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Summary. The early morphological consequences of 
recirculation following middle cerebral artery (MCA) 
occlusion were studied in two rat models. The proximal 
MCA was occluded for 1 h by either a surgical clip or 
platelet thrombus; subsequently, 1 h of recirculation 
was facilitated. Following clip occlusion and recircu- 
lation, mild astrocytic swelling, especially around 
blood vessels, was detected in reperfused cortical and 
striatal areas. Neuronal changes included slight 
chromatin clumping and dilation of the rough endo- 
plasmic reticulum. In contrast, severe structural ab- 
normalities were detected following recanalization of 
the thrombosed MCA segment. Marked astrocytic 
swelling of cell bodies and perivascular processes with 
neuropil vacuolation were commonly seen. A heter- 
ogeneous pattern of neuronal alterations, including a 
high frequency of dense shrunken neurons surrounded 
by swollen astrocytic processes was documented in 
cortical and striatal regions. Severe neuronal changes 
were documented in brain regions exhibiting a well- 
perfused microcirculation. Vascular endothelial cells 
contained large numbers of pinocytotic vesicles associ- 
ated with luminal and abluminal surfaces. Pronounced 
and rapid morphological changes evolve with reper- 
fusion when thrombotic and ischemic events occur 
simultaneously. The basis for these rapid parenchymal 
changes following vascular thrombosis may involve 
acute alterations in cerebral microvascular perme- 
ability which exacerbate ischemic consequences. 
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Experimental studies have demonstrated that in the 
initial stages of cerebral ischemia, the blood-brain bar- 
rier (BBB) to macromolecules is relatively intact [17, 
31, 33]. Increased cerebrovascular permeability, lead- 
ing to serum protein extravasation, vasogenic edema 
and severe brain swelling, may require hours or days 
to develop following mechanical occlusion of a large 
cerebral vessel [14, 21, 22, 30, 34]. Autoradiographic 
data obtained in normotensive rats have also failed to 
document acute BBB alterations following permanent 
middle cerebral artery (MCA) occlusion. Using 
[14C]aminoisobutyric acid as a tracer to study alter- 
ations in cerebral microvascular permeability, Tyson 
et al. [40] failed to demonstrate an increase in capillary 
permeability at 4 h after MCA occlusion. In contrast, 
experimentally induced vascular thrombosis of large 
cerebral vessels is associated with acute BBB changes 
[8, 9]. In one study, photochemically induced MCA 
thrombosis led to widespread BBB alterations at 15 
rain following the vascular insult [8]. These results 
indicate that the early consequences of a pure ischemic 
insult on the cerebral microvasculature and those ob- 
served following vascular thrombosis may differ. 

In the context of postischemic reperfusion, acute 
BBB alterations might be expected to worsen the detri- 
mental effects of cerebral ischemia. For example, Ting 
et al. [39] have presented evidence suggesting that BBB 
opening to proteins during the acute stages of recircu- 
lation following MCA occlusion in cats is associated 
with severe post-ischemic edema and increased 
ischemic brain injury. Although various studies have 
investigated the consequences of reperfusion follow- 
ing cerebral ischemia [10, 18, 19, 24, 25, 35, 36, 39], 
the early morphological consequences of reperfusion 
following thrombotic occlusion have not been investi- 
gated. 

We have recently shown that the proximal portion 
of the MCA of rats can be occluded by a nonfibrin- 
stabilized platelet thrombus induced in situ by a 
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photochemica l  technique [8, 28, 42]. In  this model,  
recirculat ion can be induced  by the topical  appl ica t ion  
of the ca lc ium-ent ry  blocker  n imodipine ,  resul t ing in 
vasodi la t ion  of  the occluded M C A  segment  with ensu- 
ing f ragmenta t ion  and  dispersion of  the th rombot i c  
mater ia l  [28]. The objective of  the present  s tudy was 
to compare  the early morphologica l  consequences  of 
reperfusion fol lowing th rombot ic  or mechanica l  oc- 
c lusion of  the MCA.  In  each model ,  light and  electron 

microscopic  techniques were used to d o c u m e n t  
neu rona l  and  vascular  changes associated with these 

different methods  of  M C A  occlusion. 

Methods 

Animal preparation 

Normally fed male Sprague-Dawley rats, weighing 250-320 g, 
were used in these studies. Anesthesia was induced with 4% 
halothane, maintained with 1.5% halothane, 70% nitrous oxide 
and a balance of oxygen delivered through a closely fitting face 
mask. Polyethylene catheters were inserted retrogradely into the 
right external carotid artery and right femoral artery and vein. 
Rectal temperature was maintained at 37~ by means of a 
heating pad. Rats were mounted on a stereotaxic frame and the 
right MCA was exposed by a modified subtemporal approach 
[28, 37]. 

MCA thrombosis and recanalization 

Photochemically induced MCA occlusion (n = 4) was carried 
out by a low-power He-Ne laser operating at 0.8 mW at a wave- 
length of 543.5 nm (PMS Electro-Optics, Boulder, Colo., USA). 
The ring-shaped (TEMol* mode) beam was focused transversely 
onto the exposed MCA by two crossed cylindrical lenses of 1- 
and 2-inch focal length. The resulting focussed spot was line- 
shaped and spanned the diameter of the MCA perpendicular to 
its axis. The linear beam was first focused transversely on the 
MCA segment just distal to the rhinal branch. The intensity of 
the laser irradiation at the focal site was 10 W/cm 2. Rose bengal 
was injected intravenously (30 mg/ml in saline, 0.67 ml/kg body 
weight). Within 10 min, the MCA was completely occluded 
by a white thrombus. The laser beam was then moved to the 
horizontal portion of the MCA, distal to the olfactory tract and 
proximal to the rhinal branch. Following a second injection of 
rose bengal, another thrombus was then induced at this site. By 
the end of the second irradiation, a thrombus of approximately 
1.2 mm in length was present in the MCA, centered at the 
olfactory tract [28]. 

At 1 hour (h) after the induction of MCA thrombosis, the 
dura was incised along the MCA, and 150 Ixl of 20 pM 
nimodipine was applied to the entire thrombosed MCA segment. 
Immediately thereafter, blood was observed to infiltrate at both 
ends of the thrombus, with complete recanalization being 
achieved in 2 min. Control rats (n = 2) underwent all surgical 
procedures and were injected with rose bengal but not irradiated. 
These rats were perfusion-fixed 2 h later. 

Mechanical occlusion of MCA with recirculation 

Immediately distal to the olfactory tract, the dura was incised 
and a specially designed microvascular clip was placed on the 
MCA of four rats [2]. Complete MCA occlusion was confirmed 

by inspection of the vessel during the injection of a 100 pl saline 
bolus through the retrograde external carotid catheter. After 
1 h, the clip was removed and reperfusion of the previously 
occluded vessel visually confirmed. Control rats (n=3)  
underwent all surgical procedures including MCA localization 
and incision of the overlying dura. Control rats were perfusion- 
fixed 2 h later. 

Three additional rats were used to determine whether the 
topical application of nimodipine to the occluded MCA segment 
influenced the histopathological response to mechanical oc- 
clusion. For these studies the MCA was occluded for 1 h with a 
surgical clip as previously described. Immediately following clip 
removal, 150 pl of 20 pM nimodipine was topically applied to 
the previously occluded MCA segment. Vasodilation of the ex- 
posed MCA segment and other vessels running in the operated 
field was observed. This procedure, therefore, mimicked the 
steps carried out to recanalize the thrombosed MCA. 

Ultrastructural procedures 

One hour following recanalization, rats were perfusion fixed 
with a mixture of 2% paraformaldehyde and 2.5% glu- 
taraldehyde in a 0.! M sodium phosphate buffer. Perfusion pres- 
sure was monitored throughout the procedure and maintained 
at 110 mm Hg. Following perfusion, the brain was removed 
from the cranial vault and placed in fresh chilled fixative (4 ~ C) 
for 2 h. The brain was then returned to chilled 0.1 M sodium 
phosphate buffer at 4~ for 2 h. With the aid of a dissecting 
microscope, the previously thrombosed or clipped segment of 
the MCA was dissected free from the surface of the brain and 
placed in buffer. The MCA was then cut longitudinally with a 
scalpel blade to expose the luminal surface. Brains were sectioned 
into coronal blocks containing the occluded MCA territories, 
mounted on an Oxford Vibratome and completely sectioned at 
150 ~tm in the coronal plane. 

Adjacent sections were processed for routine scanning 
(SEM) or transmission electron microscopy (TEM) as previously 
described [6]. In either case, tissue was next post-fixed in sodium 
phosphate-buffered 1% osmium tetroxide for 1 h. Brain sections 
chosen for SEM along with the MCA specimens were dehy- 
drated in graded ethanols and placed in freon. Tissue was then 
critical-point dried, coated with gold and examined and 
photographed with a JEOL 35C scanning electron microscope. 
For TEM, areas of interest including frontoparietal so- 
matosensory cortex and dorsolateral striatum (ipsilateral to oc- 
clusion) were dissected from the Vibratome sections, immersed 
in buffer and processed. Thick plastic sections (1 Ixm) were 
stained with toluidine blue and examined and photographed 
with a light microscope. To determine the relative extent of 
neuronal changes in these specimens, numbers of normal-ap- 
pearing neurons, neurons with microvacuolated cytoplasm and 
clumped nuclear chromatin, and dark shrunken neurons were 
determined in cortical and striatal brain regions. For each rat, 
four thick sections of somatosensory cortex and four sections of 
dorsolateral striatum were analyzed. In each section, neuronal 
counts were made on four microscopic fields ( • 400). Thin sec- 
tions were next cut with a diamond knife, stained with uranyl 
acetate and lead citrate and examined and photographed in a 
Zeiss EM-10C transmission electron microscope. 

Results 

Physiological and control findings 

Physiological  f indings f rom control  and  exper imental  
rats pr ior  to M C A  occlusion are presented in Table 1. 
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Table 1. Physiological variables immediately prior to occlusion of the middle cerebral artery (MCA) 
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Control Thrombosis Clip 
(n = 5) (n = 4) (n = 4) 

Clip + Nimodipine 
(n = 3) 

PCO2(mmHg) 49.6 • 3.7 50.5 • 1.7 50.1 + 1.3 55.5 _+2.5 
PO: (mm Hg) 132.7 • 10 138.9 _+ 13 143.8 • 18 137.5 • 8 
pH (units) 7.25 • 0.01 7.38 • 0.02 7.37 • 0.04 7.28 • 0.02 
MAP (mm Hg) 117 +_12 120 • 8 121 • 110 •  

Readings are mean _+ SD MAP, mean arterial blood pressure 

Table 2. Percentages of light microscopic histological types of 
cortical and striatal neurons following MCA occlusion 

Type ~ Controls Thrombosis Clip Clip + 
Nimodipine 

Somatosensory cortex 
(641) b (706) (890) (713) 

1 100 47 100 98 
2 0 11 0 1 
3 0 42 0 1 

Striatum 
(483) (549) (692) (550) 

1 ~00 43 99 98 
2 0 19 0 1 
3 0 38 1 1 

a Histological types as follows: 1, normal (without detectable 
abnormalities); 2, cytoplasmic microvacuoles, clumped nuclear 
chromatin; 3, dark, shrunken neurons, pyknotic nuclei, and 
markedly dilated per• spaces 
b Total number of neurons examined in each group 

No significant differences between experimental 
groups were demonstrated by one-way analysis of  
variance. Moderate hypercarbia, present in all animal 
groups, was probably attributable to the type of 
facemask used for anesthesia administration. Light 
and electron microscopic features of  the somato- 
sensory cortex and striatum of  shaln-operated control 
rats were unremarkable and blood vessels were free of  
blood. 

Mechanical occhtsion and recirculation 

Gross inspection of  all brains showed mild swelling of 
striatum and slightly compressed right lateral ven- 
tricles. Light microscopic analysis of  thick plastic sec- 
tions of  striatal and cortical areas demonstrated rela- 
tively normal, well-perfused tissue (Figs. l, 2). Mild 
astrocytic swelling and dilated per• spaces 
were, however, detected in some specimens. Neuronal 
cell counts demonstrated that less than 1% of  cortical 
and striatal neurons appeared dark and shrunken 
(Table 2). In rats which underwent nimodipine treat- 
ment with clip occlusion, a similar pattern of  neuronal 
changes was seen (Table 2). 

SEM of  the previously occluded MCA segment 
demonstrated an injured endothelial layer with few 
adhering platelets (Fig. 5). The damaged site was well 
demarcated with endothelial discontinuity being the 
prominent feature. A heterogeneous microvascular re- 
sponse to ischemia and reperfusion was detected with 
SEM. Some cortical and striatal vessels appeared 
unremarkable, while others demonstrated endothelial 
microvilli and dome-like structures protruding from 
the endothelial surface (Fig. 6). 

Analysis of  1-h-perfused brain regions with TEM 
yielded mild to moderate neuronal, glial and mi- 
crovascular changes (Figs. 9 - 1 2 ) .  Mild degrees of  
per• swelling around capillaries and arterioles 
were detected. Astrocytes showed mild cytoplasmic 
swelling and chromatin clumping (Fig. 9). Astrocytic 
mitochondria appeared normal and cell membranes 
were intact. Neuronal  alterations which were most 
frequently seen consisted of  slight chromatin clumping 
and dilation of  endoplasmic reticulum cisternae with 
disaggregation of  polyribosomes (Fig. 9 - 1 1 ) .  Dark 
shrunken neurons were seen infrequently in cortical 
and striataI tissues. Intraparenchymal vessels ap- 
peared well perfused, with an absence of  blood cells. 
Endothelial cells occasionally demonstrated large 
cytoplasmic vacuoles which protruded into the vessel 
lumen, and vacuolation of tight junctional complexes 
(Fig. 12). 

MCA thrombosis and recanalization 

By gross inspection, the right hemisphere appeared 
pale and swollen in all rats. The right lateral ventricle 
was completely compressed in three of  four rats. In 
one rat, occlusive thrombotic material was identified 
by gross inspection within a major lenticulostriate 
branch of the MCA. This rat was not used for 
neuronal cell counts or TEM analysis. In all other 
rats, microvascular beds appeared well perfused and 
red blood cell stasis was not observed. 

Light microscopic analysis of neocortical and 
striatal plastic sections showed that 42% and 38% of  
al! neurons, respectively, appeared dark and shrunken 
(Table 2; Figs. 3, 4). Neurons demonstrating marked 
chromatin clumping and cytoplasmic vacuoles were 
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Fig. 1. Clip occlusion. Paraffin-embedded section of frontopa- 
rietal somatosensory cortex showing normal-appearing tissue. 
Hematoxylin-eosin, x 1100 

Fig. 3. Thrombosis. Many dark shrunken neurons are shown in 
the somatosensory cortex 1 h following recanalization. Note 
that blood vessels are well perfused (arrowheads). x 1100 

Fig. 2. Clip occlusion. Micrograph of reperfused striatum. Mild 
perivascular swelling is seen (arrowhead). x l 1 O0 

Fig. 4. Thrombosis. A vacuolated neuropil is evident in this 
micrograph of the striatum. Dark shrunken neurons are associ- 
ated with blood vessels free of blood (arrowheads). x 1100 

also commonly detected in these brain regions. The 
neuropil was vacuolated and perivascular swelling was 
moderate to severe in most thick sections. Although 
the majority of  vessels displayed open lumens, moder- 
ate degrees of  luminal compression were observed 
in some venules and capillaries. Within the 
somatosensory cortex, structural changes were more 
focal than those observed in the striatum. In some 
sections, columnar patterns or aggregates of  dark 
shrunken neurons running perpendicular to the pial 
surface were detected. Dark neurons also appeared 
to be more numerous in the deeper cortical layers 
compared to superficial layers. 

Analysis of  the photochemically injured MCA seg- 
ment following recanalization by SEM demonstrated 
thrombotic material associated with a damaged en- 

dothetial surface (Fig. 7). Although most of  the 
luminal surface was free of  thrombotic material, small 
and larger islets of  platelet thrombi were associated 
with the irradiated site. Ultrastructural analysis of  
distal microvascular beds by SEM failed to detect 
luminal blood cells or platelet emboli occluding 
microvascular beds. Large numbers of plasmalemmal 
pits were, however, present on endothelial surfaces 
(Fig. 8). 

TEM analysis of  recirculated striatal and cortical 
areas demonstrated vacuolated neuropil (Figs. 13, 14). 
Swollen astrocytic processes were responsible for the 
vacuolated appearance. Astrocytic cell bodies were 
swollen and nuclei contained clumped ehromatin 
(Fig. 15). Neuronal responses were heterogeneous, 
ranging from mild to severe (Figs. 13, 14). Mildly in- 
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Fig. 5. Clip occlusion. Scanning electron micrograph of luminal 
middle cerebral artery (MCA) segment after 1 h of recirculation. 
Endothelial layer is damaged at clipped site. Few adhering 
platelets and red blood cells are present, x 1200 

Fig. 7. Thrombosis. Micrograph of irradiated MCA segment 1 h 
following recanalization. Note islets of platelet thrombi still 
present at the irradiated site. x 540 

Fig. 6. Clip occlusion. Luminal surface of this recirculated 
striatal microvessel demonstrates numerous dome-like processes 
and microvilli protruding from the luminal surface, x 3200 

Fig. 8. Thrombosis. Striatal vessel showing large numbers of 
plasmalemmal pits associated with the luminal surface. Endo- 
thelial borders are indicated by arrowheads, x 7200 



Fig. 9. Clip occlusion. Transmission electron micrograph of 
specimen taken from recirculated stfiatum. Neuron (N) appears 
unremarkable except for slight dilation of the rough endoplasmic 
reticulum and swelling of the Golgi apparatus (arrowhead). The 
astrocyte (A) is slightly swollen and neighboring neuropil ap- 
pears unremarkable, x 3300 

Fig. 11. Clip occlusion. Cortical neuron demonstrating some 
swelling of the mitochondria and dilation of the endoplasmic 
reticulum, x 6300 

Fig. 10. Clip occlusion. This striatal neuron shows dilation of 
the rough endoplasmic reticulum and nuclear envelope. 
Chromatin is clumped (arrowhead). An astrocytic process 
(asterisk) is swollen, x 9700 

Fig. 12. Clip occlusion. Endothelial alterations consisting of 
vacuolation of the endothelial tight junction and a balloon-like 
structure (asterisk) extending into the vessel lumen are seen in 
this reperfused cortical arteriole. E, Endothelium; SM, smooth 
muscle, x 25000 
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Fig. 13. Thrombosis. Striatal neuron demonstrating marked 
chromatin clumping and dilation of the rough endoplasmic re- 
ticulum. Perineuronal swelling is evident, x 6300 

Fig. 15. Thrombosis. Swollen astrocyte within recanalized 
striatum is shown, x 6300 

Fig. 14. Thrombosis. Cortical neuron showing type IV abnor- 
malities, including severe shrinking of cytoplasm and nucleus, 
increase in electron density and dilation of mitochondria. Severe 
perineuronal swelling is evident. Neighboring neuron (N) is less 
severely affected but contains swollen mitochondria, x 5000 

Fig. 16. Thrombosis. Pinocytotic vesicles lining luminal and 
abluminal membranes of an endothelial cell of a cortical arteri- 
ole. E, Endothelium; BL, basal lamina; SM, smooth muscle. 
• 19800 
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jured neurons manifested only slight chromatin 
clumping with dilation of rough endoplasmic re- 
ticulum. A second injury type consisted of neurons 
which displayed marked chromatin clumping and in- 
tracytoplasmic microvacuoles which corresponded to 
dilated endoplasmic reticulum (Fig. 13). In this group, 
neurons appeared slightly swollen. A third population 
of neurons stained with abnormal intensity and were 
slightly shrunken. The cytoplasm contained dilated 
mitochondria and endoplasmic reticulum and was sur- 
rounded by dilated astrocytic processes. Dark 
shrunken neurons were surrounded by severely dilated 
astrocytic processes (Fig. 14). Numerous micro- 
vacuoles were present throughout the condensed cyto- 
plasm and nuclei were pyknotic and fragmented. 
Perivascular swelling was a consistent finding and mild 
degrees of vascular compression were observed. Com- 
plete compression of vessel lumina was rarely observed 
in this early recirculation period. Endothelial cells 
were occasionally vacuolated and contained large 
numbers of pinocytotic vesicles (Fig. 16). Tight junc- 
tions appeared intact. With TEM, thrombotic ma- 
terial was infrequently seen within striatal and cortical 
vessels. 

Discussion 

The results of this study indicate that experimentally 
induced thrombosis and recanalization of a large ce- 
rebral vessel leads to rapid and severe morphological 
alterations within recirculated brain regions. The 
severity and extent of the morphological response to 
vascular thrombosis, followed by recirculation, were 
pronounced in comparison to mechanical occlusion 
and recirculation. These structural differences arising 
between the two models do not appear to be a conse- 
quence of different ischemic severities. In rats, MCA 
occlusion by mechanical clips or electrocauterization 
produces a severe ischemic insult within the occluded 
MCA territory and yields predictable pathological 
consequences [15, 37, 41]. Thirty minutes following 
permanent mechanical occlusion, local cerebral blood 
flow (1CBF) within cerebral cortical areas is reduced to 
0 .24-  0.30 ml/g per rain, while in the striatum, 1CBF is 
reduced to 0.12 ml/g per rain [38]. We have recently 
shown that occlusive thrombosis of  the MCA leads to 
similar reductions in 1CBF [28]. Within the cortex, 
1CBF is reduced to 0.26-0.49 ml/g per min after 1 h 
of MCA occlusion, while in the striatum, ICBF is 
reduced to 0.13 ml/g per rain. Severe reductions in 
1CBF within occluded MCA territories, therefore, oc- 
cur in the two models investigated in this study. 

Reperfusion of the occluded MCA segments was 
visually documented in both MCA models. The 
specially designed mechanical clip produced endo- 

thelial injury with only minor thrombotic reaction. 
Neuronal alterations detected after clip removal in- 
cluded slight chromatin clumping and dilation of the 
rough endoplasmic reticulum. These neuronal changes 
may be reversible, since unpublished data from our 
laboratory have demonstrated only mild histo- 
pathological striatal damage 3 days after clip removal. 
Microvascular alterations were also mild 1 h after clip 
removal and included occasional dome-like endo- 
thelial projections and endothelial microvilli. Similar 
endothelial lesions have been described following hy- 
pertension, concussive brain injury and cerebral is- 
chemia [6, 7, 16, 23, 29, 43]. These endothelial alter- 
ations appear to represent nonspecific reactions to a 
variety of abnormal influences. 

The microvascular consequences of cerebral isch- 
emia vary depending on the duration and severity of 
the ischemic insult [1, 5 - 7 ,  11, 33]. In rats, 2 h of 
MCA occlusion results in edema formation which is 
resolved with recirculation [35]. In contrast, 3 h of 
MCA occlusion in cats results in severe brain edema 
and serum protein extravasation with recirculation 
[25]. Unpublished findings from our laboratory have 
demonstrated that the BBB is intact to intravenously 
administered horseradish peroxidase (HRP) after 
1 h of MCA occlusion combined with I h of recircu- 
lafion. Taken together, these findings illustrate the 
resistance of brain vessels to periods of severe incom- 
plete ischemia [6, 11, 32]. 

In contrast to clip occlusion, vascular thrombosis 
of the MCA resulted in rapid: neuronal and mi- 
crovascular alterations following reperfusion. Mor- 
phological analysis of the irradiated MCA segment 
demonstrated that most of the occlusive thrombus was 
washed away following the recanalization procedure. 
Previous hemodynamic data obtained in this model 
following recanalization have demonstrated that sub- 
stantial 1CBF recovery occurs in most previously 
ischemic cortical and striatal brain regions [28]. Mean 
1CBF at 1 h recovers to > 50% in striatum and > 75% 
in cerebral cortex. In the present study, direct morpho- 
logical evidence for occlusive thrombotic material in 
peripheral branches of the vascular territory was not 
consistently observed in successfully recanalized rats. 
It is important to emphasize that severe neuronal 
changes were documented in brain regions where the 
microcirculation appeared well perfused. Since the 
photochemically induced MCA thrombus is not 
fibrin-stabilized [8], platelet emboli from the occlusive 
thrombus most likely break up following recanaliza- 
tion, thereby decreasing the potential for intraarterial 
distal occlusion. Nevertheless, transient micro- 
embolization, possibly delaying postischemic 1CBF 
normalization, is not excluded as a possible post- 
ischemic vascular event in the present study. 
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A high frequency of  dark shrunken neurons was 
seen in cortical and striatal regions followings re- 
canalization of  the thrombosed artery. Similar 
neuronal  alterations have been documented following 
complete ischemic insults with recirculation and with 
longer periods of  incomplete ischemia and recircu- 
lation [4, 12, 13, 19, 20, 26]. Although the morphologi-  
cal correlates of  irreversible ischemic neuronal injury 
remain controversial [19], the dense shrunken striatal 
neurons described in the present study represent a 
neuronal populat ion that  is necrotic at 7 days [28]. 

In the thrombot ic  model, the recirculated hemi- 
spheres appeared swollen and variable degrees of  vas- 
cular compression were detected. Although brain 
water was not  measured in this study, increased brain 
edema is consistent with the marked sponginess and 
parenchymal  alterations described. As previously re- 
ported, experimentally induced thrombosis  of  the rat  
M C A  results in acute alterations in the BBB to the 
protein tracer H R P  [8]. The M C A  occlusion models 
compared  in this study therefore differ dramatically 
with respect to the acute microvascular consequences 
of  the occlusive insult. In the thrombot ic  model, reper- 
fusion into vascular beds made leaky by a combinat ion 
of  thrombosis  and evolving ischemia, might provide 
excess fluid and neurotoxic substances to the injured 
brain tissues. 

To summarize,  transient occlusion of  the M C A  
was achieved either by mechanically occluding the 
vessel or by thrombot ic  occlusion. Reperfusion of  the 
mechanically occluded vessel resulted in subtle alter- 
ations in the previously ischernic tissue, including 
perivascular glial swelling and mild neuronal abnor-  
malities. In the time frame studied, these changes are 
likely reversible and thus do not provide evidence of 
reperfusion injury. In contrast,  severe neuropathologi-  
cal alterations in the territories of  the throm- 
bosed M C A  were documented with recirculation. 
These parenchymal  alterations are representative of  
reperfusion injury, inasmuch as parenchymal  cells sus- 
ceptible to reversible injury by ischemia per se are 
evidently t ransformed into morphological  states in- 
dicative of  irreversible injury. These severe alterations 
were probably  the result of  a combinat ion of  ischemic 
and thrombot ic  events. The present finding, that  a 
rapid progression of  pathological consequences is ex- 
pressed during reperfusion following disintegration of  
an occlusive thrombus made in situ, provides impetus 
for the suggestion that  therapeutic modalities involv- 
ing thrombolysis  of  brain vessels must  consider the 
problem of  reperfusion injury and its mitigation [3, 
27, 44]. 
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