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Effect of Recirculation on Exacerbation of
Ischemic Vascular Lesions in Rat Brain

Kazuyuki Nishigaya, MD; Yoji Yoshidé, MD; Motoi Sasuga, MD;
Hideaki Nukui, MD; and Genju Ooneda, MD

Using electron microscopy, we investigated the small arteries and veins in ischemic lesions
induced by occlusion of the ostium of the middle cerebral artery in 42 rats. We observed
endothelial denudation in the small arteries of rats receiving occlusion for >6 hours. When the
occluding cylinder was removed to allow for reperfusion, however, 2 hours of occlusion was
sufficient for endothelial denudation to occur. Medial smooth muscle cells seemed to be more
vulnerable to ischemia than endothelial cells because ultrastructural changes in the former
cells preceded endothelial denudation. Moreover, endothelial denudation definitely exacer-
bated vascular changes so that medial necrosis appeared to be complete beneath the denuded
areas, allowing erythrocytes, platelets, and exogenous tracers to penetrate into the cytoplasm of
smooth muscle cells. These arterial lesions seemed to be repaired 10 days after removal of the
occluding cylinder following 2 hours of occlusion. On the other hand, small veins in the
ischemic lesion did not show endothelial denudation or medial necrosis. Our study suggests
that arterial changes in ischemic lesions play a role in exacerbating the brain edema cansed by
recirculation after ischemia. (Stroke 1991;22:635-642)

estoration of blood flow during the early
R stage of cerebral embolism, when ischemic
damage to the tissue has been minimal,
would be an ideal treatment for this disease if
recirculation did not often exacerbate brain edema
and hemorrhage. Accordingly, there is no radical
therapy available for cerebral embolism to date since
restoration of blood flow during the acute stage of
brain ischemia is regarded as a risk to life. It is thus
essential to resolve the pathogenesis of these compli-
cations for the treatment of cerebral embolism dur-
ing the acute stage.

We have established a new experimental model of
cerebral embolism in rats in which recirculation can
be easily introduced into ischemic areas.! We have
previously shown that the brain water content in-
creased according to the duration of ischemia and
the degree of recirculation following >2 hours of
ischemia.l2 However, we did not detail the intrace-
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rebral vascular changes causing brain edema in our
model. Although there have been many morpholog-
ical studies concerning cerebrovascular changes or
increased vascular permeability caused by brain isch-
emia, these studies looked mainly at the microves-
sels.3-11 Few reports exist describing ultrastructural
changes of the intracerebral small arteries and veins
in ischemic lesions.

We report the ultrastructural changes of small
arteries and veins in ischemic lesions after specific
periods of ischemia and recirculation. We also dis-
cuss the effect of recirculation on ischemic vascular
lesions with regard to the exacerbation of brain
edema by recirculation.

Materials and Methods

We anesthetized 62 male Wistar rats weighing
220-300 g with 40 mg/kg i.p. pentobarbital sodium.
The terminal 5 mm of a 4-0 nylon surgical thread 16
mm long was coated with silicone (Xantopren light
body, Bayer Dental, Leverkusen, F.R.G.) to a thick-
ness of 0.3 mm.! The ostium of the right middle
cerebral artery was occluded by the silicone cylinder
inserted from the origin of the right internal common
carotid artery.! After the cylinder was inserted, the
right internal carotid artery was ligated with a tip of
the thread at the origin. Recirculation could be
achieved via the circle of Willis after positioning the
cylinder at the origin of the right internal carotid
artery.! We used 47 rats for ultrastructural studies
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FIGURE 1. Schematic representation of four sampling sites
(A-D) in coronal section of rat brain. MCA, middle cerebral

artery.

and 15 for regional cerebral blood flow (rCBF)
studies.

For the rCBF studies, an electrochemically gener-
ated hydrogen gas method!? was used to measure
rCBF in the lateral part of the caudate putamen in six
rats receiving 2 hours of recirculation after 6 hours of
occlusion and nine sham-operated (control) rats. The
head of the rat, anesthetized with 40 mg/kg i.p.
pentobarbital sodium, was fixed in a stereotactic
frame to permit the opening of a burr hole 4 mm
lateral and 0.5 mm posterior from the bregma in the
right parietal bone. An electrode wire 3 cm long
(urethane-coated platinum-iridium wire 80 um in
diameter, Biomedical Science Co., Kanazawa, Japan)
was inserted to a depth of 4 mm through the burr
hole and fixed at the burr hole with cyanoacrylate

TABLE 1. Summary of Experimental Groups and Subgroups
of Rats

Occlusion
Subgroup n (hr) Recirculation
Group 1. Persistent ischemia
2H 7 2
6H 7 6
8H 8 8
Group 2. Recirculation
1+2H 6 1 2H
2+2H 6 2 2H
6+2H 6 6 2H
2H+10D 2 2 10D
H, hour; D, day.

monomer. Another electrode was introduced into the
nuchal region. When the rat awoke, rCBF was mea-
sured with an electrolytic tissue rheometer (RBF-2,
Biomedical Science Co.). The current and duration
were 5 uA and 100 seconds, respectively. In our
method, the rats did not need to be fixed or anesthe-
tized and could be maintained in the physiological
standing position during rCBF measurement. The
rCBF was measured every hour for 8 hours. Data
were analyzed by Student’s ¢ test. Differences were
considered significant when p<0.05.

For the ultrastructural studies, 42 rats were di-
vided into seven subgroups that incurred persistent
ischemia or temporary ischemia followed by recircu-
lation for an ‘arbitrary duration according to the
experimental design (Table 1). Carbon ink (Pelikan
AG, Hannover, FRG) as a tracer for endothelial
permeability was administered to the rats either just
before surgery in group 1 or 1 hour after recirculation
in group 2. After the operation, all rats were released
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denuded endothelial cells were more remarkable.
According to our results, smooth muscle cells were
more vulnerable to hypoxia than endothelial cells.
Smooth muscle cells may be in a higher metabolic
state, which demands more oxygen, than endothelial
cells. Endothelial denudation can enhance smooth
muscle cell change.

Endothelial denudation was encountered more
frequently in segments with medial necrosis after
recirculation. Enlargement of the vascular lumen by
medial necrosis seemed to be a causative factor for
the enhancement of endothelial permeability.’” Se-
cretion of injurious agents, such as active oxygen and
free radicals, from the damaged smooth muscle cells
may be another contributing factor. Venous damage
was rarely observed in this model. The reason for this
remains obscure, but two possibilities are postulated.
First, there are fewer smooth muscle cells in the
venous wall than in the arterial wall. Second, venous
endothelial cells may be more resistant to ischemia
than arterial endothelial cells.

No-reflow has been suggested as a cause of mi-
crovessel damage after reperfusion.'® Mural platelet
thrombi were present in small arteries, and some
small arteries appeared to be obstructed by platelet
thrombi. Thus, no-reflow may play a role in the
endothelial damage seen in our preparation. Chiang
et al3 have stated that blood clots and platelet
thrombi do not contribute to the etiology of vascular
obstruction.

After recirculation following 2 hours of occlusion,
our rats survived for >7 days even though the brain
water content increased after recirculation.2 We in-
vestigated the subsequent changes in small arteries
on the 10th day after recirculation. No endothelial
denudation or medial necrosis was observed, but
activated endothelial cells and modified medial
smooth muscle cells were frequently seen. Both
activated endothelial cells and modified smooth mus-
cle cells are characterized morphologically by an
increase in the number of mitochondria and rough
endoplasmic reticuli and a reduction in the number
of filamentous structures, particularly in the smooth
muscle cells. Functionally, they are cells with an
increased turnover rate. Accordingly, these cells
might be regenerated during the repair of small
arteries damaged by recirculation after occlusion.
Nodular accumulations of basement membrane-like
substances, cell debris, and tracer in the media may
represent morphologic evidence for reorganization of
damaged smooth muscle cells.

We were able to draw three conclusions. First,
recirculation following ischemia exacerbated arterial
changes and increased brain edema. Second, small
arteries in ischemic lesions may be considered the
major sites from which edema fluid was exuded
during recirculation. Third, 2 hours seems to be the

critical occlusion period for endothelial damage in
arteries subjected to ischemia and reperfusion.
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