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A New Modd of Stroke and Ischemic Saizures
In the Immature Mouse
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Ischemic brain injury from stroke is an important
cause of disability in infants and children, but current
experimental models for the disorder are complex.
These preparations require occlusion of small intrace-
rebral vessels or common carotid artery ligation com-
bined with exposure to reduced levels of oxygen.
Unilateral carotid artery ligation alone was sufficient
to cause brain injury in more than 70% of 12-day-old
CD1 mice. Using a blinded behavioral rating scale of
seizure activity in mice, a direct, highly significant
correlation between the severity of seizures over the
4-hour period after ligation and the severity of histo-
logic brain injury 7 days later (Spearman’s rho =
0.835, P < 0.001) was documented. This study presents
thefirst model of strokein immature mice produced by
unilateral carotid artery ligation alone, and thefirst to
demonstrate a clear correlation between acute isch-
emia-induced seizures and brain injury. This new
model should be useful for examining the pathogenesis
of stroke in the immature brain and the potential
contribution of seizures to final outcome. © 2004 by
Elsevier Inc. All rights reserved.
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Introduction

Stroke is an important cause of neurologic morbidity in
infants and children, with an incidence of approximately 8
cases per 100,000 children per year [1]. Although the
majority survive their stroke, approximately 75% of these
children have sequelae including hemiparesis, epilepsy,
learning disabilities, visual-field deficits, and mental re-
tardation [2]. In pediatric patients, arterial stroke and

cerebral sinovenous thrombosis present with seizures in
19-58% of the cases, depending on the study and patient
group [2,3]. Children with ischemic middle cerebral artery
stroke who present with seizures are at increased risk for
poor neurologic and functional outcome [2]. One impor-
tant category of pediatric stroke risk factors is structural
abnormalities of the cerebral vasculature that result in
abnormal cerebral blood flow. These vascular disorders,
including cerebral hypoplasias, moyamoya disease, and
others, frequently present with seizures and strokes [4,5].
Sturge-Weber syndrome is an example of a vascular
malformation in which seizures may exacerbate brain
injury resulting from impaired cerebral blood flow [6,7]. A
simple animal model would be useful to study the patho-
genesis of stroke in the immature brain and the potential
role of seizures in the outcome.

Severa animal models have been developed in rats and
mice for the study of ischemic, hypoxic, and hypoxic-
ischemic brain injury [8-13]. In immature rats, unilateral
carotid ligation is not sufficient to produce brain injury
and must be coupled with a period of hypoxiato produce
brain injury [14]. Prior studies in immature mice have
combined unilateral carotid ligation with a period of
hypoxia to produce brain injury [15-18]. In mice, strain-
related differences in the susceptibility to seizures or
hypoxic-ischemic injury have been described [19-22]. To
take advantage of these strain-related differences and the
potential to use mice with genetic mutations in critical
genes, we sought to develop a new model of brain
ischemia and seizures in immature mice.

Materials and Methods

This protocol was approved by the Johns Hopkins University Animal
Care and Use Committee. Unilateral carotid ligations were performed
under isofluourane anesthesiain P12 CD1 mice (n = 28); littermates (n
= 5) received sham surgeries. Mice were immediately placed in an
incubator at 35°C. Seizure activity was scored by an observer blinded to
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ligation status, using a seizure rating scale for mice described by
Morrison et al. [23]. Behavioral features characteristic of seizures were
assessed continuously; every 5 minutes the animals were assigned a score
for the highest level of seizure activity observed during that period, as
follows: 0 = normal behavior; 1 = immobility; 2 = rigid posture; 3 =
repetitive scratching, circling, or head bobbing; 4 = forelimb clonus,
rearing, and faling; 5 = mice that exhibited level four behavior
repeatedly; and 6 = severe tonic-clonic behavior. At the end of the
4-hour observation period, pups were returned to the cage with the dam
and the 5-minute interval scores were summed to produce a cumulative
seizure score. This behavioral rating method was used to assess seizure
activity because techniques for recording electroencephalogram in ani-
mals weighing less than 10 gm are unavailable. Litters were checked
daily thereafter, but behavior was not formally assessed. Four animals
(14%) lost weight and function and either died or were euthanized 3 to
5 days after surgery; all four of these mice had seizure scores >100.
One week later, mice were anesthetized with chloral hydrate and
perfused with 4% formaldehyde. Gross brain injury was observed where
present. Neuropathologic injury was examined in sections stained with
cresyl violet. Two independent blinded assessments of brain injury were
made, and the average of the two scores was assigned as the brain injury
score, as previously described [24]. Injury was scored from O to 4 for
cortex (0: noinjury; 1: 1-3 small groups of injured cells; 2: oneto several
larger groups of injured cells; 3: moderate confluent infarction; 4:
extensive confluent infarction) and 0 to 6 for hippocampus, striatum, and
thalamus (0-3 for no, mild, moderate, or extensive infarction and 0-3 for
no, mild, moderate, or extensive atrophy); total score therefore ranged

from O to 22. The average of the two investigators scores was used for
statistical analysis. Nonparametric regression was used to examine the
relationship between seizure score rank and brain injury score rank.

Results

In the 28 ligated animal's, seizure behavior was observed
in 21 animals (75%). Typicaly, these resting pups would
abruptly display intermittent rapid, tight circling inter-
rupted by periods of norma ambulation. When this cir-
cling occurred repetitively, the seizure activity often pro-
gressed to repetitive forelimb clonus, repeated rearing and
falling, and then to severe generalized tonic or tonic-clonic
behavior. This activity issimilar to seizure activity that we
have observed in P12 CD1 mice given kainate injections.
Seizure scores ranged from 0 to 116. Seizure behavior was
first observed 30 to 120 minutes after the ligation, and
most seizure behavior subsided by the end of the 4-hour
observation period. No obvious seizure activity was ob-
served at daily litter checks after the ligation.

Gross brain injury was evident in 71% of the ligated
animals. A range of brain injury was observed that
involved the cerebral cortex, striatum, hippocampus, and
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Figure 1. (A-D) CD1 mouse brain sections at the level of the hippocampus, stained with cresyl violet, that demonstrate the range of brain injury after
carotid ligation. (A) This animal received a seizure score of 0 and a brain injury score of 0; no injury is observed. (B) This animal received a seizure
score of 9 and a brain injury score of 11; a small confluent area of infarct in the cortex, moderate hippocampal atrophy, and mild thalamic atrophy are
apparent in this section. (C) This animal received a seizure score of 18 and a brain injury score of 17.5; a larger confluent area of cortical infarct,
hippocampal atrophy and necrosis, and atrophy of the striatum are apparent. (D) This animal received a seizure score of 66 and a brain injury score
of 21; extensive necrotic infarct of the cortex, hippocampus, and striatum and atrophy and necrosis of the thalamus are observed. Note that brain injury
scores are assigned based on review of multiple sections at different levels, not just the single level shown here.
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Figure 2. Scatterplot of brain injury rank vs seizure score rank. Data
points labeled A-D correspond to animal brains depicted in Figure 1.
Increased seizure activity correlated highly with increased brain injury
(Spearman rank correlation = 0.835, P < 0.001).

thalamus (Fig 1A-D), and brain injury scores ranged from
0 to 22 out of amaximal score of 22. There was a positive
correlation between seizure score and brain injury rating
score (Spearman rank correlation = 0.835, P < 0.001). A
scatterplot of brain injury rank vs seizure score rank is
presented in Figure 2; increased seizure activity was
associated with increased brain injury. This correlation
was unchanged when the ligated animals were broken
down by sex (Spearman rank correlation = 0.799, P <
0.005 females and 0.828, P < 0.001 males); there was no
significant difference in brain injury or seizure score
between males and females.

Cumulative seizure scores in control animals subjected
to sham surgery ranged from 3 to 15. Sham animals
received positive seizure scores primarily for scratching,
with only one animal scored for circling behavior during
one 5-minute period. None of these animals demonstrated
the typical seizure progression that was frequently ob-
served in the ligated group. Therefore, although some of
the control animals were assigned low seizure scores, no
convincing seizure behavior was observed in the control
animals. There was no brain injury or mortality in the
sham surgery group.

Discussion

These data demonstrate a fundamental difference in
brain injury susceptibility between immature CD1 mice
and immature rats, which require hypoxia superimposed
on carotid ligation to cause ischemic injury. The reason for
this difference in vulnerability is unclear. Unilateral ca-
rotid ligation alone in adult gerbils has been demonstrated
to cause cerebral infarction in approximately 35% of the
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animals, and susceptibility to injury isrelated to individual
variation in vascular anatomy [25]. Strain-related differ-
ences in seizure response or brain injury caused by
hypoxia-ischemia suggest that genetic factors may play an
important role in the vulnerability of immature CD1 mice
to seizures and ischemic brain injury.

CD1 mice that received a unilateral carotid ligation on
P12 frequently demonstrated seizure activity ranging from
transient circling to prolonged tonic and tonic-clonic
seizure activity. The cumulative seizure score was highly
correlated with brain injury score. This immature CD1
mouse model can therefore be used to address the question
of whether seizures exacerbate ischemic brain injury. The
effect of seizures on ischemic/hypoxic-ischemic brain
injury in rats has been examined with mixed results.
Seizures have been observed after global hypoxia, global
ischemia, or hypoxic/ischemic injury in adult and imma-
ture rats [26-28]. In adult rats, nonconvulsive seizures,
periodic epileptiform discharges, and intermittent rhyth-
mic delta activity have been reported after focal ischemia,
but there was no significant correlation between seizure
incidence or the occurrence of periodic epileptiform dis-
charges and infarct volumes [29]. In immature animals,
convulsive agents have been used in combination with
cerebral hypoxia-ischemia. Status epilepticus induced by
the y-aminobutyric acid antagonist bicuculine after hy-
poxia-ischemia did not exacerbate brain damage in post-
natal day 7 (P7) rats [30]. On the other hand, in P10 rats
subjected to unilateral carotid ligation and brief hypoxia,
seizures induced by kainate significantly exacerbated
brain injury [31].

Clinical observations suggest that prolonged or frequent
seizures in the setting of impaired blood flow may exac-
erbate the progression of ischemic brain injury in the
developing brain. Release of glutamate and an increased
metabolic demand resulting from prolonged seizure activ-
ity may further exacerbate brain injury in the setting of
ischemia. If seizures in the developing brain exacerbate
injury resulting from impaired brain perfusion, then ag-
gressive treatment and prevention of seizures is warranted
in at-risk children. Alternatively, if seizures are only a
manifestation of the brain injury, then this would argue
against aggressive seizure management and focus clinical
attention on the management of impaired brain perfusion.
Understanding the interaction between seizures and isch-
emia should provide new insights for the development of
neuroprotective strategies for pediatric ischemic brain
injury.

In summary, this study presents a new and practical
mouse model of ischemia and seizures with important
advantages over previous approaches. No hypoxia or drug
is required in addition to the carotid ligation to produce
either the seizures or the brain injury. Therefore this model
more closely mimics the occurrence of ischemia, seizures,
and brain injury in the pediatric patient. The severity of
behavioral seizuresis correlated with the severity of brain
injury in this model, suggesting its potential usefulness for



better understanding the interactions between seizures and
ischemia in producing injury in the developing brain.
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