








effect of an occlusion of a penetrating arteriole was estimated by
deleting an arteriole and calculating the radial distance from
pixels within the territory of the deleted vessel to the nearest
remaining arteriole, denoted rpostclot. The distribution of rpostclot
was calculated across all arterioles, and the mean value was
�rpostclot� � 205 �m (red histogram; Fig. 6B). Finally, the effect
of the clot on flow at a given location across cortex may be
related to the increased distance to unclotted arterioles relative
to the distance to the original but now clotted arteriole. We
denote this change in distance by �r ' rpostclot � rbaseline. Near
the clotted arteriole, �r � 130 �m, which equals the mean
distance between nearest neighboring arterioles, as expected.
The value of �r decreases to an asymptotic value �r3 0 far from
the vessel, where the average distance to the clotted penetrating
arteriole equals to the distance to an unperturbed arteriole (red
trace; Fig. 6C). The distance to achieve half of this decrement is
135 �m, which is also close to the value of the mean spacing
between arterioles.

As a means to gain insight between the functional form of �r and
the spatial arrangement of the penetrating arterioles, we numeri-
cally calculated the form of �r for different spatial arrangement of
arterioles. We used a distribution of randomly located penetrating
vessels that maintained the same average density of penetrating
arterioles as the experimental measurement, i.e., 13 � 3 vessels/
mm2 (mean � SEM; four animals) and found that the dependence
of �r on rbaseline was similar to the experimental data (compare black
and red traces in Fig. 6C). For comparison, we calculated �r for
simulated distributions of arterioles arranged in triangular, square
and hexagon lattices (SI Text and SI Fig. 10). The edge length of
each lattice was set equal to the measured mean distance between
pairs of nearest neighbor arterioles to force �r for the simulations
to equal the experimental value at rbaseline � 0. These simulations
with regular lattices show a much more rapid decrease in �r with
distance from the occluded arteriole than the actual data. In an
alternative calculation, the density of penetrating arterioles in each
lattice was set equal to the experimentally observed value, with a
concomitant increase in nearest neighbor distance from the mea-
sured mean value of 130 �m, to values of 277 �m for square, 290
�m for triangular, and 243 �m for hexagonal lattices. In all three
regular lattices, �r decreases to zero at rbaseline � 300 �m. We
conclude the observed distribution of increased distance to a patent
penetrating arteriole after a clot is consistent with a random spatial
distribution of arterioles (Fig. 6C).

A Model for Blood-Flow Reduction. The parsimonious interpreta-
tion of our data is that collateral f low from other penetrating
arterioles makes a limited contribution to the territories about
each diving arteriole. We attempted to quantify this notion by
relating the dependence of the decrement in RBC speed on
distance (Fig. 3B) to the spatial distribution of penetrating
arterioles (Fig. 6 D–F). A 2D continuum model of the contri-
bution of one penetrating arteriole to the perfusion of local
tissue was constructed by using the measured locations of
penetrating arterioles, as above. We represented the parenchy-
mal flow from each arteriole by a monotonically decreasing
function with cylindrical symmetry about the arteriole and
assumed that the blood flow at any point in the tissue was the
sum of the contributions from every penetrating arteriole (SI
Text and Fig. 11). We then calculated the expected decrement in
flow as a function of the distance from the occlusion for different
radial functions. An exponential decay with length constant of 40
�m, which corresponds to the nominal distance between branch
points of microvessels (26), together with the observed random
distribution of arteriole spacing (Fig. 6C), yields a good fit to the
average flow changes as a function of distance (blue and red lines
in Fig. 3B). The predicted flow within the territory that sur-
rounds each penetrating arteriole is relatively uniform except
near some boundaries between neighboring territories (Fig. 6D).

The occlusion of a single penetrating arteriole yields a well
localized region of decremented flow (Fig. 6 E and F). Thus our
model accounts for the major effect of an occlusion.

Discussion
Our measurements of the changes in blood flow induced by an
occlusion suggest that a single penetrating arteriole contributes
significantly to blood flow over a cortical area that extends up to 350
�m in radius (Figs. 3 and 6). Detailed flow measurements on a
branch-by-branch basis highlight the severe decrement in flow close
to the occluded arteriole (Figs. 2 and 4). These measurements
support the idea that the microvascular bed contains distinct
territories that are supplied by a single penetrating arteriole.
However, there is also significant variability in the speed of RBC
well beyond the territory of an occluded vessel (Fig. 3 C and D). We
interpret this variability as evidence that different territories are
also interconnected at the microvascular level, albeit with insuffi-
cient capacity to maintain normal levels of flow.

The measured distribution of distances between penetrating
vessels is consistent with random spacing (Fig. 6C). Further, the
density is sparse compared with lattices of penetrating arterioles
whose spacing is set equal to the mean distance between nearest
neighboring arterioles. In lattices, the territory of each arteriole
is smaller than the experimentally measured spatial configura-
tions (Fig. 6C). A model of blood flow that incorporates the
measured distribution suggests that removal of a penetrating
vessel can have a long-range effect based on purely the geometric
distribution (Fig. 6E), as observed (compare data and model in
Figs. 3B and 6C). The result of this analysis suggests that the
changes observed in blood flow after penetrating vessel occlu-
sion are passive properties of the vascular geometry. Thus,
variation in nearest-neighbor arteriole distances may play a role
in modulating the severity and area of ischemia after occlusion.

Flow Within the Cerebrovascular Hierarchy. A comparison of the
sensitivity to changes in blood flow after a clot among three
different levels in the cerebral vascular hierarchy suggests that
ischemia is most severe when a clot is located in a penetrating
vessel (Fig. 7). Previous work has shown that a clot in the surface
network of arterioles generates only a mild decrease in blood
flow, even as close as the first branch downstream (2). This is
consistent with the richly interconnected 2D nature of this
network. In contrast, a clot in a deep microvessel leads to a
severe drop in the speed of RBCs in the first downstream branch
(8), similar to the drop observed after the occlusion of a
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Fig. 7. Summary of flow changes from occlusions at different levels of
cortical angioarchitecture. (A) Schematic of the highly interconnected surface
network of arterioles and tortuous network of microvessels below the surface.
(B) Bars show the mean and SEM of fraction of baseline RBC speed after
occlusion of either penetrating arterioles (this work), deep microvessels (8), or
surface communicating arterioles (2) for vessels at different downstream
branches relative to the occluded vessel.
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penetrating arteriole. However, the flow returns to 0.5-times
baseline values within three branches from the blockage, con-
sistent with collateral f low through microvessels that originates
from the same penetrating arteriole. In contrast to the case for
surface arterioles and deep microvessels, occlusion of a pene-
trating arteriole has a devastating effect on the flow through
downstream microvessels, as collateral f low from neighboring
penetrating arterioles is limited. Thus, the penetrating vessels are
bottlenecks in the link between surface arterioles and the
tortuous network of microvessels that supplies blood throughout
the depth of cortex (Fig. 7).

Relation to Human Microstroke. The dramatic decrease in blood flow
after the photothrombotic occlusion of penetrating arterioles is
consistent with observations of pathology in human patients. Our
results support the clinically based hypothesis that penetrating
arterioles and arteries may be of central importance in small strokes
(13, 14). For example, subcortical regions are particularity vulner-
able to ischemia that results in lacunar lesions, because the blood
flow in these regions comes from relatively long penetrating arteries
(27). The extent of ischemia we measured in rat around an occluded
penetrating arteriole (Fig. 3) suggests that lesions to the penetrating
arteries are an important mechanism in cerebrovascular disease in
humans. Recent work indicates that microstrokes that are com-
pletely or largely confined to the gray matter (28–30), along with
small pial infarcts after certain strokes (31), have clinical conse-
quences. We suggest that progress in treatment of small strokes will
benefit from animal models of small stroke that target penetrating
arterioles.

Methods
Our subjects were 16 male Sprague–Dawley rats, 100–350 g in
mass, that were anesthetized by interperitoneal injection of
urethane (150 mg per 100 g of rat) and maintained and surgically
prepared for in vivo TPLSM imaging of parietal cortex as
described (2). Image stacks of surface vasculature that were
taken with a 0.28-N.A., 	4 air objective (Olympus, Melville,
NY) and a 0.30-N.A. 	10 dipping objective. High-resolution
imaging, line-scan measurements, and photoexcitation of the
photosensitizer dye made use of a 0.8-N.A. 	40 dipping objec-
tive. The care and experimental manipulation of our animals
have been reviewed and approved by the Institutional Animal
Care and Use Committee at University of California at San
Diego.

Occlusion of Penetrating Arterioles. Penetrating arterioles were
defined as vessels that branched off of a surface arteriole,

penetrated into the brain parenchyma, and served as the sources
for capillaries. All occluded penetrating arterioles selected for
study had at least a short segment in which the flow was confined
to the brain surface. This segment was used to measure the RBC
velocity before the occlusion.

Photothrombotic occlusions made use of injections of rose
bengal, as described (2). Green laser light, 0.1–5 mW, was focused
in a diffraction-limited spot coplanar with the imaging beam to
permit near real-time monitoring of clot progression. The spot was
aimed into the lumen of the target vessel in locations that ranged
from just distal from its upstream source on the brain surface to
above the first branch to the capillary bed, but no deeper than 50
�m below the pia. The vessel was irradiated in bouts that lasted 2–5
s with the spot scanned to ensure a complete clot.

Immunohistochemistry. In seven cases, animals were injected with
the ischemia marker pimonidazole hydrochloride (HypoxyProbe-1)
(90201; Chemicon) 1 h before death. After anesthesia overdose, the
animals were perfused transcardially with 100 ml of phosphate-
buffered saline (PBS), followed by 100 ml of 4% (wt/vol) parafor-
maldehyde in PBS. Fiducial marks were made at known locations
relative to the target vessel by passing �20 �A through a single
tungsten electrode that was translated at 2 mm/s through the tissue.
The brain was removed and cryoprotected with 50% (wt/vol)
sucrose in PBS, and 50-�m-thick sections were cut in a sagittal plane
on a freezing-sliding microtome. Sections near the location of the
clots were selected based on the location of the targeted vessels
relative to the fiducial marks.

Reduced pimonidazole was visualized in tissue sections by
incubation for 48 h in primary antibody (anti-HypoxyProbe)
(90204; Chemicon), diluted 1:1,000 in PBS with 10% (vol/vol)
goat serum and 2% (vol/vol) Triton X-100, followed by biotin-
ylated rat-adsorbed anti-mouse IgG antibody (BA2001, Vector
Laboratories, Burlingame, CA), avidin-biotinylated peroxidase
complex (PK4000; Vector Laboratories), and finally a diamino-
benzidine reporter (SK4100; Vector Laboratories). Immunore-
activity to IgG was performed by overnight incubation of
sections in biotinylated antiuniversal IgG antibody (PK6200;
Vector Laboratories) at 1:1,000 dilution in the PBS-based di-
luent followed by the previous sequential incubation steps.
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