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Sensitivity of the Developing Rat Brain to Hypobaric/lschemic 
Damage Parallels Sensitivity to /V-Methyl-Aspartate Neurotoxicity 
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The endogenous excitotoxin, glutamate (Glu), acting at the 
Kmethyl-aspartate (NMA) subtype of Glu receptor, is thought 
to play a major role in hypoxic/ischemic neuronal degen- 
eration. In the present study, the sensitivities of the devel- 
oping rat CNS to hypoxiclischemic neuronal degeneration 
and to the neurotoxic action of NMA were compared at var- 
ious postnatal ages. In the hypoxic/ischemic experiments, 
ischemia was produced by unilateral common carotid artery 
ligation and hypoxia by subjecting the pups to a partial vac- 
uum. Keeping the duration of the hypobaric episode constant 
at 75 min for all age groups, we observed that the vulnera- 
bility of the immature brain to hypobaric/ischemic damage 
increased during the early neonatal period (days 2-4), 
reached a peak at day 6 and then diminished progressively 
with increasing age. In the second part of the study, NMA 
was microinjected unilaterally into the head of the caudate 
nucleus at various postnatal ages (2-60 d). In the early neo- 
natal period (days 2-6), injections of relatively small doses 
of NMA (6-15 nmol) produced a dose-dependent wide- 
spread excitotoxic reaction throughout the forebrain with 
peak sensitivity being observed on day 6. The cytotoxic re- 
action to NMA was identical in appearance and time course 
to that induced by hypobariclischemic methods. With in- 
creasing age, the excitotoxic response to a given dose of 
NMA decreased progressively and the lesions became more 
strictly confined to the injection site. Cell populations most 
sensitive to NMA toxicity in the 2-10 d period closely cor- 
related with those most vulnerable to hypoxia/ischemia, and 
sensitivity to both types of injury reached a peak at 6 d. 
These findings reinforce other evidence linking an excito- 
toxic mechanism and the NMA subtype of Glu receptor to 
hypoxic/ischemic brain damage and suggest that there may 
be a period during development when NMA receptors are 
hypersensitive to excitotoxic stimulation, thus rendering the 
neurons possessing such receptors hypervulnerable to hyp- 
oxic/ischemic damage. 

The endogenous excitatory amino acids (EAA), glutamate (Glu) 
and aspartate, are leading neurotransmitter candidates and also 
neurotoxins (excitotoxins) capable of destroying CNS neurons 
by excessive activation of EAA receptors. It is believed that an 
excitotoxic mechanism may underly hypoxic/ischemic neuronal 
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degeneration in conditions such as stroke, cardiac arrest, and 
perinatal asphyxia. This hypothesis is supported by evidence 
that Glu and aspartate accumulate extracellularly in the CNS 
under hypoxic/ischemic conditions (Benveniste et al., 1984; 
Hagberg et al., 1987) and that agents with known EAA antag- 
onist properties protect against hypoxic/ischemic neuronal de- 
generation both in vitro (Rothman, 1984; Weiss et al., 1986; 
Clark and Rothman, 1987; Goldberg et al., 1987; Olney et al., 
1988b) and in vivo (Simon et al., 1984; Gill et al., 1987; Law- 
rence et al., 1987; McDonald et al., 1987; Park et al., 1987; 
Boast et al., 1988; Kochhar et al., 1988; Olney et al., 1988a, 
1989; Prince and Freeser, 1988; Steinberg et al., 1988). Several 
EAA receptor subtypes have been identified (Watkins and Olv- 
erman, 1987), each being named by a potent EAA agonist [N- 
methyl aspartic acid (NMA), kainic acid, quisqualic acid] to 
which it is differentially sensitive. The relative importance of 
each receptor subtype in the mediation of hypoxic/ischemic 
brain damage remains to be determined. Recently, we desciibed 
a new model for studying hypoxic/ischemic neuronal degener- 
ation in infant rat brain (Olney et al., 1987; Ikonomidou et al., 
1988, 1989). Hypoxic/ischemic neuronal degeneration is in- 
duced in this model by unilateral carotid artery ligation followed 
by exposure to a partial vacuum. The cytopathological reaction 
induced in infant rat brain by this hypobaric/ischemic approach 
is indistinguishable from that induced in the brains of infant 
rats and monkeys by systemic administration of Glu (Olney et 
al., 1987; Ikonomidou et al., 1988, 1989). Pretredtment with 
MK-801, a potent and selective NMA antagonist, powerfully 
protects the infant rat brain against hypobaric/ischemic damage 
(Olney et al., 1988, 1989). 

The recent observation by McDonald et al. (1988) that the 
immature rat brain is quite sensitive to the neurotoxic action 
of NMA is of considerable interest in that kainic acid, which is 
very powerful in destroying neurons in adult rat brain, induces 
very little neurotoxic reaction when injected into neonatal rat 
brain (Campochiaro and Coyle, 1978; Wolf and Keilhoff, 1984). 
Apparently, at this stage of development, kainic acid receptors 
are not mature enough to mediate an excitotoxic reaction. In- 
herent in these findings is the important implication that, in 
certain stages of development, hypersensitivity of NMA recep- 
tors combined with hyposensitivity of non-NMA receptors might 
result in preferential involvement of NMA receptors in the me- 
diation of hypoxic/ischemic brain damage; efficacy of NMA 
antagonists in preventing such brain damage lends support to 
this interpretation (McDonald et al., 1987; Olney et al., 1988a, 
1989; Prince and Freeser, 1988). To further explore the role of 
NMA receptors in perinatal hypoxic/ischemic brain damage, we 
have compared the response of the developing CNS to the direct 
intracerebral injection of NMA with its response to hypobaric/ 
ischemic conditions at various stages of development. 
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Materials and Methods 
Sprague-Dawley rats at various postnatal ages (2,4, 10, 14, 20, 30, and 
80 d), which were bred and housed in our laboratories under environ- 
mentally controlled conditions, were used in these experiments. Pups 
were housed together with their mothers in individual cages until the 
age chosen for study or until weaning on day 24 (the day of birth was 
considered as day 0). In the first series ofexperiments, unilateral ligation 
of the common carotid artery was performed under halothane anesthe- 
sia. After recovery from anesthesia, the animals were placed in a hy- 
pobaric chamber (air volume, 2370 ml), which was immersed in a water 
bath maintaining the interior ofthe chamber at 36 ? O.S”C. The number 
of animals in the chamber varied among different age groups and was 
chosen to assure that the total body mass per chamber was maintained 
constant in all experiments (I 80-2 10 gm). Underlying this precaution 
is the assumption that there is a relatively stable correlation between 
an animal’s body mass and its oxygen consumption. The pressure in 
the chamber was lowered gradually over a I min period to 225 mm Hg 
and maintained at this level for 75-120 mitt, then raised to 760 mm 
Hg over a I min period. Two hours after hypobaric exposure all animals 
were deeply anesthetized and killed by perfusion fixation for histopath- 
ological examination of their brains. 

In the second series ofexperiments, animals received a microinjection 
of NMA (Sigma, St. Louis, MO; 6-15 nmol) or saline into the head of 
the caudatc nucleus. The rats were anesthetized with halothane and 
were placed in a Kopf stereotaxic frame. For pups 2-10 d of age, the 
head was fixed bctwccn 2 acrylic blocks that were previously molded 
to fit the lateral shape of the skull. The neck and jaw rested on a subaxic 
guide bar. The coordinates for stereotaxic injections into the head of 
the caudate nucleus of 2- and 6-d-old rats were determined empirically. 
For older rats, the injections were performed according to established 
age-appropriate stereotaxic guidelines (Koenig and Klippcl, 1967; Sher- 
wood and Timiras, 1970). AHamilton syringe mountedwith a 30 gauge 
needle was used for iniection of saline (0.2 rrl) or NMA (6-l 5 nmol/0.2 
~1). NMA was dissol;ed in distilled water and the pH adjusted to a 
physiological range (7.3-7.4) by addition of NaOH. All microinjections 
were performed over a 2 min period, and the ncedlc remained in the 
brain for 2 min thereafter. All animals were allowed to survive 4 hr. 
then were deeply anesthetized with an ovcrdosc of pcntobarbital and 
perfused through the heart and ascending aorta with a solution of 
paraformaldehyde (I%) and gtutaraldehyde (1.5%) in phosphate buffer. 
After perfusion for 15 min the brains were removed and processed for 
light and electron microscopy as previously described (Olncy, I97 I). 

Transverse sections, 1 brn thick, were cut at 2 levels (2.3 and 5.6 mm 
anterior to the zero point at the age of IO d, 3.2 and 6.5 mm anterior 
to the zero point at the age of 20 d. 4.1 and 7.5 mm anterior to the zero 
point at the age of 30 d, according to the atlas ofSherwood and Timiras 
(1970) and 7.47 and 3.99 mm at the age of 80 d, according to the atlas 
ofKoenig and Klippel (I 967)], which permitted visualizing brain regions 
vulnerable to both hypobaric/ischemic damage and the neurotoxic ac- 
tion of NMA. For purposes ofquantifying the damage in a given region, 
the number of acutely necrotic neurons (NN) were counted on a single 
section containing that region, then the counts for the several regions 
wcrc summed to give a total NN score for each brain. Counts were 
limited to “bull’s-eye” profiles, i.e., neurons exhibiting vacuous swollen 
perikarya and pyknotic changes (chromatin clumping) in the nucleus. 
One-way analyses of variance (ANOVAs) were used to analyze the NN 
data, and subsequent pairwise comparisons were conducted following 
significant F ratios in the I -way analyses (Winer, 197 1). 

Results 
Hypohutk/ischetnic bruin datnage 
Consistent with previous observations (Olney ct al., 1987; Iko- 
nomidou ct al., 1988, 1989), at 10 d of age, hypobaric/ischemic 
conditions caused a pattern of brain damage ipsilateral to the 
carotid ligation affecting the medial habenulum, caudate nucleus 
(Fig. la). septum (Fig. Zu), frontoparietal ncocortices (Fig. 3~). 
hippocampus, olfactory tubcrcle, and several thalamic nuclei. 
The cytopathological changes consisted predominantly ofedem- 
atous swelling of dendritic processes and acute edematous de- 
generation of ncuronal cell bodies with pyknotic changes oc- 
curring early in the nucleus (Figs. l-3). Some neurons manifested 

a less acute process of vacuolar condensation, which may rep- 
resent the delayed neurodegenerative response to transient Glu 
exposure that has been described in cortical (Choi et al., 1987) 
and hippocampal (Rothman et al., 1987) cell cultures. An cval- 
uation of delayed neurodegenerative changes was not included 
in the scope of the present study. 

In general, the acute response of the rat brain to hypobaric/ 
ischemic conditions at different stages of development revealed 
age-related differences in the incidence, severity, and pattern of 
neurodegenerative changes. When all age groups were exposed 
to exactly the same conditions (225 mm Hg for 75 min), the 
severity of brain damage increased in the interval from days 2 
to 6 and then progressively decreased at subsequent ages with 
no acute brain damage being evident in go-d-old animals (Fig. 
54). There was a large inequality of within-group variances 
among the different age groups. Much of this disparity was due 
to high frequencies of zero NN scores in the groups killed at 2 
and 80 d. To compensate for this heterogeneity of variance, a 
logarithmic transformation [log(x + 1.5)] was performed on the 
raw data (NN scores). An ANOVA of these transformed data 
confirmed that the groups differed significantly in amounts of 
hypobaric/ischemic brain damage, F(7, 133) = 18.36,~ < 0.0009. 
Subsequent pairwise comparisons indicated that a significantly 
greater amount of brain damage was found at 6 d compared 
with2d,F(I,133)=93.61,p~O.O009,4d,~(l, 133)= 14.76, 
p -C 0.0009. 10 d. F(I, 133) = 9.68, p -C 0.002, or compared 
with the average amount of damage incurred across 14-80 d, 
F( 1, 133) = 58.57, p < 0.0009. 

It is noteworthy that in the very early neonatal period (day 
2), rat pups were quite resistant to hypobaric/ischemic brain 
damage under these protocol conditions. When the hypobaric 
exposure time was extended to 120 min, pups at this age did 
sustain brain damage but the severity of such damage was less 
than that observed in 4- to IO-d-old pups exposed to hypobaric 
conditions for only 75 min (Fig. 5, A, B). The survival rate of 
2-d-old rats after 75 min of hypobaric exposure was 100% and 
after 120 min exposure was 85%, which is comparable to the 
survival rate of 6- and IO-d-old animals (90 and 88%, respec- 
tively) after an exposure time of 75 min. Similarly, when the 
hypobaric exposure period for 4-d-old pups was extended from 
75 to 90 min, there was an increase in brain damage scores (Figs. 
5, A, f?) and decrease in survival rate (from 100 to 85%). 

Of particular interest was the observation that hypobaric/ 
ischemic conditions in the younger age groups (2-6 d) were 
associated with a pronounced hemorrhagic diathesis. A sub- 
arachnoid hematoma over the ccrcbellum was consistently ob- 
served and hemorrhagic foci were also characteristically dis- 
tributed diffusely throughout the forebrain, with most such 
hemorrhages being in the close proximity of an acute neuronal 
degenerative focus, 

Different brain regions showed different times of peak sen- 
sitivity to hypobaric/ischemicdamage (Table 1). In the youngest 
age groups (days 2-4) acute neuronal lesions were found pre- 
dominantly in the neocortcx and caudate nucleus with the hip- 
pocampus, thalamus. and olfactory tubercle being relatively re- 
sistant. At 6 d, a more generalized reaction frequently involving 
many neuronal groups was observed (Table 1). The frontopari- 
ctal neocortices were frequently damaged throughout days 4- 
10 but became totally resistant by day 14. At 10 and 14 d of 
age, neurons in periventricular regions (medial habenulum, head 
and tail of the caudate nucleus, mcdiodorsal thalamus) were the 
most sensitive to hypobaric/ischemic degeneration (Table 1). 
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Figure 1. a, An acute hypoxic/ischemic lesion in the head of the caudate nucleus of a 1 O-d-old rat caused by unilateral ligation of the common 
carotid artery and subsequent exposure of the rat pup to 225 mm Hg for 75 min. b, Head of the caudate nucleus of a IO-d-old rat that received 
an intrastriatal injection of 9 nmol NMA 4 hr previously. Both lesions exhibit the features of excitotoxic injury characterized by profound dendritic 
swelling and degenerating neurons with swollen cytoplasm and dark pyknotic nuclei. x 260. 
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Figure 2. Panels at left illustrate medial septal lesions in 6-d-old rats caused by either hypoxia/ischemia (a) or intrastriatal injection of 9 nmol 
NMA (b). Panels at right depict hypoxic/ischemic (c) and NMA-induced (d) neuronal lesions in the tail of the caudate nucleus of a lo-d-old (c) 
and a 6-d-old (6) pup. x 200. 

Periventricular neurons adjacent to germinal matrix layers in 
the head and tail of the caudate nucleus were consistently vul- 
nerable to hypoxic/ischemic degeneration at all ages between 4 
and 14 d. 

Microinjections of NMA 
In the early neonatal period (days 2-6), unilateral microinjection 
of NMA (6-15 nmol) produced a severe and widespread exci- 
totoxic reaction throughout the forebrain, which in most cases 
involved neuronal groups both ipsi- and contralateral to the 
injection site. In this early period, but not later, a disseminated 
pattern of petechial hemorrhaging was observed as an additional 
response to the intrastriatal injection of NMA. The excitotoxic 
reaction was characterized by profound dendritic swelling, acute 
edematous degeneration of neuronal cell bodies, and pyknotic 
changes in the neuronal nuclei (Figs. l-4). Neuronal groups that 
appeared particularly sensitive to the acute excitotoxic action 
of NMA included those located periventricularly in the head 
(Figs. lb, 4) and tail (Fig. 2d) of the caudate nucleus, those in 
the medial (Fig. 2b) and lateral septum, the cingulate, frontal, 

and parietal neocortices (Fig. 3b), thalamus, and hippocampus. 
Immature cells comprising the periventricular germinal matrix 
rarely degenerated following NMA injection, but neurons ad- 
jacent to the germinal matrix were extremely vulnerable to de- 
generation (Fig. 4). Typically, in any given brain, these cells 
displayed advanced karyopyknotic changes in contrast to sim- 
ilar but less advanced changes noted in other striatal neurons. 
At older ages (> 20 d), microinjection of NMA into the head of 
the caudate nucleus produced only small lesions confined to the 
injection site. 

In order to study possible age-related changes in the vulner- 
ability of the developing brain to NMA neurotoxicity, we in- 
jected a fixed dose (9 nmol) into the rat caudate nucleus at 2 (n 
= 13), 6 (n = 14), 10 (n = 7), 20 (n = 8), 30 (n = 6), and 80 (n 
= 5) days of age and compared the severity of brain damage at 
various ages. In the 2-4 d period, the acute reaction was rela- 
tively pronounced, but it consisted of a more extensive display 
of dendritic swelling with less frequent necrosis of neuronal cell 
bodies than occurred on day 6. The severity of acute brain 
damage appeared to be highest on day 6 (Fig. 6) and to decline 
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progressively with age. On the 10th postnatal day, damage was 
limited to the caudate injection site and the superjacent frontal 
cortex. At 80 d of age, 9 nmol NMA produced small lesions in 
the immediate vicinity of the injection. Intrastriatal injection 
of saline did not produce lesions in any of the animals tested. 
ANOVA was performed on a logarithmic transformation of the 
NN scores (required due to a large inequality of within-group 
variances among the postnatal day groups), and this confirmed 
that the age groups differed significantly in severity of brain 
damage, F(5, 47) = 77.38, p < 0.0009. A significantly greater 
amount of brain damage was found at 6 d compared with 2 d, 
F(1,47) = 6.28,~ < 0.016, 10 d, F(1,47) = 80.44,~ < 0.0009, 
and compared with the average amount of damage found at 20- 
80 d, F(1, 47) = 305.15, p < 0.0009. 

Comparison of the sensitivity of direrent neuronal 
populations to hypoxialischemia and NMA 
As described above, the developing brain proved to be most 
sensitive to both hypoxia/ischemia and the neurotoxic action 
of NMA on the 6th postnatal day. In order to determine whether 

Figure 3. a, Acutely degenerating 
neurons in the parietal neocortex of a 
IO-d-old rat 2 hr following an episode 
of hypoxia/ischemia. b, Acutely degen- 
erating neurons in the parietal neocor- 
tex of a 6-d-old rat following intra- 
striatal microinjection of 9 nmol NMA 
into the rostra1 part of the caudate nu- 
cleus. x 260. 

Table 1. Frequencya and regional distribution of hypoxiclischemic 
lesions at different ages 

Region 4d 6d 10 d 14 d 20 d 

Habenular nucleus 33 70 75 79 0 
Caudate nucleus, rostra1 83 65 45 36 10 
Caudate nucleus, caudal 92 75 80 71 80 
Thalamus, mediodorsal 0 55 45 21 0 
Thalamus, lateral dorsal 8 60 45 I 0 
Thalamus, ventral 0 45 0 0 10 
Hippocampus 0 20 0 0 0 
Subiculum, dorsal 0 40 5 0 0 
Neocortex, frontal 83 90 30 0 0 
Neocortex, parietal 83 95 40 0 0 
Olfactory tubercle 0 53 45 29 0 
Septum 17 44 35 0 0 

E Percentage of animals at a given age that had acutely necrotic neurons in a given 
region. 
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Figure 4. Low-power view of the peri- 
ventricular portion of the rostra1 part 
of the caudate nucleus in a 6-d-old rat 
that received intrastriatal microinjec- 
tion of 9 nmol NMA 4 hr previously. 
The periventricular germinative matrix 
layer is intact. Note the acutely degen- 
erating striatal neurons adjacent to the 
periventricular matrix. x 60. 

there is any correlation between the sensitivity of specific neu- 
ronal populations to NMA and their degenerative response to 
hypoxia/ischemia, we compared the severity of damage sus- 
tained by various neuronal groups under each condition on the 
6th postnatal day. Following unilateral microinjection of 9 nmol 
NMA into the caudate nucleus of 6-d-old rats, the most severely 
damaged brain regions, as determined by NN counts, were (in 
order of decreasing severity): parietal neocortex, frontal neo- 
cortex, caudate nucleus, septum, hippocampus, and thalamus 
(Table 2). Particularly striking was the observation that these 
brain regions were selectively damaged bilaterally even though 
NMA was injected only unilaterally. The damage was not as 
severe on the side contralateral to the injection, but the neuronal 

groups damaged most severely on the contralateral side were 
the same as those damaged most severely on the ipsilateral side. 

As Table 1 demonstrates, in 6-d-old rats subjected to hypoxic/ 
ischemia the frontal and parietal neocortices and the caudate 
nucleus were regions very frequently damaged and the septum, 
hippocampus, thalamus, and olfactory tubercle were damaged 
with moderate frequency. Therefore, there is a strong positive 
correlation between the sensitivity of specific neuronal groups 
to NMA toxicity and hypoxic/ischemic degeneration on the 6th 
postnatal day. There were 2 minor exceptions: (1) The septum 
was not quite as severely damaged by hypoxia/ischemia as by 
NMA, probably due to its midline location providing it with 
adequate vascular perfusion from the brain side contralateral 
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Figure 5. A, Mean scores (*SEM) for hypoxic/ischemic brain damage 
in different age groups (for description of the rating system see Materials 
and Methods). All animals were subjected to exactly the same conditions 
(225 mm Hg x 75 min). Pups at the age of 6 d show the highest number 
of necrotic neurons. Pups aged 2 d are resistant to hypoxic/ischemic 
neuronal injury under these protocol conditions. B, Mean number of 
necrotic neurons (*SEM) in the brains of 2-, 4-, and 6-d-old rats after 
the exposure time to hypobaric conditions had been adjusted in order 
to achieve a mortality rate of lO-15%. The exposure times were 120 
min for 2-d-old, 90 min for 4-d-old, and 75 min for 6-d-old pups. Under 
these protocol conditions there is an increase of scores for acute neuronal 
injury in both 2- and 4-d-old animals, but animals at 6 d of age still 
display the highest susceptibility to hypoxia/ischemia. The numbers at 
the top of each column represent the number of animals used in each 
age group. 

to the carotid ligation. (2) Medial habenular neurons were more 
frequently and more severely damaged by hypoxia/&hernia. 
Medial habenular damage did occur in 40% of the NMA-in- 
jetted brains, but it was not very pronounced, probably because 
these neurons were at a considerable distance from the injection 
site. 

Discussion 
Here we show that vulnerability of the rat CNS to hypoxicl 
ischemic neuronal degeneration changes during development. 
When rats of different postnatal ages are exposed to the same 
hypoxic/ischemic conditions, those aged 4-l 4 d suffer the most 
severe acute hypoxic/ischemic neuronal injury, with peak se- 
verity occurring at 6 d of age. Newborn rats and animals older 
than 20 d are relatively less sensitive to hypoxic/ischemic damage. 
In addition, we show (1) that injection of nanomolar amounts 
of the potent Glu analog, NMA, into the infant rat brain causes 

Figure 6. Mean number of neurons (+SEM) destroyed in rat brain at 
various ages by intrastriatal microinjection of 9 nmol NMA (for de- 
scription of the rating system, see Materials and Methods). Pups aged 
6 d show the highest susceptibility to the neurotoxic effect of NMA. 
Note that this age group proved to be most susceptible to hypoxicl 
ischemic neuronal injury as well (Fig. 5, A, B). The numbers on top of 
each column represent the number of animals used in each age group. 

cytopathological changes that appear identical to those associ- 
ated with hypoxia/ischemia, (2) that sensitivity of the immature 
rat brain to NMA toxicity varies with developmental age, the 
period between postnatal days 4 and 14 being a period of relative 
hypersensitivity, and (3) that the infant rat brain is most sen- 
sitive to NMA toxicity on the 6th postnatal day. The latter 
observation correlates well with the recent demonstration by 
McDonald et al. (1988) that NMA is much more potent as a 
neurotoxin when injected into rat brain on the 7th postnatal 
day than when injected into adult rat brain. Our observation 
that the sensitivity of the immature rat brain to hypoxic/isch- 
emit damage undergoes changes during development that closely 
parallel changes in sensitivity to the excitotoxic action of NMA 
supports the hypothesis that hypoxic/ischemic damage in infant 
rat brain is caused by an endogenous excitotoxin acting at the 
NMA subtype of Glu receptor. This interpretation is further 
reinforced by the identical histological appearance of neurons 
undergoing acute degeneration following exposure to Glu, NMA, 
or hypoxia/ischemia (Ikonomidou et al., 1988, 1989), and by 
evidence that MK-801, a powerful and selective antagonist of 
both the excitatory (Wong et al., 1986) and neurotoxic (Olney 
et al., 1987) actions of NMA, also powerfully protects the infant 
rat brain from hypoxic/ischemic injury (McDonald et al., 1987; 
Olney et al., 1988a, 1989). 

Our findings are consistent with the proposal that there is a 

Table 2. Severity and regional distribution of NMA-induced brain 
damage in 6-d-old rats 

Mean necrotic neuron counts 

Brain regions Ipsilateral Contralateral 

Parietal cortex 325 184 
Frontal cortex 277 81 
Caudate nucleus 191 90 
Septum 153 119 
Hippocampus 58 56 
Thalamus 52 47 
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period during ontogenesis when NMA receptors in the imma- 
ture rat brain are hypersensitive to excitatory stimulation and 
that this causes neurons possessing such receptors to be hyper- 
vulnerable to hypoxic/ischemic degeneration. Other possible 
explanations for the extreme sensitivity of infant rat brain to 
hypoxic/ischemic damage might be considered. For example, 
since impairment of energy-dependent uptake systems for Glu 
and aspartate is thought to play a major role in the extracellular 
accumulation of these endogenous excitotoxins during hypoxia/ 
ischemia (Benveniste et al., 1984; Drejer et al., 1985; Silverstein 
et al., 1986) a reduced capacity (due to immaturity) of such 
uptake systems might be posited as an explanation for the hy- 
pervulnerability of infant brain to hypoxic/ischemic damage. 
Alternatively, or additionally, it is possible that immaturity of 
the circulatory system and high sensitivity of vascular autoreg- 
ulatory mechanisms to oxygen deprivation might make the in- 
fant brain subject to a more pronounced vascular perfusion 
deficit resulting in greater energy impairment. However, the 
observation that the rat brain is relatively resistant to hypoxic/ 
ischemic injury on postnatal day 2 compared with day 6 or 10 
would argue against these explanations. Gradual maturation of 
uptake systems for Glu and increasing vascularity might par- 
tially account for the decreasing sensitivity of the rat brain at 
ages beyond the 6th postnatal day, but they would not explain 
the observed increasing sensitivity of the developing brain to 
oxygen deprivation during the first postnatal week. 

It is of interest that the infant rat brain, although most sen- 
sitive to both NMA and hypoxia/ischemia on the 6th postnatal 
day, was relatively sensitive to NMA and resistant to hypoxic/ 
ischemic degeneration on day 2. This discrepancy might be 
explained in terms of the dependence of Glu uptake systems on 
energy metabolism and a greater resistance of metabolic systems 
to hypoxic compromise in the first few days of life. In the brains 
of newborn and l-d-old rats, carbohydrate and energy metab- 
olism is much more resistant to compromise by anoxia than in 
7-d-old rats (Duffy et al., 1975). These authors have also shown 
that the survival rate for perinatal rats under severe hypoxic 
conditions decreases dramatically with age. In the present ex- 
periments, we extended the hypobaric exposure time for 2-d- 
old rats from 75 to 120 min and found that this both increased 
the severity of brain damage and decreased the survival rate. 
Thus, by more severely taxing the energy metabolic systems of 
the 2-d-old rat, we obtained a profile of sensitivity to hypoxia/ 
ischemia that correlated more closely with that to NMA toxicity. 
This suggests that NMA receptors are not insensitive to hypoxia/ 
ischemia on postnatal day 2 but that metabolic systems are less 
easily overwhelmed by hypoxic/ischemic conditions during that 
period. The paucity of glutamatergic terminals in early devel- 
opmental stages (there are presumably less glutamatergic syn- 
apses formed on day 2 than on day 6) might also account for 
the relative resistance of the 2-d-old rat brain to hypoxic/isch- 
emit insults compared to older age groups. On the other hand, 
we observed that the neuronal response to either NMA or hy- 
poxia/ischemia on day 2 was characterized by a more profound 
display of dendritic swelling and less pronounced degeneration 
of cell bodies than was seen on day 6. This suggests that the 
NMA receptor system may have an immature pattern of dis- 
tribution or may be subject to some other type of immaturity 
that modifies its potential for mediating excitotoxic phenomena 
at this age. Thus, it may be necessary to invoke both immaturity 
of NMA receptors and resistance of metabolic systems in the 
2-d-old rat to explain the discrepancy noted above. 

Also relevant to the interpretation of our findings is the rel- 
ative insensitivity of the infant rat brain to the toxic action of 
kainic acid (Campochiaro and Coyle, 1978). It is thought that 
the first and second most prevalent types of excitatory amino 
acid (EAA) receptor in mammalian brain are NMA and kainic 
acid receptors, respectively. It is also believed that Glu acts at 
all subtypes of EAA receptors. If leakage of endogenous Glu 
from the intra- to extracellular compartment and excessive in- 
teraction of Glu with EAA receptors is the explanation for neu- 
ronal degeneration under hypoxic/ischemic conditions, and if, 
during certain stages of development, NMA receptors are ex- 
tremely sensitive and kainic acid receptors relatively insensitive 
to EAA agonist interaction, it seems likely that endogenous Glu 
would exert its excitotoxic action preferentially through NMA 
receptors during that developmental period. This conclusion is 
further supported by the observation that MK-801, an NMA 
antagonist, powerfully protects all vulnerable neuronal popu- 
lations in the infant rat brain against hypobaric/ischemic damage. 

Observations suggesting hypersensitivity of NMA receptors 
during certain stages of development have been reported in 
electrophysiological studies. Responses of hippocampal pyrami- 
dal neurons to NMA are maximal in 5- to 9-d-old rats and 
decline progressively with age (Hamon and Heinemann, 1988). 
Visual responses of cortical neurons can be blocked much more 
effectively by NMA receptor antagonists in kittens than in adult 
cats (Tsumoto et al., 1987). NMA receptors reportedly may be 
critically involved in developmental plasticity (Cline et al., 1987; 
Cotman and Iversen, 1987; Kleinschmidt et al., 1987; Rausch- 
ecker and Hahn, 1987; Lincoln et al., 1988) including pro- 
motion of the formation of synaptic connections (Aruffo et al., 
1987; Pearce et al., 1987; Balazs et al., 1988). Paradoxically, it 
appears that NMA receptors in early life may have the dual 
potential of promoting the development of CNS neurons or 
destroying such neurons, and it remains to be determined how 
these 2 properties interrelate. 

It is noteworthy that significant intracerebral bleeding was 
observed in infant rats subjected to hypobaric/ischemic con- 
ditions in the 2-6 d period and that the bleeding was frequently 
associated with a focus of ischemic neuronal necrosis. While the 
mechanism of such bleeding is unclear, it may be significant 
that a similar bleeding pattern was noted in the brains of 2- to 
6-d-old rats following injection of NMA into the head of the 
caudate nucleus and that the bleeding in these brains often oc- 
curred in the same regions where neurons were undergoing acute 
necrosis. Since the bleeding following either hypoxia/ischemia 
or NMA injection was associated with neurodegenerative le- 
sions induced presumably by an excitotoxic mechanism, we 
postulate that there is something about an excitotoxic process 
in this early stage of development that promotes intracerebral 
bleeding. This is potentially an important point since much of 
the perinatal brain damage that occurs in the human, especially 
in premature infants, is accompanied by bleeding into the brain 
(Kovnar and Volpe, 1982). In addition, it should be noted that 
periventricular neurons lying immediately beneath the germinal 
matrix were particularly sensitive to injury during this early 
time interval. Interestingly, this midline periventricular layer is 
often the site of origin of intracerebral hemorrhage in premature 
human infants (Volpe, 198 1; Larroche, 1984; Allan and Volpe, 
1986). 

It should be noted that the present study examines only the 
very acute cytopathological changes associated with hypoxia/ 
ischemia. The acute type of reaction shown here is identical in 
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time course and appearance to that which occurs in the arcuate 
nucleus of the hypothalamus following subcutaneous adminis- 
tration of Glu to immature rodents or monkeys (Olney, 1971; 
Ikonomidou et al., 1989). When neurons show this fulminating 
type of response, consisting of massive perikaryal swelling and 
nuclear pyknosis, it is quite clear that a process of acute cell 
death is being witnessed; in fact, these cells are usually phago- 
cytized and biologically degraded within the first 6-24 hr after 
the acute injury (Olney, 197 1). It seems likely that many ad- 
ditional neurons go on to die by a more protracted degenerative 
process in the perinatal hypoxic/ischemic brain. This would be 
consistent with the findings of Choi et al. (1987) that cultured 
cerebrocortical neurons, after very brief exposure to abnormal 
Glu concentrations, go on to degenerate slowly by a calcium- 
dependent process. It is possible that heightened sensitivity of 
the NMA receptor during development might render neurons 
particularly vulnerable to this slow type of degeneration follow- 
ing only minor degrees of hypoxia/ischemia. Since this type of 
subacute mechanism might contribute substantially to the ul- 
timate severity of brain damage and disability associated with 
perinatal hypoxia/ischemia, it is clearly a subject requiring fur- 
ther research attention. 

While we hypothesize, in general, that the developing rat brain 
may be subject to a 10 d period (days 4-l 4) of heightened NMA 
receptor sensitivity, it should be noted that each neuronal pop- 
ulation displayed its own temporal pattern of heightened vul- 
nerability. If the developing human CNS is similarly subject to 
a transitory period of heightened NMA receptor sensitivity, it 
is likely that it would span a period of months rather than days 
and that an ischemic insult would affect a different combination 
of neuronal populations, depending on which were closest to 
their period of peak sensitivity at the time of insult. Thus, it is 
conceivable that any of several developmental neuropsychopa- 
thology syndromes might result depending on the timing of the 
hypoxic/ischemic event. We conclude, therefore, that height- 
ened sensitivity of the NMA receptor system during develop- 
ment may be an important mechanism to explore for potential 
clues to the etiopathogenesis of neuropsychiatric disorders. 
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