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Abstract

Background 1t is believed that increased intracranial pressure
immediately after subarachnoid hemorrhage (SAH) causes
extensive brain ischemia and results in worsening clinical sta-
tus. Arterial flow to the cerebral surfaces is clinically well
maintained during clipping surgery regardless of the severity
of the World Federation of Neurological Societies grade after
SAH. To explore what kinds of changes occur in the cortical
microcirculation, not at the cerebral surface, we examined
cortical microcirculation after SAH using two-photon laser
scanning microscopy (TPLSM).

Methods SAH was induced in mice with an endovascular
perforation model. Following continuous injection of rhoda-
mine 6G, velocities of labeled platelets and leukocytes and
unlabeled red blood cells (RBCs) were measured in the corti-
cal capillaries 60 min after SAH with a line-scan method using
TPLSM, and the data were compared to a sham group and P-
selectin monoclonal antibody-treated group.
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Results Velocities of leukocytes, platelets, and RBCs in
capillaries decreased significantly 60 min after SAH.
Rolling and adherent leukocytes suddenly prevented other
blood cells from flowing in the capillaries. Flowing blood
cells also decreased significantly in each capillary after
SAH. This no-reflow phenomenon induced by plugging
leukocytes was often observed in the SAH group but not
in the sham group. The decreased velocities of blood cells
were reversed by pretreatment with the monoclonal anti-
body of P-selection, an adhesion molecule expressed on
the surfaces of both endothelial cells and platelets.
Conclusions SAH caused sudden worsening of cortical mi-
crocirculation at the onset. Leukocyte plugging in capillaries
is one of the reasons why cortical microcirculation is aggra-
vated after SAH.

Keywords No reflow - Cerebral microcirculation -
Two photon - Line scan - P-selectin

Introduction

Subarachnoid hemorrhage (SAH) increases intracranial pres-
sure (ICP), decreases cerebral blood flow (CBF), and results
in acute brain injury, which worsens a patient’s clinical status
at the onset. This process has also been induced by puncture or
injury of a cerebral artery in animal SAH models. These direct
puncture or injury models represent actual acute clinical flow
dynamics after SAH. Using these models, acute brain injury
and cerebral microcirculation have been investigated [2, 3, 8,
9,12, 13, 20, 22, 24, 25, 30, 31, 36, 37].

Using a carbon black method as an indicator of blood flow,
Asano [2] proposed the pathogenetic role of the no-reflow
phenomenon in intraparenchymal capillary networks during
the acute stage of SAH induced by injury of the internal
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carotid artery using a lateral skull base approach. This no-
reflow phenomenon had already been proposed as a pathoge-
netic mechanism of postischemic injury [1], and Villringer
et al. [39] first observed intracapillary leukocyte plugging in
a model of global cerebral ischemia. However, Dirnagl et al.
[7] reported that leukocyte plugging was not responsible for
early cortical hypoperfusion after brief global ischemia in rats.
The no-reflow phenomenon was one of the important patho-
physiologic mechanisms of cerebral ischemia, but it was still
not clear whether leukocytes really obstructed capillaries.
Recently, using two-photon laser scanning microscopy
(TPLSM), it was reported that flow stagnation because of
leukocyte plugging was frequently observed in the cortical
capillaries [40]. On the other hand, the no-reflow phenomenon
after SAH has been discussed as a mechanism of acute brain
injury [2, 37, 38], but has never been demonstrated in SAH
models in vivo. We have reported platelet-leukocyte-
endothelial cell interactions in venules on the cerebral surface
at 2 h after SAH induction [20]. Microvascular constriction
3 h after SAH has also been reported [8]. These microcircula-
tory changes in the acute phase of SAH have been examined
on the cerebral surface, not in the cortex, because observation
of'the cortical microcirculation immediately after SAH is tech-
nically difficult.

Therefore, we have created an experiment with a line-scan
method using TPLSM to record and analyze cortical flow
dynamics after SAH. The cortical microcirculation was first
observed in vivo after SAH using TPLSM with line-scan anal-
ysis and comparing data obtained before SAH in order to
elucidate the underlying pathophysiology of acute brain injury
after SAH.

Materials and methods
Animal preparations

Experiments were performed using male mice [FVB/N-
Tg(GFAPGFP)14Mes/J] weighing 25-28 g to identify an as-
trocyte and its end foot around a precapillary arteriole. The
animals were anesthetized with an intraperitoneal injection of
alpha-chloralose (60 mg/kg) and urethane (600 mg/kg), while
lidocaine (1 %) was employed for local anesthesia. All mice
were tracheostomized with a polyethylene catheter (PE-90,
Intramedic, Clay Adams, Parsippany, NJ) and allowed to
breathe spontaneously. The femoral artery and vein were can-
nulated with polyethylene catheters (PE-10, Intramedic, Clay
Adams, Parsippany, NJ) to monitor mean arterial blood pres-
sure and sample arterial blood for blood gas analysis and for
intravenous administration of Qdot 655® or rhodamine 6G
(Sigma-Aldrich Chemicals, St. Louis, MO). Rectal tempera-
ture was monitored and maintained at 36.5-37.5 °C using a
heating pad throughout the experimental procedure.
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Cranial window

The head of each mouse was fixed with a stereotactic frame in
the sphinx position (SG-4 N, Narishige Scientific Instrument
Lab, Tokyo, Japan). The skull bone was exposed by a midline
skin incision, followed by a craniectomy (diameter, 2 mm)
using a drill at the parietal bone. The dura mater was not cut.
A 12-mm glass coverslip was placed over the craniectomy
field, and the space between the glass and dura mater was
filled with phosphate-buffered saline (PBS). To record clear
fluorescent images, we used a water immersion objective.
Distilled water on the objective side and PBS on the skull side
were separately maintained by a 12-mm-wide glass, which
was put on the exposed skull and kept in place during obser-
vations without being tightly fixed.

SAH model

Using an endovascular perforation model [3, 20], SAH was
induced in the supine position. After a midline neck incision,
the left external carotid artery (ECA) and pterygopalatine ar-
tery were isolated and ligated. After the left internal carotid
artery (ICA) was exposed and dissected free from the common
carotid artery (CCA) to the basal cranium, the CCA was ligat-
ed with silk sutures. After occlusion of the ICA using a mi-
crovascular clip (#15911, World Precision Instruments,
Sarasota, FL) at the pterygopalatine bifurcation, a suture was
inserted from the left ECA and advanced to the carotid bifur-
cation. The tip of a 60 nylon monofilament was blunted to
0.21 mm in diameter with a coagulator. The ECA was then cut
and rotated with the nylon thread to further advance the nylon
thread into the ICA after removal of the microvascular clip at
the ICA. The nylon thread was advanced more than 10 mm
from the carotid bifurcation to further perforate the cerebral
artery. This procedure was performed once to generate an
SAH. The nylon thread was removed, the ECA was occluded
at the carotid bifurcation, and the silk thread of the CCA oc-
clusion was released and allowed to re-perfuse.

Intra-vital TPLSM

The two-photon microscope consisted of an upright micro-
scope (BX61WI, Olympus, Tokyo, Japan) attached to a
mode-locked titanium-sapphire laser system (Chameleon
Vision II, Coherent, Tokyo, Japan) that could achieve a 140-
fs pulse width and an 80-MHz repetition rate with 17-W pump
power at 820 nm (rthodamine 6G) and 920 nm (Qdot 655) for
capillary line scanning. Images were acquired with a scanning
unit (FV1000, Olympus, Tokyo) using Fluoview™ software
(FV10-ASW, version 2.0, Olympus, Tokyo, Japan) and a wa-
ter immersion 25x% objective (XLPLN25 x WMP, NA 1.05).
Fluorescent emission was detected by an external
photomultiplier tube (R3896, Hamamatsu Photonics,
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Hamamatsu, Japan) after passing through an infrared blocking
filter (685-nm cutoff) and an emission filter (570-625 nm for
rhodamine 6G; 641-675 nm for Qdot 655).

Superimposed TPLSM images reveal the cortical micro-
vasculature consisting of arterioles, capillaries, and venules.
Each image is the sum of 13 slices at depths of 0—120 pm from
the cerebral surface (slice interval, 10 pm) before SAH and at
60 min after SAH, and images at 100 pwm depth are also shown
(Fig. 1a, b).

Line-scan method

Blood cell velocities in capillaries were measured with a line-
scan method, using Fluoview software. A line-scan image was
assembled sequentially line by line with a speed of 2—3 ms per
line (depending on the length of a scan line), 1 line per pixel.
Pixel sizes were 0.331 um (spatial distance) and 2—3 ms (tem-
poral distance). In one line-scan analysis, an image was
scanned with lines from top to bottom, and its image size
was 100-200 pixels (spatial distance) x 1000 pixels (temporal
size). Thus, 1000 lines represented 1000 pixels. The width of a
blood cell spans several scanned lines. The fluorescence of a
leukocyte is wider than that of a platelet in a scanned line.
Thus, the line of a leukocyte is bolder than that of a platelet.
The velocity of a blood cell can be calculated from a line-scan
image (Fig. 1c, d).

Experimental protocols

A small bolus of 15 pul of Qdot 655 nanocrystals (Q21021MP,
Invitrogen, Co., Carlsbad, CA) with 85 ul of saline was
injected slowly in order to visualize the cerebral microvascu-
lature. We found penetrating arterioles from the pial arteries
on the cerebral surface and traced along a penetrating arteriole
to find a branched precapillary arteriole at about 100 wm deep.
We recognized and recorded capillaries, venules, and penetrat-
ing and precapillary arterioles surrounded by astrocyte end
feet in the GFAP-GFP transgenic mice.

First, following Qdot administration, capillary networks
were recorded before SAH and 60 min after SAH and also
recorded at 0 min and 60 min after a sham operation. Next, an
experiment was performed to measure blood cell velocities in
the randomly selected capillary 60 min after SAH. Then, 50 pl
of 0.02 % rhodamine 6G (Sigma-Aldrich Chemicals, St.
Louis, MO) was administered intravenously, followed by a
continuous infusion (1 ml/h) of 0.02 % rhodamine 6G at the
same concentration for 10 min. The rhodamine 6G-labeled
leukocytes and platelets and unlabeled red blood cells
(RBCs) were analyzed with a line-scan method and recorded
in eight randomly selected capillary segments.

Seventeen mice were assigned to one of three experimental
groups: (1) sham surgery normal group (n=16), (2) SAH group
(n=17), or (3) P-selectin treated SAH (SAH/Psel) group

(n=4). In the SAH/Psel group, a monoclonal antibody
(mADb) directed against P-selectin (RB 40.34, 2 mg/kg) was
administered intravenously 5 min after SAH to inhibit leuko-
cyte rolling and platelet-leukocyte interactions. In all groups,
velocities of leukocytes, RBCs, and platelets were quantified
in capillaries at the precapillary arteriole branching level,
about 100 um from the brain surface, using the line-scan
method, 60 min after SAH. In eight capillaries of each mouse,
images with the line-scan method were recorded. At the end of
the experiments, the skull base was opened, and the SAH
spread was observed.

Video analysis

After the experiments, we analyzed the data and measured
velocities with recorded images. The randomly selected eight
capillary segments were also evaluated for leukocyte, RBC,
and platelet flow velocities 60 min after SAH with the line-
scan method, using Fluoview software (version FV10-ASW,
Olympus, Tokyo). In one line scan, velocities of five cells
were averaged. If there were only two or three cells in a line
scan, then two or three velocities were averaged. In some
capillaries, the line scans were repeated ten times to observe
further changes in capillary flow after SAH. Fluorescent lines
were counted in each line-scan analysis, and the capillary flow
was estimated. Unlabeled RBC lines could not be counted
because they were often not clear lines.

Statistics

Data were analyzed using the analysis of variance and Fisher’s
post hoc test or paired z-test as appropriate. The data are re-
ported as mean+SD. Statistical significance was set at a P
value<0.05.

Results
In vivo images using TPLSM

Capillaries were well recognized before SAH, but few and
narrower capillaries were recognized 60 min after SAH
(Fig. 1a, b). Thicker arteries and veins were recognized
60 min after SAH. The superimposed images show the
capillary networks, and the cross sections represent either a
penetrating arteriole or venule. Sixty minutes after SAH, the
cortical capillary networks were broken, and examination of
discontinuous capillaries revealed the disappearance of flow
(most longitudinal sections). Recognized capillaries were
narrower than before SAH. A penetrating arteriole branched
into a precapillary arteriole first from the cerebral surface at a
depth of about 100 pm.
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Fig. 1 Cortical microvasculature consisting of arterioles, capillaries, and
venules. a The upper picture is the sum of 13 slices at depths of 0—120 um
from the cerebral surface (slice interval, 10 um) before subarachnoid
hemorrhage (SAH) and 60 min after SAH in the SAH group. The lower
picture is one slice at a depth of 100 um before SAH and 60 min after
SAH. Sixty minutes after SAH, the cortical capillary networks are broken
and discontinuous compared to a sham group (B). Red arrow: penetrating
arteriole; blue arrow: venule. b The upper picture is the sum of 13 slices at
depths of 0—120 pm from the cerebral surface (slice interval, 10 um) after

Flow velocity of blood cells in capillaries

Line-scan images were recorded following continuous in-
fusion of rhodamine 6G for measurement of velocities of
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60 minutes after SAH

sham operation and 60 min later in the sham group. The lower picture is
one slice at a depth of 100 um after sham operation and 60 min later. ¢
Representative image of a line-scan analysis (right) and its capillary in the
microscopic image at a depth of 100 um (left). d Scheme of a line-scan
method; upper images show a flowing cell and middle images show an
adherent cell. A blood cell is shown at six time points in each of the six
sequentially scanned lines. The six lines are laid out to make a slope line
of fluorescent cells (lower left: flowing; lower right: flowing to adhesion).
Using the slope line, the velocities can be calculated

blood cells using Fluoview software (Fig. 1¢). Leukocytes
and platelets are visualized by fluorescently labeling these
with thodamine 6G. Large fluorescent leukocytes, small
fluorescent platelets, and unlabeled (black) RBCs were
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Fig. 1 (continued)

observed (Figs. 1c and 2). However, these flows were dis-
turbed after SAH. The sharp slope of the line scan indicat-
ed low velocity. When the leukocytes rolled and adhered to
the capillary endothelial cells, other blood cell flow also
decreased and eventually disappeared. In one area ob-
served with TPLSM, flow decreased or stopped in many
capillaries (Fig. 2b). In a representative section of these
capillaries, capillary flow was demonstrated for a while.
Velocity of cell flow (slope of the line scan) changed

Cell adhesion

Line scan

depending on each line scan. It appeared that the larger
the slope was, the slower the velocity. It appeared also that
the larger the slope was, the lower the cell number if the
cell density was the same between the line scans (Fig. 2c¢).
Then, rolling or adherent leukocytes prevented the cell
flow, and cell flow changed and stopped (Fig. 2¢). We
hypothesized that fluorescent points (Fig. 2b, small ar-
rows) represented adherent leukocytes preventing capillary
flow. One of the reasons why the capillary flow
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Fig. 2 Line-scan analyses of capillaries at a depth of about 100 um. a
Four line scans in the sham group; bold white lines are leukocytes. Fine
white lines are platelets. Non-fluorescent black lines are red blood cells
(RBCs). Scan line (red line) in the right microscopic image: position of
line-scan analysis in a capillary. Leukocytes flow more slowly and
platelets flow faster than the other cells. Leukocytes hardly pass other
cells in line scans (A, B, yellow letters). b Line scans in a mouse
60 min after SAH. In a representative microscopic field (white square),
every slope of each line scan is larger compared to a sham group (A). An

disappeared after SAH (Fig. 1a) was the adhesion of leu-
kocytes. Excluding capillaries with no reflow after SAH,
flow velocities of leukocytes, RBCs, and platelets de-
creased significantly compared to those in the sham group,
and the cell count also decreased significantly (Fig. 3).
The velocities of leukocytes were slower than those of
RBCs and platelets in the sham, SAH, and SAH/Psel
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adherent leukocyte prevents other blood cells from flowing. In the
observed microscopic image (white square), other white spot areas may
show the flow-preventing adherent leukocytes (small white arrows). ¢ In
a capillary (one of the capillaries in B), a time course of line scans for
10 min (1-7); slope of each line-scan changes from scan to scan (1-4).
Some flowing leukocytes roll and adhere. The rolling and adherent
leukocytes prevent cells from flowing (5). After a leukocyte adheres,
flowing cells are not observed (5, 6). A few minutes later, more
leukocytes adhere (7)

groups, and the velocities of platelets were faster than
those of RBCs and leukocytes in each group as analyzed
by the paired #-test. In each line scan, a leukocyte seemed
to flow more slowly and a platelet seemed to flow more
quickly than the other cells (Figs. 1c and 2a, B, yellow
letters). Individual cells did not pass other cells in line
scans. The cell count of capillaries showed a similar
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Fig. 2 (continued)

distribution to the velocity (Fig. 3b). In a line scan, the = Effects of treatment with mAb against P-selectin

faster the cell velocity was, the lower the cell number  on SAH-induced microcirculatory impairment

(Fig. 2c). This cell count reflects the fluorescent cells

(platelets and leukocytes), but may represent overall cere-  To examine the molecular mechanism of the no-reflow
bral blood flow. phenomenon in capillaries and whether adherent
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Fig. 3 Velocities (A) of A
leukocytes, RBCs, and platelets in
capillaries and cell count of
leukocytes and platelets (B). In
the SAH group, the velocities and #
cell counts are lower compared to l

the sham group. In P-selectin- 1.0 l
treated mice with SAH, the .
velocities tend to recover. Sham:
sham operation group; SAH: |
SAH group; SAH/Psel: SAH and 0.5
P-selectin antibody

administration group; *, < 0.05

vs. sham group; #, <0.05 vs. SAH

group; 9, < 0.05 vs. RBC or 0
platelet in each group; §, < 0.05

vs. RBC or leukocyte in each

RBC

(mm/s)

Sham  SAH SAH/Psel
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Cell count /s
(cellls)
30 ‘
20 #
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¥
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leukocytes were the cause, we used P-selectin mAb. In
mice treated with a P-selectin mAb after SAH, flow veloc-
ities of leukocytes, RBCs, and platelets increased signifi-
cantly compared to the velocities of the non-P-selectin
mAb-treated SAH group. The fluorescent cell count also
increased compared to the SAH group (Fig. 3).

Physiological parameters

Blood pressure (BP) at each time point and blood gas analysis
data after experimental measurements are shown in Table 1.
The BP and blood gas analysis data did not differ significantly
between the two groups.

Leukocyte T Platelet §

(mm/s) (mm/s)
#
1.5 #
1.0 ‘ I
% [iti 10 * [0
os [N l
: e
R -
Sham SAH SAH/Psel Sham SAH SAH/Psel
Discussion

ICP increases after SAH, and extensive brain ischemia is in-
duced, leading to acute brain injury. This acute brain injury
worsens the patient’s clinical status at the onset and induces
inflammatory responses, which have also been induced by
puncture or injury of a cerebral artery in animal SAH models
[2,3,8,9, 12, 20, 22, 24, 25, 30, 31, 36, 37]. Recently, an
endovascular perforation model of rats or mice with a nylon
thread has often been used and has been shown to represent
the actual change in flow dynamics after clinical SAH [3, 8, 9,
20, 24, 25, 30, 31], and with this model, the cerebral micro-
circulation and the pathophysiology of SAH has been inves-
tigated [8, 20]. In this report, we first observed the cortical

Table 1 Blood pressure and

blood gas analysis Blood pressure (mmHg) Blood gas analysis
pH pO2 (mmHg) pCO2 (mmHg)
Sham 92.4+10.1 7.268+0.071 85.6+16.3 41.7+52
SAH 99.7+9.5 7.228+0.049 87.8+10.2 423+7.6
SAH/Psel 96.8+11.6 7.283+0.092 92.8+11.5 441452
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microcirculation after SAH with TPLSM following Qdot ad-
ministration and next focused on capillary flow 60 min after
SAH with a line-scan method using TPLSM following rhoda-
mine 6G administration.

When a sudden increase in ICP begins after SAH at the
skull base, all venules and capillaries are compressed, their
flow decreases, and cerebral ischemic damage is induced,
which affects the whole brain, and is followed by inflamma-
tory responses [10, 20, 24, 25, 30, 34, 35]. We have already
reported platelet-leukocyte-endothelial cell interactions at the
cerebral surface 120 min after SAH. These observations from
the cerebral surface after SAH at the skull base are represen-
tative of whole-brain investigation because microcirculatory
disturbances at the cerebral surface might not be severe com-
pared to that at the skull base or the within the brain between
the skull base and cerebral surface, and it is also difficult to
observe skull base microcirculation. In this study, to better
understand the pathophysiologic mechanisms after SAH, we
used TPLSM to directly observe the microcirculatory phe-
nomena in the cortex of mice after SAH (at about a 100-um
depth). The blood cell velocities in the capillaries decreased
significantly compared to those of a sham group, and rolling
and adherent leukocytes were frequently detected in cortical
capillaries, as one of the inflammatory responses following
SAH. The rolling and adherent leukocytes plugged capillaries,
and the plugging leukocytes prevented flow of other blood
cells. With a line-scan method using TPLSM, these phenom-
ena were first clearly observed after SAH.

This no-reflow phenomenon had already been proposed as
an important pathophysiologic mechanism of postischemic
injury [1, 5, 39, 40], and it is believed that the causes of the
no-reflow phenomenon are platelet activation, fibrin forma-
tion, and leukocyte adhesion [6, 14, 26]. However, it is not
clear whether an individual leukocyte actually obstructs a
capillary [7], although leukocyte rolling and adhesion can be
easily observed in the microvasculature of the cerebral surface
with an intra-vital fluorescence microscope [7, 17-20, 39].
Recently, using TPLSM, it was reported that flow stagnation
because of leukocyte plugging was frequently observed in the
deep cortical capillaries in a state of chronic cerebral hypoper-
fusion [40]. To specifically observe the cortical microcircula-
tion, not the cerebral surface, TPLSM is very useful compared
to conventional fluorescence microscopy [11, 16, 27, 28, 32].
The cortical capillary flow can be easily calculated with the
line-scan method using TPLSM [15, 23, 32]. Moreover, the
no-reflow phenomenon after SAH has been discussed as a
mechanism of acute brain injury [2, 37, 38], but it has never
been demonstrated in SAH models in vivo, using a conven-
tional in vivo fluorescein microscope. Even if a leukocyte
plugs a capillary, the plasma flow may be maintained, and a
capillary may be observed with a fluorescein microscope. In
this study using the line-scan method of TPSLM, leukocyte
plugging was frequently observed in the cortical capillaries

after SAH, and other cell flow was not observed after leuko-
cyte plugging, which supports the no-reflow phenomenon fol-
lowing cerebral ischemia.

This no-reflow phenomenon is one of the elements of
cortical microcirculatory disturbance immediately after
SAH. Moreover, the decrease of the blood cell velocities in
capillaries recovered after administration of anti-P-selectin an-
tibody. Similar recovery in capillaries has been reported in the
skeletal muscle [21] and lung [33]. P-selectin/P-selectin gly-
coprotein ligand-1 (PSGL-1) interactions have been implicat-
ed as mediators of blood cell adhesion, and leukocyte PSGL-1
binds to endothelial P-selectin to mediate leukocyte rolling in
veins. The use of a blocking antibody targeted against P-
selectin attenuates this leukocyte rolling and subsequent ad-
hesion. P-selectin may be induced on mouse brain capillary
endothelial cells [4], and then P-selectin can directly mediate
leukocyte rolling in capillaries. On the other hand, this P-
selectin-mediated leukocyte-endothelial cell interaction may
be a phenomenon induced by inflammatory responses in
postcapillary venules, similar to ischemia/reperfusion injury,
which we have observed and reported to occur 2 h after SAH
[20]. In this case, capillary flow is recovered by improvement
of venous flow following the washout of rolling and adherent
leukocytes after administration of P-selectin antibody. Early
P-selectin-mediated inflammatory responses after SAH can
begin when SAH occurs, because P-selectin is stored in gran-
ules within the endothelial cells (Weibel-Palade bodies) and
can be mobilized rapidly to the cell surface of endothelial cells
[29] without upregulation of P-selectin on the endothelium.
We have previously observed platelet-leukocyte-endothelial
cell interactions in cerebral venules, which were inhibited by
anti-P-selectin antibody, in several models of inflammation,
ischemia/reperfusion [18, 19], hypercholesterolemia [17], and
SAH [20]. The activated leukocyte may adhere and plug in the
capillary after SAH.

We believe that one of the most important factors for the
initiation of the inflammatory response following SAH
might be the sudden increase in ICP and prolonged de-
crease in CBF because the slow injection of blood into
the cisterna magna did not increase the ICP and did not
induce platelet-leukocyte-endothelial cell interactions
[20]. The disturbance of the cortical capillary flow may be
induced by a sudden increase in ICP in patients with SAH
of different grades and kept by a persistently elevated ICP in
patients with poor SAH grades. In our study, observing the
line-scan images, leukocytes flow more slowly than other
cells, other cells hardly pass the leukocytes, and leukocytes
plugged after SAH. Leukocyte flow may be the rate-limiting
step for capillary flow. These inflammatory responses and
leukocyte motility characteristics require further investigation
with a focus on the development of clinical treatments during
the acute phase of SAH in order to produce better clinical
outcomes. During the acute phase after SAH, anti-
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inflammatory therapy may be an important method for pa-
tients with a poor SAH grade to recover more fully.

In summary, we first observed the microcirculation in the
cortex immediately after SAH with a line-scan method using
TPLSM and reported the cortical microcirculatory disturbance
induced by leukocyte plugging, i.e., the no-reflow phenome-
non after SAH. We present novel data that support the hypoth-
esis that P-selectin mediates microcirculatory disturbance in
capillaries following SAH.
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Comments

The authors provided a very elegant study on the pathophysiology of
the cortical microcirculation after subarachnoid hemorrhage (SAH)
in a rodent model. They very clearly demonstrated that when a sud-
den increase of intracranial pressure (ICP) begins after SAH, blood
cell velocities in the capillaries decrease significantly and “rolling”
and adherent leukocytes plug capillaries, preventing other blood cells
from flowing. According to the results here provided, this is the
consequence of an ICP rise that determine the compression of capil-
laries and decrease of blood flow. This in turn causes cerebral ische-
mic damage and an inflammatory response. This study provides ro-
bust evidence about the subsistence of this pathophysiological event
and interesting illustrations. Further studies to demonstrate the trans-
lational potential of these findings are warranted. In particular, it is
true that an abrupt ICP rise is present after SAH. Nevertheless, this
cortical dysfunction might be present only in severe SAH cases. |
wonder whether it is the persistently elevated ICP, present in severe
SAH grades, instead of an abrupt rise with a quick fall that plays a
major role. An indication of the intensity and the duration of the ICP
rise able to induce such microvessel paralysis would be desirable.
Thus, the authors are invited to continue their studies and provide
further data on this interesting issue.
Alfredo Conti
Messina, Italy
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