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A New Model of Stroke and Ischemic Seizures
in the Immature Mouse
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schemic brain injury from stroke is an important
ause of disability in infants and children, but current
xperimental models for the disorder are complex.
hese preparations require occlusion of small intrace-
ebral vessels or common carotid artery ligation com-
ined with exposure to reduced levels of oxygen.
nilateral carotid artery ligation alone was sufficient

o cause brain injury in more than 70% of 12-day-old
D1 mice. Using a blinded behavioral rating scale of

eizure activity in mice, a direct, highly significant
orrelation between the severity of seizures over the
-hour period after ligation and the severity of histo-
ogic brain injury 7 days later (Spearman’s rho �
.835, P < 0.001) was documented. This study presents
he first model of stroke in immature mice produced by
nilateral carotid artery ligation alone, and the first to
emonstrate a clear correlation between acute isch-
mia-induced seizures and brain injury. This new
odel should be useful for examining the pathogenesis

f stroke in the immature brain and the potential
ontribution of seizures to final outcome. © 2004 by
lsevier Inc. All rights reserved.

omi AM, Weisz CJC, Highet BH, Johnston MV, Wilson
A. A new model of stroke and ischemic seizures in the

mmature mouse. Pediatr Neurol 2004;31:254-257.

ntroduction

Stroke is an important cause of neurologic morbidity in
nfants and children, with an incidence of approximately 8
ases per 100,000 children per year [1]. Although the
ajority survive their stroke, approximately 75% of these

hildren have sequelae including hemiparesis, epilepsy,
earning disabilities, visual-field deficits, and mental re-
ardation [2]. In pediatric patients, arterial stroke and
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R
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erebral sinovenous thrombosis present with seizures in
9-58% of the cases, depending on the study and patient
roup [2,3]. Children with ischemic middle cerebral artery
troke who present with seizures are at increased risk for
oor neurologic and functional outcome [2]. One impor-
ant category of pediatric stroke risk factors is structural
bnormalities of the cerebral vasculature that result in
bnormal cerebral blood flow. These vascular disorders,
ncluding cerebral hypoplasias, moyamoya disease, and
thers, frequently present with seizures and strokes [4,5].
turge-Weber syndrome is an example of a vascular
alformation in which seizures may exacerbate brain

njury resulting from impaired cerebral blood flow [6,7]. A
imple animal model would be useful to study the patho-
enesis of stroke in the immature brain and the potential
ole of seizures in the outcome.

Several animal models have been developed in rats and
ice for the study of ischemic, hypoxic, and hypoxic-

schemic brain injury [8-13]. In immature rats, unilateral
arotid ligation is not sufficient to produce brain injury
nd must be coupled with a period of hypoxia to produce
rain injury [14]. Prior studies in immature mice have
ombined unilateral carotid ligation with a period of
ypoxia to produce brain injury [15-18]. In mice, strain-
elated differences in the susceptibility to seizures or
ypoxic-ischemic injury have been described [19-22]. To
ake advantage of these strain-related differences and the
otential to use mice with genetic mutations in critical
enes, we sought to develop a new model of brain
schemia and seizures in immature mice.

aterials and Methods

This protocol was approved by the Johns Hopkins University Animal
are and Use Committee. Unilateral carotid ligations were performed
nder isofluourane anesthesia in P12 CD1 mice (n � 28); littermates (n

5) received sham surgeries. Mice were immediately placed in an
ncubator at 35°C. Seizure activity was scored by an observer blinded to

ommunications should be addressed to:
r. Comi; 123 Jefferson Bldg.; 600 N. Wolfe Street;
altimore, Maryland 21287.
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igation status, using a seizure rating scale for mice described by
orrison et al. [23]. Behavioral features characteristic of seizures were

ssessed continuously; every 5 minutes the animals were assigned a score
or the highest level of seizure activity observed during that period, as
ollows: 0 � normal behavior; 1 � immobility; 2 � rigid posture; 3 �
epetitive scratching, circling, or head bobbing; 4 � forelimb clonus,
earing, and falling; 5 � mice that exhibited level four behavior
epeatedly; and 6 � severe tonic-clonic behavior. At the end of the
-hour observation period, pups were returned to the cage with the dam
nd the 5-minute interval scores were summed to produce a cumulative
eizure score. This behavioral rating method was used to assess seizure
ctivity because techniques for recording electroencephalogram in ani-
als weighing less than 10 gm are unavailable. Litters were checked

aily thereafter, but behavior was not formally assessed. Four animals
14%) lost weight and function and either died or were euthanized 3 to
days after surgery; all four of these mice had seizure scores �100.
One week later, mice were anesthetized with chloral hydrate and

erfused with 4% formaldehyde. Gross brain injury was observed where
resent. Neuropathologic injury was examined in sections stained with
resyl violet. Two independent blinded assessments of brain injury were
ade, and the average of the two scores was assigned as the brain injury

core, as previously described [24]. Injury was scored from 0 to 4 for
ortex (0: no injury; 1: 1-3 small groups of injured cells; 2: one to several
arger groups of injured cells; 3: moderate confluent infarction; 4:
xtensive confluent infarction) and 0 to 6 for hippocampus, striatum, and
halamus (0-3 for no, mild, moderate, or extensive infarction and 0-3 for
o, mild, moderate, or extensive atrophy); total score therefore ranged

igure 1. (A-D) CD1 mouse brain sections at the level of the hippocam
arotid ligation. (A) This animal received a seizure score of 0 and a bra
core of 9 and a brain injury score of 11; a small confluent area of infar
pparent in this section. (C) This animal received a seizure score of 18
ippocampal atrophy and necrosis, and atrophy of the striatum are app
f 21; extensive necrotic infarct of the cortex, hippocampus, and striatum

cores are assigned based on review of multiple sections at different levels, no
rom 0 to 22. The average of the two investigators’ scores was used for
tatistical analysis. Nonparametric regression was used to examine the
elationship between seizure score rank and brain injury score rank.

esults

In the 28 ligated animals, seizure behavior was observed
n 21 animals (75%). Typically, these resting pups would
bruptly display intermittent rapid, tight circling inter-
upted by periods of normal ambulation. When this cir-
ling occurred repetitively, the seizure activity often pro-
ressed to repetitive forelimb clonus, repeated rearing and
alling, and then to severe generalized tonic or tonic-clonic
ehavior. This activity is similar to seizure activity that we
ave observed in P12 CD1 mice given kainate injections.
eizure scores ranged from 0 to 116. Seizure behavior was
irst observed 30 to 120 minutes after the ligation, and
ost seizure behavior subsided by the end of the 4-hour

bservation period. No obvious seizure activity was ob-
erved at daily litter checks after the ligation.

Gross brain injury was evident in 71% of the ligated
nimals. A range of brain injury was observed that
nvolved the cerebral cortex, striatum, hippocampus, and

ined with cresyl violet, that demonstrate the range of brain injury after
ry score of 0; no injury is observed. (B) This animal received a seizure

cortex, moderate hippocampal atrophy, and mild thalamic atrophy are
brain injury score of 17.5; a larger confluent area of cortical infarct,

D) This animal received a seizure score of 66 and a brain injury score
rophy and necrosis of the thalamus are observed. Note that brain injury
pus, sta
in inju

ct in the
and a

arent. (
and at
t just the single level shown here.
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halamus (Fig 1A-D), and brain injury scores ranged from
to 22 out of a maximal score of 22. There was a positive

orrelation between seizure score and brain injury rating
core (Spearman rank correlation � 0.835, P � 0.001). A
catterplot of brain injury rank vs seizure score rank is
resented in Figure 2; increased seizure activity was
ssociated with increased brain injury. This correlation
as unchanged when the ligated animals were broken
own by sex (Spearman rank correlation � 0.799, P �
.005 females and 0.828, P � 0.001 males); there was no
ignificant difference in brain injury or seizure score
etween males and females.
Cumulative seizure scores in control animals subjected

o sham surgery ranged from 3 to 15. Sham animals
eceived positive seizure scores primarily for scratching,
ith only one animal scored for circling behavior during
ne 5-minute period. None of these animals demonstrated
he typical seizure progression that was frequently ob-
erved in the ligated group. Therefore, although some of
he control animals were assigned low seizure scores, no
onvincing seizure behavior was observed in the control
nimals. There was no brain injury or mortality in the
ham surgery group.

iscussion

These data demonstrate a fundamental difference in
rain injury susceptibility between immature CD1 mice
nd immature rats, which require hypoxia superimposed
n carotid ligation to cause ischemic injury. The reason for
his difference in vulnerability is unclear. Unilateral ca-
otid ligation alone in adult gerbils has been demonstrated

igure 2. Scatterplot of brain injury rank vs seizure score rank. Data
oints labeled A-D correspond to animal brains depicted in Figure 1.
ncreased seizure activity correlated highly with increased brain injury
Spearman rank correlation � 0.835, P � 0.001).
o cause cerebral infarction in approximately 35% of the i

56 PEDIATRIC NEUROLOGY Vol. 31 No. 4
nimals, and susceptibility to injury is related to individual
ariation in vascular anatomy [25]. Strain-related differ-
nces in seizure response or brain injury caused by
ypoxia-ischemia suggest that genetic factors may play an
mportant role in the vulnerability of immature CD1 mice
o seizures and ischemic brain injury.

CD1 mice that received a unilateral carotid ligation on
12 frequently demonstrated seizure activity ranging from

ransient circling to prolonged tonic and tonic-clonic
eizure activity. The cumulative seizure score was highly
orrelated with brain injury score. This immature CD1
ouse model can therefore be used to address the question

f whether seizures exacerbate ischemic brain injury. The
ffect of seizures on ischemic/hypoxic-ischemic brain
njury in rats has been examined with mixed results.
eizures have been observed after global hypoxia, global

schemia, or hypoxic/ischemic injury in adult and imma-
ure rats [26-28]. In adult rats, nonconvulsive seizures,
eriodic epileptiform discharges, and intermittent rhyth-
ic delta activity have been reported after focal ischemia,

ut there was no significant correlation between seizure
ncidence or the occurrence of periodic epileptiform dis-
harges and infarct volumes [29]. In immature animals,
onvulsive agents have been used in combination with
erebral hypoxia-ischemia. Status epilepticus induced by
he �-aminobutyric acid antagonist bicuculine after hy-
oxia-ischemia did not exacerbate brain damage in post-
atal day 7 (P7) rats [30]. On the other hand, in P10 rats
ubjected to unilateral carotid ligation and brief hypoxia,
eizures induced by kainate significantly exacerbated
rain injury [31].
Clinical observations suggest that prolonged or frequent

eizures in the setting of impaired blood flow may exac-
rbate the progression of ischemic brain injury in the
eveloping brain. Release of glutamate and an increased
etabolic demand resulting from prolonged seizure activ-

ty may further exacerbate brain injury in the setting of
schemia. If seizures in the developing brain exacerbate
njury resulting from impaired brain perfusion, then ag-
ressive treatment and prevention of seizures is warranted
n at-risk children. Alternatively, if seizures are only a
anifestation of the brain injury, then this would argue

gainst aggressive seizure management and focus clinical
ttention on the management of impaired brain perfusion.
nderstanding the interaction between seizures and isch-

mia should provide new insights for the development of
europrotective strategies for pediatric ischemic brain
njury.

In summary, this study presents a new and practical
ouse model of ischemia and seizures with important

dvantages over previous approaches. No hypoxia or drug
s required in addition to the carotid ligation to produce
ither the seizures or the brain injury. Therefore this model
ore closely mimics the occurrence of ischemia, seizures,

nd brain injury in the pediatric patient. The severity of
ehavioral seizures is correlated with the severity of brain

njury in this model, suggesting its potential usefulness for
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etter understanding the interactions between seizures and
schemia in producing injury in the developing brain.
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