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Abstract
While the onset and extent of epilepsy increases in the aged population, the reasons for this increased
incidence remain unexplored. The present study used two inbred strains of mice (C57BL/6J and
FVB/NJ) to address the genetic control of age-dependent neurodegeneration by building upon
previous experiments that have identified phenotypic differences in susceptibility to hippocampal
seizure-induced cell death. We determined if seizure induction and seizure-induced cell death are
affected differentially in young adult, mature, and aged male C57BL/6J and FVB/NJ mice
administered the excitotoxin, kainic acid. Dose response testing was performed in three-four groups
of male mice from each strain. Following kainate injections, mice were scored for seizure activity
and brains from mice in each age group were processed for light microscopic histopathologic
evaluation seven days following kainate administration to evaluate the severity of seizure-induced
brain damage. Irrespective of the dose of kainate administered or the age group examined, resistant
strains of mice (C57BL/6J) continued to be resistant to seizure-induced cell death. In contrast, aged
animals of the FVB/NJ strain were more vulnerable to the induction of behavioral seizures and
associated neuropathology after systemic injection of kainic acid than young or middle-aged mice.
Results from these studies suggest that the age-related increased susceptibility to the neurotoxic
effects of seizure induction and seizure-induced injury is regulated in a strain-dependent manner,
similar to previous observations in young adult mice.
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Knowledge about the influence of aging on the susceptibility of the brain to seizure disorders
is of critical importance in geriatric medicine and public health. Epilepsy is the most common
neurological disorder after stroke, affecting more than 50 million persons worldwide and with
a 2–3% life time risk of being given a diagnosis of epilepsy (Browne and Holmes, 2001).
Currently it is well known that there is a significant incidence of epilepsy in children. However,
less clearly recognized but of increasing importance is the significant incidence of epilepsy in
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the elderly population. Recent studies in the United States and Europe indicate that the age-
specific incidence of epilepsy is higher in those over the age of 65 years than in those in the
first decade of life (Tallis et al., 1991; Hauser, 1992; DeLorenzo et al., 1997; Treiman et al.,
1998; Wallace et al., 1998; Epilepsy Foundation of America, 1999).

While in the elderly, this pattern can partly be explained by the age of occurrence of diseases
associated with the onset of seizures (e.g. Alzheimer’s disease, cerebrovascular disease, and
brain tumors), the incidence of convulsive disorders in the elderly is increased even among
those with unprovoked seizures without an identified cause (reviewed in Hauser, 1992). Case
studies suggest that aging alone may have an epileptogenic effect on the neuron and descriptive
case studies and results from animal studies have suggested that advancing age increases the
vulnerability to both seizure induction and acute neurological events for partial epilepsy and
possibly for generalized-onset epilepsy, as well (reviewed in Wozniak et al., 1991; Hauser,
1992; Kerr et al., 2002). However, while it has been suggested that old age is the most common
time for people to develop seizures (Hauser, 1992; Wallace et al., 1998), little is known about
whether aging per se is an independent risk factor for epileptogenesis. Likewise, while epilepsy
is one of the most common neurological conditions, our understanding of the molecular
pathways that regulate cell death after seizure activity remain in their infancy and largely lag
behind work in other areas of brain injury.

The use of animal models has been an essential component in the discovery and development
of new drugs for the treatment of epilepsy. While a number of experimental animal models
have been developed to help elucidate the pathophysiology of this condition (reviewed in
Löscher, 1997, 2002; Coulter et al., 2002; Morimoto et al., 2004), one of the most widely used
animal models of temporal lobe epilepsy (Sperk, 1994) involves the systemic administration
of chemoconvulsants, such as kainic acid (KA), a potent agonist of the AMPA/kainate class
of glutamate receptors. Systemic and intracerebral administration of kainic acid (KA) initially
induces a characterized pattern of seizure activity (Coyle, 1983) that lasts for hours, followed
by a latent seizure-free period of weeks, preceding the development of spontaneous recurrent
focal seizures that begin between 3–4 weeks (Brandt et al., 2003). In addition, administration
of kainic acid activates ionotropic glutamate receptors (iGluRs), and selectively induces
excitotoxic cell death in the CA3 and CA1 hippocampal subfields and within the dentate hilus,
while sparing neurons in the CA2 subfield and the dentate granule cell layer (Nadler et al.,
1978; Schwob et al., 1980; Nadler, 1981; Ben-Ari, 1985). Furthermore, there is a direct
relationship between the generation of epileptiform activity and the extent of damage in
hippocampal subfields (Ben-Ari, 1985; Okazaki and Nadler, 1988). Many features of this
rodent model, such as hippocampal sclerosis and mossy fiber sprouting, resemble human
temporal lobe epilepsy. As a result, the kainate model replicates several phenomenological
features of human temporal lobe epilepsy and can be used as an animal preparation to
understand the basic mechanisms of epileptogenesis (Ben-Ari, 1985; Turski et al., 1989;
Buckmaster and Dudek, 1997). While a large number of studies have addressed age-dependent
effects on susceptibility to seizure-induction and seizure-induced cell damage during
development (Haas et al., 2001; Baram et al., 2002; Galanopoulou et al., 2002; Lado et al.,
2002), few studies have addressed an age-dependent analysis of seizure-induced cell death
susceptibility. The present study was aimed at investigating the age-related induction of KA-
induced seizure severity in mice and the relation to seizure-induced cell death.

EXPERIMENTAL PROCEDURES
Animals

Young (2 month old), middle-aged (12 months) and old (18 months) male C57BL/6J mice,
obtained from the NIA aging colony, and FVB/NJ mice, aged in-house, were used as animal
subjects. Animal experiments were carried out in accordance with the National Institutes of
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Health Guide for the Care and Use of Laboratory Animals and approved by the Institutional
Animal Care and Use Committee (IACUC) at the University of Southern California. Every
effort was made to minimize the number of animals used and their suffering. FVB/NJ mice
were 7–8 months of age when purchased and aged in-house in the animal facilities for an
additional period of 5–11 months before use.

Kainic acid administration
Kainic acid (Diagnostic Chemical, Ltd., Charlottetown, PEI) was dissolved in isotonic saline
(pH 7.3) and administered subcutaneously to adult male mice. Preliminary dose response
studies had defined seizure thresholds and revealed consistent seizures among all six inbred
mouse strains, with a mortality of less than 25% with a dose of 25 mg/kg, s.c. (Schauwecker
and Steward, 1997). Dose response testing was performed in three-four groups of male mice
(n=7 mice/group) from each strain; 10-, 15-, 20-, 25- and 30-mg/kg doses of KA were injected
subcutaneously (s.c.). KA solutions were prepared fresh on the day of each experiment and
each animal received only one injection.

Seizure testing
Following KA injections, mice were placed in clear plastic cages and monitored every 15 min
for 4 h for the onset of locomotor activity and behavioral manifestations of limbic seizure
episodes. As described previously (Schauwecker, 2000; Schauwecker et al., 2000;
Schauwecker, 2002a,b; Santos and Schauwecker, 2003), these episodes commenced with
automatisms including staring, rigidity, and immobility, followed by jaw movements, blinking,
and head bobbing, and forelimb clonus. The next stage of seizures which consisted of rearing,
forelimb/head clonus, and tonic/clonic seizures, postural imbalance, and uncontrolled running
and jumping defined the latency to first maximal seizure. Status epilepticus was defined as
continuous behavioral seizure activity lasting at least 1 hour or a series of intermittent seizures
without restoration of normal behavioral patterns between successive seizures. Mice were
scored for seizure activity using a previously defined seizure scoring scale as follows (Racine,
1972): Stage 1, immobility; Stage 2, forelimb and/or tail extension, rigid posture; Stage 3,
repetitive movements, head bobbing; Stage 4, rearing and falling; Stage 5, continuous rearing
and falling; Stage 6, severe tonic-clonic seizures. Seizure parameters monitored included
latency of convulsions, duration of seizure activity, and mortality.

Histological staining
In order to evaluate the severity of KA-induced excitotoxic brain damage in different strains
of mice, brains from each strain of mice were processed for light microscopic histopathologic
evaluation according to previously published methods (Schauwecker et al., 2004). Briefly,
seven days after seizure induction by KA, mice were anesthetized with Avertin and
transcardially perfused with 4% paraformaldehyde in 0.1M phosphate buffer (pH 7.4). Brains
were removed and post-fixed in 30% sucrose for at least 12–18 hours for cryoprotection.
Horizontal (35 μm) sections were cut on a sliding microtome and immersed in phosphate buffer
(pH 7.4); free-floating until histological processing was started. Every sixth section (~210
μm) was processed for cresyl violet staining to assess cell loss and morphology. An alternate
series of sections were stained with a modified Gallyas silver stain, which stains degenerating
fibers, synaptic terminals, and cell bodies (Nadler and Evenson, 1983; as modified in
Schauwecker, 2003), and examined for the appearance of degenerative debris. An additional
series of sections were stained with Fluoro-Jade C, a fluorescent marker for dying neurons,
according to the method outlined previously (Schmued et al., 2005). Briefly, horizontal sections
were mounted from 0.1M phosphate buffer (pH 7.4) onto gelatin-coated slides and allowed to
air-dry for several hours. Slides were then immersed in absolute alcohol for 3 min, followed
by 70% ethanol for 2 min, and distilled water for 2 min. The slides were transferred to 0.06%
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potassium permanganate for 15 min. After rinsing with distilled water for 2 min, the slides
were incubated for 30 min in 0.001% Fluoro-jade solution (Chemicon, Temecula, CA) made
in 0.1% acetic acid. Slides were rinsed briefly in water, allowed to air dry for several minutes,
cleared in xylene, and coverslipped with non-fluorescent mounting media (Kirkegaard & Perry
Laboratories, Gaithersburg, MD).

Neuronal loss quantification
We counted cells in defined areas of CA1, CA3, the dentate hilus, and the dentate gyrus in a
blinded manner using unbiased stereological methods on cresyl violet-stained sections as
described (Schauwecker and Steward, 1997; Schauwecker et al., 2000). The number of Nissl-
stained neurons in area CA3, area CA1, the dentate hilus, and the dentate gyrus were counted
in both the right and left hippocampus and counting was initiated within the ventral
hippocampus at the first point where hippocampal subfields could be easily identified. This
level corresponded to horizontal section 54, based on the atlas of Sidman et al. (1971).
Hippocampal subfields were based on Franklin and Paxinos classification (1997) and
discrimination between the CA3 and dentate hilus region was based on morphological features
and locations of the cells (West et al., 1991). Specifically, for dentate hilar cell counts, the hilus
was operationally defined as the region bordered by the supra- and infrapyramidal granule cell
layers and excluding the densely packed pyramidal neurons of area CA3.

Neuron counts were made in all subfields and the numbers for each side were averaged into
single values for each animal. Surviving cells were counted only if they were contained within
the pyramidal cell layer, dentate hilus, or dentate gyrus, possessed a visible nucleus and
characteristic neuronal morphology, and had a cell body larger than 10 μm. Six square counting
frames (200 × 200 μm) were randomly placed in the pyramidal layer of fields CA1 and CA3
or in the dentate hilus or dentate gyrus in 4–5 regularly-spaced horizontal sections from each
animal. Neuronal nuclei were evaluated at three different focal planes and only those in the
focal plane were counted with a 40X objective and considered as a counting unit. Stereological
analysis was performed with the aid of Image-Pro Plus software (Media Cybernetics, Inc.,
Silver Spring, MD) in combination with a SPOT digital camera (Diagnostic Instruments, Inc.,
Sterling Heights, MI), and a motorized Z-stage (Optiscan, Prior Scientific, Fairfax, VA). Final
cell counts are expressed as the percentage of cells as compared to intact mice. Results were
assessed statistically by one-way ANOVA using the computer program, SigmaStat (Jandel
Scientific, San Rafael, CA), and intergroup differences were analyzed by the Student Newman-
Keuls post hoc test. Data were considered significant at P<0.05.

RESULTS
We have previously demonstrated that certain strains of mice are strongly resistant to seizure-
induced excitotoxic cell death in spite of similar seizure severity (Schauwecker and Steward,
1997; Schauwecker et al., 2000; Schauwecker, 2000; 2002a,b). Here we asked whether: 1) age
can act as a risk factor to increase the susceptibility of mice to kainate-induced behavioral
seizures and seizure-induced hippocampal cell loss; and 2) genetic susceptibility to seizure-
induced cell death is affected by age.

Strain differences in seizure parameters among young adult mice
Young adult mice from both strains exhibited dose-dependent increases in behavioral seizure
scores (see Seizure incidence in Tables 1,2) and in the duration of severe seizures (Tables 1,2).
However, while dose-dependent increases in mortality were observed in both strains, a strain-
dependent difference in mortality was only observed at a dose of 15 mg/kg, with FVB/NJ mice
displaying a significant increase in mortality as compared to C57BL/6J mice. No other
significant differences in seizure severity were observed at the other doses of kainate. Similarly,
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the dose of KA effective for producing limbic status epilepticus in 50% of mice in each group
(ED50) was different between strains (Fig. 1). While mice of the FVB strain appeared to enter
status epilepticus at a dose of 15 mg/kg of kainate, between 15–20 mg/kg of kainate elicited
status in the B6 strain.

Strain differences in seizure parameters among middle-aged mice
Similar to our observations in young adult mice, irrespective of mouse strain, a dose-dependent
increase in seizure incidence was observed (Tables 1,2). In contrast, latency to severe seizures
decreased in a dose-dependent manner only in B6 mice, and remained unchanged irrespective
of dose in FVB mice. While in general, the duration of severe seizures did not differ
significantly across doses in either mouse strain, a significant strain-dependent difference in
seizure duration was noted at the highest dose (20 mg/kg) of kainate in mature mice in that
FVB mice exhibited seizures for a significantly longer period of time as compared to B6 mice.
Similar to previous observations in young adult mice, mortality increased in both strains in a
dose-dependent manner. A significant strain-dependent difference in mortality was observed
at a dose of 15 mg/kg kainate with approximately 69% of FVB mice dying while no B6 mice
died at this dose. Similarly to our observations in young adult mice, while the ED50 for status
in mature animals was 10 mg/kg for FVB mice, it was between 15–20 mg/kg of kainate in the
B6 strain (Fig. 1).

Strain differences in seizure parameters among aged mice
The most striking difference among this age group was the heightened sensitivity of aged mice,
irrespective of dose and strain, to KA. Nearly all mice exhibited severe seizures at all doses of
kainate. In addition, irrespective of strain, latency was decreased in a dose-dependent manner
(Tables 1,2). A significant strain-dependent difference in latency was observed at the lowest
dose of kainate (10 mg/kg) with FVB mice exhibiting a significantly reduced latency to onset
of severe seizures. In contrast, no strain-dependent differences in either seizure duration or
mortality were observed. A significant strain-dependent difference in the ED50 for status was
observed in that a kainate dose of 10–15 mg/kg in B6 mice triggered status, while it was already
saturated at 10 mg/kg for FVB mice (Fig. 1).

Effect of age on susceptibility to seizure-induced cell death: Young adult mice
Previously, we had discovered that commonly used mouse strains exhibit differences in
susceptibility to kainic acid-induced cell death in the hippocampus. Following systemic
administration of KA to young adult B6 and FVB mice, comparable seizure activity (e.g. no
differences in time spent in status epilepticus or duration of seizures) is observed. However,
resistant strains of mice (B6) show essentially no cell death within the hippocampus or within
any other region of the brain. Our results in the young adult (2 month) group replicate these
findings. In particular, irrespective of the dose of kainate administered to young adult mice,
we found a significant strain-dependent difference in susceptibility to seizure-induced cell
death (Figure 2; Figure 5). However, within the FVB strain, cell loss in the three hippocampal
subfields (hilus, area CA3, area CA1) did not differ in a dose-dependent manner (Figure 2;
Table 3).

Effect of age on susceptibility to seizure-induced cell death: Middle-aged mice
Among mature (12 month old) mice, a significant strain-dependent difference in seizure-
induced cell loss was still observed irrespective of the kainate dose (Figure 3; Figure 5). Among
FVB mice, while cell loss was not detectable at a dose of 10 mg/kg, a significant reduction in
hippocampal neurons within the dentate hilus (F=11.834; P=0.001), area CA3 (F=16.306;
P<0.001) and area CA1 (F=5.895; P=0.016) was observed at both the 15- and 20-mg/kg doses
of kainate (Fig. 3B,C; Figure 6). It is important to note that while we did not observe a
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significant increase in the extent of hippocampal cell loss between the 15- and 20-mg/kg kainate
doses, cell loss was increased in a dose-dependent manner among all three hippocampal
subfields (Table 3).

Effect of age on susceptibility to seizure-induced cell death: Aged mice
Aged B6 mice continued to retain their resistance to kainate-induced cell death irrespective of
the dose of kainate administered (Figure 4; Figure 5). However, cell death in FVB/N mice,
administered the lowest dose of kainate (10 mg/kg), was restricted solely to the dentate hilus
(Fig. 4A; Table 3), with no significant signs of cell death observed in either area CA3 or CA1.
The most dramatic reduction in hippocampal number across all 3 subfields was observed at a
dose of 15 mg/kg (Fig. 4B; Table 3). Interestingly, cell loss was only significantly reduced in
the dentate hilus and in area CA3 at a dose of 20 mg/kg kainate (Fig. 4C; Figure 6). While
some hippocampal cell loss was noted in area CA1, it was not significantly reduced as
compared to intact animals (Fig. 4C; Table 3; Figure 6).

DISCUSSION
This study used the kainate chemoconvulsant model to determine whether age is a risk factor
for kainate-induced seizures and seizure-induced cell death in middle-aged and aged mice in
comparison with established outcomes in young adult mice that are differentially susceptible
to kainate-induced cell death. As a first step towards addressing the mechanism regulating
susceptibility differences, we wanted to determine whether the variable response to kainate
seizure induction and excitotoxic injury results from differences in pharmacological sensitivity
to kainate. We found that, irrespective of mouse strain, aging mice showed increased behavioral
seizure severity to kainate. In general, mice of both strains and all age groups exhibited the
behavioral manifestations typically evoked by convulsant doses of KA. In addition,
vulnerability of the hippocampus to KA increased with age in FVB mice, while no obvious
damage was observed in B6 mice irrespective of their age. Results from this study highlight
two important principles. First, resistance to KA continues throughout the lifespan of B6 mice,
as aged mice continue to be resistant to the neurotoxic effects of KA. Second, aging increases
the vulnerability to induction of KA-induced seizures and associated neuropathology in FVB
mice.

Our finding that aging increased behavioral seizure sensitivity to systemic kainate
administration in both mouse strains is in agreement with previous reports (Wozniak et al.,
1991; Dawson and Wallace, 1992). In particular, Dawson and Wallace (1992) reported a
significant reduced latency to full clonic-tonic seizures in aged Long-Evans and F-344 rats. As
well, the number of seizures was also significantly increased above that of controls. Similarly,
Wozniak et al. (1991) found that middle-aged and old rats were significantly more sensitive
than young rats to the seizure-inducing properties of kainate. In our study, among the age groups
assessed, the most significant difference was the increased sensitivity to the seizure-induction
properties of kainate in the oldest age group of mice (18 mos.). Irrespective of strain, a
significant upward shift in the percentage of mice achieving status was observed. However, it
is interesting to note that while there was a significant age-effect among all three age groups
in FVB mice, among B6 mice, a significant age-effect was only noted when comparing the
aged group to the young and middle-aged groups.

The increased sensitivity of aged mice to the proconvulsant actions of KA could reflect age-
related changes in limbic and extra-limbic network activity. In particular, Darbin et al.
(2004) found an age-related reduction in fast frequencies in EEG recordings and behavioral
characteristics elicited during kainate treatment in aged Fischer 344 rats, suggestive of a change
in seizure network activity. Alterations in seizure network activity could result from age-related
alterations in synaptic connectivity (Barnes and McNaughton, 1980; Rapp et al., 1999; Smith

McCord et al. Page 6

Neuroscience. Author manuscript; available in PMC 2009 June 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



et al., 2000), electronic coupling (Barnes et al., 1987), receptor and channel properties (Pitler
and Landfield, 1990; Gutiérrez et al., 1996), or the number and type of neurons (Shetty and
Turner, 1998; Cadiacio et al., 2003; Stanley and Shetty, 2004).

Age-related alterations in neurotransmitter and second messenger systems in the brain could
also play a role in altering the sensitivity of aged mice to the proconvulsant actions of KA. In
particular, alterations in seizure sensitivity to kainate could result from the decline in glutamate
receptor densities observed in aged rodents (Tamaru et al., 1991; Carpenter et al., 1992; Clark
et al., 1992). Several studies have recognized age-related changes in the density and function
of the different ionotropic glutamate receptors (Gonzales et al., 1991; Pittaluga et al., 1993;
Nicoletti et al., 1995; Magnusson, 1998; Mitchell and Anderson, 1998; Wenk and Barnes,
2000). Although still somewhat controversial, many studies have shown that the expression of
AMPA-, KA- and NMDA-sensitive receptors as well as the GABAA receptor is either constant
or variably diminished in many different brain regions including the hippocampus during aging
(Gonzales et al., 1991; Pittaluga et al., 1993; Le Jeune et al., 1996; Nicolle et al., 1996; Eckles-
Smith et al., 2000; Kuehl-Kovarik et al., 2000; Magnusson, 2000; Sonntag et al., 2000; Wenk
and Barnes, 2000; Adams et al., 2001; Clayton and Browning, 2001; Clayton et al., 2002;
Lerma et al., 2001). Differences in a variety of other factors, including voltage-gated calcium
channels (Vigues et al., 1999; Kelly et al., 2003), androgen levels (Mejias-Aponte et al.,
2002; Ramsden et al., 2003; Ciriza et al., 2004), and GABA receptor function (MacGregor et
al., 1997; Ma et al., 2001) which have been shown to modulate kainate-induced seizure activity
in young animals, may modulate susceptibility in aged animals as well.

With regard to the age-dependent increase in susceptibility to KA-induced neuronal damage
in FVB mice, our results are in agreement with previous studies in rats (Wozniak et al.,
1991; Golden et al., 1995; Kesslak et al., 1995). Regardless of age, all FVB mice observed to
be in status epilepticus, exhibited the well-documented acute neuropathologic response to
convulsant doses of KA (Nadler et al., 1980a,b; Schwob et al., 1980; Nadler, 1981; Coyle,
1983; Sperk et al., 1983; Ben-Ari, 1985; Jarrard and Meldrum, 1993; Olney, 1994), while no
obvious damage was observed in C57BL/6 mice. While the mechanisms whereby neuronal
cells die following an excitotoxic insult are not fully understood, it has been hypothesized that
a variety of cascades involving biochemical and electrophysiological events combine to
produce neuronal damage (Choi, 1992; Whetsell, 1996; Michaelis, 1998; Nicholls and Budd,
1998; Sattler and Tymianski, 2000). As the neurodegeneration that occurs after kainate-induced
status epilepticus has the features of delayed excitotoxic cell death (Meldrum, 1993; Aarts and
Tymianski, 2003; Malva et al., 2003), current models of excitotoxicity have suggested that
damage is mediated through a mechanism involving the activation of presynaptic glutamate
receptors and the excessive release of glutamate (Choi, 1992, 1994). Despite findings that there
is an age-related component to kainate toxicity (Auer, 1991; Kesslak et al., 1995), the molecular
basis for this difference in kainate-induced seizure susceptibility is not clear.

In agreement with our reported results of greater damage in aged FVB/N mice following kainate
administration, other aged animals and humans also appear to exhibit greater excitotoxic
damage following experimental kainate than young controls (Auer, 1991; Wozniak et al.,
1991; Kesslak et al., 1995). At present, the mechanisms responsible for age-dependent
regulation of seizure–induced cell damage remain unclear. Reports using systemic
administration of KA show that vulnerability of the hippocampus to KA increases with aging
and while many factors may contribute, alterations in blood-brain barrier permeability may be
one of these contributing factors as exemplified by the increased permeability of the blood
brain barrier in aged animals (Wozniak et al., 1991; Dawson and Wallace, 1992; Kesslak et
al., 1995). In particular, injection of glutamate analogs either systemically or intracerebrally
can cause BBB breakdown in some regions of the brain, such as the hippocampus (Nitsch and
Hubauer, 1986; Ruth, 1986; Ruth and Feinerman, 1988). Furthermore, differences in the ability
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of aging animals to metabolize kainate or the pharmacokinetics of drug delivery may produce
alterations in CNS bioavailability of the drug.

CONCLUSION
In summary, our findings demonstrate that seizure susceptibility in both strains increases with
advancing age. Among FVB mice, seizure-induced cell death becomes more pronounced with
advancing age, while C57BL/6 mice continue to be resistant to KA-induced cell death. Future
studies will need to reveal the risk factors and mechanisms responsible for differential
vulnerability to glutamate excitotoxicity between these two mouse strains and the interaction
with age. Besides differences in glutamate receptor expression or responsiveness, alterations
in the activity of inhibitory pathways in the hippocampus could also underlie the differential
vulnerability of the hippocampus to kainate. An improved understanding of the mechanisms
responsible for aging as a risk factor is a necessary first step in the development of
neuroprotective treatments that can be applied to individuals most likely at risk of developing
epilepsy.
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Fig. 1.
Dose-response curves of kainate-induced seizures in 3 different age groups of mice (C57BL/
6J and FVB/NJ). Dose-response curves for convulsant effects of KA were expressed as the
percentage of animals (n=12 mice per data point) displaying Racine Stage 5 seizures in
response to systemic kainate injection (mg/kg). The dotted horizontal line depicts the ED50
value, which is a dose predicted to induce Racine Stage 5 seizures in 50% of animals.
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Fig. 2.
Quantification of kainate-induced neuronal damage in hippocampal subfields at 4 different
doses of KA in young adult C57BL/6J and FVB/NJ mice. A strain-dependent difference in cell
loss in the dentate hilus, area CA3 and area CA1 was observed at 7 days following KA
administration in FVB/NJ mice irrespective of the dose of kainate administered. Data represent
the mean ± SEM of at least 8 mice/strain. *P<0.05. DG, dentate gyrus; H, hilus; CA3, area
CA3; CA1, area CA1.
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Fig. 3.
Quantitative analysis of neuronal density in hippocampal subfields following administration
of 3 different doses of KA to middle-aged C57BL/6 and FVB/NJ mice. While no cell loss as
observed at the lowest dose of KA (A), a significant increase in cell loss was observed in the
dentate hilus, and areas CA3 and CA1 of FVB/NJ mice seven days following KA
administration. Data represent the mean ± SEM of at least 8 mice/strain. *P<0.05.
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Fig. 4.
Quantitative analysis of neuronal density in hippocampal subfields following systemic
administration of KA at 3 different doses to two strains of aged mice. Strain-dependent
differences in cell loss in the dentate hilus were observed at all 3 doses of KA. In contrast,
strain-dependent differences in cell loss in area CA3 were observed at only the two highest
doses (B and C), while cell loss in area CA1 was only observed at a dose of 15 mg/kg (B). No
significant differences in the extent of cell loss were observed 7 days following administration
of KA, irrespective of dose, in C57BL/6J mice. Data represent the mean ± SEM of eight mice/
dose for each strain. *P<0.05.
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Fig. 5.
Neuronal cell loss following kainate administration in C57BL/6J and FVB/NJ mice is strain-
dependent in three different age groups of mice. Low- and high-power photomicrographs of
cresyl violet-stained horizontal sections of the hippocampus showing the destruction of neurons
in the CA3 and CA1 subfields and within the dentate hilus 7 days after kainate administration
in all three age groups of FVB/NJ mice. In contrast, no cell loss was evident in C57BL/6J mice
of any age group following kainate administration. CA3, CA3 pyramidal cell layer; CA1, CA1
pyramidal cell layer; H, hilus. Scale bars, 750 μm (low-power photomicrographs); 350 μm
(high-power photomicrographs).
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Fig. 6.
Comparison of susceptibility to kainate-induced cell death in FVB/NJ mice of three different
age groups. Photomicrographs of Fluoro-Jade C-stained horizontal hippocampal sections at
low and high magnification showing loss of neurons within the hippocampus in three age
groups of FVB/NJ mice 7 days following kainate administration. Note the degeneration of
neurons in the dentate hilus, and in the CA3 and CA1 subfields of the hippocampus as
demonstrated with the fluorescent marker, Fluoro-Jade C. CA1 and CA3 denote the
hippocampal subfields; H, dentate hilus. Scale bars: low-power photomicrographs, 750 μm;
high-power photomicrographs, 100 μm.
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