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Abstract

The mechanisms of injured brain that establish poststroke seizures and epilepsy are not well
understood, largely because animal modeling has had limited development. The main objective of
this study was to determine whether an arterial occlusion model of cortical stroke in young adult
and aged rats was capable of generating either focal or generalized epileptic seizures within 2
months of lesioning. Four- and 20-month-old male Fischer 344 (F344) sham-operated controls and
those lesioned by transient (3 h) unilateral middle cerebral artery (MCA) and common carotid
artery (CCA) occlusion (MCA/CCA0) were studied by video-EEG recordings up to 2 months
post-procedure. The main findings were: 1) seizures (grade 3 and above) were recorded within 2
months in both young (4-month; 0.23/h) and aged (20-month; 1.93/h) MCA/CCAOo rat groups;
both MCA/CCAO rat groups had more seizures recorded than the respective control groups, i.e.,
no seizures in young controls and 0.52/h in old controls; 2) both age and infarction independently
had effects on seizure frequency; however, there was no demonstrated interaction between the two
factors; and 3) there was no difference in infarct volumes comparing 4- to 20-month-old MCA/
CCAOo0 animals. In addition, all lesioned and sham-operated animals demonstrated intermittent
solitary myoclonic convulsions arising out of sleep. Morbidity and mortality of animals limited the
extent to which the animals could be evaluated, especially 20-month-old animals. These results
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suggest that transient unilateral MCA/CCAo can result in poststroke epileptic seizures in both
young adult and aged F344 rats within a relatively brief period of time following lesioning.
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Middle cerebral artery occlusion; Common carotid artery occlusion; Cortical infarction; Poststroke
seizures; Poststroke epilepsy; Video-EEG

1. Introduction

The incidence and prevalence of unprovoked seizures and epilepsy increase in the elderly
(Hauser et al., 1993; Scheuer & Cohen, 1993) and first occurrence rates for epilepsy are
higher in the elderly than any other age group (Cockerell et al., 1995; Brodie & Kwan,
2005). Etiologies associated with this increase include cerebrovascular disease, brain
tumors, toxic or metabolic disturbances, dementia, and trauma (Luhdorf et al., 1986; Loiseau
et al., 1990; Ettinger & Shinnar, 1993; Thomas, 1997; Velez & Selwa, 2003); of these
etiologies, ischemic cerebrovascular disease is the dominant cause of epilepsy in the elderly
accounting for 25-50% of all cases. The reported long-term cumulative risk of PSE after a
cerebrovascular event varies between 2%-15% (review, Zelano, 2016). The most important
risk factor for developing epilepsy after an ischemic stroke is the involvement of the cerebral
cortex (Heuts-van Raak et al., 1993). Lacunar, subcortical, and posterior circulation infarcts
are infrequently associated with the development of epilepsy (Thomas, 1997; Bladin et al.,
2000). In general, poststroke epileptic seizures are considered focal in onset, arising from
areas in close proximity to the area of infarcted tissue (Loiseau, 1997). Given the importance
of stroke as the primary cause of new-onset epilepsy in the elderly, in contrast, there is little
understanding of the pathophysiological mechanisms of aged brain following stroke that
cause or predispose to the development of epileptic seizures. The reason for this is clear -
relatively few studies have focused on modeling poststroke epileptogenesis and PSE
(reviews, Kelly, 2017; Reddy et al., 2017).

There are a limited number of studies that have examined arterial occlusion models of stroke
and the subsequent development of acute seizures and/or epilepsy. Using young Sprague-
Dawley rats and video-electroencephalogram (EEG) recordings, Hartings et al. (2003)
showed that multiple ipsilateral or generalized electrographic seizures could be recorded
within the first 2 h following transient intraluminal filament-induced middle cerebral artery
occlusion (MCAO0) without change in the animal’s behavior. Using young Sprague-Dawley
rats and similar techniques, Karhunen et al. (2003) monitored animals at 3, 7, and 12 months
post-lesioning but found no evidence of EEG or behavioral seizures. A subsequent study by
Karhunen et al. (2006) monitored animals acutely and up to 12 months following
endothelin-1-induced MCAo and found that early seizures did not predict the occurrence of
epilepsy, the latter demonstrated in only one animal. Because MCAGo in rats frequently
involves the hippocampus, unlike MCAo in humans (Del Zoppo, 1998; Kelly 2002), our
laboratory has used the technique of transient unilateral MCA and common carotid artery
(CCA) occlusion (MCA/CCA®), which results in moderately large cortical infarcts of
reproducible size and location, while sparing direct injury to the hippocampus (Aronowski et
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al., 1994, 1997). In a previous study conducted in our laboratory, MCA/CCA0 was used to
lesion 2.5-month-old Long-Evans rats, produced consistently-sized infarcts of the cerebral
cortex, but failed to demonstrate the development of poststroke epilepsy in any animal as
assessed by intermittent video-EEG recordings during the 6 months following lesioning
(Kelly et al., 2006).

Because animal age and infarct size might be critical variables in the development of
poststroke epileptogenesis, we performed transient unilateral MCA/CCAo in 4-month-old
(young adult) and 20-month-old (aged) Fischer 344 (F344) rats followed by intermittent
video-EEG recordings up to 2 months post-lesioning to determine whether epileptic seizures
could occur within a relatively brief period of time following infarction while secondarily
limiting the progression of aging-related morbidities in the aged cohorts. We hypothesized
that MCA/CCAGo lesioning would result in: 1) epileptic seizures in aged animals and to a
less extent in young adult animals; and 2) larger infarcts in aged animals. Our objectives
were to determine: 1) whether either the age or the infarction factor, or their potential
interaction, affected the development of electrobehavioral evidence of poststroke epilepsy;
and 2) the size and distribution of ischemic infarcts in the two age groups.

2. Material and Methods

2.1. Animal groups

The Institutional Animal Care and Use Committees (IACUCS) of the Allegheny-Singer
Research Institute and the University of Texas Health Science Center at Houston approved
all experimental procedures in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. Twenty-four male F344 rats (4-months-of- age,
n=12; 20-months-of-age, n=12) were randomly divided within each age group for sham-
operation (n=6) or lesioning by transient (3 h) unilateral MCA/CCAo0 (n=6).

2.2. Production of ischemia

Animals were lesioned in the Department of Neurology, University of Texas Houston, using
techniques identical to those used in our previous study (Kelly et al., 2006). Transient focal
ischemia was induced by tandem occlusion of the left MCA and left CCA as described by
Aronowski et al. (1997), with minor modifications. Animals were fasted overnight with free
access to water and anesthetized with chloral hydrate (0.35-0.45 g/kg i.p.). The femoral
artery was cannulated for measurement of blood pressure. Temperature was monitored from
the right temporalis muscle and maintained at 37.0 £ 0.4°C during ischemia and the first
hour of reperfusion by a feed-forward temperature controller (YSI Model 72, Yellow
Springs, OH), heating lamp, and warming blanket. The CCA was isolated through a midline
incision and tagged with a suture. An incision was made through the left temporalis muscle
perpendicular to a line drawn between the external auditory canal and the lateral canthus of
the left eye. Under direct visualization with the surgical microscope, a 1x3-mm rectangular
burr hole was drilled 2-3 mm rostral to the fusion of the zygomatic arch and the squamosal
bone to expose the MCA rostral to the rhinal fissure, and a 1-mm round burr hole was made
4 mm dorsal to the MCA exposure to allow measurement of cerebral perfusion (CP) using a
laser Doppler flowmeter (LDF; model BPM2, Vasamedics Inc., St. Paul, MN). The beveled
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edge of a 23-gauge hypodermic needle was used to pierce and open the dura along the entire
length of the rectangular burr hole. A 0.005-inch diameter stainless steel wire (Small Parts
Inc., Miami, FL) was placed underneath the left MCA rostral to the rhinal fissure, proximal
to the major bifurcation of the MCA, and distal to the lenticulostriate arteries. The artery
was then lifted, and the wire rotated clockwise. The CCA was then occluded using
atraumatic Heifetz aneurysm clips. After 3 h, reperfusion was established by removing the
aneurysm clips from the CCA followed by rotating the wire counterclockwise and removing
it from beneath the MCA. Interruption of flow through the MCA was inspected under the
microscope and verified by CP measurements; only those animals that displayed reduction
of CP following ischemia to less than 15% of the pre-ischemic value were included in the
study. The same surgical procedure was performed on sham-operated animals except that the
MCA and CCA were not occluded. Animals were returned to the vivarium for postoperative
recovery and stabilization.

2.3. Behavioral testing

All lesioned animals underwent sensorimotor behavioral testing 24 h after surgery to
investigate the correlation between behavioral score and infarct volume as described
previously (Aronowski et al., 1996; Bland et al., 2000, 2001); behavioral testing was not
performed in sham-operated animals because it was not relevant to the behavior/infarct
volume correlation. The procedures are summarized below.

2.3.1. Measurement of forelimb placing—Animals were held by their torsos allowing
their forelimbs to hang freely. Contralateral and ipsilateral forelimb placing was induced by
gently brushing the respective vibrissae on the edge of a tabletop once per trial for 10 trials.
A score of 1 was given each time the rat placed its forelimb on the edge of the tabletop in
response to the vibrissal stimulation. The number of unsuccessful (missed) placements was
counted. The difference between the number of unsuccessful placements with the affected
and unaffected forelimb was used to estimate the degree of dysfunction.

2.3.2. Measurement of footfault asymmetry—Animals were placed on an elevated
grid with square openings of 2.3 mm? for 5 min. As the animals traversed the grid, a
footfault was counted each time a paw slipped through an opening in the grid. The total
number of footfaults with ipsilateral and contralateral forelimbs per a total of 50 steps was
counted. The impairment level was defined as the difference between the number of
contralateral and ipsilateral faults.

2.3.3. Measurement of asymmetry in the use of forelimbs for postural support
—Animals were placed for 5 min into a Plexiglas cylinder (8” diameter and 12” high)
placed in their home cage. Their behavior was observed for asymmetry in forelimb use
during rearing, wall landing, and vertical movements along the wall of the Plexiglas
cylinder. Each behavior was expressed as percent use of the contralateral (impaired)
forelimb relative to the total number of ipsilateral plus contralateral limb-use observations.

2.3.4. Behavioral score summation—Scores from the individual behavioral tests were
summated for each animal and the total score was used as an indicator of sensorimotor
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impairment with high scores indicating greater impairment than that associated with lower
scores. Group mean scores for 4- and 20-month-old lesioned animals were calculated with
standard error of the mean (SEM) and compared by Student’s unpaired t-test (p<0.05) using
GraphPad statistical software.

2.4. Animal transport

In order to ensure adequate recovery from the surgical procedures, lesioned and sham-
operated animals were supported and observed for approximately one week before being
flown from Houston to Pittsburgh in a temperature-controlled cabin for subsequent video-
EEG recordings.

2.5. Epidural skull screw electrodes

Screws were placed in the skulls of animals for EEG recordings 20.2 + 1.2 days (mean +
SEM,; range 17-26) after sham operation, and 27.8 £ 0.9 days (range 25-32) after MCA/
CCAo. Animals were anesthetized with injections of a mixture of ketamine (90 mg/kg) and
xylazine (10 mg/kg). After the loss of the tail pinch reflex, animals were positioned in a
stereotaxic frame, petroleum jelly was applied over the eyes, and a midline incision was
made along the scalp, which was reflected bilaterally. Burr holes were made in the skull for
6 recording and 2 anchoring stainless steel screws (MX-080-2; Small Parts Inc., Miami
Lakes, FL). Three recording screws were placed parasagittally on each side of the skull to
sample neocortical activities symmetrically. Odd numbered electrodes represented
placements over the left (lesioned) hemisphere and even numbered electrodes represented
placements over the right hemisphere; the rostrocaudal placement was designated as
F=frontal, C=central, and P=parietal. Screw placements were: F3, F4 (+2.0 mm from
bregma, 2.25 mm lateral from midline); C3, C4 (-=3.0 mm from bregma, 2.75 mm lateral
from midline); and P3, P4 (=7.0 mm from bregma, 2.75 mm lateral from midline). Two
screws were placed laterally for anchoring the headset. Fig. 1 illustrates the position of the
recording screws relative to the underlying brain and the superior aspect of the cortical
infarction (see Results). An exposed end of an insulated copper wire was wrapped tightly
around each recording screw while the other end of the wire was crimped into a six-
conductor (RJ12) modular plug and secured to the skull surface with dental acrylic (Lang
Dental Mfg., Wheeling, IL). The skin around the headset was sutured and the animals were
allowed to recover from anesthesia. Bipolar EEG recordings were initiated approximately 7
days after placement of electrodes.

2.6. Digital video-EEG recordings

The digital video-EEG recording techniques used in this study were expanded from methods
published previously (Kharlamov et al., 2003; Kelly et al., 2006). Four animal recording
chambers, each equipped with a custom-designed swivel commutator (Dragonfly Inc.,
Ridgeley, WV), were used to monitor the animals and provided a low noise recording
environment, full freedom of animal movement, and excellent visualization of animal
behavior. Headset electrodes were connected to a 32-channel Stellate Systems video-EEG
monitoring system that included a hardwired common reference arbitrarily linked to each
animal’s F4 electrode. Individual animals were recorded with a standard montage of 8 EEG
channels that sampled brain activity from both hemispheres using different bipolar electrode
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derivations. EEG signals were filtered at 1 and 70 Hz with a 60 Hz notch filter (Harmonie,
Stellate Systems, Montreal). Closed-circuit television cameras connected to a video splitter
unit (Advanced Technology Video, Inc., Redmond, WA) were used to monitor animal
behavior. Digital video files were obtained for all animals (Diva, Stellate Systems) and
recorded directly to high capacity (300 GB) hard disk drives using a removable hard drive
bay. Animals were recorded during active wakefulness, passive wakefulness, and sleep
during both daytime and nighttime hours. Based on our laboratory’s experience with aged
F344 rats (Kelly et al., 2001a,b, 2003, 2011) and their increased morbidity and mortality
compared to younger animals, video-EEG recordings were conducted up to 2 months after
lesioning or sham operation, i.e., up to ~7-months-of age (4-month-old group) and ~23
months-of-age (20-month-age group), in order to maximize healthy survival of the 20-
month-age group and to have equivalent monitoring times among the different cohorts
before sacrifice of the animals for anatomical studies.

2.7. Video-EEG Data Analysis

Qualitative video-EEG analysis was performed off-line by a complete visual examination of
the EEG recordings. Ictal behaviors were classified by a modification of the Racine (1972)
scale: grade 3 — forelimb or hindlimb clonus; grade 4 — running and rearing; and grade 5 —
jumping and falling; grade 1 and 2 behaviors were not scored because of the difficulty of
discriminating normal vs. abnormal mouth, facial, and head nodding movements. Special
attention was paid to intermittent focal and generalized EEG activities as determined by
changes in waveform morphology, amplitude, and frequency. Available event detection
software (Stellate SenSa) was not designed to be sufficiently discriminating for several EEG
features of interest and therefore was not used. Standard descriptive terms for frequency
ranges were used: delta (0.1-3.9 Hz); theta (4.0-7.9 Hz); alpha (8.0-12.9 Hz); and beta
(13.0-30 Hz; Fisch, 1999). EEG interictal activities were distinguished from ictal activities
based on waveform morphology and frequency and the associated absence or presence of
behavioral change, respectively. Seizure frequency (number of grade 3, 4, and 5 seizures per
hour) was used as the primary outcome measurement for investigating the “age” and
“infarction” factor effects on the electrobehavioral evidence of poststroke epilepsy. A 2 x 2
factorial ANOVA test was applied to test the significance of each factor effect as well as the
interaction effect between the two factors. A p-value < 0.05 was considered statistically
significant.

2.8. Perfusion and preparation of tissue sections

At the end of the video-EEG monitoring period, animals were deeply anesthetized with
ketamine (90 mg/kg) and xylazine (10 mg/kg) and perfused transcardially with 0.9% saline
followed by 4% ice-cold paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4). The
brains were removed, post-fixed overnight in the same fixative and cryoprotected in a
buffered 30% sucrose solution for 3—4 days at 4°C. Gross examination of the brains was
performed to confirm the presence of ischemic injury resulting from MCA/CCAo0 and
reperfusion and to assess for other abnormalities such as tumor, hematoma, and compression
by electrodes. Fixed brains were cut in 40 pm coronal sections, collected in a 1:50 series for
the measurement of ischemic injury, placed in plastic tissue culture plates containing
cryoprotectant solution (30% ethylene glycol/30% glycerol/40% 0.1 M PB containing 3.4 ¢
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NaCl), and stored at —20°C. Other tissue sections were used for immunohistochemical
assessments with different cell-specific markers.

2.9. Immunohistochemistry

Primary antibodies used for the immunohistochemical staining were mouse anti-neuron
specific nuclear protein (NeuN; 1:2000, Chemicon, Temecula, CA), rabbit anti-glial
fibrillary acidic protein (GFAP; 1:500, Chemicon, Temecula, CA), and anti-vimentin (1:100,
Chemicon, Temecula, CA). The secondary antibodies were biotinylated goat anti-mouse or
anti-rabbit (1:250; Vector Lab., Burlingame, CA). Briefly, free-floating brain tissue sections
were removed from the cryoprotectant solution and rinsed in 0.1 M PB (pH 7.4), followed
by 30-min incubation in 0.3% hydrogen peroxide in PB. After several rinses in 0.1 M Tris-
buffered saline (TBS, pH 7.4), tissue was incubated for 30 min in TBS containing 3%
normal goat serum and 0.25% Triton X-100 (TX-100). Tissue sections were incubated
overnight at 4°C with primary antibodies diluted with TBS containing 1% normal goat
serum and 0.25% TX-100. After several rinses, the tissue was incubated for 2 h at room
temperature with biotinylated secondary antibodies diluted in TBS containing 1% goat
serum, followed by 1-h incubation in avidin-biotin-peroxidase complex (ABC Elite Kit,
Vector Lab., CA) and the treatment with imidazole acetate buffer (pH 9.6) containing 0.05%
diaminobenzidine, 2.5% nickel ammonium sulfate, and 0.005% H,0-.

As a control for non-specific staining, rabbit pre-immune serum was substituted for the
primary antibodies, and the tissue was processed using the aforementioned procedure. No
positive immunoreactivity or recognizable background staining was observed under these
conditions. Sections were mounted on gelatinized slides, dried, dehydrated in a series of
graded ethanol solutions, immersed in xylene, and coverslipped with Permount (Fisher).

2.10. Morphometry

For the assessment of infarct volume, every 501" tissue section was immunolabeled with
anti-NeuN antibodies were digitized by a Nikon slide scanner (model LS-2000, Nikon
Corporation, Tokyo, Japan) and processed with a computer-assisted image analysis system
(MCID, Imaging Research Inc., St. Catharines, Canada). For each tissue section, the areas of
lost tissue were outlined manually on the computer screen as well as the outlines of the left
and right hemispheres on each section. The volume of infarction was calculated as the
integrated product of the cross-sectional area and the inter-section distance. Pearson’s
correlation coefficient (/) was calculated to assess the relationship between behavioral scores
and lesion volumes in 4- and 20-month-old animals. Values were calculated using GraphPad
statistical software.

3. Results

3.1. Morbidity and mortality

Intermittent continuous digital video-EEG recordings were obtained from 17 of 24 (71%)
animals up to the 2-month time point following sham operation or lesioning by MCA/CCAo0
(Table 1). Seven animals were not analyzed because: 1) one 20-month-old animal died
during lesioning surgery; 2) three sham-operated 4-month-old animals died during transit

Epilepsy Res. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kelly et al.

Page 8

from Houston to Pittsburgh; 3) two lesioned 4-month-old animals died due to anesthesia
effects during our initial placements of screw electrodes; and 4) one lesioned 20-month-old
animal with grade 5 seizures (Suppl. Fig. 1A) was excluded due to a large intracortical
tumor (Suppl. Fig. 1B). Data were analyzed from three animals that died prematurely during
the second month following lesioning: 1) one 20-month-old lesioned animal died 5 weeks
after lesioning during class 5 seizure activity; 2) one 20-month-old lesioned animal died 7
weeks after lesioning due to failure to thrive; and 3) one 20-month-old sham-operated
animal died 7 weeks after surgery due to abdominal surgical wound dehiscence.

3.2. Behavioral testing

Composite scores of behavioral testing performed 24 h after lesioning were generated for 4-
month-old (n=6) and 20-month-old (n=5) animals (Table 2). The mean score for 4-month-
old animals was 7.9 (range 5.8 — 12.8), whereas the mean score for 20-month-old animals
was 6.54 (range 4.4 — 8.4; p=0.18), suggesting no significant difference in behavioral
impairment between the two animal groups shortly following lesioning.

3.3. Video-EEG recordings

3.3.1. Continuous recordings—Video-EEG recordings were obtained during multiple
individual recording sessions of lesioned and control animals (see Table 1). In general,
active wakefulness of animals was maximal during night time recordings and was associated
with EEG activity that was relatively suppressed with a predominance of theta to low beta-
range activities of low to moderate amplitude. Passive wakefulness was common during
daytime recordings characterized behaviorally by the animal at rest associated with EEG
activities similar to those observed during active wakefulness but with increased delta
activity. Sleep occurred during day and night recordings characterized by EEGs that
demonstrated a nearly continuous admixture of polymorphic delta and theta activity of
moderate to high amplitude and alpha and beta activity of low to moderate amplitude.
Because recordings began, on average, 3—4 weeks after lesioning, and were terminated at or
before the 2-month post-lesioning time point, overall recording times spanned a 4-5-week
period for most animals.

3.3.2. Spike-wave discharges—All animals (17 of 17; 100%) demonstrated
spontaneous generalized 7-9 Hz spike-wave discharges (SWDs) (Suppl. Fig. 2) typically
associated with behavioral arrest, a common finding in laboratory rat strains (Kelly, 2004),
and will not be described further.

3.3.3. Myoclonic convulsions—Surprisingly, all control as well as lesioned animals
revealed evidence of a stereotypic myoclonic convulsion, suggestive of an age- and lesion-
independent event. The event was an abrupt, brief, solitary myoclonic convulsion that
occurred during sleep (Fig. 2A). These convulsions could be severe, at times resulting in the
animal hitting the top of the recording chamber. Immediately after the convulsion, the
animal would be awake and motionless for a brief period of time after which normal
behavior resumed, albeit somewhat slowly. EEGs typically showed little to no evidence of
significant change before the convulsion.
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3.3.4. 4-month-old sham-operated animals—Aside from the SWDs and myoclonic
convulsions described above, none (0/3) of these animals demonstrated any ictal behaviors.

3.3.5. 4-month-old MCA/CCAo0 animals—Three of the 4 (75%) 4-month-old MCA/
CCAo0 animals had grade 3 seizures (n=6) lasting 8.5+1.2 (range 6.3-10.3) sec; in general,
forelimb clonus occurred more frequently than hindlimb clonus. The EEG showed little
apparent change during these events, and normal behavior resumed shortly after their
occurrence. Two of the animals with grade 3 seizures also demonstrated single episodes
(n=2) of grade 4 seizures lasting 34.6+0.5 (range 34.1-35.0) sec. Other than for a significant
amount of movement artifact during the seizure, the EEG showed little apparent change
during the event. One of the 4 (25%) animals had no seizures. None of the animals had
grade 5 seizures. The mean seizure frequency in this group was 0.23/h.

3.3.6. 20-month-old sham-operated animals—All 6 (100%) 20-month-old sham-
operated animals demonstrated grade 3 seizures (n=21) characterized by forelimb clonus
lasting 11.3+2.5 (range 4.4-18.0) sec. Two animals had grade 4 seizures (n=4) lasting
54.2+33.3 (range 20.9-87.5) sec. The EEGs of these grade 3 and 4 seizures were similar to
those described above. Two animals had grade 5 seizures (n=3) lasting 56.4+6.2 (range
50.2-68.9) sec. The EEGs of these grade 5 seizures were dominated by movement artifact.
The mean seizure frequency in this group was 0.52/h.

3.3.7. 20-month-old MCA/CCAo0 animals—All 4 (100%) 20-month-old MCA/CCAo0
animals demonstrated grade 3 seizures (n=16) lasting 21.7+5.8 (range 14.4-39.1) sec, as
well as grade 4 seizures (n=13) lasting 61.8+14.6 (range 32.6—72.9) sec. Two of the 4 (50%)
animals had grade 5 seizures (n=4) lasting 89.1+9.0 (range 62.1-98.1) sec. The mean seizure
frequency in this group was 1.93/h. Fig. 3 shows the EEG and animal behavior during a
grade 5 seizure resulting in sudden death; the EEG was dominated by diffuse artifact
throughout the recording, contrary to the onset and termination of the ictal discharge seen in
Supplementary Fig. 1.

3.3.8. Statistical analyses on “age” and “infarction” factor effects—With respect
to the seizure frequency in each of the animals, 2 x 2 factorial ANOVA revealed that both
“age” and “infarction” factors had significant effects on seizure frequency (p = 0.012 and
0.014, respectively; Fig. 4); however, the interaction between the two factors was not
significant (p = 0.097), although, as shown in Fig. 5, the effect on seizure frequency due to
lesioning was apparently greater in 20-month-old rats than in 4-month-old animals.

3.3.9 Statistical analyses on seizure duration—As a secondary investigation, for
animal groups with seizures (grade 3 and above), mean seizure durations were compared
using one-way ANOVA. Fig. 6 shows the mean seizure duration in each of the three
compared groups (20-month-old sham-operated, 4-month-old lesioned, and 20-month-old
lesioned) for grade 3 seizures and grade 4 and 5 seizures. It is clear that for grade 3 seizures,
20-month-old lesioned animals had much longer seizure durations than those in the other
two animal groups. For grade 4 and 5 seizures, 4-month-old lesioned animals had much
shorter seizure durations than those in the other two animal groups. However, statistical
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testing did not suggest a significant difference for the grade 3 seizure group (p=0.0923) or
the grade 4/5 seizure group (p=0.365), likely due to the small sample size of the study.

3.4. Gross inspection of brain and dura

Gross examination of the brain and dura was performed following transcardial perfusion or
premature death of the animal to identify potential anatomical abnormalities and to confirm
the presence of cortical infarction in lesioned animals. MCA/CCAOo resulted in a variably-
sized infarct of the ipsilateral neocortex in both 4- and 20-month-old animal groups that
typically appeared as a cystic cavity on the convexity of the left hemisphere within the
distribution of the MCA. Headset removal from animals sham-operated at 4-months-of-age
resulted in partial avulsion of the skull in each animal thereby precluding a careful
examination of the dura. Assessment of the dura adherent to the inner table of the skull in all
other animal groups revealed that no recording screw pierced the dura except for one small
perforation at P3 in an animal sham-operated at 20 months of age; there was no evidence of
hemorrhage in any brain. The dorsal cortex of sham-operated brains (n=8) revealed 2 to 6
small indentations, often symmetrically placed, caused by mild concave bowing of the skull
in those areas underlying recording screws. Anchoring screws perforated the dura in 10
animals, either on one (n=8) or both (n=2) sides, resulting only in small indentations of the
lateral cerebellar hemispheres. As described above (Suppl. Fig. 1B), an animal lesioned at
20-months-of-age had a large tumor of the right neocortex and was excluded from the study.

3.5. Immunohistochemical findings

3.5.1. NeuN immunoreactivity (IR)—NeuN IR gave no evidence of neuronal injury in
the brain tissue of sham-operated controls at the time of analysis. In animals lesioned by
MCAJ/CCAo, NeuN IR was absent in the necrotic core of the infarct, largely reflecting the
anatomical distribution of the MCA.. Infarct volume was quantified using NeuN IR at the
same coronal levels in the 4- and 20-month-old groups at or before the 2-month time point
following MCA/CCAo (Fig. 7). There was significant variability in the extent of the
ischemic infarct in both age groups. The mean cortical infarct volume in 4-month-old
animals was 35.8+10.8 mm?3 (range 6.1 to 84.9 mms3, n=6), and in 20-month-old animals
was 50.4218.0 mm?3 (range 7.6 to 101.5 mm3, n=>5; t-test, p=0.49), indicating no significant
difference in infarct volumes between the two age groups (Table 2).

Figure 8 shows the behavioral score versus cortical infarct volume relation for all lesioned
rats (six 4-month-old and five 20-month-old). Overall, it is clear that there exists a positive
correlation between behavioral score and infarct volume (r = 0.31), with higher correlation
in young animals (r = 0.52) than in older rats (r = 0.40). Statistical significance cannot be
claimed here due to the small sample size; even with all rats, n = 11, there is only 37%
power to claim significance when r = 0.5.

Beyond the area of the infarct core, NeuN IR was decreased in the ipsilateral cerebral cortex,
markedly so in the peri-infarct area (Fig. 9A) compared to the homotopic area (Fig. 9B), and
decreased in the adjacent dorsolateral and ventrolateral striatum (data not shown).
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3.5.2. GFAP- and vimentin-positive astroglia—GFAP IR in sham-operated animals
was present in astrocyte somata and their processes in both superficial and deep cortical
layers, and throughout all brain regions; GFAP IR was similar in 4- and 20-month animals.
Following MCA/CCAo0, GFAP IR was robust in perilesional cortex gliosis (Fig. 9C)
compared to the homotopic area (Fig. 9D). In addition, GFAP IR was enhanced in ipsilateral
subcortical structures (data not shown).

Vimentin-expressing astrocytes in sham-operated animals were sparsely present in the
corpus callosum, external and internal capsule, optic tract, fimbria of the hippocampus, and
at the base of the lateral ventricles; in lesioned animals, the distribution pattern of vimentin
IR was similar. Following MCA/CCAo, vimentin IR was markedly increased in the glial
scar of the infarcted cortex (Fig. 9E,F). In general, vimentin IR was more sensitive than
GFAP IR for demonstrating the distribution and astrocytic reactions following MCA/CCAo.

4. Discussion

4.1. Main findings

The main findings of this study were: 1) seizures (grade 3 and above) were recorded within
2 months in both young (4-month; 0.23/h) and aged (20-month; 1.93/h) MCA/CCAGO rat
groups; both MCA/CCAO rat groups had more seizures recorded than the respective control
groups, i.e., no seizures in young controls, and 0.52/h in aged controls; 2) both age and
infarction independently had effects on seizure frequency; however, there was no
demonstrated interaction between the two factors; 3) there was no difference in infarct
volumes comparing the two age groups. Additional findings included: 1) morbidity and
mortality of animals limited the extent to which the animals could be evaluated, especially
20-month-old animals; 2) all lesioned and sham-operated animals demonstrated intermittent
solitary myoclonic convulsions arising out of sleep; and 3) all animals demonstrated 7-9 Hz
spike-wave discharges (SWDs), which were not analyzed.

4.2. Morbidity and mortality

Animal morbidity and mortality resulted in relatively small numbers of animals and limited
monitoring time in both sham-operated and lesioned cohorts. The reasons for this were
varied and included: 1) sudden death during lesioning, electrode implantation, and grade 5
seizure activity; 2) transport from Houston to Pittsburgh; and 3) tumor, abdominal wound
dehiscence, and failure to thrive. In general, animals from the 20-month-old cohorts tended
to be frail and experienced more complications than the 4-month-old cohorts. These issues
operationally limited the overall monitoring duration (up to 2 months following sham
operation or lesioning) in order to ensure relatively equivalent periods of recording times to
assess and compare the potential development of epileptic seizures within the different age
cohorts. These results suggest that use of young adult — or perhaps mid-aged animals —
might be preferable to the use of aged animals in order to circumvent some of the morbidity
and mortality issues experienced in this study.
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4.3. Myoclonic convulsions

We cannot conclusively say why myoclonic convulsions were recorded in all animals but we
believe that the convulsions may be manifestations of human sleep-related phenomena
(hypnagogic or hypnopompic myoclonus), commonly known as hypnic jerks or nocturnal
myoclonus, which are not regarded as epileptic seizures. This phenomenon may be related to
the specific characteritics of the F344 strain as we have not observed similar convulsive
activities in long term video EEG monitoring of both Sprague-Dawley (Kharlamove et al.,
2003) and Long-Evans rats (Kelly et al., 2006).

4.4. Seizure occurrence and the effects of age and infarction

Because recordings did not begin until 3—4 weeks after lesioning, the study was not able to
investigate the potential occurrence of provoked seizures within the first week after lesioning
or sham operation. In addition, the limited periods of recordings prevented a comprehensive
examination of how epileptic seizures might have evolved over an extended period of time.
However, seizures were recorded in all animal groups except 4-month-old sham-operated
animals. Grade 3 and 4 seizures were recorded in lesioned 4-month-old animals, and
surprisingly, grade 3-5 seizures in sham-operated 20-month-old animals, as well as lesioned
20-month-old animals. The reasons for seizure occurrence in the sham-operated 20-month-
old animals cannot be determined definitively, but may be related to a potential age-related
propensity to seizures in the F344 strain that is enhanced by comorbidities.

Age and infarction factors had significant effects on seizure frequency, which was increased
in 20-month-old animals compared with 4-month-old animals; however, there was no
significant interaction between the two factors. These findings suggest that there was no
clear advantage to use of aged animals, given the limitations stated above for this age group.
With regard to seizure duration, 20-month-old lesioned animals had much longer grade 3
seizure durations than those in the 20-month-old sham-operated and 4-month-old lesioned
groups; for grade 4/5 seizures, 4-month-old lesioned animals had much shorter seizure
durations than those in the other two animal groups. However, statistical testing did not
suggest a significant difference for either the grade 3 or grade 4/5 seizure groups, likely
secondary to the small sample size of the study.

4.5. Infarct volume and associated anatomical changes

There was no significant difference between infarct volumes in the 4- and 20-month-old
groups; a broad range of infarct volume was found in each group. Interestingly, the
calculated infarct volume in the 4-month-old animals (35.8+10.8 mm3, n=6), sacrificed at
~7-months-of age, was similar to that of our previous study of Long-Evans rats (36.8+13.5
mm3, n=4), which were lesioned at 2.5-months-of age, studied in identical fashion, and
sacrificed at 8.5-months-of-age (Kelly et al., 2006). In that study, no seizure activity was
recorded from either lesioned (n=5) or sham-operated (h=4) Long-Evans animals.

When plotting behavioral score versus cortical infarct volume for all data collected, it is
apparent that there exists a positive correlation between these two variables (Figure 8); the
correlation is higher in young animals than that in the older animals. However, due to the
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low statistical power (<40% in 11 rats, six 4-month-old and five 20-month-old), the present
study was not able claim a statistical significance of this relationship.

Immunohistochemical studies were performed to demonstrate the localization and extent of
ischemic injury following transient unilateral MCA/CCAo, and to investigate morphological
changes of the brain that might contribute to epileptogenesis. Multiple studies have shown
increased vulnerability of aged brain to ischemic injury and subsequent neurological
impairment. In the present study, evaluation of brain tissue beyond the limits of the infarct
core revealed that ischemic injury in F344 animals was not restricted to the cortex within the
distribution of the MCA, unlike the findings in Long-Evans animals in which the same
procedure resulted in infarcts restricted to ipsilateral cortex when evaluated by
triphenyltetrazolium (TTC)-stained tissue slices 24 hours after lesioning (Aronowski et al.,
1997). In the present study, histopathological analysis two months after MCA/CCAo in
F344 rats indicated that the localization and extent of ischemic injury in both animal age
groups occurred primarily in ipsilateral cortex accompanied frequently by significant
changes in the adjacent striatum and thalamus. The subcortical injury may be related
specifically to the F344 rat strain and/or may demonstrate the features of secondary neuronal
degeneration during long-term survival. Extensive apoptosis, delayed and selective neuronal
loss, and reactive gliosis have been demonstrated in subcortical structures following MCAo
in different animal models (Tamura et al., 1991; Soriano et al., 1996; Watanabe et al., 1997,
1998; Dihne et al., 2002; Hobohm et al., 2005). Secondary degeneration in the thalamus has
been observed clinically in patients with cerebral infarction in the territory supplied by the
MCA (Herve et al., 2005), and should not be mistaken for further cerebral infarction (Ogawa
et al., 1997). Mechanisms of secondary brain injury may depend on the region of brain
affected initially, and may be due to retrograde degeneration of thalamocortical projections
(Nordborg & Johansson, 1996) and neurotransmitter imbalances because of a loss of
GABAergic inhibition (Dihne et al., 2002).

The variability of ischemic injury in cortical and subcortical structures likely influenced the
neurological impairment and recovery following MCA/CCAo, and may have predisposed to
or caused the development of epileptic seizures. The variability in location and extent of
ischemic injury in both 4- and 20-month-old F344 animals suggested that the level of
ischemia or the response to ischemia was not uniform across groups and possibly due to
different factors. Ischemic injury in the aged animals did not result in larger infarcts than
those induced in younger animals, a finding that stands in contrast to studies that reported a
larger volume of ischemic tissue in older animals compared to younger ones (Futrell et al.,
1991; Davis et al., 1995; Wang et al., 2003) or when assessed at day 7 or 24 h after the
induction of the stroke (Kharlamov et al., 2000; Rosen et al., 2005), respectively.
Interestingly, however, is that a study with young and aged mice in the MCAo model that
measured the volume of atrophy at a later time point, i.e., 30 d after ischemia, showed that
the brain tissue loss was less in aged than in young animals (Manwani et al., 2011).

Our findings provided evidence of increased activation of astrocytes, which is commonly
found in normal brain aging and CNS lesions. For example, increased expression of
vimentin and GFAP has been observed following ischemia (Petito et al., 1990, Schmidt-
Kastner et al., 1990, 2005 Lin et al., 1993; Jorgensen et al., 1993; Petito and Halaby, 1993)
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and traumatic brain injury (Baldwin & Scheff, 1996; Hill et al., 1996). In temporal lobe
epilepsy, a glial scar is frequently associated with the epileptogenic focus, and is similar to
that found after brain injury (Hoeppner and Morrell, 1986). In the present study, signs of
glial activation in the thalamus, which typically precede secondary degeneration, were seen
in most 20-month-old animals, but not in all 4-month old animals, and were related to
severity of ischemic injury. Age-related deficits in the brain recovery might be associated
with a stronger reactive astrocytic response in aged animals (Goss and Morgan, 1995;
Gordon et al., 1997), and prolonged and increased activation of astrocytes, especially in the
hippocampus and thalamus, might contribute to poststroke epilepsy. Conversely,
spontaneous epileptic seizures may also cause reactive gliosis (Drage et al., 2002). Large
cortical infarcts and the associated morphological changes of neurons and astrocytes by
occlusion/reperfusion and secondary degeneration/injury in subcortical structures may also
contribute to poststroke epileptogenesis (Tamura et al., 1991; Burn et al., 1997; Berg, 2003,
Lamy et al., 2003, Camilo and Goldstein, 2004).

4.6. Study limitations

There were several limitations to this study. Foremost among them were the effects of
morbidity and mortality that limited the number of animals in the different cohorts and
restricted the times of recordings to a very brief duration compared to standard practices
using continuous video-EEG monitoring following experimentally-induced brain injury.
Specifically, the small sample sizes of the different cohorts resulted in low power to detect
significant differences among them. In addition, the decision to limit the recording time for
the 4-month-old cohorts to that felt necessary for the survival of the 20-month-old cohorts
(up to 2 months post-lesioning) was at the expense of potentially additional ictal data that
may have been obtained with extended monitoring of the 4-month-old cohorts. It remains
uncertain as to why 20-month-old sham-operated animals demonstrated grade 3 and 5
seizures in this study but raises the possibility of an age-related propensity to seizure activity
in the F344 strain, perhaps enhanced by underlying morbidities. Although recording screws
caused mild concave bowing of the skull sufficient to secondarily cause mild indentations of
the brain in some animals (Kadam et al., 2017), the screws did not perforate the brain;
anchoring screws did perforate the dura in several animals but only in the lateral cerebellar
hemispheres, which are not likely to cause or contribute to ictogenesis in the different
animals. Eliminating these issues in a larger study would clarify and delineate the age-
related propensity of poststroke epileptogenesis following severe ischemia induced by
arterial occlusion.

5. Conclusions

The findings of this study indicated that when using Fisher 344 rats, spontaneous seizures
could be recorded within 2 months following transient unilateral occlusion of the MCA and
CCA, which resulted in moderately-sized ipsilateral infarcts of both cortical and subcortical
structures. Although there was no demonstrated interaction between age and infarction, both
factors had significant effects on seizure frequency; there was no difference in infarct
volumes between the two age groups. The findings suggest that the potential development of
poststroke epilepsy may be enhanced by using young adult or mid-aged animals rather than
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juvenile animals, and that potentially confounding comorbidities are best avoided by not
using aged animals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

. Seizures occurred within 2 months in 4- and 20-month lesioned and 20-month
sham rats

. Both age and infarction independently had effects on seizure frequency

. There was no interaction between age and infarction on seizure frequency

. There was no difference in infarct volumes between 4- and 20-month lesioned
animals

. All animals had intermittent solitary myoclonic convulsions arising out of
sleep
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Figure 1.
Positions of screws in the rat skull used as electrodes or for anchoring the headset.

Electrodes are designated to indicate relative positions over the cerebral cortex. F=frontal;
C=frontoparietal; P=parietal; 3=left; 4=right. The shaded area represents the superior limit
of the infarct, which occurs over the lateral convexity of the brain.
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Myoclonic convulsion occurring during sleep in a 20-month-old animal 1 month after
lesioning. A. Left panel shows the animal asleep; right panel shows the animal during the

myoclonic convulsion. B. Generalized low amplitude alpha (9 Hz) activity prior to
movement artifact (1 sec) associated with the convulsion, followed by brief (2 sec) parietally
dominant rhythmic theta (5.5 Hz) activity. First superimposed vertical cursor corresponds to

A (left panel); second cursor to A (right panel). F=frontal; C=frontoparietal; P=parietal;

3=left; 4=right.
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A

Figure 3.
Continuous grade 5 seizure activity and corresponding EEG recording of a 20-month-old

animal 5 weeks after lesioning. A. Grade 5 convulsive seizure. B. Following the initial 3
seconds of recording, there is a 2-second period of isoelectricity during which the animal
ceased convulsing, followed by a 10-second period of resumed grade 5 seizure activity
before generalized isoelectricity and sudden death of the animal. Superimposed vertical
cursor corresponds to A. F=frontal; C=frontoparietal; P=parietal; 3=left; 4=right. Infarct
volume was 60.95 mm3. No specific abnormality was recognized on gross inspection of the
brain other than the cortical infarct.
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Figure 4.
Seizure frequency analyzed by 2 x 2 factorial ANOVA revealed that both age and infarction

factors had significant effects on seizure frequency (p = 0.012 and 0.014, respectively)
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Figure 5.
Seizure frequency (seizures/day) in sham-operated and lesioned 4- and 20-month-old

animals.
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Figure 6.
Convulsive seizure durations. A. Mean durations of grade 3 seizures in 20-month-old sham-

operated and 4- and 20-month-old lesioned animals. B. Mean durations of grade 4 and 5
seizures in the same cohorts as in A.
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Figure 7.
NeuN-immunostained coronal brain sections demonstrate the infarct cavities (*) in the

frontoparietal cortex of 4- and 20-month-old F344 animals 2 months after MCA/CCAo.
Note the darkened areas of ischemic injury in the ipsilateral basal ganglia and thalamus,
which appear more prominent in the 20-month-old animal.
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Figure 8.
Graphic representation of the relationship between behavioral score and cortical infarct

volume. The plot separates young rats (black squares) from older rats (red squares). It is
clear that, either in all rats or in each age group, there exists a positive correlation between
behavioral score and cortical infarct volume.
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Figure 9.
Immunoreactivity (IR) in 20-month-old lesioned animals. A. NeuN IR of the cerebral cortex

of the hemisphere ipsilateral (IH) and proximal to the infarct (an asterisk [*] in the left lower
corner of A marks the area of the infarct core) is markedly decreased compared to the
homotopic area (B) of the contralateral hemisphere (CH). Note A and B are displayed as
mirror images. C,D. GFAP IR was enhanced in the thalamus (C) compared to the homotopic
area (D). E,F. Vimentin IR is increased in the ipsilateral hemisphere (E) in the scar boundary
zone and the internal capsule (IC). An asterisk (*) marks the area of infarct; the lateral
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ventricle (LV) is enlarged. The scar boundary zone shown in (E) is rotated ~90 degrees
clockwise and magnified in (F) demonstrating underlying reactive astrocytosis.
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Table 2

Correlation analysis of infarct volume and behavioral score

4 mo lesioned animals (n = 6)

20 mo lesioned animals (n = 5)

Behavioral Score | Lesion Volume (mm3) | Behavioral Score | Lesion Volume (mm3)
6.7 35 8.4 70.7

5.8 14.22 5.8 101.47

7 25.65 1.7 60.95

5.8 6.13 6.4 7.6

9.3 84.9 4.4 11.46

12.8 37.51

r=0.5165 r=0.3998

p =0.2941 p = 0.5049

Overall: r =0.3097; p = 0.3450

The p-value (two-tailed) represents the significance of the correlation coefficient, given the rvalue and degrees of freedom.
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