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RBC V map

100 ym

Fig. 5. Sequential RBC velocity (V) maps in a capillary network, 0.4 s apart. These maps were obtained from the identical ROI of the same rat as

arteriole venule

. Capillaries are shown by white

arrowheads. Note the color heterogeneity, which represents different speeds of the same RBC in a single capillary (ranging from 0.33 to 2.60 mmy/s), in an arteriole (ranging from 3.44 to

8.22 mmy/s) and in venules (ranging from 1.27 to 4.52 mm/s).

attachments of astroglial elements to the vein are seen. RBCs in the vein
are clearly visible in yellow color; some have a round shape and others
are rather elongated. Panel B shows a longitudinal section of an arteriole
of approximately 50 um in diameter. There is a thick layer of astroglial
endfeet colored brown and incompletely stained endothelial layers in
green constituting the glio-vascular interface, where the Virchow-
Robin space must exist. Because of the poor spatial resolution, we
carefully illustrated the images and surmised a broad structural
interrelationship between astroglial elements and the arteriole in
which astroglia form a complete, thinly spread, continuous covering
on the arteriolar surface, with a holding-type or synaptic-type en face
contact with the vessel wall, as roughly illustrated in the right panel of
the upper row. The lower row of 2. 3 shows the interrelationship
between a single capillary, glial endfeet and RBC movements at intervals
of 10s. There seem to be scanty synaptic-type or holding-type
attachments of astroglial endfeet on the capillary surface. However, it
should be noted that the absence of a brown-colored sheath around
capillaries does not necessarily imply the absence of “membrane

FITC-labeled RBC movements in single capillary

limitans gliae superficialis,” as observed by electron-microscopy
(Wolf 0). It seems likely that the astroglial endfeet layer covering
capillaries would be too thin to hold the staining material.

Control RBC movements as viewed with high-speed video

As mentioned before, when FITC-labeled RBCs were injected into
the circulating blood, they appeared in the cerebral microvasculature
as bright circles against a dark background with the high-speed
camera laser-scanning confocal fluorescence microscope. The pro-
gram identified the vast number of RBCs as above-threshold light
intensity features (fig. 1), recognized their positions (centroids) in x—
y coordinates frame by frame for the selected number of frames, and
stored the data in the PC (Supplemental movie 1). Fig. 4 shows all
RBCs that were detected in the visual field for 2000 frames (4 s). This
map represents the fundamental data for this study. The numbers on
the map define the order of appearance of RBCs, shown in different
colors. From the data, the velocities of all RBCs were calculated based

500 fps

30 um

Fig. 6. To show RBC flow at 500 fps (top) in an arteriole (a) and a single capillary (c) and plasma flow (bottom) after intra-carotid injection of FITC-dextran, The frame intervals are 1/500 s

(see text for further explanation).
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Fig. 7. More comprehensive analysis of the data shown in F<. . Movements of two RBCs (A) in a specified period occurred in the capillary c2. In (B), contour changes of FITC-dextran

were traced every 1/500 s in different colors, showing that a very variable diffusion process occurs at the boundary. The right panels of the two columns show the velocities of RBCs
and plasma plotted against time in seconds. The synchronous fluctuations suggest that very complex vasomotion was occurring in the capillaries, which lack muscle cells.

on the displacement distance (um) per frame multiplied by the frame since the figure contained all RBCs appearing even in arterioles and

rate (500 per second in this case), affording a velocity map (V map), veins, and the computer cannot discriminate the vessels. Capillaries

and a topographical RBC number map for a specified period (RBC N were identified by comparing the obtained maps and a movie

map). Off-line analysis was required to separate RBCs in capillaries, recorded with a conventional video system. fig. 5 is the V map of
30 fps

30 um

Fig. 8. Unpredictable left-right distribution of RBCs at a capillary branch. Two RBCs at the point of bifurcation separated and moved in opposite directions at frames 1, 2, 3 and 4
(30 fps) in the absence of any detectable change in diameter of capillary. Another RBC came at frame 10 and proceeded to the left capillary, again without any apparent change in
diameter. These results seem inconsistent with the involvement of a putative capillary sphincter.
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30 um

Fig. 9. Morphological changes of astroglial soma and endfeet over 30 s, An illustration of the cumulative morphological changes of the astroglial elements is shown in the right panel

(arrow).

RBCs in microvessels obtained from the same motion picture as used
for +12. 4, showing the time-to-time changes in velocity of RBCs in a
limited region, in sequences of 200 frames each, i.e., 1-200 (0.4 s),
201-400 (0.4 s), 401-600 (0.4 s).....1801-2000 (0.4 s). It should be
noted that movements of RBCs are heterogeneous, not stationary,
presumably reflecting local neuronal requirements, in line with
previous reports that RBC flow in single capillaries continuously
fluctuated within a limited range in rats and mice (
008 Une va et al. 7,”1“’,).
> shows a capillary in which an RBC is moving at intervals of

1/500 s in the upper row, together with plasma flow traced with
FITC-dextran in the same capillary, on the same time scale. Note that
plasma flow was also heterogeneous; indeed, the calculation of average
plasma velocity was difficult because parts of the diffusion front moved
faster while others moved slower, as analyzed in Fiz. 7. In the lower
panel, contours of plasma dispersion are traced at every 1/500 s. Both
RBC flow and plasma flow showed rather high-frequency fluctuations
(see the right panels). Evaluation with KEIO-IS2 yielded a value of RBC
velocity in single capillaries of 2.00+ 1.56 mm/s (mean+SD, n=5, at
500 fps) whereas a somewhat lower velocity of 1.8042.01 mm/s
(mean + SD, n = 5) was obtained for plasma propagation in the identical
capillaries. Chronological plots of sequential RBC and plasma velocities
revealed high-frequency fluctuation in 2 capillaries. These observations
may contribute to efforts to understand the hemodynamic mechanisms
of RBC flow in capillaries.

RBC distribution at capillary branching sites was simply unpre-
dictable. Fi¢. 8 shows the left-right distribution of RBCs at a capillary
branch. Two RBCs reached the branch at the first frame, separated, and

14 1€ 1

Time after KCl application

Fig. 10. Background darkness (neuronal depolarization) changes and sample images
showing associated RBC movements. In this particular case, there seemed to be a slight
discrepancy between the two processes, as the background darkening started before
RBC flow decrease became detectable 14 min after KCl application.

moved off in opposite directions at the 2nd, 3rd and 4th frames
(30 fps). There was no detectable change in the diameter of the
capillary. At the 10th frame, another RBC arrived at the branch and
proceeded into the left capillary, again without any apparent change
in the diameter of the capillary. There was no indication of any role of
a capillary sphincter, if such a structure exists (Nakai et al. 1981),
leaving open the possibility that a transient plasma viscosity change
directs RBCs to the pertinent capillary. illustrates the slow
morphological changes of astroglial endfeet, which covered a branch
of the capillary at the periphery, every 10 s. RBCs, stained yellow,
appeared elongated in the 30 fps video images. However, no direct
correlation between the morphological changes and RBC velocity was
apparent, although this phenomenon might reasonably have been
expected.

RBC movements during CSD

RBC movements in single capillaries during CSD elicited by K™
microinjection were observed to decrease gradually, with or without
an initial transient increase, employing the same apparatus as used for
the control study, except for the use of slow-speed video for the
estimation of background darkness and the detection of slowing RBCs.
The RBC velocity decreased in a fluctuating fashion and finally stopped
at 6 min after the onset of CSD in this case while in other cases, RBCs
disappeared from the local capillary network (Fig. 10 upper images
and Supplemental movie 2). We found that RBC velocity decreased to
nearly 0 in 5 out of 10 rats, and reversed RBC flow was seen in 3 out of
10 rats. Increasing neuronal depolarization during CSD was estimated
from the darkness of the tissue background. However, there seemed
to be some discrepancy: RBC flow tended to be preserved even after

CSD vs RBC velocity

Background darkness

Fig. 11. Linear relationship between changes of tissue background darkness produced
by neuronal depolarization and RBC velocity. Again, slowing of RBC flow (arrow) was
slightly delayed compared with the start of background darkening.
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Control CsD

30 fps

30 pm

Fig. 12. No change in diameter of capillary occurred in the control period or during CSD,
when the RBC velocity in the capillary decreased to less than 1/3 of the control value.

the background darkness started to decrease at 4 min. Such a lag time
was often observed (Fig. 10), implying that the intrinsic neuronal
depolarization occurred first, followed by a vascular event which was
reflected in the change of RBC movements. A linear relationship
between the darkness in arbitrary units and RBC velocity was
confirmed, as shown in Fiz. ! 1. As indicated by arrows in 'iv 1.,
there was no detectable change in the diameter of single capillaries
between the control state and during CSD. The mechanism of the local
slowing-down of RBC velocities was further examined in highly
magnified capillaries during CSD passage. Iig. |3 and Supplemental
movie 3 show RBCs moving slowly in viscous plasma during the peak
of a CSD episode. At time 0, two RBCs were flowing through a capillary
channel connecting an arteriole (a: lower) to a venule (v: upper).
While the velocities of RBCs in both the arteriole and venule appeared
to be rather well maintained, as estimated from RBC elongation, due
probably to persisting flows in these vessels, in this short channel the
RBC flow became extremely slow. In this sluggish flow, round RBCs in
a single capillary (c) showed oscillating motion with occasional
stagnation at certain spots, and finally disappeared at 4 or 5 s into the
collecting venule. It should be noted that the capillary plasma
appeared to be very sludgy and viscous, containing amorphous
materials. The buffy coat on the internal surface of the capillary wall
appeared to be thickened, continuing to or connecting with the

intraluminal amorphous materials. In short, the apparent hemorheo-
logical changes were observed to occur in the capillary channels only,
and not in inlet or outlet vessels.

Discussion

The findings of this study with our high-speed camera system were
that RBCflowsin single capillaries under physiological conditions were as
hlgh as 2 mm/s (‘ 108), and that flow was not stationary
(Mchedlishvil ) but rather high-frequency oscillatory in nature
(capillary vasomotlon). Employing two-photon microscopy, Kleinheld
found that RBC flow in individual capillaries within the specific area
sensitive to vibrissae was quite variable with a speed of 0.8 + 0.5 mm/s
and an oscillation frequency of 0.1 Hz in SD rats (Klei 12). When
vibrissae were stimulated, the RBC velocity increase was limited to only a
20% increase over the basal velocity, which was comparable to the level
of the highest fluctuations seen in single capillaries. According to
Kleinfeld, flow increase would therefore be largely masked by basal
fluctuations, limiting the sensitivity of brain imaging techniques, at least
at low frequencies.

When neurons were depolarized during CSD and became
dysfunctional, RBC flow became slower and was rectified, losing its
oscillatory character, as described above. Periodic exclusion of RBCs
was observed from the capillary network in association with on-going
neuronal depolarization ({omita et al.. 2008b). This seems to conflict
with the results of Takano et al., who found that CSD induced tissue
hypoxia through a transient increase in oxygen demand; there was an
increase in capillary flow for several minutes, followed by a relative
decrease in mice (| akano et al.. 2007b). It was also reported that CSD
remarkably enhances CBF to support an increased metabolic rate
(Piilgaard and Lauritzen, 2009; Shinohara et al /9) and induces
mild initial hypoperfusion, followed by transient hyperemxa (Ay

1l 2004) in rats. However, our data are not necessarily in conﬂxct
w1th the above findings. In young rats, no increase in CBF was found in
response to CSD, and accompanying transient capillary flow drop was
observed, with cessation of RBC flux in 19% of capillaries (Chuque!

007). We found single capillaries in which RBC flow slowed in
response to CSD, among the numerous capillaries examined in this
study. We also preliminarily found single capillaries in which RBC
flowed fast during the passage of CSD (unpublished data); namely, the
flow response to CSD is not uniform.

Within a limited region, the existence of neuro-capillary coupling
might be supported by the linear correlation between decrease in RBC

30 fps

30 um

Fig. 13. FITC-labeled RBCs and FITC-stained endothelial cells, observed in a video clip (30 fps) at the peak of CSD (neuronal depolarization). The capillary plasma appeared to be very
sludgy and viscous. In such sluggish flow, round RBCs in a single capillary (c) showed a staggering motion, occasionally coming to a full stop. On the other hand, flow in the arteriole
and venule was quite well maintained in this case, as estimated from the elongation of flowing RBCs.
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Fig. 14. A parallel capillary model. Top (A) equal resistance to capillary flow in the
control state, bottom (B) during CSD, some capillary channels are involved in the
propagating wave and the plasma in them becomes highly viscous. RBCs start to detour
around the deranged channels.

velocity and change in tissue background darkness. In these
circumstances, the flow would not follow Poiseuille’'s law, which
states that the flow rate is proportional to the fourth power of the
radius and inversely proportional to viscosity for a Newtonian fluid,
and shear rate does not affect the viscosity. Rather, the flow would
resemble that of a viscous non-Newtonian fluid, where shear rate
does influence the viscosity. Systemic hemodilution increased RBC
velocity and RBC flux in capillaries, probably due to reduced blood
viscosity or lowered oxygen content. Thus, decrease in blood viscosity
seems to be an important factor in the hyperemic response, possibly
through a shear stress-dependent mechanism (Hudets, 1997).
Formation of spindle-shaped strings (Osacla et al.. 2006) or swelling
of the neuronal cell body (| akano et al., 2007D) after elicitation of CSD
might alter the shear stress in the nearby capillaries. Also, it was
demonstrated that NO enhanced leukocyte rolling and modulated
leukocyte-endothelial interaction (Lindauver et al. 1996). Locally
produced NO might result in changes of local microcirculation,
possibly through alteration of blood viscosity. In such cases, change
in diameter of capillaries is no longer effectlve to regulate the flow
(Mchediish i1, 2000 fomita, 2008). The decrease of RBC
velocity in caplllanes appears to be a local intrinsic event, since it
occurs in the absence of any arterial blood pressure change and in the
absence of observable diametric change in the upstream feeding
arterial systems.

As shown in tig. 14, RBC flows in all capillaries are regulated
individually and independently (top A) in the control state, but when
the neurons are depolarized during CSD (bottom B), some channels
lose their regulation and the local capillary flow resistance is
increased. Flowing RBCs would tend to be excluded from these high
flow-resistance channels and would start to detour to other channels
with lower flow-resistance.

Conclusions

The observed RBC flow behavior changes in intraparenchymal
capillaries during CSD suggest the presence of a regulatory mecha-
nism of cerebral capillary flow, presumably via hemorheological

factors, that may involve a direct or indirect coupling between
neurons and nearby capillaries via astroglial elements.
Supplementary data assoc;ated with thls arncle can be found, in
the online version, at . L1016,1.0¢ S
The first author, Mmoru Tomita, passed away on 17th January
2010. This work was completed by his co-authors.
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