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SUMMARY: The ultrastructural re
sponses of cerebral tissue following 
temporary periods (V2, 1, 2, 3, or 4 hour) 
of right, middle cerebral artery, (MCA) 
occlusion were studied acutely after a 3 
day or 7 day interval following the re
moval of the MCA clip. Cortical and 
basal ganglia tissues for each ischemic 
duration were compared at 3 post-
occlusive periods (acute, 3 days, 7 days). 

With the short periods of ischemic 
insult (V2, 1, 2, 3, and 4 hour), the tem
poral and insular cortex contained no 
greater changes in the 7 day group than 
in the 3 day group. 

The basal ganglia were more suscep
tible to MCA occlusion as indicated by 
more marked cytological changes andlor 
necrosis in all intervals of ischemia. 

RESUME: Les reponses ultrastructur-
ales du tissu cerebral suivant des 
periodes variables (V2, 1, 2, 3 ou 4 
heures) d'occlusion de I'artere cerebrale 
centrale droite (ACC) furent etudiees 
intensement apres un intervalle de 3 
ou 7 jours suivant le retrait de la pince. 
Les tissus du cortex et des noyaux gris 
centraux pour chaque periode ischemi-
que etaient compares a 3 periodes post-
occlusives (aigue, 3 jours, 7 jours). 

Avec de courtes periodes d'insulte 
ischemique (V2, 1, 2, 3 et 4 heures), 
le cortex temporal et insulaire ne con-
tenait pas de changements plus im-
portants dans le groupe de 7 jours que 
dans le groupe de 3 jours. 

Les noyaux gris centraux etaient plus 
susceptibles a Vocclusion ACC comme 
I'indiquaient des changements cytologi-
ques plus marques etjou une necrose. 
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INTRODUCTION 

The vulnerability of the central 
nervous system to brief periods of 
anoxia-ischemia is well recognized, 
and definition of the ultrastructural 
response of tissue to various inter
vals should be considered of the 
highest importance since they con
tribute to understanding the 
pathogenesis and treatment of pa
tients with vascular/hemodynamic 
complications. These changes are 
best determined by the use of ani
mal models to study cerebral is
chemia since the parameters can be 
readily controlled (Plum, 1973). The 
question of morphological and func
tional restoration of integrity after 
temporary periods of ischemia has 
been the subject of several recent 
reports (Hossmann and Kleihues, 
1973; Drewes, Gilboe and Betz, 
1975; Sundt, Grant and Garcia, 
1969; Miller and Myers, 1972; 
Hossmann, 1972; Lanner, Lechner 
and Ott, 1972; Hossmann and Zim-
mermann, 1974). These reports con
tain varied concepts as to relation
ships between duration of ischemia 
and the degree of recoverability. 
However, it is likely that variation 
in the animal species and the mod
els for producing ischemia account 
for many differences. 

The present study employs the 
well-established model of transorbi
tal middle cerebral artery (MCA) 
occlusion in the squirrel monkey 
from which information has been 
learned regarding ultrastructural 
changes in cerebral infarction (Gar
cia, Cox and Hudgins, 1971; Hud-
gins and Garcia, 1970; Dodson, 
Kawamura, Aoyagi, Hartmann, and 
Cheung, 1973; Garcia and Kamijyo, 
1974). Because the ultrastructural 
response of cerebral tissue sub
jected to temporary periods of is

chemia followed by restoration of 
flow (Sundt, et al, 1969) has re
ceived limited attention to date, the 
present work reports a more exten
sive investigation of this subject. 

MATERIALS AND METHODS 
The right middle cerebral artery 

was occluded via the transorbital 
approach in lightly anesthetized 
(sodium pentobarbital) squirrel 
monkeys (Saimiri scirreus) by the 
method described earlier (Hudgins 
et al, 1970; Dodson, et al, 1973). 
For purposes of comparison with 
acute infarction studies already re
ported (Dodson et al, 1973) animals 
were divided into groups based on 
their respective periods of occlusive 
insult (V2 hr., 1 hr., 2 hr., 3 hr., or 4 
hr.). After the period of vascular 
occlusion, the clip was released and 
2 animals from each group were 
maintained under post-operative 
care for either a 3 day or 1 week 
period. The animals were perfused 
by the intracardiac technique with a 
3% glutaraldehyde solution in 0.1 M 
phosphate buffer prior to ultrastruc
tural studies. The brains were re
moved and sectioned coronally so 
samples could be obtained from 
comparable areas involved, (right) 
and contralateral, (left) hemis
pheres. Areas selected for study in
cluded temporal, insular, and 
parietal cortex, as well as putamen, 
globus pallidus, and caudate nuc
leus. 

The samples were fixed an ad
ditional 12 hours, rinsed in two 
buffer washes, and post-fixed for 
4 hours in a 1% osmium 
tetroxide/phosphate buffered solu
tion. Following ethanol dehydra
tion, Spurr embedding procedures 
were utilized (Spurr, 1969). Light 
microscopy was carried out on 
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Figure /—Early changes in right putamen consist of swollen 
perivascular foot processes (x) and a few involved astrocytic 
fibers (a). Mitochondria (arrows) are recognizable within the 
astrocytic processes and are not appreciably altered at this 
stage. 30 min. occlusion-perfused immediately. x4,300. 

semi-thin plastic sections of each 
block which were stained with the 
polychromatic procedure of Ghidoni 
(Ghidoni, Campbell, Adams, 
Thomas and Ramos, 1968). A suffi
cient number of blocks were ob
tained from each region to assure 
that the sampling technique did not 
miss the main areas of infarction. 
The areas which contained the 
greatest alterations from each reg
ion, were then thin sectioned and 
these preparations were studied 

Figure 5—Perivascular (x) as well as intra-parenchymal areas 
(y) of edema are evident in this field. A morphologically 
normal capillary (C) and pericyte (P) are shown. A perivas
cular oligodendrocyte (O) contains numerous "lysosomal-
like" structures (arrows). Right caudate nucleus, 30 min. 
occlusion-perfused 3 days later. x5,882. 

Figure 2—A swollen astrocytic foot process (A) lies adjacent 
to normal appearing capillary. A large lipid (1) type structure 
occupies a considerable area within the cytoplasm of the 
pericyte (P). Neuropil (N) structures around the swollen foot 
process are morphologically normal. Right putamen; 2 hr. 
occlusion-perfused 3 days later. x9,706. 

evident as early as 30 min after oc
clusion. Ultrastructural changes 
within grey matter are initially in
tracellular and are characterized by 
astrocytic foot swelling (Dodson et 
al, 1973). As reported earlier, these 
changes follow a sequential pattern 
of involvement which progresses 
from the perivascular areas into the 
astrocytic perikaryon and finally 
into all parenchymal elements. The 
regions within the territory of the 
MCA which are most sensitive to 

Figure 4—Numerous vacuolar structures are found in the dif
ferent parenchymal cell types. Some vacuoles are adjacent 
to Golgi complexes (G) whereas others (x) are limited by 
either the plasmalemma, distended endoplasmic reticulum 
(arrows), or altered mitochondrial membranes (m). Right 
putamen, 2 hr. occlusion-perfused 1 week later. x5,546. 

with an RCA EMU-4 electron mic
roscope. 

RESULTS 
The severity of acute tissue re

sponse following cerebral ischemia 
or trauma is usually referable to the 
extent of brain edema (Shaw, Al-
vord, Jr., and Berry, 1959; Ng and 
Nimmannitya, 1970; Plum, 1964; 
Klatzo, 1967). In the model used in 
this experiment to produce is
chemia, perivascular edema was 
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changes following periods of is
chemia are the basal ganglia and the 
temporal cortex (Dodson et al, 
1973). 

No animals were lost during the 
post-operative period. We have 
found these results to be consistent 
with the time intervals of MCA oc
clusion. 

Since tissue changes resulting 
from ischemia are similar to those 
resulting from autolysis alone, the 
fields shown in this presentation are 
of sufficiently low magnification to 
allow an evaluation of microvascu
lar clearing (indicative of good per
fusion), preservation and quality of 
endothelial cells, (which are swollen 
in autolysis but not in acute is
chemia of the degrees used in this 
experiment) and finally to allow an 
evaluation of organellar presenta
tion in the adjacent parenchymal re
gions. The last point is most impor
tant since mitochondrial abnor
malities are prevalent in an autolytic 
response but are not an early indi
cator of ischemic change. 

Observations for each time period 
of occlusive insult will be reported 
in detail: 

Thirty Minute Occlusion: 
In animals subjected to 30 min. 

occlusion and immediately per

fused, ultrastructural changes 
within the right putamen and caud
ate nucleus (Fig. 1) consisted pre
dominantly of patches of perivascu
lar swelling of astrocytic foot pro
cesses and presence of some 
edematous fibers. Those animals 
maintained for a 3 day period (fol
lowing 30 min. occlusion) had more 
advanced involvement within the 
globus pallidus, with swollen as
trocytic fibers and cell bodies seen 
frequently in the caudate nucleus 
(Fig. 3). Fluid accumulation in some 
areas had extended from the 
membrane-bound components into 
the extracellular areas, presumably 
by membrane rupture/degeneration. 
The cortical areas appeared mor
phologically intact. 

In animals studied 1 week follow
ing 30 min. MCA occlusion, tissue 
changes were limited to the basal 
ganglia, comparable to those seen at 
3 days. The cortical areas were free 
of involvement. 

One Hour Occlusion: 
Animals fixed immediately fol

lowing a 1 hour period of MCA oc
clusion contained small areas of 
perivascular swelling (intra-
astrocytic) within the right puta
men, globus pallidus, and caudate 
nucleus. The right cortical areas of 

brains studied 3 days following 1 
hour occlusion contained swelling in 
the perivascular and perikaryon 
components of the astrocytic ele
ments. In the putamen and caudate 
nucleus swelling extended into the 
neuronal and oligodendroglial cell 
types, as well as the astrocytic 
structures. Animals sacrificed a 
week following 1 hr. occlusion had 
scattered loci within the basal gang
lia, comparable to the involvement 
of 3 day animals. 

Two Hour Occlusion: 
Acute tissue response in cortical 

areas (temporal and insular) was li
mited to slight pervascular swelling, 
whereas in the right caudate, puta
men, and globus pallidus, astrocytic 
fibers and some astrocytic cell 
bodies were swollen. In the 3 day 
post-occluded group, changes were 
no further advanced than in the 
acute group (Fig. 2). However, in 
the post-occlusion group studied 
after a 1 week interval, cortical re
sponse was comparable to or less 
than that in the 3 day group. In the 
basal ganglia, changes were more 
advanced than in the earlier group
ings, and swelling extended into all 
parenchymal cell types (Fig. 4). The 
intracellular response consisted of 
large numbers of vacuoles. These 

Figure 5—Changes following 3 hr. acute occlusion of perivas
cular involvement of the astrocytic elements (a). Right 
globus pallidus, 3 hr. occlusion-perfused immediately. 
x20,266. 

Figure 6— Extensive changes in parenchymal elements reflect 
an overall edematous response. Although some mitochon
dria are swollen (arrow), others (m) have clearly recogniza
ble cristae. Several myelin figures (mf) can be seen in the 
endothelial cytoplasm (E) while the pericytic component (P) 
of the capillary has a reduced cytoplasmic density and a de
crease of formed structures. Right globus pallidus, 3 hr. 
occlusion-perfused 1 week later. x9,484. 
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membrane-bound structures were 
derived from metabolically impor
tant elements of the Golgi complex, 
endoplasmic reticulum, plas-
malemma, and occasionally from a 
mitochondrion. Pericytic changes 
consisting of reduced cytoplasmic 
density were seen frequently. 

Three Hour Occlusion: 
Morphological responses in the 

acute animal included intra-
astrocytic perivascular swelling in 
the temporal and insular cortex, and 
more advanced astrocytic swelling 
in the fibers and perikaryon of the 
basal ganglia (Fig. 5). 

Those animals studied 3 days fol
lowing the 3 hr. occlusion contained 
no greater involvement of ultra-
structural changes than the acute 
animals. After 1 week (post 3 hr. 
occlusion), cortical areas contained 
the same type of response as re
ported in the acute and 3 day group 
but there was further degradation of 
parenchymal elements in the basal 
ganglia. In the caudate nucleus, 
globus pallidus, and putamen, 
patches of tissue fragmentation in
dicated involvement of all cell 
types, including oligodendroglia, 
neurons, and astrocytes (Fig. 6). 
Capillary structures were not 
broken but endothelial cells con
tained some myelin figures. Adja
cent pericytes often had swollen 
cytoplasms. 

Four Hour Occlusion: 
No appreciable alterations were 

observed in acute animals when 
compared with the 3 hr. group. Alt
erations varied from swollen as
trocytic foot processes adjacent to 
capillaries in the insular and tem
poral cortex to more extensive as
trocytic swelling in the globus pal
lidus, putamen and caudate nucleus. 

In the temporal and insular cor
tex, edematous changes at three 
days (Fig. 7) were comparable to 
those described in acute animals, 
but at 1 week showed a reduced 
level of involvement (Fig. 8). How
ever, in the basal ganglia areas, in
volvement was more extensive at 1 
week than at 3 days. These changes 
involved all cell types, including 
neurons, pericytes, and oligoden
droglia, whereas in the acute 4 hr. 
occluded group and 3 day group, 
involvement was limited to the as
trocytic compartment. Capillary 
structures were not morphologically 
changed in these animals. 

DISCUSSION 
It is well established that in any 

experimental investigation dealing 
with brain edema, intensity and 
characteristics of change vary ac
cording to the model used, as well 
as between species studied with the 
same model (Klatzo et al, 1967). 
The concepts of cerebral recovera-
bility or tolerance to periods of is

chemia were supported by the 
works of Hossmann and Zimmer-
mann, who reported resuscitation of 
the monkey brain after one hour of 
complete ischemia and by Sundt et 
al, (1969) who reported a number of 
their squirrel monkeys survived 
middle cerebral artery occlusion for 
three hours without development of 
an infarction. 

In the present study, morphologi
cal changes within the territory of 
the MCA following selected inter
vals of MCA occlusion/reflow re
veal the following conclusions: The 
response to the reflow condition in 
the more susceptible cortical tissue 
areas (temporal and insular) at 3 
days is not different from the acute 
stage. In those animals studied after 
1 week post-occlusion/reflow, corti
cal involvement was comparable to 
that in the acute animals of the 
same time interval, or there was 
less edematous influence. 

The basal ganglia (globus pal
lidus, putamen, and caudate nuc
leus) were more sensitive to the 
temporary periods of occlusive in
sult than the cortical areas. After 3 
days or 1 week the changes ob
served in these regions were either 
the same or slightly more advanced 
than those seen in shorter time 
periods. 

For a period of study up to 1 
week post-occlusion, cortical areas 
show an early involvement followed 

Figure 7—Edematous changes in this field are of the 
intracellular-perivascular type (X). Right insular cortex, 4 
hr. occlusion-perfusion 3 days later. x5,780. 
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Figure 8— Changes at 1 week following a 4 hr. period of occlu
sion are limited to slight perivascular areas of swelling (X). 
Right insular cortex, 4 hr. occlusion-perfused 1 week later. 
x8,765. 
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by morphological stability. Compo
nents of basal ganglia, on the other 
hand, are in a more progressively 
degenerative state. 

Any deviation in our findings 
from those classical concepts of de
velopmental patterns in infarctions 
are explainable in that this model 
utilized normotensive animals, in 
which reflow is established follow
ing short periods of initial insult. 
Further studies of longer post-
occlusion intervals using this model 
are in progresss at the present time 
to further clarify trends related to 
reversability. 
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