
Abstract The present study was undertaken to ascertain
the role of smooth muscles and pericytes in the microcir-
culation during hyperperfusion and hypoperfusion follow-
ing ischemia in rats. Paired external carotids, the ptery-
gopalatine branch of the internal carotids and the basilar
artery were exposed and divided. Reversible inflatable oc-
cluders were placed around the common carotids. After
24 h, the unanesthetized rat underwent 10-min ischemia
by inflating the occluders. Continuous cortical cerebral
blood flow (c-CBF) was monitored by laser Doppler
flowmetry. The measured c-CBF was below 20% of con-
trol (P < 0.001) during ischemia. A c-CBF of 227.5 ±
54.1% (P < 0.001) was obtained during reperfusion hy-
peremia. A c-CBF of 59.7 ± 8.8% (P < 0.001) occurred at
the nadir of postischemic hypoperfusion, and this was fol-
lowed by a second hyperemia. The cytoarchitecture of the
vascular smooth muscles and pericytes was assessed by
scanning electron microscopy. Samples were prepared us-
ing a KOH-collagenase digestion method. In control rats,
arteriolar muscle cells showed smooth surfaces. Capillary
pericytes were closely apposed to the endothelium. Imme-
diately after reperfusion, transverse membrane creases
were observed on the smooth muscle surfaces. During
maximal hyperemia the creases disappeared. When c-
CBF started to decrease the creases became visible again.
Throughout the postischemic hypoperfusion the creases
remained. Capillary endothelial walls became tortuous in

the late phase of hypoperfusion. During the second hyper-
emia most arteriolar muscle cells showed smooth sur-
faces. Some pericytes appeared to have migrated from the
vascular wall. The morphological changes of smooth mus-
cle membranes suggest that they are related to specific
perfusional disturbances during ischemia and reperfusion.
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Introduction

Transient interruption of cerebral blood flow (CBF) and
reperfusion is a common event in the surgical treatment of
complex aneurysms [7, 29] and carotid artery stenosis
[30], as well as after thrombolytic therapy for embolic
stroke [10, 80]. Although reperfusion of ischemic tissue
may be thought to contribute to its recovery, extensive
clinical and experimental studies [6, 13, 22, 78] have
shown that untimely reperfusion results in irreversible tis-
sue injury which cannot be attributed to the ischemic in-
sult alone.

Transient global or focal ischemia in many animal
species [16, 17, 36, 38, 44, 47, 56, 60, 64, 67, 72, 73] is
followed initially by a brief period of hyperperfusion
(reperfusion hyperemia) and, subsequently, by a below
normal perfusion (postischemic hypoperfusion). The re-
perfusion hyperemia has been associated with the opening
of blood-brain barrier (BBB) and vasogenic edema [9, 37,
60, 67] where extravasated plasma constituents could com-
promise neuronal survival [30]. Concurrent with hyper-
emia is the excess delivery of O2 to the tissue which is
biochemically set to release a burst of arachidonic acid
metabolites [11] and oxygen free radicals [28, 74]. These
molecular events are coupled with the restitution of glu-
cose to ischemic tissues, leading to sustained lactoacido-
sis because of continued formation of lactate [1]. In sum-
mary, hyperemia has been envisioned by some investiga-
tors [50, 56, 68] as an onrush of blood flow through ves-
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sels maximally dilated by lactoacidosis and devoid of au-
toregulation by the previous ischemic insult.

In contrast, increases in both oxygen extraction and
metabolism, suggesting an uncoupling between metabolic
demand and substrate delivery, have been reported during
postischemic hypoperfusion [12, 27, 36, 38, 64, 67]. Dif-
ferent explanations for the decreased CBF have been pro-
posed including: (1) rheological changes, microvascular
obstruction due to the aggregation of blood elements [23,
51] and hemoconcentration, (2) capillary obstruction by
endothelial microvilli formation [14], (3) compression of
vascular lumen by cellular (neurons, glia, and endothe-
lium) and/or extracellular swelling [50, 53], and (4) in-
creased vascular smooth muscle tone. Of these, the last
explanation has been least documented. Although many
studies [17, 40, 47, 56, 68, 72] have suggested that an in-
creased smooth muscle tone of the microcirculation con-
tributes significantly to postischemic perfusion distur-
bances, little is known as to how the ischemic stroke af-
fects the smooth muscle tone [24]. Some investigators
[44, 68] observed directly serial changes in the diameter
of pial arterioles with diameters of over 50 µm through an
artificially made cranial window. However, this method
did not allow visualization of the parenchymal microves-
sels which may be involved in reperfusional injury [15].

Two other factors are important in determining the role
of the vascular smooth muscle in postischemic microcir-
culation, one is the reliability of the forebrain ischemia
model used, and the other is the methodology employed
to accurately measure CBF. To the best of our knowledge,
the most reliable forebrain ischemia model without sys-
temic effects is the rat seven vessel occlusion (7VO) model
described by Shirane et al. [63]. This model, however,
produced a high mortality rate due to respiratory compli-
cations. Recently we have modified and extended this model
with substantial improvement of the mortality rate [45]. In
addition we have used a new method for measuring corti-
cal CBF (c-CBF) in awake rats by applying laser Doppler
flowmetry (LDF) as described previously by Sato et al.
[61]. This method allows us to measure c-CBF changes
accurately and on-line in unanesthetized animals by
tightly attaching the LDF probe to a specific region of the
brain through a guiding cannula.

Using these improved methods we undertook the study
of the morphological changes of the smooth muscle in rat
cerebral cortex microcirculation during global ischemia
and reperfusion. We have correlated the temporal profile
of the c-CBF with the changes in smooth muscle contrac-
tility in the wall of microvessels observed under the scan-
ning electron microscope (SEM). This study uses a KOH-
collagenase partial digestion method [69–71, 76, 77] for
observing the outer surfaces of smooth muscles without
affecting their fine structure. The present data add new in-
sights into the role of the parenchymal vascular smooth
muscle and how it may be related to temporally defined c-
CBF changes during ischemia and reperfusion.

Materials and methods

All animal experiments were approved by our institutional review
board and were conducted in compliance with the “Principles of
Laboratory Animal Care” (NIH publication no. 86–23, revised
1985).

Surgical preparation

Male Sprague Dawley rats (n = 44) weighing 375–400 g were
housed under diurnal lighting condition and given free access to
food and water before the experiments. The rats were pretreated
with an intramuscular injection of atropine sulfate (1 mg/kg) and
anesthetized with an intraperitoneal injection of chloral hydrate in
normal saline (400 mg/kg). Additional aliquots of chloral hydrate
were administered when required. The animals were orotrachially
intubated with a 16-gauge angiocatheter, and mechanically venti-
lated (small animal ventilator, Harvard Instrument, Cambridge,
Mass.) with room air.

Vessel occlusion

The rat model of 7VO has been described in detail [45, 63].
Briefly, each rat was fixed in the supine position. Through a mid-
line neck incision, paired external carotid arteries and the ptery-
gopalatine branch of the internal carotid arteries were exposed,
electrically cauterized and divided. The trachea and the esophagus
were retracted gently to a medial side and part of the longus capi-
tis was cauterized and removed, not only to expose the ventral sur-
face of the clivus, but also to reduce the degree of retraction of the
trachea and the esophagus. A small hole was drilled at the midpor-
tion of the clivus exposing the brain stem. The dura mater and the
arachnoid membrane were opened, and the basilar artery was cau-
terized and divided. The bony defect was then filled with Gelfoam
(Upjohn, Kalamazoo, Mich.). Both common carotid arteries were
exposed and isolated from the carotid sheaths taking care not to
damage the vagus nerves. Reversible inflatable balloon occluders
(OC2A, In Vivo Metrics, Healdsburg, Calif.) were placed around
the common carotid arteries, with the distal ends of the occluders
externalized through holes at the rat’s back and secured to the skin.

Hematological measurement

Following vessel occlusion, a PE-50 polyethylene catheter filled
up with heparinized saline (100 IU heparin in 1 ml saline) was in-
serted into the caudal artery and secured. Cotton, containing 1%
procaine hydrochloride, was placed in the wound area. After re-
gaining consciousness, the rats were placed at an ambient temper-
ature and allowed free access to water. After 24 h, the unanes-
thetized animal underwent 10 min of ischemia by inflating both
occluders simultaneously with syringes. Blood samples were col-
lected from the arterial tail catheter at the following times: (1) be-
fore ischemia, (2) midtime during ischemia, (3) 5 min after recir-
culation, and (4) 60 min after recirculation. Blood gases, pH,
hematocrit, and blood glucose level (Stat profile 5, Nova Biomed-
ical, Waltham, Mass.) were measured in a group of six rats.

Measurement of c-CBF

A separate group of seven rats was used for the CBF studies. Fol-
lowing vessel surgery and arterial catheter insertion, each rat was
placed in the prone position. Through a midline scalp incision of
about 3 cm in length, a burr hole (3 × 3 mm2) was drilled over the
right frontoparietal sensorimotor cortex at stereotaxic coordinates
+0.5 to –2.5 mm anteroposterior, and +1.5 to +4.5 mm right from
the bregma, according to Paxinos and Watson [52]. Special atten-
tion was taken not to damage the dura mater. A modification of the
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LDF method for continuous measurement of c-CBF in the con-
scious rat as described by Sato et al. [61] was used. An acrylic
plate of about 10x6 mm2 area, and 1 mm thick provided with two
holes at both edges was placed over the hole in the skull. Two
small screws (bone anchor type; Stoeling, Wood Park, Ill.) were
used to fix the acrylic plate to the skull. On this acrylic plate, a
guiding cannula (outer diameter 1.52 mm, inner diameter 0.76 mm
and length 9.5 mm, PE-100, Becton Dickinson, Sparks, Md.) for
the LDF probe was positioned perpendicularly above the cortical
surface, avoiding visible blood vessels. Both the plate and cannula
were fixed to each other with dental cement (Fig. 1A). After re-
gaining consciousness, rats were housed at an ambient tempera-
ture, and allowed free access to water. After 23 h, each rat was
anesthetized with 3% halothane for 2–3 min. Immediately after
anesthesia, the rat was placed in a handmade hammock suspended
from a plastic frame (Fig. 1B) to achieve partial restraining during
the gathering of data. An LDF probe (P-433-1; Vasomedic, St.
Paul, Minn.), with outer diameter 0.8 mm and length 10 mm, for
LDF (Laserflo BPM2, Vasomedics) was then inserted into the can-
nula and the c-CBF value was continuously displayed on a moni-
tor. Concurrently, the end of an arterial catheter was connected to
a pressure transducer (Transpac II; Abbott Laboratories, North
Chicago, Ill.) and mean arterial blood pressure (MBP) was dis-
played on a blood pressure monitor (78342A; Hewlett Packard,
Boeblingen, Germany). Both c-CBF and MBP values were A/D
converted (DT21-EZ, Data Translation, Malboro, Mass.) and
processed on a personal computer using an appropriate software
(Labtech Notebook; Laboratory Technology, Wilmington, Mass.).

Recording of physiological variables began 1 h after halothane
anesthesia. Baseline c-CBF value in each rat was established by
averaging values (n = 7) measured during the 5 min before ischemia.
Initially, control values of c-CBF and MBP were measured every
10 s for 5 min. Subsequently, the same physiological parameters
were measured every 10 s for 40 min throughout 10 min of fore-
brain ischemia and 30 min of reperfusion. After the reperfusion pe-
riod, the same parameters were measured every 5 min for 24 h. All
experiments were performed under constant lighting conditions.

Statistical analysis

All data were expressed as mean ± SD of the indicated number of
rats. The significance of statistical analysis was determined by the
Student’s t-test. Only values of P < 0.05 were accepted as statisti-
cally significant.

Preparation of tissues for SEM

Experimental animals were grouped on the basis of the c-CBF
changes: immediately after reperfusion, at 8, 15, 30, and 90 min,
and 6, 12, and 24 h after reperfusion (n = 4 for each time point).
Animals in each time group were anesthetized with chloral hydrate
and perfused transcardially (head pressure equivalent to 150 cm
H20) with 0.1 M phosphate buffer (PB) (pH 7.4) followed by a fix-
ative containing 2.0% paraformaldehyde and 2.5% glutaraldehyde
in 0.1 M PB (pH 7.4). Tissues were also obtained from normal 
(n = 2) and sham-operated (n = 2) controls. The latter group con-
sisted of animals treated surgically like the experimental groups
but without ischemia and reperfusion. The head pressure used to
perfuse the brains of the normal and sham-operated controls was
identical to that used for the experimental brains. Following re-
moval, brains were immersed in the same fixative at room temper-
ature for 1 day. The fixed brain was then cut into a block, of ap-
proximately 5 × 5 mm2 area by 2 mm in depth, which contained
the sensorimotor cortex from the center of which the c-CBF mea-
surement had been determined.

To observe the adventitial surface of smooth muscles, the col-
lagenous tissue of the fixed specimens was removed using a KOH-
collagenase digestion method [69–71, 76, 77]. Briefly, the speci-
mens were placed in 30% KOH at 65°C for about 10 min and then
immersed in a 0.1% collagenase (Sigma, type II) in 0.1 M PB (pH
7.4) at 37°C for 5 h. The digested specimens were conductive
stained by a tannin-osmium method [49], dehydrated in a graded
series of ethanol and critical-point dried with liquid CO2. The dried
specimens were mounted on aluminum stubs, coated with plat-
inum in an ion coater, and observed with a SEM (JSM-840A,
JEOL, Tokyo, Japan) at 25 kV. Analyses of intraparenchymal ves-
sels were restricted to terminal and precapillary arterioles and cap-
illaries (n = 20 for each type of vessel). Intraparenchymal veins
were not analyzed because the integrity of their wall was often
compromised in the process of tissue puncturing and separation
prior to SEM study.

Results

Behavioral changes

Loss of the righting reflex and decerebrate rigidity oc-
curred immediately after inflating the balloon occluders.
Spontaneous respiration was maintained during ischemia
and reperfusion, reflecting adequate irrigation of the vital
centers of the brain stem. All rats regained the righting re-
flex within 1 h after deflating the occluders. However,
ambulatory movements were slow, and general alertness
was diminished for the duration of the experiments.

356

Fig. 1A, B Diagrams of the experimental protocol used in this
study. A Fixation of the laser Doppler flowmeter probe in the guid-
ing cannula on the skull. B The unanesthetized rat placed in a
hand-made hammock (a) and suspended from a plastic box (b) for
recording of cortical cerebral blood flow and systemic blood flow.
(c pressure transducer, d the distal end of the inflatable balloon oc-
cluder)

A

B



Loosely restrained rats remained calm during the gather-
ing of blood flow data.

Physiological variables

Measurements of arterial blood gases and glucose levels
in control and experimental rats remained within normal
ranges (Table 1). The LDF accurately reflected relative
changes in c-CBF, but absolute values were dependent on
probe placement. c-CBF changes were expressed as a per-
centage of the preischemic baseline value for c-CBF set at
100%. Figure 2 shows a composite graph of the c-CBF 
(n = 7) measured for 24 h. In all animals the c-CBF
dropped below 20% of baseline values within 20 s after
inflating the balloon occluders. It remained close to this
value (mean of 18.9 ± 13.3%, P < 0.001) at midpoint (af-
ter 5 min) and throughout the remainder of the ischemic
period. After deflating the occluders, c-CBF values in-
creased rapidly, returning to baseline within 2 min after

reperfusion. The maximum hyperemic c-CBF mean value
of 227.5 ± 54.1% (P < 0.001) occurred after 8 min of
reperfusion. Subsequently, hyperemia c-CBF values fluc-
tuated for 7 min with a mean value of 214.0 ± 79.2% (P <
0.05), after which they decreased precipitously. The c-
CBF returned to baseline values after approximately 27
min of reperfusion. The mean duration of the first hyper-
emia was estimated at 25 ± 2 min (reperfusion hyperemia).
Subsequently the c-CBF continued decreasing below base-
line values reaching its nadir at a mean of 59.7 ± 8.8%, 
(P < 0.001) at 90 min of reperfusion. After fluctuating be-
low baseline values, c-CBF returned to baseline values by
8 h and 30 min of reperfusion. Therefore, the duration of
the postischemic hypoperfusion lasted approximately 8 h.
After this delayed hypoperfusion the c-CBF fluctuated
above the baseline value (second hyperemia) for 15 h un-
til the end of the experiment. A mean c-CBF value of
122.8 ± 83.9% was obtained at 12 h of reperfusion. This
last value was not statistically significant due to a large
standard deviation.
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Table 1 Physiological vari-
ables in the rat before, during,
and following seven-vessel oc-
clusion (n = 6)

Control During ischemia 5 min after 60 min after
reperfusion reperfusion

pH 7.44 ± 0.06 7.41 ± 0.09 7.45 ± 0.09 7.45 ± 0.09
PaO2 93.28 ± 9.19 91.03 ± 13.53 88.64 ± 10.00 99.05 ± 11.74
PaCO2 30.86 ± 3.58 33.85 ± 10.64 32.65 ± 9.56 32.67 ± 9.48
Glucose 142 ± 37 166 ± 14 186 ± 30 181 ± 26
Hematocrit 51.83 ± 8.82 45.00 ± 5.96 49.17 ± 5.49 53.67 ± 6.12

Fig. 2 Cortical cerebral blood
flow (c-CBF) and mean arterial
blood pressure (MBP) changes
in seven rats. c-CBF was as-
sessed by laser Doppler
flowmeter on the right sensori-
motor cortex with values ex-
pressed as a percentage of
baseline values. *P < 0.001,
**P < 0.01, ***P < 0.05 sig-
nificantly different from the
baseline values
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Fig. 3A–F Scanning electron micrographs of control rats. A A
muscular arteriole measuring about 80 µm in diameter on the brain
surface. The tunica media consists of two to three layers of muscle
cells with smooth surfaces. B A muscular arteriole measuring
about 60 µm in diameter on the brain surface. Ripple-like undula-
tions (arrows) are seen on the smooth muscle surfaces. C A termi-
nal arteriole measuring about 25 µm in diameter on the brain sur-
face. The tunica media consists of a monolayer of muscle cells
with smooth surfaces. D A terminal arteriole measuring 17 µm in
the brain parenchyma with smooth cell surfaces. E A precapillary

arteriole measuring 8 µm in diameter found in the brain
parenchyma. A smooth muscle cell has a characteristically bulging
cell body (star) with thick processes which wind helically around
the endothelium. F A capillary about 5 µm in diameter found in
the brain parenchyma. The pericyte surmounting this capillary
possesses an ovoid cell body (p) which extends two longitudinal
primary processes (arrows) along the vessel. These processes give
rise to secondary processes (arrowheads) which tightly surround
the endothelial tube. Bars = 10 µm
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D
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In contrast, baseline MBP values averaged 102 ± 15
mm Hg. MBP mean values increased immediately (within
2.2 min) after inflating the occluders (133 ± 13 mm Hg, 
P < 0.01). After this initial rise, MBP values returned to
baseline values within 5 min and then decreased below
normal values (85 ± 29 mm Hg, non-significant) after 1.6
min of reperfusion. After this decline MBP returned to
baseline values by 6.8 min of reperfusion. The data of the
two concurrent measurements therefore indicate that the
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Fig. 4 Micrographs showing temporal changes of muscular arteri-
oles on the brain surface (A, C, E) and terminal arterioles in the
brain parenchyma (B, D, F) immediately after reperfusion (A, B),
at 8 min of reperfusion (C, D) and at 15 min of reperfusion (E, F).
A Transverse or oblique folds are prominent on the smooth muscle
surfaces. B Shallow undulations (arrow) are seen on the smooth
muscle surfaces. C, D Muscle cells with smooth surfaces. Trans-
verse folds (E) or undulations (arrow, F) are seen on the muscle
cells. Bars = 10 µm
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reperfusion hyperemia was independent of MBP. Although
MBP values decreased slightly to 97 ± 18 mm Hg, in re-
lation to the hypoperfusion nadir, this was not statistically
significant. Similarly, the remaining postischemic hypop-
erfusion and second hyperemia appeared, likewise, to be
independent of MBP.

SEM observations

Based on previously established morphological criteria
pertinent to vessels of different sizes [62, 77], observa-
tions were made on: (1) muscular arterioles, (2) terminal
arterioles, (3) precapillary arterioles, and (4) capillaries.

Normal and sham-operated controls

Smooth muscles of the muscular and terminal arterioles
on the brain surface were observed under the SEM at re-
gions where arachnoid cells and adventitial elastic tissues
had been peeled off by KOH-collagenase digestion.

Muscular arterioles, measuring 30–100 µm in diame-
ter, were found primarily on the brain surface. The wall of
these arterioles typically consisted of two or three layers
of circularly arranged smooth muscle cells. The smooth
muscle cells were usually spindle-shaped with smooth
surfaces (Fig. 3A). A few ripple-like undulations, disposed
perpendicularly to the long axis of the muscle cell, were
found occasionally on the adventitial surface in normal
specimens (Fig. 3B). These undulations, however, were
rarely observed in the sham-operated control specimens.
Furthermore, terminal arterioles, measuring 10–30 µm,
had a wall consisting of a monolayer of spindle-shaped
smooth muscle cells with smooth surfaces (Fig. 3C).

By puncturing and separating the specimen with a fine
needle, blood vessels within the brain parenchyma be-
came accessible for observation under the microscope.
Analyses of parenchymal terminal arterioles, precapillary
arterioles, and capillaries were then undertaken. In gen-
eral the cytoarchitecture of terminal arterioles within 
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Fig. 5A–D Micrographs at 90 min of reperfusion. A A muscular
arteriole on the brain surface. Transverse or oblique folds remains
on the smooth muscle surfaces. B A terminal arteriole found in the
brain parenchyma with membrane undulations (arrows). C A pre-
capillary arteriole found in the brain parenchyma. A smooth mus-
cle cell with a bulging cell body (star) from which processes with
scalloped contours (arrows) originate. D A capillary in the brain
parenchyma. The cell body (p) and primary process (arrow) of this
pericyte appear detached from the endothelial tube (e). Secondary
processes (arrowheads) retain partial apposition with the endothe-
lial tube. Bars = 10 µm
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the brain parenchyma did not differ from that of compara-
ble vessels on the brain surface (Fig. 3D). In contrast,
parenchymal precapillary arterioles, measuring 8–10 µm
in diameter, had smooth muscle cells of distinct shape.
This shape was the result of a bulging cell body with
smooth outer surfaces extending broad processes that
wound helically around the underlying endothelium (Fig.
3E).The smallest vessel, or intracerebral capillaries, mea-
suring 5–8 µm, had characteristic pericytes throughout
their lengths. Pericytes could be differentiated from other
cells in that they possesed smooth surfaces and a bulging

cell body from which long primary processes extended in
an opposite direction to the main axis of the vessel. Pri-
mary processes gave rise to numerous smaller secondary
processes which were oriented circularly around the ves-
sel. The smooth abluminal surfaces of the endothelium
was visible between adjacent pericyte processes which
otherwise were closely apposed to the endothelial sur-
faces (Fig. 3F). No differences in the cytoarchitecture of
terminal arterioles, precapillary arterioles, and capillaries
were found between control and sham-operated rats.

Experimental (ischemia and reperfusion) animals

Deep transverse or oblique folds were observed on the ad-
ventitial surface of all muscular arterioles (Fig. 4A)
within seconds after reperfusion. In contrast, shallower
folds or undulations were more characteristic on all the
terminal arterioles at the same time frame (Fig. 4B). It
should be noted that these folds and undulations in exper-
imental brains were found in practically all the smooth
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Fig. 6A–D Micrographs at 6 h of reperfusion. A A muscular arte-
riole on the brain surface. Transverse folds remain on the smooth
muscle surfaces. B A terminal arteriole in the brain parenchyma.
Undulations remain on the muscle surfaces. C A capillary in the
brain parenchyma. The endothelial tube shows tortuousity (large
arrowhead) near a pericyte cell body (p). This cell body has rough
contours and extends primary processes (arrows) with membrane
creases (arrowheads). D A capillary in the brain parenchyma. A
pericyte (p) appears nearly detached from the endothelium (e). Ar-
rows indicate primary processes. Bars A–C = 10 µm, D = 1 µm
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Fig. 7A–F Micrographs at 24 h of reperfusion. A A muscular ar-
teriole on the brain surface with muscle cells that have smooth sur-
faces. B Another muscular arteriole on the brain surface. Ripple-
like undulations are seen on the smooth muscle surfaces. C A ter-
minal arteriole in the brain parenchyma with muscle cells that have
smooth surfaces. D A precapillary arteriole in the brain paren-
chyma. A muscle cell of this arteriole has a bulging cell body

(star) and processes with scalloped contours (arrow). E A capil-
lary in the brain parenchyma. A pericyte has a cell body (p) with
rough contours which closely appose the endothelium (e). F An-
other pericyte with a cell body (p) separated from the endothelium
(e). This cell body projects several processes to the endothelium in
a spider like fashion. Bars = 10 µm
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muscle cells of single vessels, whereas only few were
seen in some cells in controls that were exposed to the
same head perfusion pressure. After 8 min of reperfusion,
corresponding to the c-CBF maximal hyperemia, folds
and undulations completely disappeared and the smooth
muscle cells of all arterioles looked distended (Fig. 4C,
D). After 15 min of reperfusion, corresponding to the be-
ginning of the c-CBF decline following maximal hyper-
emia, folds and undulations appeared again in 50% of the
observed muscular and terminal arterioles (Fig. 4E, F).
During this hyperemic period, there was no obvious
change in the shape and arrangement of the smooth mus-
cle cells of precapillary arterioles. Likewise no changes
were observed in capillary pericytes.

In the early period of postischemic hypoperfusion (be-
tween 30 and 90 min of reperfusion), some folds and un-
dulations remained on the adventitial surface of most (ap-
proximately 75%) muscular and terminal arterioles (Fig.
5A, B). In precapillary arterioles, processes of smooth
muscle cells became more irregular and acquired scal-
loped contour (Fig. 5C). In many capillaries, the cell body
of pericytes appeared detached from the endothelium,
with only the secondary processes maintaining partial ap-
position with the endothelial wall (Fig. 5D). In spite of
these changes the pericyte surface remained smooth.
There was no remarkable difference in the cytoarchitec-
ture of the vascular wall of animals with 30-min reperfu-
sion and that of animals with 90-min reperfusion, al-
though c-CBF values became minimal by 90 min of reper-
fusion.

Folds and undulations were observed on the smooth
muscle cell surfaces of most (approximately 75%) muscu-
lar and terminal arterioles, respectively, in the late phase
of postischemic hypoperfusion (by 6 h of reperfusion;
Fig. 6A, B). In addition, the smooth muscle cell processes
of precapillary arterioles retained their scalloped contours
(not illustrated). Some capillaries appeared severely de-
formed with the endothelial tubes displaying tortuousity
near the cell body of pericytes (Fig. 6C). Other pericytes
seemed to be nearly detached from the endothelium (Fig.
6D).

The surfaces of most muscle cells of muscular and ter-
minal arterioles became smooth (Fig. 7A, C) again during
the second hyperemia (between 12 and 24 h). However, in
a few cases some cells had folds or ripple-like undulations
(Fig. 7B). In addition the smooth muscle cell processes of
precapillary arterioles were unchanged (Fig. 7D). Two
different kinds of pericytes were distinguished on the ba-
sis of cell body position. The cell body of some pericytes
had irregular surfaces which closely apposed the endothe-
lial tube (Fig. 7E). Other pericyte cell bodies, however,
were separated from the endothelial tube by extending
several processes to the endothelial tube in a spider-like
fashion (Fig. 7F). These morphological changes in peri-
cytes were more pronounced in animals by 24 h of reper-
fusion.

Discussion

Experimental model

The most widely used rat forebrain ischemia model has
been the four arterial vessel occlusion (4VO, paired verte-
brals and common carotids) model described by Pulsinelli
and Brierley [55]. These investigators reported a poor out-
come with patent CBF after occlusion in approximately
25% of their animals, due to reflow via paravertebral
muscle branches, as well as the anterior spinal artery [55,
57]. Kameyama et al. [34] developed a three-vessel occlu-
sion (3VO, basilar and common carotids) model whereby
distal basilar occlusion eliminated a large portion of the 4VO
collateral reflow. However, correlative autoradiographic
records of CBF in this 3VO model did not validate com-
pleteness of ischemia because of residual flow via anasto-
moses of the pterygopalatine branch of the internal
carotids with more superficial vessels. Shirane et al. [63]
extended the 3VO model by developing a 7VO (paired
external carotids, and pterygopalatine branches, as well as
common carotids and basilar artery) model. In contrast to
previous models, their accompanying autoradiograms re-
vealed complete cessation of forebrain CBF. However,
this 7VO model was performed under halothane anesthe-
sia and had a high mortality rate due to respiratory com-
plications which developed postoperatively. In the present
study, we improved the 7VO model of Shirane et al. by
significantly decreasing the postoperative mortality rate.
Increased survival was accomplished by carefully reduc-
ing the retraction of the trachea and resection of the
longus capitis muscle. More importantly, in contrast with
previous models, ischemia in our model was accom-
plished in fully alert, unanesthetized animals. Our physio-
logical results, therefore, were not affected by the poten-
tial systemic effects of anesthesia which is known to alter
stroke outcome [26, 36, 46]. Taken together, our improve-
ments of the 7VO model increases its reliability for repro-
ducible postischemic injury following ischemia and reper-
fusion.

c-CBF during ischemia and reperfusion

CBF changes during and after ischemia in the 7VO rat
model have been previously examined with radioisotope
techniques. Accompanying autoradiograms of whole
brain sections have demonstrated a nearly homogeneous
CBF in comparatively large regions of the sections [45,
63]. In contrast, the LDF technique normally measures
red blood cell flow in microvessels from very small (1
mm3) volumes of cortical tissue [3]. Measurements of the
c-CBF in our study were obtained over the cortical area
representing the sensorimotor cortex. This area was then
selected to be the center of the tissue sample processed for
SEM. Therefore, our c-CBF values were directly corre-
lated with discrete morphological changes of blood ves-
sels belonging to the same cortical region, thus strength-
ening the correlative nature of the study. 
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The mean c-CBF fell to less than 20% of the baseline
values immediately after inflating the occluders around
the common carotid arteries. While this indicated that we
did not achieve complete ischemia, the obtained values
were below accepted thresholds for the loss of electroen-
cephalogram and evoked potentials [5, 66]. Indication of
severe ischemia with low c-CBF in our study was further
exemplified by the appearance of a decerebrate posture
which was consistently observed in all animals immedi-
ately following occlusion. The temporal profile of the c-
CBF obtained after occlusion was, therefore, highly re-
producible. We found that after 10 min of ischemia there
was, initially, a significant reactive hyperemia that lasted
approximately 25 min. This was followed by a prolonged
postischemic hypoperfusion lasting approximately 8 h. A
second, less pronounced hyperemia succeeded the hypop-
erfusion for the duration of the experiment. Moreover,
these perfusional changes occurred without significant
changes of the MBP. Our findings suggest that the rheo-
logical resistance of cerebral blood vessels may be lower
than normal during the hyperemic phases and higher than
normal during the hypoperfusion phase. Interestingly, the
c-CBF nadir during postischemic hypoperfusion (at 90
min of reperfusion) coincided with a slight MBP de-
crease, thus suggesting that it could have been reversed by
a rise of the MBP.

Lastly, previous CBF temporal profile studies using
autoradiographic techniques [38, 56, 60, 67], as well as
133Xe or H2 clearance techniques [47, 50, 64, 68, 72, 73]
did not include many time points or include measure-
ments beyond 6 h after the onset of reperfusion. There-
fore, we are first to measure c-CBF changes up to 24 h of
reperfusion which allowed us to observe a second hyper-
emia during this later time frame. What remains unclear
from the present study is whether our second hyperemia
represents the delayed hyperemia obtained from regions
where severe morphological changes have been known to
occur after more than 24 h of reperfusion [56].

Cytoarchitecture of vascular smooth muscle

Ushiwata and Ushiki [77] described the normal three-di-
mensional architecture of smooth muscle in cerebral
blood vessels of the rat. Using a method combining KOH-
collagenase digestion with SEM, they demonstrated that,
while the adventitial surface of muscle cells of arterioles
was always smooth, shallow membrane creases or ripple-
like undulations were occasionally found in muscular ar-
terioles. Additionally, they did not observed such mem-
brane creases in terminal or precapillary arterioles. Our
findings using control and sham-operated animals con-
firm and extend their observations. While the reason for
occasional membrane creases or ripple-like undulations in
muscular arteriole is unknown, the preponderant finding
of smooth cell membrane in arterioles of all sizes may be
correlated with the dilatation of vessels. Such vasodilata-
tion in control animals would be maintained by the sus-
tained pressure delivered during perfusion-fixation for

electron microscopy. If this assumption is correct then
smooth surfaces devoid of creases on the muscle cell
membrane may signal a state of relaxation. Moreover, in
our sham-operated rats, we speculate that vasodilatation
in the muscular arterioles after vessel occlusion surgery
could be a compensatory action in response to a decreased
driving force of the CBF which reaches the brain only by
way of the internal carotids.

In contrast to the pattern of relaxation in smooth mus-
cle membranes, the appearance of marked surface mem-
brane folds and undulations in experimental brains may
be indicative of active vasoconstriction. Such marked
creases were never observed in control brains, indicating
that tissue fixation by itself did not have a significant ef-
fect on smooth muscle contractility. While both folds and
undulations are oriented transversely to the long axis of
the muscle cells, they differ from each other in that the
folds are deeper, more numerous and of uniform waviness
than the undulations. Previous investigators [18, 54] have
studied structural changes of smooth muscles during con-
tractile states by transmission electron microscopy. Ac-
cording to these studies, constricted muscle cells show in-
dented borders. However, these studies were limited in
that the three-dimensional shape of the constricted muscle
cell could not be visualized in single ultrathin sections.
Recently, several investigators have shown the three-di-
mensional shape of constricted vascular muscle cells by
SEM. Uehara et al. [75] illustrated a presumptive con-
stricted muscular artery with numerous transverse folds in
rat brain. MacDonald et al. [42] showed similar folds in
smooth muscle of a subarachnoid artery in a monkey sub-
jected to experimental hemorrhage. More recently Taka-
hashi [69] demonstrated folds on the adventitial surface of
smooth muscle of an intracranial artery from a patient
who died of vasospasm after subarachnoid hemorrhage.
Although these studies have provided some correlation of
transverse folds with muscular contraction or vasospasm
in the larger arteries, no such correlations have ever been
made in arterioles in either experimental or pathological
conditions. Our correlative study is the first to reveal the
presence of folds, undulations and other membrane
creases in muscular, terminal and precapillary arterioles.
These findings support the notion (as discussed below)
that the smooth muscle of these small vessels may play a
significant role in the control of the microcirculation
through the brain parenchyma during ischemia and reper-
fusion.

Correlation of crease formation with perfusional 
alterations during ischemia and reperfusion

This study shows significant correlation between the
crease formation in smooth muscle membranes and the
measured perfusional alterations during ischemia and
reperfusion. These correlations include: (1) marked trans-
verse or oblique membrane folds of smooth muscle cells
in arterioles immediately after the ischemic brain was
reperfused, (2) smooth surfaces of the muscle cells at the
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maximum point of hyperemia, and (3) reappearance of
folds and undulations when the c-CBF started to decline.
Previous investigators have speculated that the reperfu-
sion hyperemia immediately following ischemia is the re-
sult of an onrush of blood through vessels maximally di-
lated by lactoacidosis and devoid of autoregulation [50,
56, 68]. Our findings do not support the notion that
smooth muscle cells are dilated during ischemia. Takagi et
al. [68] observed a decreased pial arteriole diameter dur-
ing global ischemia in cat through an artificially created
cranial window. The decreased pial artery diameter was
caused by interruption of the blood supply, leading to a
loss of intraluminal pressure. Our findings support their
observations. Decreased intraluminal pressure might fur-
ther contribute to a collapse of the wall of arterioles. Does
the decreased intraluminal pressure contribute to the fold
formation observed immediately after reperfusion? Sev-
eral investigators have measured c-CBF continuously us-
ing LDF in a forebrain ischemia model [16, 17]. They
have shown that the transition from reperfusion hyper-
emia to postischemic hypoperfusion is precipitous, indi-
cating that the decline of c-CBF is caused by vasomotor
effects. Our findings support this speculation and further
suggest that crease formation both immediately after isch-
emia and after maximal hyperemia result from acute vaso-
constriction. However, the mechanism underlying these
effects remains to be elucidated.

Factors other than mechanical ones may also be in-
volved in smooth muscle contractility. Endothelin (ET)
[81], one of the most potent endogenous vasoconstrictor
substances produced by endothelial cells has attracted at-
tention in the pathogenesis of vasoconstriction [41]. Giuf-
frida et al. [20] found increased ET immunoreactivity in
the brains of Mongolian gerbils subjected to unilateral
cerebral ischemia. Barone et al. [2] measured ET levels in
rats using microdialysis after 20 min of global ischemia
produced by combined common carotid artery occlusion
and hypotension. They found that ET levels increased sig-
nificantly during ischemia, returned to normal levels dur-
ing early reperfusion (0–30 min), and finally increased
again after 30 min. Therefore, ET might be important in
regulating the vasoconstriction observed both immedi-
ately after reperfusion and when c-CBF declines from the
hyperemic plateau. In addition, vasodilating factors other
than lactate, such as nitric oxide (NO) produced during
and after reperfusion [43] may also contribute to the pro-
gression of the hyperperfusion.

Frerichs et al. [17] measured c-CBF using LDF during
ischemia and reperfusion after ibotenic acid lesions in
rats. They were able to abolish the precipitous decrease of
c-CBF from hyperemia to hypoperfusion, suggesting that
the rapid c-CBF decrease may be triggered by a local
neural mechanism.

In summary, we suggest the following mechanism of
reperfusion hyperemia. First, arterioles with dysfunctional
autoregulation constrict markedly during ischemia and the
initial onrush of blood flow of reperfusion. Second, as the
vasoconstrictive factors are metabolized, smooth muscles
relax producing vasodilatation and above normal c-CBF.

Third, accumulation of vasoconstrictive factors from mul-
tiple sources, including adjacent neurons, triggers vaso-
constriction and results in a precipitous decline of c-CBF.

As mentioned in the introduction a variety of mecha-
nisms have been proposed to explain the delayed hypop-
erfusion, including: rheological changes, microvascular
obstruction [23, 51] and hemoconcentration; capillary ob-
struction by endothelial microvilli formation [14]; com-
pression of vascular lumen by cellular and/or extracellular
swelling [50, 53], and increased vascular smooth muscle
tone [17, 40, 47, 56, 68, 72]. This study supports the last
of these explanations, although it does not rule out the
others.

Recently, Wisniewski et al. [79] studied cerebral va-
sospasm of cardiac arrest-related global ischemia in rats
by SEM. They illustrated three distinct luminal changes in
both veins and arteries. In the present study, we observed
similar changes in arterioles and capillaries but could
rarely see the abluminal surfaces of veins, because these
were destroyed and peeled off when the specimens were
punctured and separated prior to SEM analysis.

The present study did not show a clear correlation be-
tween the second hyperemia and smooth muscle cell mor-
phology. To explain the second hyperemia two mecha-
nisms have been proposed. Garcia et al. [19] measured
CBF and morphometrically analyzed the diameter of cap-
illaries 24 h after transient middle cerebral artery occlu-
sion in monkey. They concluded that postocclusive hyper-
emia resulted from vasodilatation of capillaries. The other
possibility involves the recruitment of previously unper-
fused microvessels [21], although the concept of recruit-
ment is controversial. Our results show that many muscle
cells were smooth during the second hyperemia, thus sug-
gesting arteriolar dilatation. This dilatation could result
also from accumulation of vasodilatory substances which
can be delivered from damaged cells, such as basic fibro-
blast growth factor [59], or which are induced after reper-
fusion, such as NO [8, 43].

Postischemic changes of capillary pericytes

Marked changes in the shape and arrangement of capillary
pericytes were observed after ischemia, and were related
generally to two types of pericyte conformation: (1) peri-
cytes with cell bodies remaining closely apposed to the
endothelium, and (2) pericytes with cell bodies widely
separated from the endothelium. Moreover, separation of
pericytes coincided with the second period of hyperemia.
While the significance of this separation remains unclear,
it may signal a possible migration of these cells from the
vascular wall into the parenchyma. Pericytes have been
reported to migrate into the brain parenchyma under cer-
tain conditions [58]. It is thought that, once migrated, the
pericyte could become a potential source of microglia [4]
and serve as brain macrophage precursors reacting to in-
jury and disease [65]. Our findings support this notion of
rapid pericyte migration into the parenchyma preceding
the onset of neuronal degeneration which would result
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from the ischemic insult. Alternatively, the separation of
pericytes from the vascular wall may be a mechanical ef-
fect of extravasated plasma [48] from a BBB breakdown
after ischemia [9, 37, 60, 67]. In support of this is the ob-
servation that, even during this condition, the secondary
processes of the pericyte retain their close apposition with
segments of the endothelial wall. Furthermore, we noticed
that at these points of apposition the wall of the endothe-
lium appears constricted. While active constriction of the
endothelium can not be ruled out, such constriction could,
conceivably, be effected by the contractile properties of
the pericyte processes. Contractile elements such as actin
[25], tropomyosin [32], myosin [33], and cyclic GMP-de-
pendent protein kinase [31] have been detected in the per-
icyte cytoplasm. In addition their contractility has been
demonstrated in vitro [35]. Therefore, the present obser-
vations together with previous data suggest a role for per-
icytes in modulating the diameter of the capillary wall,
which may contribute to the progression of the postis-
chemic hypoperfusion.
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