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Prolonged Seizures Exacerbate Perinatal
Hypoxic-Ischemic Brain Damage
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This study was undertaken to clarify whether seizures in the
newborn cause damage to the healthy brain and, more specifi-
cally, to determine the extent to which seizures may contribute to
the brain-damaging effects of hypoxia-ischemia (HI). Seizures
were induced in 10-d-old rat pups with kainic acid (KA). Seizure
duration was determined electrographically. HI was induced by
common carotid artery ligation followed by exposure to 8%
oxygen for either 15 or 30 min. Six groups of animals were
assessed: 1) controls [neither KA nor HI (group I)]; 2) group II,
KA alone; 3) group III, 15 min HI alone; 4) group IV,15 min HI
plus KA; 5) group V, 30 min HI alone; and 6) group VI, 30 min
HI plus KA. Animals were assessed neuropathologically at 3
(early) and 20 (late) d of recovery. KA injection without hypoxia
resulted in continuous clinical and electrographic seizures lasting
a mean of 282 min. No neuropathologic injury was seen in
groups I (no HI or KA), II (KA alone), III (15 min HI alone), or

IV (15 min HI and KA). Animals in group V (30 min HI alone)
displayed brain damage with a mean score of 2.3 and 0.60 at 3
and 20 d of recovery, respectively. Animals in group VI (30 min
HI and KA) had a mean score of 12.1 and 3.65 at 3 and 20 d of
recovery, respectively. Compared with group V, the increased
damage as a result of the seizure activity in group VI occurred
exclusively in the hippocampus. Status epilepticus in the other-
wise “healthy” neonatal brain does not cause neuropathologic
injury. However, seizures superimposed on HI significantly ex-
acerbate brain injury in a topographically specific manner.
(Pediatr Res 50: 445–454, 2001)

Abbreviations
KA, kainic acid
HI, hypoxia-ischemia
GFAP, glial fibrillary acidic protein

Seizures are the most frequent of neurologic signs in the
newborn infant and usually reflect a serious underlying de-
rangement of the brain. Because of the difficulty in recognizing
and diagnosing seizures in this age group, their exact incidence
is uncertain, but was estimated to be approximately 0.5% in
one large population-based study from the National Collabo-
rative Perinatal Project (1). In premature and low birth weight
infants the incidence rises dramatically to upward of 25% (2,
3).

Controversy exists as to whether seizures per se damage the
developing brain (4, 5). Certainly, the immature brain appears
to be much less vulnerable than its mature counterpart in its

susceptibility to seizure-induced brain injury, and experimental
data from seizures induced in mature animals are clearly not
applicable to the developing brain (4). Despite this uncertainty,
neonatal seizures are perceived as medical emergencies and
treated aggressively with antiepileptic agents, which may in
themselves be detrimental to the newborn infant and ongoing
brain development.

In studies published to date, seizures have been induced in
immature animals that have otherwise healthy brains, and with
no coexistent insult. However, in clinical practice, most new-
borns who experience seizures do so as a result of significant
underlying brain pathology. Although the healthy immature
brain appears quite resistant to injury from prolonged seizures,
the situation may be quite different if the brain has already been
compromised by another insult.

Perinatal HI is the most common cause for neonatal seizures,
accounting for �40% of all cases. When combined with other
forms of perinatal cerebral ischemic events such as bland and
hemorrhagic infarction, cerebrovascular disease accounts for
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50 to 60% of all seizures in the term and preterm infant (6, 7).
Seizures are seen in the majority of babies with significant
hypoxic-ischemic encephalopathy, and usually occur within
the first 24 h of life (8). They are often prolonged and frequent,
and status epilepticus is not rare. The neuropathology of peri-
natal HI varies depending on the gestational age of the infant
and the nature of the insult, but has been well documented by
Volpe (9). An animal model of perinatal hypoxic-ischemic
brain damage in the immature rat has been established by Rice
et al. (10), and neuropathologic changes of selective neuronal
necrosis or infarction of the cerebral hemisphere ipsilateral to
the arterial ligation have been described (10–12).

In this study, we determined first whether prolonged seizures
were associated with neuronal cell death in the immature rat,
and second, using an established model of perinatal hypoxic-
ischemic brain damage, whether seizures superimposed on a
mild to moderate hypoxic-ischemic insult would accentuate the
neuronal injury seen with HI alone.

METHODS

Female Wistar rats (Charles River, Montreal, Canada) were
bred in our laboratory. The rat pups were reared with their
dams in a temperature-controlled environment at 21 � 0.5°C,
with a relative humidity of 30%, and a 12-h on/off lighting
schedule. The date of experimentation was postnatal d 10 (date
of birth, d 1). This study received ethical approval from the
Animal Care Committee at the University of Saskatchewan.

Induction of Cerebral HI

Cerebral HI was induced in 10-d-old rat pups using the
modified Levine preparation described by Rice et al. (10) and
previously used by our laboratory (13, 14). Rat pups were
anesthetized with halothane (4% induction, 1% maintenance)
and placed in the supine position, and their right common
carotid artery was permanently ligated through a midline neck
incision measuring no more than 1 cm. The incision was then
sutured. After a 2-h recovery period with their dam, HI was
induced by placing each animal in individual 500-mL glass jars
through which a gas mixture of 8% oxygen/balance nitrogen
was delivered via inlet and outlet portals. The pups were
exposed to hypoxia for either 15 or 30 min, after which they
were allowed to recover for an additional 30 min before the
induction of seizures. Thermoregulation was maintained by
placing each animal, within the glass jars, in a single-walled
neonatal incubator (Air Shields; Healthdyne Co., Hatford, PA,
U.S.A.), thermocontrolled to 34 � 0.2°C (nesting
temperature).

Placement of Electrodes

After the surgical procedure required for ligation of the right
common carotid artery, selected rat pups were rotated to the
prone position and placed in a Kopf stereotactic frame adapted
for neonatal rats. While still under anesthesia (1% mainte-
nance), a bifrontooccipital scalp flap was made and temporarily
secured with sutures. The membrane was removed from the
skull with microdissecting forceps, and the skull landmark
bregma was identified (the point that the coronal suture crosses

the sagittal suture). Using stereotaxic coordinates from Snead
et al. (15), burr holes were made with a 25-gauge needle, and
electrodes were placed in the right hemispheric sensorimotor
cortex (�2.5 mm from bregma; �2.0 mm from midsagittal
suture; �2.0 mm from skull) and the left hemispheric dorsal
hippocampus (�2.9 mm from bregma; �2.5 mm from mid-
sagittal suture; and �3.5 mm from skull) and held in place with
glass polymer. Referential electrodes were placed along the
nasal ridge. ECG was monitored via an s.c. electrode placed in
the left abdominal wall. Temperatures were simultaneously
and continuously monitored using a flexible YSI 511 probe
(YSI Inc., Yellow Springs, OH, U.S.A.) inserted rectally to
0.25 cm and secured to the tail of the animal. All temperature
probes were connected to a multichannel temperature monitor
that conditioned the signals to the computer (A/D conversion,
Dycor) and software analysis (Lab Notebook 4.3), which con-
verted voltages into degrees centigrade. Temperatures were
displayed on a VGA monitor in real time. The average time for
complete surgery was 25 min.

Preliminary Studies

Seizures. In the immature human brain, clinical seizure
activity infrequently correlates with electrographic events (16).
Because the goals of this study were to determine the neuro-
pathologic effects of prolonged seizures in the healthy and
ischemic brain, preliminary studies were conducted to ensure
accurate correlation of electrographic and clinical seizures.
Moreover, we defined seizures by continuous paroxysmal dis-
charges on EEG, as we considered this to be a more accurate
reflection of abnormal neuronal activity, and, therefore, more
likely to be associated with neuropathologic injury.

KA (Sigma Chemical Co., St. Louis, MO, U.S.A.), a pow-
erful glutamate analog, was used to induce seizures. To deter-
mine the quantity of KA required to induce prolonged electro-
graphic status epilepticus, groups of rat pups underwent
stereotactic implantation of cortical electrodes as described
above. The KA was dissolved in normal saline and pH adjusted
to 7.40 using HCO3

�. The proconvulsant was then injected s.c.
at concentrations of between 1 and 8 mg/kg as a single dose, at
a fixed volume of 0.1 mL. The animals were then placed within
the thermocontrolled neonatal incubator and continuously
monitored for heart rate and temperature. Electrographic sei-
zures, and their correlation to clinical manifestations, were also
documented throughout.

These studies indicated that single injections of KA at doses
of �8 mg/kg resulted in prolonged, although intermittent,
seizures, and at high doses, unacceptable mortality. Electro-
graphic status epilepticus began 27 min after single injections
of KA. After 1 h the previously continuous EEG seizure
activity became intermittent, and after 2 h, prolonged periods
of inactivity lasting 5–10 s were frequent. In all cases, elec-
trographic seizures no longer occurred 3 h after injection.
Mortality rates increased with increasing concentrations of KA
such that at doses of 1–3 mg/kg there was no mortality,
whereas doses of 4, 6, and 8 mg/kg yielded mortality rates of
25, 50, and 100%, respectively.
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Given that with the above protocol we were unable to
produce continuous prolonged electrographic seizures without
high mortality rates, the following experimental paradigm was
developed whereby continuous electrographic seizures could
be maintained with consistent clinically evident seizures. Be-
fore the injection of the KA, a small-bore polyethylene catheter
(PE10) was inserted s.c. between the scapula of each rat pup,
and held in place with acrocyanate adhesive. Rat pups each
received a single s.c. injection of 3 mg/kg followed by a
continuous s.c. infusion of 2 mg·kg�1·h�1 for 3 h. Control
animals received normal saline in the same fashion, in a
volume equal to that of the KA (150 �L followed by an
infusion of 100 �L/h for 3 h).

Animals in whom electrographic recordings were under-
taken were anesthetized after the insult, their implants were
removed, and they were allowed to recover with their dams to
30 d postnatal age. Subsequently the rat pups were killed as
described below, and their brains were assessed for electro-
graphic probe placement. Animals who were part of the neu-
ropathologic assessment were monitored clinically as we found
consistent correlation between clinical and electrographic sei-
zures with above-described experimental paradigm and probe
placement was not required.

Hypoxia-ischemia. To determine whether seizures contrib-
ute to the injury incurred by a hypoxic-ischemic injury in the
immature brain, studies were undertaken to assess that level of
HI required to ascertain the “minimal lesion.” A minimal
lesion injury was used for two reasons. First, in the immature
rat, prolonged HI inevitably results in moderate to severe
injury in 92% of animals (10, 11). Enhancement of lesions with
this degree of underlying brain damage would not be possible
to detect, and hence may inappropriately lead to a false-
negative study. Second, from a clinical perspective, seizures
occur most frequently in those infants who experience a stage
II or stage III encephalopathy (moderate to severe degree of
asphyxia) (8), many of whom, particularly after stage II,
however, experience only minor late neurologic sequelae (9).
Hence groups of 10-d-old rat pups underwent unilateral com-
mon carotid artery ligation and exposure to hypoxia, as de-
scribed above, for periods of 15, 30, 45, and 60 min. The pups
were then allowed to recover with their dams to 30 d postnatal
age, after which they were assessed for neuropathologic
damage.

Recordings. Electrodes were connected to a Grass poly-
graph (electroencephalograph model 8-18D, Grass Instrument
Co., Quincy, MA, U.S.A.), and recordings were made for 2 h
during the stabilization period before the onset of seizures
(baseline), continuing throughout the KA infusion, and until
the electrographic seizure activity became intermittent or
abated. Paper speed was 30 mm/s and sensitivity was 10
�V/mm. ECGs were simultaneously recorded by placing an
electrode s.c. within the abdominal wall of selected animals.

Study Groups

Six groups of animals were assessed: Group I consisted of
control animals who did not receive HI and who were injected
with normal saline rather than KA (n � 8). Group II consisted

of animals injected with KA but not exposed to HI (n � 22).
Group III consisted of animals exposed to 15 min of HI and
injected with normal saline rather than KA (n � 18). Group IV
consisted of animals injected with KA 30 min after exposure to
15 min of HI (n � 21). Group V consisted of animals exposed
to 30 min of HI and injected with normal saline rather than KA
(n � 18). Group VI consisted of animals injected with KA 30
min after exposure to 30 min of HI (n � 24). As indicated
below, early and late pathologic assessment was obtained for
each of the groups, and as such, have been designated as early
(a) or late (b). The number of animals in either the early or late
neuropathologic categories is indicated in the relevant section
in results.

Neuropathologic Analysis

Surviving animals in all groups were examined neuropatho-
logically at 3 (early pathology) or 20 d (late pathology) of
recovery. All animals were recovered with their dams. On the
day of sacrifice, each animal was deeply anesthetized with 5%
halothane in a 20% O2/80% N2 environment. The animals were
then decapitated, and the brains quickly removed and placed in
formaldehyde-glacial acetic acid-methanol 1:1:8 (FAM) for a
minimum of 24 h before being embedded in paraffin.

Brains were then sectioned coronally from anterior to pos-
terior. Serial sections of 6 �m in thickness were taken every
0.5 mm and stained with hematoxylin and eosin (3- and 20-d
pathology), and GFAP (20-d pathology only). Evaluation of
brain injury was performed on each section by two investiga-
tors (E.W. and J.Y.) who were blinded to group assignment.

The degree of brain damage was graded on four sections
ranging from normal to �75% damage, including infarction
(Table 1), using a modification of the method described by
Cataltepe et al. (17). Anteriorly, sections were taken starting
with a cut through the midportion of the body of the anterior
commissure, and included the anterior portions of cerebral
cortex and caudate nucleus. Subsequently, caudal sections
were taken every 1 mm such that each included the cerebral
cortex, dorsal hippocampus, thalamus, and amygdaloid nu-
cleus. Evidence of irreversible neuronal injury included eosin-
ophilia or clearing of the perikaryon, pyknosis and karyorrhe-
xis of the nucleus at 3 d after insult, and positive GFAP
staining at 20 d after insult. The histologic evaluation was
made under a 40� objective, and each subdivision of the
sections was scored on a scale of 1–5 (Table 1). The most
anterior section was divided into the cerebral cortex (subdivid-
ed into anterior, middle, and posterior artery circulatory distri-
butions) and caudate. The posterior sections were divided into
cerebral cortex (subdivided as described above), thalamus,

Table 1. Grading of brain damage

Grade Gray matter

0 Normal
1 Few neurons damaged (1–5%)
2 Several neurons damaged (6–25%)
3 Moderate number of neurons damaged (26–50%)
4 Greater than half of neurons damaged (51–75%)
5 Majority or all of neurons damaged, including infarction (�75%)
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striatum, and the hippocampus (further subdivided into dentate
gyrus, CA1, medial and lateral CA2, medial and lateral CA3,
and CA4 (Fig. 3A). The total sum of the scores given each of
the segments were added together, and then divided by the
number of sections that was included for that brain, to derive a
score that represented the mean histologic damage score for the
entire brain (maximum whole brain damage score, 70).

Statistical Analysis

Data regarding neuropathologic outcome were analyzed us-
ing the Mann-Whitney U test. Heart rate and temperature were
compared with two-tailed ANOVA with repeated measures
followed by Tukey comparison. Differences in mortality rates
among the age groups were analyzed using Fisher’s exact test.
Significance was considered at p � 0.05.

RESULTS

Preliminary Studies

Injection of 3 mg/kg of KA, followed immediately by a 2
mg·kg�1·h�1 s.c. infusion, resulted in the onset of clinical
seizures within 5 min. These were characterized by scratching,
loss of balance, hyperactivity, upper limb tremors, and saliva-
tion, and persisted for the duration of monitored electrographic
seizure discharges. Electrographic seizures were manifest by
continuous high-voltage spikes, which contrasted markedly
with the low-voltage activity seen during the baseline record-
ing (Fig. 1). In those animals receiving KA, continuous elec-
trographic seizure activity persisted for a mean duration of 4 h
42 min (range, 4 h 0 min to 5 h 27 min).

Neuropathologic outcome for rat pups in our preliminary
study to determine the minimal lesion was assessed at 20 d of
recovery (30 postnatal d of age), at which time the animals
were killed and their brains were fixed in FAM for gross
neuropathologic assessment as previously described (13, 18).
Brains were rated into one of five groups ranging from normal,
through mild, moderate, and severe atrophy, to infarction.
Animals exposed to HI for periods of 15 min revealed mild
atrophy in only one of six animals examined. Of the seven
animals exposed to HI for 30 min, two were normal and five
displayed mild atrophy. Damage was more significant in those
animals experiencing HI for 45 and 60 min, with �50% of
both groups showing moderate atrophy to infarction. Inasmuch
as the purpose of the present study was to examine the effects
of seizures on a background of a minimal lesion after HI, the
experimental paradigm included only those groups exposed to
HI for either 15 or 30 min.

Experimental Paradigm

Physiologic variables including heart rate, as a reflection of
cardiac vulnerability, and temperature were ascertained in
those animals in which EEGs were recorded in each of the six
groups. Recordings were made during each of the four phases
(pretreatment, HI, before KA injection, and after KA injection)
of the experiment to determine the individual contribution of
HI or KA seizures to cardiac status. As shown in Table 2, heart
rate increased with the onset of HI in all groups. Injection of

KA resulted in a significant increase in heart rate above
homologous controls. No difference in heart rate, however, was
noted among any of the KA groups.

Core temperatures were monitored continuously throughout
the experimental paradigm (Fig. 2). Those animals receiving
KA injections had significantly higher temperatures throughout
the duration of their seizures, compared with their homologous
controls (p � 0.01). The overall mean core temperature during
status epilepticus for those rats injected with KA was 37.76 �
0.12°C compared with 36.29 � 0.13°C for those animals given
normal saline (p � 0.0001).

The mean electrographic seizure duration for those animals
receiving either 30 min of HI followed by KA (group VI) or 15
min of HI followed by KA (group IV) was 4 h 29 min and 4 h
42 min, respectively. There was no significant difference in the
mean seizure duration among any of the groups receiving KA.

In only those groups of animals receiving KA did we see any
death. Mortality rates were 0 for groups I, III, and V, and 13,
34.9, and 29.73%, respectively, for groups II, IV, and VI, being
significantly higher in those animals previously exposed to HI

Figure 1. A, electrocortical activity arising from a 10-d-old control rat pup.
B, electrocortical activity after injection of KA s.c. Note continuous high-
voltage sharp wave activity. Clinical seizures with scratching, loss of balance,
hyperactivity, upper limb tremors, and salivation appeared. HP-R, right hip-
pocampus to reference; NC-R, left neocortex to reference; HP-NC, hippocam-
pus to neocortex.
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in combination with KA (groups IV and VI) compared with
those animals receiving HI alone (groups III and V; p � 0.05).

Neuropathology

Early pathology (3 d). No pathologic damage was seen in
the brains of any of the animals in group Ia (control, n � 4),
group IIa (KA alone, n � 11), group IIIa (15 min HI alone, n
� 7), or group IVa (15 min HI plus KA, n � 10).

Neuropathologic outcome at 3 d of recovery, as a function
of the mean damage scores, is displayed in Figs. 3 and 4.
Seven of 10 animals exposed to 30 min of HI alone (group
Va) displayed damage. Of these seven, five of the animals
showed both cortical and hippocampal damage whereas an
additional two animals had hippocampal damage alone.
None of the animals displayed thalamic damage, whereas
the caudate was minimally damaged in three, and the stri-
atum in one. The mean damage scores in the cortex and the
hippocampus were 0.68 � 0.29 and 1.33 � 0.66, respec-
tively. The overall damage score for the brains of the
animals in group Va was 2.34 � 0.89. Comparison of
damage between the cortex and hippocampus within this
group revealed no significant differences.

The early pathologic (3 d) outcome of those animals exposed
to 30 min of HI followed by KA-induced seizures (group VIa)

showed a significant increase in damage compared with those
animals not experiencing seizures. Of the 13 animals in this
group, all showed damage. Twelve of 13 showed damage in
both the cortex and hippocampus, and only one animal had
hippocampal damage alone. Seven of the rat pups displayed
minimal damage within the striatum, and one had damage in
the thalamus. Mean damage scores in group VIa were 1.04 for
the cortex, 10.08 for the hippocampus, and 12.14 for the whole
brain. Interestingly, the increase in damage between homolo-
gous regions of groups V and VI were accounted for entirely
by significant increases in damage for the hippocampus (p �
0.001), whereas damage to the cortex by those animals expe-
riencing seizures was no greater than in those animals who
sustained an HI alone (Fig. 4A).

Late pathology (20 d). All groups were also assessed neu-
ropathologically at 20 d of recovery to determine whether a
progression of damage occurred as a result of delayed neuronal
death (Figs. 4B and 5). Again, no animal in groups Ib (n � 4),
IIb (n � 12), IIIb (n � 11), or IVb (n � 11) displayed damage
in any of the regions examined.

Mean brain damage scores for animals in groups Vb and VIb
after 20 d of recovery are shown in Fig. 4B. Of the eight brains
examined in group Vb, only four showed damage, two of
which were isolated to the hippocampus. None of the eight
displayed any neuronal injury in the thalamus or striatum. The
mean damage scores for the cortex and hippocampus was 0.29
� 0.25 and 0.31 � 0.21, respectively, and for the whole brain,
0.60 � 0.34. Comparisons of damage scores between the
cortex and hippocampus of animals within group Vb again
revealed no significant differences.

Of the 11 rats who experienced HI for 30 min and subse-
quently had KA-induced seizures (group VIb), 10 displayed
damage. Of these, four had neuronal injury isolated to the
hippocampus, and three displayed damage in the caudate nu-
cleus. The mean damage scores for those animals in group VIb
was 0.32 � 0.17, 3.06 � 0.93, and 3.65 � 0.94 for the cortex,
hippocampus, and whole brain, respectively. Comparisons of
brain damage between homologous regions of the brain again
revealed no differences in cortical injury between groups Vb
and VIb, whereas there was a significant increase in hippocam-
pal damage in group VIb compared with that seen in group Vb
(p � 0.05).

Because the increase in damage at both 3 d (early) and
20 d (late) was shown to be exclusive to the hippocampus,
comparisons were made to delineate intraregional differ-
ences within the CA1 to CA4 subfields including the dentate

Table 2. Heart rate

Pretreatment H-I Before injection After injection

Group I 409.6 � 9.7 — — —
Group II 426.9 � 16.0 — — 520.3 � 24.6*
Group III 418.5 � 8.7 465.0 � 7.2* 415.5 � 5.7 408.5 � 5.0
Group IV 402.0 � 26.4 468.0 � 12.5* 408.0 � 11.2 554.3 � 7.9*�
Group V 385.5 � 15.1 460.5 � 12.5* 402.0 � 8.5 375.5 � 5.0
Group VI 400.5 � 49.0 457.5 � 20.3* 436.5 � 11.4 527.8 � 24.0*�

Values (depicted as beats per minute) represent mean of at least four rat pups in each group � SEM.
* p � 0.05 compared with homologous pretreatment controls.
� p � 0.001 compared with postinjection animal receiving normal saline.

Figure 2. Core (rectal) temperatures obtained in 10-d-old rat pups during
status epilepticus. Rat pups were swaddled to reduce movement during sei-
zures and decrease the risk of dislodging the rectal probe. Temperatures were
taken every 60 s. Rat pups receiving s.c. injections of KA had significantly
higher core temperatures (*p � 0.0001) than those who did not.
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gyrus. With the exception of the dentate gyrus, regions
CA1 through CA4 showed significantly greater damage for
those animals in group VIa compared with group Va at 3 d
of recovery. At 20 d, CA2 through CA4 displayed a greater
degree of neuronal injury in group VIb compared with
Vb. Within the subfields of group VI, CA2, CA3, and CA4

were all significantly more damaged than CA1 (p � 0.01)
when assessed for both early and late neuropathologic
outcome.

As indicated above, damage scores were assessed for all
groups at both 3 d (early) and 20 d (late) of recovery. Com-
paring the early and late outcomes for both groups V and VI
showed that the extent of neuropathologic injury actually
diminished significantly with time, but only in those groups
exposed to HI and KA injection, compared with those exposed
to HI alone. Hence, the mean damage scores for group VI
revealed significantly worse damage early in the evolution of
the neuropathologic assessment in all three areas: the cortex (p
� 0.05), hippocampus (p � 0.01), and whole brain (p � 0.01),
compared with that seen at the later (20 d) stages of assessment
(Fig. 4).

DISCUSSION

The above described series of experiments 1) confirms
previous studies (19–22) that indicate that seizures per se do
not cause neuronal injury to the immature brain, 2) indicates a
reduction in the extent of damage over time with HI in
association with prolonged seizures, and 3) most importantly,
shows the profound exacerbation of damage by neonatal sei-
zures caused to the newborn brain previously compromised by
the effects of HI.

Several investigators have reported on the benign nature of
seizures in the immature brain. Albala et al. (19) induced
seizures with KA in rats aged 15–18 d (pups), 33–37 d
(pubescent), and �90 d (adults). No histologic damage was
seen in the rat pups. Nitecka et al. (20) similarly found no
damage in rat pups �18 d of age, even after 2 h of tonic-clonic
convulsions. A progressive increase in damage was seen,
however, from 18 to 35 d of age. Stafstrom et al. (21, 22) had
earlier reported an absence of neuropathologic findings, long-
term cognitive and behavioral deficits, and a lack of spontane-
ous recurrent seizures in postnatal d 5–10 rats receiving KA

Figure 3. Representative examples of hippocampal injury using hematoxylin and eosin staining at 3 d of recovery (early pathology). Regions of the
hippocampus used for neuropathologic assessment are demarcated in A. A, B, represent low- and high-power photomicrograph sections after 30 min of HI alone
(group Va). Bright pink-staining cells indicate eosinophilic dying cells. Note paucity of dying cells. C, D, represent low- and high-power photomicrographs of
animals exposed to 30 min of HI followed by KA injection and seizures (group VIa). Note marked increase in eosinophilic-staining cells. Thick arrow shows
bright-staining dying pyramidal cell, thin arrow points to normal cell (D) (magnification � 100).
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(21), although damage was seen in those rats at 30 and 60 d of
age. Nor was hippocampal injury seen on light microscopy in
seizures induced by electrical stimulation (23) or pilocarpine
(24–26) in immature rat pups.

Recently, however, Holmes et al. (27) induced seizures in
immature rats, beginning on postnatal d 0, for 5 d by exposing
them to flurothyl. In this study, there was no difference in CA3

cell counts between controls and the flurothyl-treated rats.

However, there was an increase in axonal sprouting, as well as
a reduction in seizure threshold in later adult life. Behaviorally,
rats subjected to recurrent flurothyl seizures were slower in
locating the platform in a water maze test, although this
difference was only present on the first day of testing and
subsequently disappeared. Several other authors have shown
seizures to cause brain damage in immature animals of differ-
ent species (5, 28).

Although our own study supports the above findings, it adds
to the previous literature in several important ways. First, the
current experimental paradigm resulted in continuous docu-
mented electrographic seizures, without any interictal phases,
which lasted well over 4 h. To our knowledge, persistent
electrographic seizures of this duration have not previously
been shown. In this regard, during the time of seizure activity
there would have been no ability for the animal to recover,
even briefly, either from a cerebral metabolic or systemic
compromise. The latter remark is substantiated by our moni-
toring of heart rate throughout the ictal phase. As indicated
above, no differences were noted among the experimental and
control groups, suggesting that in the presence of well-
preserved cerebral blood flow, and presumably substrate de-
livery, seizures of this duration do not appear to cause direct
neuronal damage. Finally, of the available models, the cerebral
development of the postnatal d 10 rat pup appears to most
closely parallel the human term infant (5, 29, 30). Although
many studies have used rat pups �15 d of age, cerebral
development at this age more likely parallels that of a more
mature human infant rather than a neonate.

Several possible explanations for the resistance to damage in
immature brains have been proposed. Among these is the
finding that the immature brain has low concentrations of
glutamate (31) and glutamate-related enzymes (32). In addi-
tion, the postsynaptic action of glutamate differs in that there is
less Ca2� entry through N-methyl-D-aspartate receptors and
greater Ca2� buffering capabilities (33–35). Finally, the imma-
ture brain is less metabolically active than its more mature
counterpart, leading presumably to a greater time duration
before ATP depletion (5, 36, 37).

Figure 4. Mean damage scores for rat pups receiving 30 min HI alone (group
V) or 30 min HI and KA (group VI). A, values represent scores �SEM at 3 d
(early) recovery from insult. B, values represent scores �SEM at 20 d (late)
recovery from insult. * p � 0.001 from homologous region of the brain.

Figure 5. Representative examples of hippocampal injury at 20 d of recovery (late pathology) using GFAP immunohistochemistry. A, representation of
hippocampal injury from an animal in group Vb (30 min HI alone). B, representation of hippocampal injury from an animal in group VIb (30 min HI alone
followed by KA seizures).
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Most intriguing about the current study is the finding that
prolonged neonatal seizures do exacerbate the damage incurred
by an already compromised brain. This is particularly relevant
as neonatal seizures are invariably the result of an underlying
brain abnormality, cerebrovascular disease accounting for 50
to 60% of all seizures in the term and preterm infant (16). Only
one previous study has examined the effect of status epilepticus
on hypoxic-ischemic brain damage in the immature rat.
Cataltepe et al. (17) induced repetitive bouts of status epilep-
ticus in postnatal d 7 rat pups using injections of bicuculline at
2, 6, and 12 h after induction of an hypoxic-ischemic insult.
Mortality was 53%. Among the survivors, there was no statis-
tically significant difference in the degree of brain damage,
assessed histopathologically, between those animals exposed
to bicuculline and HI versus those exposed to HI alone.
Although these results appear contradictory to ours, several
methodological differences are important. Most relevant is the
fact that Cataltepe’s group used a model (2 h HI) in which
damage is severe (infarction) in �50% of animals (11, 12, 17),
particularly in the area of the hippocampus. Determining an
increase in damage, particularly on a background of severe
infarction, under these circumstances might prove difficult and
lead to falsely negative results. We induced a much milder
hypoxic-ischemic insult that caused little damage to the hip-
pocampus or neocortex. Hence, any increase in damage would
be relatively more easy to detect. Second, our animals recov-
ered for only 30 min after HI, compared with 2 h in the
experimental paradigm of Cataltepe et al. (17). It has been
previously shown that recovery of energy reserves in the
immature brain requires at least 60 min (38). Therefore, the
shorter period of recovery time in the current study may have
left the brain more vulnerable to the superimposed metabolic
perturbations caused by the seizures. Finally, our study used
10- versus 7-d-old rats. Given that seizure-induced brain dam-
age is clearly age dependent, it is certainly possible that the
10-d-old rat pup is more susceptible to damage after HI and
seizures compared with the younger 7-d-old animal.

Our results clearly point to a prerequisite requirement of
injury to the immature brain for seizures to cause further
damage. The underlying perturbation required, however, to
initiate the cascade of events known to culminate in brain
injury (39) under this paradigm of HI complicated by seizures
is not known. Because ATP is the critical regulator of cell
function and is responsible for cell membrane integrity through
the active transport of Na�, K�, and Ca2� ions, it has been
suggested by many investigators that it is the depletion of
high-energy phosphates that must occur as a necessary prereq-
uisite to those mechanisms underlying cellular dysfunction and
death (40–43). Hence, whereas prolonged seizures alone do
not deplete the energy reserves of the immature brain (36, 37,
44), HI certainly does (38, 45) and may act to trigger further
metabolic disruption and cell death via the excitatory amino
acid pathway, as is reported to occur in the adult brain (46).
Whether this theory holds true of the newborn is uncertain.
Severe hypoxia to 4% has been shown to increase the epilep-
togenicity of the immature 10-d-old rat brain (47) and to
enhance the susceptibility of the brain to seizures later in life
(48, 49). In addition, Young et al. (50) reported that, in juvenile

rabbits, the combination of hypoxia and bicuculline-induced
seizures acted in a complementary fashion to cause a marked
and progressive rise in extracellular fluid concentrations of the
excitatory amino acids, whereas either of the insults alone had
no effect.

Another possibility lay in our finding that those groups of
rats that had experienced seizures also showed a significant
increase in their core temperature. Hyperthermia has been
shown to exacerbate brain injury in both the human and
experimental animal when induced either during or after a
hypoxic-ischemic insult (51–55). It would not be surprising,
therefore, to find that the increase in temperature among our
animals injected with KA was contributory to the exacerbation
of damage. Had the increase in temperature been the sole
reason for the differences in brain damage seen among our
treatment groups, however, we would have expected all groups
injected with KA to display brain damage or an increase in
brain damage. Because this only occurred in those animals in
whom a mild degree of brain damage was already expected
(KA plus 30 min HI), temperature alone could not have been
the sole underlying cause for the detrimental effect, although it
certainly may have contributed. Further studies controlling for
the effect of temperature under these circumstances are
required.

Prolonged seizures after HI preferentially damaged the hip-
pocampus in our animals, with no significant increase in cell
injury seen in the neocortex, despite the fact that the KA was
administered systemically. These finding are consistent with
the metabolic ontogeny of the hippocampus. Elegant work by
Ben-Ari and colleagues (20, 56, 57) outlined the developmen-
tal changes that occur with KA-induced seizures. With specific
reference to the observed metabolic perturbations, using the
technique of glucose utilization, they found a rise in metabo-
lism during KA-induced seizures, which was restricted to the
hippocampus from d 3 to the third week of age, after which a
more diffuse enhancement of glucose utilization was noted
(57). These findings correspond to the ontogenic development
of KA binding receptors in rats, which have been shown to
have active high-affinity receptors in the hippocampal region as
early as 10 d, whereas they were undetected in other regions of
the brain until the end of the third week (56). Similarly,
postsynaptic receptor ontogeny for N-methyl-D-aspartate re-
ceptors peaks at 150 to 200% of adult values in the hippocam-
pus between 6 and 14 d (58, 59). The concept of enhanced
damage to the hippocampus is also in keeping with the in-
creased propensity of this region for seizures over other areas
of the neocortex. Hence, investigators have clearly shown the
immature hippocampus to develop early calcium conductance
and have a reduced number of inhibitory synapses, which
allow it to generate prolonged and organized afterdischarges,
compared with the neocortex (6, 60).

Finally, it was intriguing to note that assessment of the brain
damage in our groups revealed a reduction in damage to the
hippocampus at 20 d of recovery compared with 3 d of
recovery. It is likely that these findings are an indication of the
degree to which the additive seizure-induced injury may be
recoverable in the immature brain. Certainly, others have
witnessed a similar resolution of injury. Owens et al. (61)
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reported on the morphologic and electrophysiologic conse-
quences of hypoxia-induced seizures. In their groups of imma-
ture animals (postnatal d 8–10), 3% oxygen, causing brady-
cardia (47), near complete energy depletion (62), and seizures,
resulted in neuronal injury detected acutely in the dentate and
hilar regions of the hippocampus, but not when the animals
were examined at 60–80 d of recovery. Similarly, Toth et al.
(63) found that in their model of febrile seizures in the imma-
ture rat, hyperthermic seizures resulted in the appearance of
cell damage in the limbic system within 24 h, but by 4 wk of
recovery no significant neuronal dropout was evident. With
respect to HI alone, data from the work by Towfighi et al. (12)
also revealed an overall decrease in damage with time. In their
study, 7-d-old rat pups were exposed to 2 h of HI and assessed
histopathologically at recovery periods of from 0 to 3 wk.
Damage was seen almost immediately and peaked in the
hippocampal region at 24 h of recovery. Subsequently, the
overall extent of neuronal injury diminished. Hence, in the
newborn, the evolution of neuronal necrosis occurs much more
rapidly than in the adult, and delayed neuronal necrosis, if
indeed it occurs in the immature brain, is accelerated compared
with its adult counterpart (10, 11).

An additional question not to be ignored is whether the
described experimental paradigm may be responsible for the
hippocampal sclerosis presumed to evolve after an episode of
status epilepticus. VanLandingham et al. (64) found evidence
of hippocampal sclerosis on magnetic resonance imaging in
40% of children with focal or lateralized complex febrile
seizures. Harvey et al. (65) also found that in a series of 53
children with temporal lobe epilepsy, 57% displayed hip-
pocampal sclerosis on magnetic resonance imaging. Because
hippocampal sclerosis is often associated with infants and
children who have experienced status epilepticus, it is possible
that early neonatal seizures, complicating HI, may predispose
the individual to the onset of sclerosis.

In summary, our findings substantiate those of others who
have found that prolonged seizures alone do not cause neuronal
cell death in the immature brain. However, seizures superim-
posed on mild to moderate hypoxic-ischemic injury markedly
accentuate neuropathologic injury, particularly in the hip-
pocampus. From a clinical perspective, the prognosis of a
hypoxic-ischemic insult to the term human infant depends on
the degree of encephalopathy (66). The majority of those
infants who are severely encephalopathic will die or be se-
verely disabled (9). Those with moderate encephalopathy have
an intermediate outcome, with sequelae being seen in approx-
imately 20%, and those with only mild encephalopathy do
well. The study by Cataltepe et al. (17) suggests that preven-
tion of seizures may not be helpful in those infants with severe
hypoxic-ischemic insults. However, if superimposed seizures
do accentuate brain injury in those with mild to moderate
hypoxic-ischemic encephalopathy, prevention of seizures
would be extremely important in the large proportion of infants
with less severe insults.
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