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ABSTRACT. The pathogenesis of perinatal hypoxic-is- 
chemic encephalopathy is poorly understood. Most insults 
are thought to occur before or during birth. We have 
investigated the evolution of parasagittal EEG activity and 
distribution of neuronal damage after cerebral ischemia in 
chronically instrumented fetal sheep (119-126 d gestation). 
The vertebral-carotid anastomoses were ligated and cere- 
bral ischemia was induced by inflating occluder cuffs 
around the carotid arteries for 30 min. Parietal cortical 
EEG activity was analyzed with real-time spectral analysis 
with reference to control fetuses. After ischemia, EEG 
activity was suppressed, then rapidly increased in intensity 
at 8 f 1 h to a peak at 9 + 1 h postischemia. There was 
increased intensity of the lower frequencies (1-7 Hz) ap- 
parent as epileptiform activity with convulsions. This low- 
frequency hyperactivity gradually resolved by 28 + 7 h 
postinsult. After 72 h, the loss of intensity at all frequencies 
and laminar necrosis of the underlying parasagittal cortex 
indicated irreversible brain injury. Ranking the structures 
in order of decreasing amounts of damage: parasagittal 
cortex > hippocampal CAI, 2, and 3 regions > lateral 
cortex, hippocampal CA4 region and striatum > amygdala, 
dentate gyrus, thalamus, and cerebellum. The evolution of 
EEG activity and the distribution of damage after cerebral 
ischemia closely resembles the time course and pathology 
of hypoxic-ischemic encephalopathy seen in some severely 
asphyxiated term neonates. The consistent electrophysio- 
logic and histologic outcome should allow this experimental 
approach to be valuable in testing a number of current 
hypotheses relating to perinatal asphyxia1 encephalopathy. 
(Pediatu Res 27: 561-565,1990) 

Abbreviations 

HIE, hypoxic-ischemic encephalopathy 
EMG, electromyographic 

The clinical signs of neonatal HIE are well known. Seizures 
after severe asphyxia in the neonate are frequently associated 
with poor neurologic outcome ( I ) ,  often with indications of 
damage to the parasagittal cerebral cortex (2). Little is known 
about the pathophysiology and genesis of this characteristic 
pattern of brain damage. Several authors have speculated that 
postinsult epileptiform activity worsens neurologic outcome (3, 
4,5); however, an appropriate preparation has not been described 
that will enable this hypothesis to be tested in the developing or 
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mature brain (6, 7). Most asphyxic insults occur in the fetus as 
antepartum or intrapartum events (8-10). Thus, to start to 
investigate aspects of the pathophysiology of HIE, we have 
examined the evolution of parasagittal EEG activity and the 
pathologic outcome after cerebral ischemia in fetal sheep. 

For our study, we have developed an experimental approach 
to induce cerebral ischemia in the chronically instrumented 
sheep fetus in a reproducible manner. The quantitative measure- 
ments of EEG activity were made using continuous real-time 
spectral analysis (1 1). This paper describes the sequential EEG 
changes with delayed onset of seizures and the pathologic out- 
come at 3 d postinsult. We discuss the relevance of the findings 
to HIE in human infants. 

MATERIALS AND METHODS 

Surgical procedures. Fourteen Romney/Suffolk fetal sheep of 
known gestational age were operated on under halothane anaes- 
thesia (2%) using sterile techniques. These surgeries took about 
90 min. The head, neck, and forelimbs of the fetus were exter- 
nalized for an average of 60 min. Catheters were inserted into 
each of the axillary arteries. Two pairs of shielded stainless steel 
electrodes were placed bilaterally on the parietal dura. These 
were inserted via parasagittal burr holes that were drilled in the 
skull overlying the parietal cortex (skull coordinates relative to 
Bregma: anterior 5 mm and 15 mm, lateral 10 mm). In addition, 
a pair of stainless steel wire electrodes (AS636 Cooner Wire Co., 
Chatsworth, CA) were sewn into the paraspinal nuchal muscle 
to record their activity (EMG). The vertebral-occipital anasto- 
moses between the carotid arteries and vertebral arteries were 
ligated bilaterally. The vertebral arteries in the sheep do not 
supply the brain, but rejoin the common carotid arteries, while 
the basilar artery is supplied from the Circle of Willis (12). Thus, 
this procedure eliminates all collateral supply. Inflatable occluder 
cuffs were placed around both carotid arteries. The leads and 
catheters were externalized to the maternal flank and uterine and 
abdominal walls were closed. After the operation, the ewe was 
housed in a metabolic cage at constant temperature (20°C) and 
humidity (50%) and given free access to hay and water supple- 
mented by sheep nuts and alfalfa. Antibiotics (penicillin and 
gentamicin) were administered to the ewe daily. 

Recording. Movement artifacts in the EEG were minimized 
by using driven shield electrodes. These recording electrodes 
were constructed from shielded Teflon insulated wire (AS636 
ISSF, Cooner Wire Co.). The signal was amplified 5000 times 
by instrumentation amplifier and preamplifier before filtering. 
Antialiasing filtering was accomplished with 8th order switched 
capacitor Buttenvorth filters, with the -3dB point set to 30 Hz. 
All experiments were recorded on analog chart running at 5 
mm/min. Intensity (power) spectra were obtained by real-time 
spectral analysis ( 1  1). The EEG was continuously sampled at 
1 1 1 Hz and intensity spectra were analyzed from this data. These 
spectra were averaged over 5.5-min intervals, and each average 
spectrum stored to disk. EMG activity was amplified by instru- 
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mentation amplifier then bandpass filtered 100- 1000 Hz before 
rectifying and lowpass filtering to produce an envelope of activity. 

Experimental procedures. Experiments were started 72 to 96 
h after surgery. Fetuses ranged in gestational age from 119 to 
126 d. Fetal arterial samples were obtained before the start of 
each experiment and only fetuses exhibiting normal arterial 
blood gases (pH > 7.32 and Pa02 > 17 mm Hg) were used. After 
4 h of collecting EEG spectral data (reference period), the carotid 
cuffs were inflated with saline for 30 min. Spectra were then 
collected continuously for the next 32 h. In addition, 4-h blocks 
of spectra were collected at 48 and 72 h postischemia. Because 
experience showed that about one-third of cuffs burst on infla- 
tion, we prospectively chose to use these as controls. Five animals 
were thus deemed controls and nine experimental animals. Two 
other animals were rejected from the EEG analyses due to 
technical failures of the EEG recording. 

Each sheep was killed 3 d postinsult by pentobarbital infusion; 
the fetus was immediately removed and the brain perfused 
through the common carotid arteries with 500 mL normal saline 
followed by 500 mL 10% formalin, then 500 mL 10% formalin/ 
10% sucrose. The brains were embedded in paraffin, coronally 
subserially sectioned to 10 pM, and then stained with thionin/ 
acid fuchsin (1 3). Every 40th section was mounted and examined 
by light microscopy. Each selected region was assessed under a 
magnification of lOOx before detailed assessment at a magnifi- 
cation of 4 0 0 ~ .  Neurons with ischemic cell change were identi- 
fied according to the criteria of Brown and Brierley (14). Cells 
with acidophilic (red) cytoplasm and contracted nuclei or with 
just a thin rim of red cytoplasm with pyknotic nuclei were 
assessed as dead, whereas all others were considered viable. Each 
region was scored in multiple preselected areas for the proportion 
of dead neurons by two independent assessors. One of the 
assessors was blind to the experiment. The cortical regions were 
selected from sections of the temporo-parietal cortex correspond- 
ing with the positions of the EEG electrodes. "Parasagittal" cortex 
was taken to include all of the gyrus bordering the sagittal sulcus, 
and the medial half of the laterally adjacent gyrus. "Lateral" 
cortex included all of the most lateral gyrus on the section. 

The average values from two sections and from both the right 
and left hemispheres were used in all cases except for the thalamii, 
where all the nuclei in three sections were used, and the hippo- 
campus, where the dorsal and ventral gyri were also averaged. A 
6-point damage scale was used. Each region was scored for 
damage as follows: 0, 1-lo%, 10-50%, 50-90%, 90-99%, and 
100% neurons dead. To enable statistics to be performed on this 
6-point scale, the nominal damage score was taken as the mid- 
point of each of these ranges: 0, 5, 30, 70, 95, and 100, respec- 
tively. As these scores are on a ratio scale, comparisons of the 
degree of damage could be made using parametric statistical 
methods (1 5). 

Analysis. Intensity spectra were obtained as previously de- 
scribed (1 I). The averaged spectra were segmented into seven 
frequency bands before further analysis. The &band ranged from 
1.25 to 4.50 Hz, then 8 to 6.75, a-I to 9.50, a-I1 to 12.50, P-I to 
18.50, and P-I1 to 32 (16). The descriptive measurements and 
peak intensity and peak width (half ht) measurements were made 
on the smoothed time series. For smoothing, a digital Blackman 
(17) lowpass filter with a cutoff of 0.1 cycles/point was applied 
to the log-transformed data to minimize short-term fluctuations 
of less than 20 min. Peak measurements were made by a maxima 
detecting algorithm on both the control and ischemia fetuses. 

For statistical analysis, all calculations were made on loga- 
rithms of the intensity of each frequency band. This transfor- 
mation gives a better approximation to the normal distribution 
(1 8). Each log-transformed frequency band was normalized with 
respect to the mean value of the first 4 h of recording (16). This 
normalization removes variability in amplitude between animals 
that is a consequence of electrode positioning. After descriptive 
measurements were made, selected times in the experimental 
animals were compared with the control group using multivariate 

analysis of variance. Individual comparisons of frequency bands 
were then compared with t tests with Tukey's correction for 
multiple comparisons. Changes with time were compared with 
repeated measures of analysis of variance. Similarly histologic 
damage scores were analyzed by analysis of variance, whereas 
ranking of damage was performed with the Waller-Duncan mul- 
tiple comparisons test. 

RESULTS 

Thirty min of ischemia induced complete suppression of the 
parietal EEG during the insult, followed by a consistent sequence 
of changes in its intensity (Fig. 1) (P < 0.0001). Descriptive 
measurements suggested that the EEG intensity was suppressed 
until 8 f I h (mean k SEM), then rapidly reached a peak at 9 + 
1 h with increased low-frequency (1-5 Hz) intensity. The high- 
frequency (19-32 Hz) intensity also peaked at 9 +. 1 h for 2 +. 1 
h (half ht width of peak). This low-frequency intensity then 
declined to below preinsult levels by 28 a 7 h postischemia. The 
increased low-frequency activity was apparent as spike-wave or 
polyspike activity on the raw EEG and occurred with increased 
nuchal muscle activity. The patterns of nuchal muscle activity 
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Fig. I. The evolution of the EEG intensity expressed as a percentage 
of preischemic reference intensity in the low-frequency (1-5 Hz) 6-band 
and the high-frequency (19-32 Hz) @-I1 band for 4 h before and 28 h 
after 30 min of cerebral ischemia in a fetal sheep (121 d gestation), 
commencing at time 0 indicated by the arrow. There was suppressed 
activity for about 8 h postinsult, followed by a rapid increase in low- 
frequency (6) intensity (epileptiform activity). This increase in low- 
frequency activity coincided with the onset of epileptiform activity and 
seizures. The low-frequency activity gradually subsided. The high-fre- 
quency (@-11) intensity showed a brief increase toward preinsult levels, 
then was lost. 
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suggested that both clonic convulsions, where the EMG activity 
was synchronous with spike-wave activity (Fig. 2), and tonic 
convulsions, where tonic EMG activity occurred with periods of 
intense epileptiform activity, were present. 

Intensity data were separated into three time intervals: 1-5 h, 
10-1 5 h, and 72-74 h postischemia for quantitative analysis. At 
1-5 h postischemia, the EEG was suppressed in all frequency 
bands (Fig. 3). All frequencies then increased in intensity from 
the 1- to 5-h period to the 10- to 15-h period (p < 0.0001). 
During the 10- to 15-h period, the lower frequency bands 6 to 0 
(1-7 Hz) were significantly increased in intensity, whereas the 
higher frequencies were not significantly different from control 
levels (Fig. 3). All frequencies then fell in intensity from 10-15 
h to 72 h (p < 0.0001). At 72-74 h, intensities at all frequencies 
were significantly reduced (Fig. 3). The peak intensities occurred 
at 9 +- 1 h and showed increased intensity of the lower frequency 
bands 6 to a-I (1-10 HZ), whereas the higher frequencies a-I1 to 
6-11 (10-32 Hz) were not significantly different from control 
intensities. 

Histologic comparisons were made between five sham control 
fetuses and nine fetuses subjected to 30 min of ischemia (Fig. 4). 
The controls had no damage, whereas the fetuses subjected to an 
ischemic insult showed widespread neuronal necrosis (Fig. 5). 
Damage was greatest in the parasagittal cortex where there was 
laminar necrosis. Ranking the structures in order of decreasing 
amounts of damage: The parasagittal cortex was most affected, 
followed by CA3 and CAI, 2 of the hippocampus, then the 
lateral cortex, CA4 of the hippocampus and striatum, then the 
amygdala, dentate gyrus, thalamus, and cerebellum. The mod- 
erately damaged regions of cortex tended to greatest neuronal 
death in layer 3, with lesser neuronal losses in layer 2 then 
laminae 4, 6, 1, and the least in layer 5. Neuronal damage was 
greater in the depths of the sulci compared with the gyrii. 

DISCUSSION 

Our experimental approach of cerebral ischemia in the devel- 
oping brain has certain parallels to HIE in the term newborn, 
namely delayed onset of seizures and a parasagittal distribution 
of cortical neuronal injury (1 9,20). This correspondence between 
experimental and clinical disorder supports the hypothesis that 
parasagittal HIE is of ischemic origin, resulting from a period of 
impaired cerebral perfusion (21, 22). With this preparation, a 
reproducible ischemic insult can be delivered to an unanes- 
thetized stable animal without compromise of cardiovascular or 
respiratory status. The highly consistent electrophysiologic and 
histologic outcome should allow this experimental approach to 
be valuable in testing a number of current hypotheses relating to 
perinatal asphyxia1 encephalopathy. 

We have found a consistent sequence of changes in the EEG 
after the cerebral ischemia (Fig. 1). There was initially a period 
of suppressed EEG activity lasting several hours then at about 8 
h postinsult there was a rapid increase in EEG intensity, partic- 
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Fig. 2. Parietal EEG activity at 10 h postischemia, showing a low- 
frequency spikewave pattern that is typical of epileptiform activity. The 
synchronous increases in the nuchal muscle activity indicate clonic 
convulsions. 
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Fig. 3. The EEG intensity at 1-5, 10-15, and 7 2  h postischemia 
expressed as a percentage of the preischemic reference intensity. Intensity 
in each frequency band of the ischemia group (n = 7 )  was compared to 
the sham controls (n = 5). All frequencies were suppressed at 1-5 h 
postischemia, then low frequencies 6-0 (1-7 Hz) were increased at 10- 
15 h. At 7 2  h, intensity of all frequencies was reduced. *, p < 0.05; **, 11 
< 0.0 1, ***, p < 0.00 1 ; ****, p < 0.000 1. 

ularly at the lower frequencies. The appearance of intense low- 
frequency activity corresponded to the onset of spike-wave or 
polyspike (epileptiform) activity that was seen with EMG evi- 
dence of convulsions (Fig. 2). Similarly, delayed seizures are 
often observed in severely asphyxiated, full-term infants starting 
between 6 and 12 h after birth (X), and in asphyxiated newborn 
rhesus monkeys (23). The mechanisms leading to the delayed 
onset of seizure activity are not understood, and it remains 
controversial as to whether prevention of these seizures is asso- 
ciated with an improved outcome. 

The distribution of cortical injury with predominant damage 
of the parasagittal cortex, particularly in the sulci, is typical of 
ischemic insults in humans (24). This distribution of damage has 
been observed after asphyxia in some term infants (2) and 
nonhuman primates (23). This distribution of damage corre- 
sponds to the arterial end fields in the border zones between the 
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Neuronal death score  

P a r a s a g  C x  

Fig. 4. Mean neuronal death scores from selected regions of the brains 
of nine fetal sheep subjected to 30 min of ischemia. Zero represents no 
neuronal loss and 100, total loss. Ranking the structures in order of 
decreasing susceptibility: parasagittal cortex (Parasag Cx) > CA3 and 
CA1,2 > lateral cortex (La tCx) ,  CA4 and striatum > amygdala, dentate 
gyrus (DG), thalamus, and cerebellum. 

-- 

territories of the major cerebral arteries (anterior, middle, and 
posterior) (25). The relative sparing of diencephalic and meten- 
cephalic structures such as the cerebellum when compared with 
the cortex may reflect preferential perfusion of the residual flow 
to these structures as seen in neonatal rats, fetal sheep, and 
monkeys, and in newborn dons and vialets during hveoxia- 

L a t  C x  

D G 

C A 4  

C A 3  

C A I ,  2 

S t r i a t u m  

Arnygdala 

T h a l a m u s  

C e r e b e l l u m  

- 
ischemia or asphyxia (26-3 l ) . -~l ternat i ie l~ ,  there may have 
been some anterograde flow through the basilar artery reversing 
the normal retrograde flow in the sheep (12). 

Within the damaged regions of cortex there was heterogeneity 
of cell death, with laminar necrosis, particularly of pyramidal 
neurons situated in the lamina 3. This selective pattern of cell 
loss can occur after cerebral ischemia in adults (24) and has been 
observed in asphyxiated neonates (32). Vannucci et al. (26) have 
suggested that the ischemia determines the overall topography of 
damage, but metabolic factors influence the heterogeneous pat- 
tern of damage seen within regions. This pattern of selective 
neuronal necrosis may be excitotoxic damage from excessive 
activity of the excitatory amino receptors (33-35), although other 
factors such as local calcium accumulation and oxygen-free 
radicals may also play a role (36, 37) in the developing brain. 
Thus, this parasagittal topography and laminar pattern of damage 
is typical of ischemic insults and similar to that occuning in 
some asphyxiated term neonates. 

The EEG potentials recorded from the cortex during epilepti- 
form activity are generated by underlying pyramidal cells (38, 
39). This epileptiform activity is associated with hyperactivity of 
these neurons (40). A similar sequence of hyperactivity followed 
by loss of activity occurs in the hippocampal neurons of Mon- 
golian gerbils following an episode of ischemia (7). Selective 
neuronal death can occur after seizure activity in adult rats (4 1). 
Cell loss from seizure activity is thought to be a consequence of 
metabolic demands exceeding limited energy substrate availabil- 
ity in vulnerable neurons and not local hypoxia-ischemia (42). 
Thus, seizure activity can cause neuronal death, at least in adult 
animals. But it is not known to what extent the intense epilepti- 
form activity contributes to the cell loss or is a manifestation of 
the pathogenesis in this preparation or in the clinical situation. 

Normal cortical EEG activity is generated as a spatial sum- 
mation of potentials from activity in the underlying pyramidal 
cells (38, 43, 44). Thus, the intensity of the EEG reflects activity 
in the underlying pyramidal cells. The loss of intensity seen at 

rlg. 3. ~ ~ ~ u s t r a ~ i o n s  01 normal (upper panel) ana severely damaged 
(lower panel) parietal cortex. Both are taken from the parasagittal region 
of the parietal cortex at a magnification of 4 0 0 ~ .  The upper plate 
illustrates normal parietal cortex showing no neuronal loss and thus a 
damage score of 0. The lower plate, from the same region 3 d after 30 
min of ischemia, shows an area of total neuronal loss and was assigned 
a damage score of 100. 

72 h postinsult probably reflects the loss of functional pyramidal 
cells apparent at that time. 

These experiments have revealed a distinct sequence of sup- 
pressed, then increased EEG (epileptiform) activity culminating 
in loss of parasagittal cortical function after an ischemic insult. 
Despite our artificial approach, the genesis of EEG activity and 
distribution of damage closely resemble observations of HIE in 
some asphyxiated term neonates. The preparation we have de- 
veloped, because of its reproducibility, may allow some hy- 
potheses related to putative mechanisms and risk factors to be 
directly evaluated in the perinatal period. 
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