et al, 2010), suggesting that the parenchymal blood
flow was not solely regulated by the cortical surface arteries. Fu-
ture studies must need to focus on the regulatory mechanism of
the parenchymal microcirculation.

Furthermore, the dissociation between the RBC and plasma
traces indicates a separation of the RBC and the plasma passages
through the parenchymal microcirculation, which may be caused
by plasma skimming and/or thoroughfare channels for RBC
(Hasegawa et al,, 1967; Hudetz et al,, 1996; Safaeian et al., 2011).
Although no significant differences in the RBC and plasma transit
were observed for the appearance times in the present study, the
disappearance times showed detectable differences. The average dif-
ferences in the plasma disappearance times were 1.13+0.5 and 1.6+
0.5 s under control conditions for SA-SV and SA-MV, respectively.
Both increased by 0.4 s under global perturbation conditions: plas-
ma disappearance times were 1.54+09 and 2.04+1.2s for SA-SV
and SA-MV, respectively. On the other hand, average RBC disap-
pearance times were 1.14+0.6 and 1440.6s for SA-SV and SA-
MV, respectively, under control conditions, and 2.1+0.1 and 24+
0.2 s under global perturbation conditions. As a result, a large in-
crease was seen in the RBC (1.0 s) disappearance time compared
with the plasma (0.4 s) disappearance time under global perturba-
tion, which differed from the appearance time results (0.6 and
0.5s increase in the RBC and plasma appearance times, respec-
tively). In addition, the fact that appearance is sensitive to a fast
path, whereas the disappearance is more sensitive to a slow path,
indicates that the RBC circulation shifts to the deeper or longer
pathways under SNP conditions. These findings clearly show the
dissociation of the RBC and plasma passages in the parenchymal mi-
crocirculation. With variable perturbations to the model animals,
such as neurodegenerative diseases and aging models, future studies
will allow further understanding of the role and mechanism of
pathway (channel) specific blood flow regulation in the parenchy-
mal microcirculation.

Conclusion

The image-based analytical method for time-lapse images of RBC
and plasma dynamics with automatic segmentation was presented.
The method enables us to quantify the perturbation-induced
changes of the RBC and plasma passages in the individual vessels
of the cortical surface and parenchymal microcirculation. Both SNP
and forepaw stimuli induced arterial dilation on the cortical surface,
whereas the slower and faster transits through the parenchymal mi-
crocirculation was observed, depending on the perturbation. The
findings support the hypothesis that cortical surface arterial tones
and parenchymal blood flow can be individually coordinated.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.mvr.2012.05.001.
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