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Summary. This study was undertaken to determine: (a) 
the duration of hypoxia required to produce brain 
damage in immature rats with unilateral carotid artery 
ligation (Levine technique); (b) the regions of immature 
brain most vulnerable to hypoxia-ischemia (HI); and (c) 
the neuropathology of the remote HI insult. To this end, 
7-day postnatal rats, subjected to unilateral carotid 
artery ligation combined with hypoxia of varying dura- 
tions (45, 60, 75 or 90 min), were killed at 30 days of 
postnatal age and their brains examined by light micros- 
copy. The results indicated that a longer duration of HI 
was more likely to produce brain lesions and that the 
extent and severity of the lesions closely correlated with 
the length of HI. Shorter intervals of HI primarily 
damaged the cerebral cortex and hippocampus, while 
longer periods resulted in more extensive damage and 
were often associated with cavitary lesions of the 
cerebral hemisphere. Comparison of HI brain damage 
produced by the Levine technique in immature and 
adult rats suggested that in immature rats: (a) the 
cavitary lesions were common; (b) the non-cavitary 
cortical lesions had a tendency to show a vertical 
band-like distribution - a pattern never seen in adults; 
and (c) the lesions often showed mineralization. The 
similarities between these experimentally produced HI 
cerebral lesions and those observed in the developing 
human brain, such as ulegyria and porencephaly, are 
discussed. 
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Cerebral hypoxia-ischemia (HI) remains a major contri- 
butor to perinatal mortality and long-term neurological 
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morbidity in survivors [26, 29]. Accordingly, animal 
models of perinatal HI brain damage have been devel- 
oped to gain a better understanding of those underlying 
vascular and metabolic alterations which culminate in 
tissue injury. One such model is a modification of the 
Levine preparation [15], whereby 7-day postnatal rats 
are subjected to a combination of unilateral common 
carotid artery ligation and the hypoxia produced by the 
inhalation of 8 % oxygen [22]. Exposures to HI of 2- to 
3.5-h duration lead to brain damage predominantly in 
the cerebral hemisphere ipsilateral to the arterial occlu- 
sion in up to 92 % of animals, with infarction in the 
majority [17, 21, 22, 30]. The primary goal of the present 
investigation was to ascertain the minimal duration of 
HI required to produce tissue injury, and to characterize 
the nature and distribution of the threshold lesions 
which arise from HI in the immature rat. 

Material and methods 

Experimental design 

Dated, pregnant Wistar rats were purchased from a 
commerical breeder (Charles River, Wilmington, MA) 
and housed in individual cages. Offspring, deliverd 
vaginally, were reared with their dams until time of initial 
experimentation at 7 days of postnatal age. 

Cerebral HI was induced in 7-day postnatal rats by a 
previously described technique [22]. Specifically, indiv- 
idual rat pups were lightly anesthetized with halothane 
(4% induction, 1 .0%-1.5% maintenance) during 
which the right common carotid artery was permanently 
ligated with 4-0 surgical silk. Upon recovery from 
anesthesia (10-12 min), the animals were returned to 
their dams for 3-4 h. Thereafter, groups of three animals 
were placed in 500 ml air-tight jars partially submerged 
in a 37 ~ waterbath. A gas mixture of 8 % oxyen - 92 % 
nitrogen was delivered via inlet and outlet portals. The 
rat pups were exposed to this gas mixture for 45, 60, 75 or 
90 min, following which they were maintained an 



additional 15 min in open jars in the waterbath. 
Thereafter, the rat pups were returned to their dams and 
reared until 30 days of postnatal age, at which time they 
were anesthetized with pentobarbital (100 mg/kg body 
weight) and immediately killed by decapitation. Since 
brain damage does not occur in rat pups exposed to 
either carotid artery ligation or hypoxia alone [22], 
control littermates underwent neither arterial ligation 
nor hypoxia. 
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sustained a delayed death, leaving 8 animals in the 
45-min group and 10 animals in each remaining group for 
neuropathological analysis. No clinical abnormalities 
were noted in the surviving animals except for mild 
ptosis of the eyelid on the side of the carotid artery 
ligation in a few animals. This abnormality was most 
likely due to damage to the pericarotid sympathetic 
nerve fibers incurred at the time of the ligation of the 
carotid artery. 

Neuropathological methods 

The brains were removed fresh from their skulls and 
immediately submerged in a 1 : 1 : 8 mixture of formal- 
dehyde: acetic acid: methanol (FAM). After 48h of 
fixation in FAM, the brains were examined grossly for 
external abnormalities. Thereafter, the FAM-fixed 
brains were cut coronally and two blocks, each approx- 
imately 2 mm thick, were selected for paraffin embed- 
ding. One block contained the median eminence and the 
other, taken just anterior to this, contained the anterior 
commissure. Subserial sections of 6 ~tm were stained 
with hematoxylin and eosin (H & E), Luxol fast blue - 
periodic acid-Schiff (LFB-PAS), and glial fibrillary 
acidic (GFA) protein by an immunoperoxidase techni- 
que. Prussian blue reaction and Perls stain for iron and 
von Kossa's calcium stain were used in specimens with 
HI damage. 

The extent and distribution of brain damage were 
determined in a blind fashion by microscopic examina- 
tion of all subserial sections.The type and distribution of 
lesions in two sections taken at specific levels from each 
brain were recorded and scored (see Results). One 
section was taken from midway between the level of the 
body of the anterior commissure and the level of the 
genu of the corpus callosum (anterior level), and the 
other from the level of the median eminence (posterior 
level); the anterior level included primarily the cerebral 
cortex and striatum; the posterior level included the 
cerebral cortex, hippocampus, amygdaloid nucleus, 
putamen, globus pallidus and thalamus. 

Morphometric study was carried out on symmetric 
coronal sections taken at the posterior level. The entire 
section was projected onto a screen connected to a 
planimeter (Nikon Microplan II). The total sectional 
area of each cerebral hemisphere was measured and the 
ratio of the cerebral hemisphere contralateral (left) and 
ipsilateral (right) to the arterial occlusion was calculated 
for each brain. Included in the measurements was only 
the brain tissue with or without gliosis; the ventricles, 
choroid plexi and cystic areas in brain with infarcts were 
excluded. 

Results 

A total of 41 animals from 7 litters (7-11 animals/litter) 
were exposed to cerebral HI for 45, 60, 75 or 90 min. All 
animals survived the exposure and were returned to 
their dams. Three rat pups (1 each at 60, 75 and 90 min) 

Neuropathology 

Gross examination. Gross pathological alterations 
ranged from no damage to infarction with loss of tissue, 
predominantly in the distribution of the middle cerebral 
artery (MCA). Mild to moderate atrophy of the cerebral 
hemisphere ipsilateral to the common carotid artery 
ligation was apparent in two of ten brains from animals 
exposed to 60 min of HI and in three of ten brains from 
animals exposed to 75 min of HI. Of the ten animals 
subjected to 90 min of HI, one brain exhibited mild 
atrophy and four brains exhibited cystic infarcts. The 
remaining brains including all those brains from animals 
exposed to 45 min of HI were considered normal. One 
brain assessed as normal by gross inspection (brain A 
from a 60-min HI animal) showed mild histological 
abnormalities, while a single brain thought to be mildly 
atrophic on gross inspection (brain from a 75-min 
animal) was normal on histological examination. 

Histology. Brains from rats that were exposed to 45 min 
of HI showed no abnormalities. Histological abnormal- 
ities were present in three of ten brains from rats with 60 
rain of HI, in two of ten brains from rats with 75 min of 
HI, and in five of ten brains from rats with 90 min of HI 
(Table 1). In general, the lesions were less extensive in 
the 60- and 75-min animals compared to the 90-min 
animals. Moreover, larger infarcts resulting in cavitation 
(cystic infarct) were limited to the 90-min specimens 
(four of five brains with lesions). The incidence of 
damage to specific structures within the ipsilateral 
cerebral hemisphere in decreasing order of frequency 
were: cortex = hippocampus > striatum >- globus 
pallidus -> thalamus _> amygdaloid nucleus _> white 
matter. The type and distribution of lesions in different 
brain regions of the ten damaged rats are discussed 
briefly. 

Cerebral cortex. In posterior levels, the cortex was 
damaged in all brains and lesions ranged from small 
areas of neuronal necrosis, neuronal loss and astrogliosis 
to large cystic infarcts. In anterior levels, all damaged 
brains except one exhibited pathological alterations. 
Non-cavitary lesions on coronal sections usually 
appeared as multiple thin strips or bands oriented 
perpendicular to the pial surface with the narrow tip 
located in the outer layers (layer 2 or 3) and the wide 
base located in the deeper layers (5 and 6). Depending 
upon the severity of the lesions, the bands converged 
and joined at the base to produce a continuous layer of 
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Table 1. Extent of brain damage in rats subjected to hypoxia-ischemia at 7 days of age 

Duration hypo- Rat Cortex Hippocampus Amygd 
xia-ischemia ant post CA1 CA2 CA3 CA4 FD nucleus 

Striatum Globus Thala- Histological 
ant post pallidus mus score a 

60 min 

75 min 

90 min 

A + + - + + - - - 
B + + - + + - - - 
C + + + + + - - + 

D + + + + + - - - 
E + + + + + + - + 

F - + + + + + - - 
G + + b  + + + + + + 
H + b  + b  + + + + + + 
I +b +b + + + + + +b 
j + b  + b  + + + + + + b  

. . . .  4 

+ - + - 6 
+ + + + 10 

@ - -  - -  - -  6 

+ + + + 11 

- + + + 8 
+ +b +b + 15 
+ +b +b + 16 
+b +b +b + 18 
+b +b +b +b 19 

a Estimate of the severity of damage (see Text) 
b Cystic infarct 

l amina r  necrosis  (Figs. 1, 2). These  rows of damaged  
vert ical  bands  in te rd ig i t a ted  wi th  the  n o n - d a m a g e d  
over ly ing cortex.  The  la t ter  on  serial sect ions appea red  
to consist  of short ,  f inger- l ike projec t ions  tha t  origi- 
na t ed  in the cort ical  layer  2 or 3 and  d ipped  to some 
dis tance  in to  the u n d e r l y i n g  damaged  cortex.  This  
t r id imens iona l  concept  was conf i rmed  on  sect ions close 
to the  an te r io r  or pos te r io r  poles of the  cerebral  
hemisphere ,  where  some of these  f inger- l ike pro jec t ions  
of n o n - d a m a g e d  cortex were cut pe rpend icu l a r  to the i r  
long axis and  appea red  as circular profiles separa ted  by 
damaged  cortex (Fig. 3). The  la t ter  o f ten  con ta ined  one  
b lood  vessel in  the  center .  The  damage  in bra ins  with 
non-cav i t a ry  lesions was l imi ted  to the  M C A  distr ibu-  
t ion  in the la teral  aspect  of the  hemispheres ,  and  in three  
an imals  e x t e n d e d  in to  the  adjacent  pyr i fo rm cortex.  
The re  was var iable  r educ t ion  in the th ickness  of the  
cortex wi th  c o m p e n s a t o r y  d i la t ion  of the lateral  ventr i -  

Ant = Anterior; Post = posterior; FD = fascia dentata 

cle that  d e p e n d e d  in severi ty u p o n  the ex ten t  of the  
n e u r o n a l  loss and  gliosis. In  add i t ion  to n e u r o n a l  loss 
and  gliosis, there  were of ten  n e u r o n a l  ghosts p resen t  in 

F i g .  1. Coronal section, ipsilateral cerebral cortex of a 30-day 
postnatal rat following unilateral carotid artery ligation and 75 min 
of hypoxia at 7 days of age. Areas of vertical band-like necrosis join 
at the deeper layers to form a continuous layer. Hematoxylin and 
eosin stain, x 25 

Fig. 2. Same as Fig. 1. Finger-like projections (columns) of 
preserved cortex extend into the deeper necrotic region. Note the 
presence of an arteriole (arrows) in the core of each preserved 
column. Hematoxylin and eosin stain, • 75 
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Fig. 3A, B. Ipsilateral cerebral cortex with hypoxic-ischemic 
damage. Cross sections of tip of finger-like projections of pre- 
served cortex into deeper layers are seen as circular profiles 

(arrows) separated by damaged areas of astrocytosis. A Hematox- 
ylin and eosin, B immunoperoxidase for glial fibrillary acidic 
(GFA) protein; A, B • 85 

the regions of laminar necrosis and at the bases of 
necrotic vertical bands. 

In brains with cystic lesions, the damaged areas were 
larger and not only involved the entire thickness of the 
cortex and white matter but also extended to the 
territories of the anterior and posterior cerebral arteries 
with involvement of the pyriform cortex. Each cavity 
was bound laterally by an extremely thin, transparent 
membrane consisting of pia and a narrow zone of gliosis. 
Deeply, the thin gliotic wall of the cavity communicated 
with the lumen of a dilated lateral ventricle via a large or 
small opening (Figs. 4, 5). The presence of ependymal 
lining (single layer of flat to cuboidal cells) extending 
into and partly lining the cavity of the infarcted area 
(Fig. 4B) indicated that the communication between the 
cavity of the cystic infarct and the lateral ventricle was 
real rather than representing an artifact secondary to 
brain removal or sectioning. The cavity was separated 
from the adjacent normal cortex by a transitional zone 
showing varying degrees of neuronal damage described 
above (see Figs. 4A, 5). Mineralization was often 
present in the damaged cortical regions especially in the 
areas bordering the cystic infarcts. The deposits were 
mild and could not be seen in H & E or Prussian blue 
stains, but could be demonstrated by PAS, Perls stain for 

iron or von Kossa stain for calcium as diffuse fine 
granular deposits. 

Hippocampus. This structure was involved in all 
damaged animals. The CA2 and CA3 regions in their 
lateral aspects were most consistently damaged. Indeed, 
in two animals these sectors were the only two regions of 
hippocampal damage (Fig. 6). The CA1 region also was 
damaged in the majority of the animals. In mildly 
damaged areas of CA1, neuronal necrosis and astrocy- 
tosis preferentially involved the outermost neurons (Fig. 
7). The CA4 region, medial aspect of CA3, and fascia 
dentata were relatively spared in animals with non- 
cavitary cortical lesions, whereas these hippocampal 
regions were often involved in brains that had cavitary 
lesions of the cortex, in which specimens of the hippo- 
campi were shrunken and gliotic (Figs. 5, 8). Minerali- 
zation was present in the damaged areas in most of the 
brains. These deposits were often dense and, unlike 
those in cerebral cortex, could be seen in H & E  
stain. 

White matter. The white matter was infarcted only in 
those brains that exhibited cystic cortical infarcts. In 
damaged brains without infarcts, the subcortical white 
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Fig. 4A, B. Coronal section of the ipsilateral cerebral hemisphere 
of a 30-day postnatal rat following 90 min of hypoxia-ischemia at 7 
days of age. A Cavitary lesion (c) communicates with a dilated 
lateral ventricle (v). Cortex bordering superior aspect of cavity 

shows transition from confluent to band-like necrosis. B Junction 
between the cavity (c) and ventricle (v) in higher magnification 
shows ependymal lining extending into the cavity. A, B Hematox- 
ylin and eosin; A x 16; B x 100 

mat te r  and corpus callosum showed a mild pale staining 
for myelin and a mild astrocytosis bilaterally. The lat ter  
was often slightly accentuated on the side of  the carotid 
artery ligation. 

Striatum. This region was involved in eight of  ten 
damaged  brains. Generally, the involvement  was more  
severe in the anter ior  level than the poster ior  level, and 
the lateral aspect was more  often damaged  than the 
medial  aspect (Fig. 9). In  brains with milder damage,  the 
involved areas were shrunken and gliotic. Mild degrees 
of mineralization were present  only in the poster ior  level 
sections and was seen in three brains. In  brains with 
more  severe damage,  the str iatum was par t ly  or totally 
replaced with a cavity that  had become  incorporated 
into a larger one resulting f rom infarction of other  
structures within the hemisphere.  

Globus pallidus. This was involved in eight of  ten 
damaged  brains and the lesions were similar to but 
generally milder  than those described for the stria- 
turn. 

Thalmus. This structure was involved in seven of ten 
damaged  brains. Generally, the lateral and ventral  
groups of nuclei were most  severely injured. Damaged  
areas were shrunken and gliotic and always showed 
modera te  to dense mineralization (Figs. 5, 8). No 
cavitary lesions were seen except for one brain that  had a 
microscopic infarct. 

Amygdaloid nucleus. This was involved in six of ten 
damaged  brains. Central nuclei appeared  to be most  
severely involved. Mineralization was mild and present  
focally in two brains. 
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Fig. 7A, B. Coronal section, ipsilateral dorsal hippocampus of a 
30-day postnatal rat following 75 min of hypoxia-ischemia at 7 days 
of age. A Severe neuronal loss and astrocytosis of CA2 with relative 
preservation of fascia dentata (FD), CA4, medial CA3 and parts of 
CA1 sectors. B Higher magnification of CA1 region with partial 
involvement showing neuronal loss and astrocytosis in the outer 
aspect. A, B Immunoperoxidase for GFA protein; A • 23; 
B • 145 

Fig. 5. Ipsilateral cerebral hemisphere of a rat with 90 min of 
hypoxia-ischemia showing a cavitary lesion (c) communicating 
with the dilated lateral ventricle (v) surrounded by astrocytosis. 
Hippocampus (h) is shrunken and gliotic. Thalamus (Th) shows 
areas of dense astrocytosis in its dorsolateral aspect. Immunope- 
roxidase for GFA protein, x 15 

Fig. 6. Ipsilateral hippocampus of a rat with 60 min of hypoxia- 
ischemia showing minimal damage localized to the lateral aspects 
of CA3 and CA2 regions. Immunoperoxidase for GFA protein 
x 60 

Table 2. Severity of hypoxic-ischemic brain damage determined 
by morphometry and by histological scoring 

Duration of L/R hemispheric ratio Histological 
hypoxia-ischemia a mean _+ SD (n) score b 

45 min: 
non-damaged 0.997 _+ 0.024 (8) 

60 min: 
non-damaged 1.024 _+ 0.037 (7) 
damaged A 1.143 

B 1.156 
C 1.140 

75 min: 
non-damaged 1.015 _+ 0.027 (8) 
damaged D 1.348 

E 1.284 

90 rain: 
non-damaged 1.016 _+ 0.032 (5) 
damaged F 1.261 

G 2.406 
H 2.581 
I 2.602 
J 4.244 

0 

0 
4 
6 

10 

0 
6 

11 

0 
8 

15 
16 
18 
19 

a Letters of identification for individual rats (A to J) with his- 
tological evidence of brain damage 
b Higher numbers indicate more extensive damage (see Table 1 
and text) 
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Fig. 8. A Same as Fig. 5 showing details of the damaged structures 
surrounding the cavity (c) and lateral ventricle (v). B Stain for 
calcium in a section from the same region as A showing dense 
deposits in the dorsolateral thalamus (arrow). A Immunoperoxi- 
dase for GFA protein; B yon Kossa stain; A, B • 35 

Morphometric studies. The degree of loss of  cerebral 
hemispheric  area on coronal section as calculated by the 
ratio of the non-damaged  (contralateral) hemisphere  to 
the damaged  (ipsilateral) hemisphere  at the poster ior  
level roughly correlated with the duration of H I  except 
in one animal of the 90-min group which showed a mild 
lesion (animal F in Table 2). To validate this observat ion,  
the results were compared  to those obtained by histo- 
logical scoring. The  histological scoring in each brain was 
obtained by giving a score of 1 to each involved region 
(Table 1). An  additional score of 1 was given to those 
regions exhibiting cystic infarction. Correlat ion of coef- 
ficient analysis revealed close correspondence between 
the severity of  brain damage  determined histologically 
and by mophome t ry  (r = 0.87; P < 0.001). 

Fig. 9. Ipsilateral striatum (St) of a rat with 90 min of hypoxia- 
ischemia showing patchy neuronal damage and astrocytosis involv- 
ing mainly the lateral aspect. Overlying cortex (Cx) is also 
involved, v: lateral ventricle. Immunoperoxidase for GFA protein, 
• 34 



Discussion 

The major objectives of the present investigation were 
twofold: (1) to determine the duration of HI required to 
produce tissue injury in a well-established model of 
perinatal HI brain damage; and (2) to ascertain those 
regions of immature brain which are most vulnerable to 
damage. Not unexpectedly, the data presented here 
show that the longer the interval of HI exposure, the 
greater the likelihood that brain damage will occur with 
increasing severity thereafter (Table 1). No cerebral 
lesions were present in rats exposed to 45 min of HI; 
whereas 25 % (5/20) developed non-cystic lesions with 
60-75 rain of exposure; and 50 % (5/10) with 90 min of 
HI had lesions that were more extensive and often 
cavitary (4/5). Longer intervals (2-3.5 h) of HI are 
associated with brain damage in up to 92 % of animals, 
with widespread infarction in the majority [17, 21, 22, 
30]. 

Our histological scoring and morphometric analyses 
of the damaged and undamaged brains showed an 
excellent correlation between the severity of the histo- 
pathological alterations and the extent of cerebral 
atrophy and tissue loss (Table 2). Those brains without 
histological evidence of damage showed no correlation 
between the duration of HI and the cerebral interhem- 
ispheric ratio. Moreover, there was a sharp demarcation 
between the interhemispheric ratios of the histologically 
normal brains and those of the brains with the mildest 
damage. Accordingly, HI insufficient to produce histo- 
logically confirmed brain damage also has no deleterious 
effect on brain growth per se. 

The pattern of distribution of the lesions in brains of 
immature rats was similar to that seen in adults [6, 15] 
but with notable exceptions. In immature rat brain, the 
non-cavitary lesions seen in cerebral cortex typically 
consisted of a combination of vertical bands and laminar 
patterns. Subcortical and periventricular white matter 
failed to show damage except in those brains with severe 
lesions extending from cerebral cortex to white matter. 
Prominent white matter injury has been observed in 
immature rat brain, when HI exposures are extended to 
3.0-3.5 h and survivals shortened to 15-50 h [22]. All 
zones of hippocampus were sensitive to hypoxia-ischem- 
ia except for the CA4 (hilar) region, fascia dentata and 
medial region of CA3. The lateral CA2 and CA3 zones 
were consistently involved, and in two animals these 
sectors were the only damaged areas of hippocampus. 
Interestingly, the outer aspect of CA 1 was more severely 
involved than the innermost region. 

A striking feature of HI damage within the ipsilateral 
cerebral cortex was the presence of cortical bands of 
damaged neurons oriented at right angles to the pial 
surface. These narrow bands, in severely damaged 
regions of cortex, became widened and joined at their 
bases in the deeper cortical layers to enclose short 
finger-like projections of the normal overlying cortex. 
This pattern of cortical lesion that has been referred to 
as radial or columnar cortical damage [22] is already 
apparent following 15-50 h of HI in the immature rat, 
but its counterpart has never been reported in adult rat 
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brain. In the latter, a comparable HI stress results in 
damage along specific cortical layers (laminar necrosis) 
which may show accentuation at arterial border zones 
[6, 15]. 

The reason for the observed differences in the pattern 
of cortical HI damage between immature and adult 
animals is not clear. It is likely that the vertical band-like 
pattern seen in the cerebral cortex of the immature 
animal is related to the known structural immaturity of 
this region. Specifically, there is a high neuronal packing 
density with dendrites not yet fully formed [5, 12] and a 
capillary bed that has not attained its adult density 
[2, 10]. It is also possible that in the immature cortex, 
metabolic differences between laminae and individual 
neurons are minor or even absent. If so, the distribution 
of HI damage is likely to be determined to a great extent 
by the pattern of cortical vascular architecture. In this 
regard, the observed variations in both width and depth 
of the finger-like projections of non-damaged regions 
may reflect corresponding variations in the caliber and 
length of penetrating arteries. 

A band-like or nodular arrangement of damaged and 
preserved neurons in cerebral cortex has been encoun- 
tered in human autopsied brains variably labelled as 
ulegyria [13] or nodular cortical sclerosis [9]. The 
antecedent perinatal events in these cases often were 
obscure and the lesions not infrequently ascribed to 
developmental abnormalities of the brain. However, 
more recent investigations have demonstrated an asso- 
ciation between cerebral HI occurring in the immediate 
newborn period and a columnar arrangement of damage 
in cerebral cortex [13, 20]. 

It is noteworthy that subcortical and periventricular 
white matter was no more vulnerable to HI damage than 
either cerebral cortex or hippocampus, despite the 
functional and anatomic immaturity of 7-day postnatal 
rat brain. White matter necrosis, with relative sparing of 
gray matter structures, is a prominent feature of HI in 
experimental and human fetuses and in prematurely 
born infants [3, 8, 14, 24]. In premature human infants, 
the lesions are typically periventricular in location; 
whereas in infants born closer to term, the topography of 
the necrotic loci shifts to subcortical areas, often with 
associated selective neuronal necrosis or cavitary infarc- 
tion of the overlying cerebral cortex, as seen in the 
immature rat (present study). 

The cavitary lesions involving cerebral cortex and 
underlying white matter had thin gliotic walls and 
communicated deeply with the lumen of the lateral 
ventricle. They exhibited a smooth inner surface and 
were partially lined with ependymal cells. This change is 
similar to porencephaly in the human brain, the origin of 
which is thought to be an early in utero HI damage. The 
porencephalic cavity is typically covered by a thin 
arachnoid membrane; it communicates with the ventri- 
cle and has a smooth inner surface [13]. However, it 
should be noted that porencephaly by its strict defini- 
tion, unlike the cavitary HI lesions in immature rats, 
does not have astrocytosis in its wall, and the adjacent 
cortex instead of columnar necrosis shows developmen- 
tal abnormalities such as polymicrogyria. This difference 
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may be related to the stage of brain development at the 
time of the insult and to the animal species under study. 
In 7-day postnatal rats which are capable of a glial 
response, HI will result in a lesion different from that of 
the early human fetal brain which is incapable of such a 
response. Indeed, instances of porencephalies with 
polymicrogyria in the formative stage have been 
observed as early as 24-26 weeks of gestation 
[13,191. 

Another  observation that has not been addressed in 
adult models of HI brain damage which was prominent 
in immature rat brain was the presence of mineralization 
of the damaged regions, especially in deeper structures 
such as hippocampus, thalamus, posterior putamen and 
globus pallidus. Unlike immature rat brain, HI brain 
lesions in adults, including humans, show little tendency 
for mineralization [4, 6, 15]. However, mineralization 
(dystrophic calcification) is a frequent accompaniment 
to perinatal cerebral lesions occurring in human infants 
[1, 13, 181. 

The reason for immature neurons to undergo dys- 
trophic calcification is unknown. Norman [18] has 
suggested that the reaction may reflect a sublethal injury 
to the neuron, a chronic form of cell death, or the 
unavailability of lytic enzymes. Polymorphonuclear leu- 
kocytes, which release lytic enzymes, are absent in small 
anoxic lesions in neonates nor are they seen in immature 
rat brain undergoing HI brain damage. Furthermore,  
the brains of fetal monkeys show a scant polymorpho- 
nuclear response to various irritants [23]. Other factors, 
including the therapeutic administration of calcium 
salts, may also contribute to the formation of cerebral 
calcifications. Changaris et al. [7] have found a direct 
correlation between the average daily dosage of paren- 
terally administered calcium gluconate and the presence 
and extent of cerebral calcification in asphyxiated 
newborn infants. 

Of the numerous metabolic perturbations (increased 
anerobic consumption of glucose, disruption of high- 
energy phosphate reserves, intracellular calcium accu- 
mulation) which occur during HI in the immature rat 
[25, 28, 31], regional alterations in the oxidation/reduc- 
tion (redox) state of the tissue and enhanced calcium 
flux into brain predict most accurately the topographic 
pattern of the neuropathological alterations.Welsh et al. 
[31] examined the redox state of immature rat brain 
undergoing HI by the technique of reflectance fluorom- 
etry. Alterations in regional fluorescence, representing 
the intra-cellular accumulation of NADH,  were promi- 
nent in both cerebral cortex and hippocampus, especial- 
ly the CA1 and CA3 sectors. A banded pattern of 
N A D H  fluorescence was apparent in cerebral cortex, 
which mimics closely the distribution of neuronal necro- 
sis seen in this region (see Results). The close corres- 
pondence between altered N A D H  fluorescence and 
neuropathologicai outcome suggests an important role 
for intracellular acidosis in the pathogenesis of perinatal 
HI brain damage, albeit not necessarily lactacidosis 
[27, 31]. 

Disturbances in intracellular calcium homeostasis in 
brain also characterize the immature rat subjected to 

cerebral HI [25]. Indeed, an excessive accumulation of 
calcium in neuronal tissues may represent the "final 
common pathway" not only for HI,  but for other forms 
of acute brain damage as well [11, 16]. Stein and 
Vannucci [25] subjected 7-day postnatal rats to cerebral 
HI either prior to or following a subcutaneous injection 
of 45CAC12. During HI,  calcium flux into brain was 
prominent in cerebral cortex, hippocampus, striatum, 
and thalamus with minimal or no uptake into subcortical 
or periventricular white matter. During the first 5 h of 
recovery, 45CAC12 radioactivity in all brain regions was 
low, but thereafter increased progressively over 72 h. As 
during HI,  the distribution of radioactivity was most 
prominent in those regions known to be vulnerable to HI 
injury. Within individual structures, calcium accumula- 
tion was most intense in areas corresponding to the 
brunt of tissue destruction seen pathologically; includ- 
ing a combined laminar and radial distribution of 
calcium in cerebral cortex and a predilection for the 
CA1, CA2 and CA3 sectors of the hippocampus and for 
the lateral aspects of the striatum and thalamus. The 
findings indicate a close spatial association between 
calcium accumulation in brain during HI and the 
ultimate neuropathological outcome and implicate a 
disruption of intracellular calcium homeostasis as a 
major factor in the evolution of perinatal HI brain 
damage. Furthermore, the progressive secondary accu- 
mulation of calcium during the recovery period occurs in 
parallel with tissue destruction and mineralization. 
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