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1. Introduction

Neurogenesis, the creation of new neurons, has been determined to occur in several areas

of the adult brain, including in the olfactory bulb, along the ventricular walls of the

subventricular zone, and in the dentate gyrus (Scharfman, 2003). The dentate gyrus (Figure 1), a

region of the hippocampus, has been observed to generate many new neurons, particularly new

dentate granule cells (Gould and Cameron, 1996; Gage et al., 1998), throughout life

(Kempermann et al, 2002; Cameron and McKay, 2001). The exact purpose and the implications

of this neurogenesis remain unknown, however. Some of the triggers for hippocampal

neurogenesis include experimental trauma, stroke (Sharp et al., 2002; Liu et al., 1998, 2002),

various types of seizures, including those evoked by electroshock (Scott et al., 2000), kindling

(Parent et al., 1998), and chemoconvulsants, which can induce very severe seizures (status

epilepticus; Parent et al., 1997; Scharfman et al., 2000; Covolan et al., 2000).

It has been observed

that, following status

epilepticus, many newly formed

neurons in the dentate gyrus

migrate into the granule cell

layer (Parent et al., 1997).  New

neurons have also been

observed to incorrectly migrate

into the hilus, another region of

the dentate gyrus (Scharfman et al., 2000). The exact mechanisms that cause the migration of

these new "ectopic" cells into the hilus are unknown. Possible causes include an excessive

 
Figure 1: The main regions of the dentate gyrus include the hilus, the 
granule cell layer, and the molecular cell layer, which is divided into 

CA1 (Cornu Ammonis  1), CA2 , and CA3.  
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increase in neurogenesis and consequent overflow of neurons to incorrect locations, or seizure-

induced gene expression of proteins that misdirect neurons. Examples of the latter are

chemokines and inflammatory cytokines which increase after seizure-induced damage (Rizzi et

al., 2003).

Several studies have indicated that the dentate gyrus and other structures are negatively

impacted following seizures. Specifically, the CA3 region of the dentate gyrus is visibly

damaged with many of the cells in this layer being completely destroyed (Scharfman, 2003).

Some neurons in the hilus are also damaged (Scharfman, 2003). However, a definite relationship

between the amount of hippocampal damage and the number of hilar ectopic cells following

seizures, mentioned earlier, has yet to be evaluated.

It is currently agreed that severe and continuous seizures, a condition termed status

epilepticus (abbreviated status), leads to damage in the brain, and that neurogenesis in the

dentate gyrus is substantial in all animals with status (Parent and Lowenstein, 2002). Common

models for inducing status epilepticus in the brain include two chemoconvulsants, kainic acid

and pilocarpine (Nadler, 1981; Turksi et al., 1989). Studies carried out in rat models have shown

that different methods of inducing status epilepticus result in similar amounts of neurogenesis

and damage (Parent et al., 1997; Gray and Sundstrom, 1998; Scharfman, 2003).

An issue that has not been sufficiently addressed, though, is whether there is a similar

correlation between neurogenesis and damage in different strains of the same species of animal.

Previous studies that tried to address a similar question in rats examined mossy fiber sprouting

and neuronal damage, and noted that while one strain showed more of both of these factors, there

was not a strong association between the mossy fiber sprouting and a sensitivity to status

epilepticus (Xu et al., 2004). There have so far been no indications that there would be
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associations between neurogenesis and damage in other animals, such as in mouse strains, and no

work has been done to study ectopic cell neurogenesis across mouse strains. For strains whose

genomic sequence has already been mapped, determining whether different strains of a particular

species exhibit different quantities of neurogenesis and damage following seizures could have

powerful implications. Knowing which strains suffer less damage could aid in the identification

of specific genes that control seizures, that cause damage, and that create new ectopic cells. This

study aims to determine whether such differences within a species actually do exist, in order to

motivate further research in identifying genes that control seizure-induced neurogenesis.

This research addresses two issues. First, it attempts to identify whether the number of

ectopic cells in the hilus varies across mouse strains following seizure-induced neurogenesis.

The second objective of the research is to determine whether damage to hippocampal tissue is

correlated with an increased number of ectopic cells in the hilar region of the dentate gyrus. This

would imply a potential relationship between seizure-induced damage and neurogenesis.  Neither

of these questions has been addressed in previously published research.

The motivation for this work came from a set of data from earlier experiments done by a

colleague, regarding the susceptibility of mice to pilocarpine-induced seizures. The mice used in

the experiments happened to come from two strains: the A/J and the DBA/J strains. Since both of

these strains have fully mapped genomes, this researcher decided to analyze the results of the

colleague’s experiments, to see whether there was a difference in the susceptibility to seizures

between strains. From a statistical point of view, therefore, the hypothesis that was first tested

using this data was:

Hypothesis 1: There are differences in seizure susceptibility between the A/J strain and

the DBA/J strain of mice, as measured by the latency period to status epilepticus.
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The result of Hypothesis 1 would determine whether there was sufficient cause to test the

following two logical hypotheses using tissue samples from these two strains:

Hypothesis 2: Given a similar period of seizures, seizure-induced neurogenesis and

ectopic granule cell formation is different in the two strains.

Hypothesis 3: The mouse strain with the more extensive seizure-induced damage

exhibits greater neurogenesis and a larger number of ectopic cells.

The experiments explained in Section 2, entitled “Preliminary Analysis,” that deal with

live animals were completed by the colleague who provided the data to this researcher. However,

in that section, the statistical comparison and analysis of those data that test Hypothesis 1 were

completed by this researcher. All subsequent experiments involving immunocytochemistry,

histology, and analyses were also completed by this researcher.

2. Preliminary Analysis

As already indicated, a preliminary analysis was carried out on the data from research

unrelated to the current research. This analysis was in the form of a statistical comparison of the

latency periods to status epilepticus, with an objective to provide evidence that there was a

difference in seizure susceptibility in the two mouse strains. The available data included

measurements of latency to status in the A/J and DBA/J strains of mice, with the following

procedure having been used to induce seizures.

Status Epilepticus: Adult, 10 week old A/J and DBA/J mice were used. The mice were

housed in standard temperature and humidity-controlled conditions in accordance with the

National Institutes of Health and the New York State Department of Health guidelines. The

environment was maintained on a 12-hour light/dark cycle and food and water were provided ad

libitum. The mice were injected with atropine methylbromide (.05 mg/kg s.c.) and then 30 min
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later with a chemoconvulsant, pilocarpine hydrochloride (doses of 220, 250, and 300 mg/kg i.p.).

The onset of status epilepticus was identified as being the first stage 5 seizure (Racine, 1972) that

lasted for more than several minutes. The latency to status epilepticus was defined as the amount

of time that had passed from the initial injection of pilocarpine to the onset of status epilepticus.

One hour after the onset of status epilepticus, diazepam (5 mg/kg i.p., Wyeth-Ayerst) was

administered to stop seizures. Approximately 5 hrs after the onset of status epilepticus, animals

were injected with 2.5 ml of 5% dextrose in lactated Ringer’s s.c. (Scharfman et al, 2002). All

animals were categorized in one of three ways: DBA/J control mice, DBA/J status mice, or A/J

status mice (control = animals that had no status after convulsant administration; status = animals

that had status epilepticus after convulsant administration). All injections of the mice and

observations of their responses were done by the colleague at the laboratory.

2.1. Statistical Comparison of the Latency Periods

A determination of whether statistical significance existed between the latency periods of

the A/J status mice and the DBA/J status mice was conducted through two-tailed, two-sample t-

tests of unequal variances, comparing the mean latency between the two strains. The null

hypothesis in all tests was that there was no difference between the means of the latency periods

in the two strains, while the alternative hypothesis was that there was a difference. Prior to the

comparisons being made, significance was set at p < 0.05.

2.2. Results of Preliminary Analysis

The first test that was done compared the mean latency period of all A/J mice that

reached status to that of all DBA/J mice that reached status. The mean of the A/J status animals

(n = 15) was 132.5 min and that of the DBA/J status animals (n = 8) was 34.6 min. The p-value

obtained when the t-test was performed was 2.45x10-10. The difference noted is therefore
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significant, leading to the acceptance of Hypothesis 1 that there is a significant difference

between the means of the samples of the two species.

Of the doses of pilocarpine hydrochloride that were administered, 250 mg/kg was the

smallest dosage which resulted in status epilepticus in both strains, and there was no apparent

significance in response between a dosage of 250 mg/kg and 300 mg/kg, so a t-test comparing

the mean latency period of both strains at just these dosages was conducted. The mean of the A/J

status mice (n = 5) was found to be 116.8 min, while that of the DBA/J status mice (n = 8) was

34.6 min. The t-test yielded a P-value of .003. The difference between the means is still

significant.

These results, showing significant differences in the means of the latency periods,

motivated further experiments to compare the seizure-induced hippocampal damage and seizure-

induced ectopic cell neurogenesis of the A/J and DBA/J mice that had reached status epilepticus.

3. Materials and Methodology

Four weeks after the seizure susceptibility experiments, the animals were sacrificed for

purposes other than this particular study by the colleague mentioned in Section 2. The rest of the

research involved experiments by the present researcher using tissue samples that were prepared

by the present researcher. This research had the following objectives:

Damage assessment: to judge the extent of neuronal loss in the hippocampus after status

epilepticus.

Quantitative analysis of ectopic cells: to provide numerical data regarding the existence

of ectopic cells in the hilus, for a comparison across animal strains.

Correlation: to determine whether the damage and hilar ectopic cell numbers were

related to each other and to the latency to status epilepticus.
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Tissue was selected from brains of each of the three sample populations. There were

three A/J status mice, three DBA/J status mice, and three DBA/J control mice. The tissue used

was chosen from animals which had received similar dosages of pilocarpine, to ensure that

conditions were similar in all cases.

The hippocampal region of the brain of each animal was cut coronally into 50 µm

sections using a vibratome, and sections were divided into four wells, with every fifth section

being mounted on a glass slide for cresyl violet staining. Sections in wells were stored in 0.1 M

trishydroxymethyl-amino methane (Tris) buffer and left at 4ºC until use.

3.1. Damage Assessment

Section Preparation

The sections mounted on glass slides were used for damage assessment using cresyl

violet staining. These sections were dehydrated in a series of alcohols, increasing in

concentration from 70% to 100%. After being bathed in xylene for 5 min, they were placed again

in a series of  alcohols, but decreasing in concentration this time from 100% to 70%. The

sections were then stained with 1% cresyl violet, and were washed in dilute acetic acid solution.

After this, the sections were once again placed in alcohols of increasing concentration, cleaned in

xylene, and cover-slipped with Permount. The cresyl violet staining allowed the basic

arrangement of the cells in the hippocampus to be visualized. In the case of damage, cells were

absent in the cell layer of the CA3 region.

Stereological Procedure

A qualitative analysis was done on the tissue to assess the damage. To reduce bias, the

researcher was blinded using a code made by a fellow researcher, and all indications of the
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specific animals identified on each slide were removed. The researcher then examined each slide

under a microscope to determine the type of damage that was visible in various hippocampal

regions, particularly CA1 and CA3, where, in previous studies, damage had been noted to occur

following status epilepticus (Scharfman, 2003). Detailed descriptions of the observed damage

were noted, and subsequently analyzed for patterns after all the data had been collected and the

code had been broken. It was evident in this study that the presence or absence of cells in CA3

was visually obvious, making the qualitative analysis robust, and not requiring the stereological

assessment normally required when the gradations of damage are finer.

3.2. Quantitative Analysis of Ectopic Cells

Immunocytochemistry

Immunocytochemical procedures were completed on free-floating sections. Sections

were first rinsed three times for 5 min, in Tris buffer (0.1M, pH 7.6) and were treated in 1%

hydrogen peroxide for 30 min to eliminate endogenous peroxidase in the tissue sections and thus

to avoid background staining. Following this, sections were again rinsed in Tris buffer for five

minutes, washed for 10 min in Tris A (0.1M Tris buffer, 0.1% Triton X-100), and for 10 min in

Tris B (0.1M Tris buffer, 0.1% Triton X-100, 0.5%BSA), and were then incubated in normal

goat serum (1:10 dilution; Vector Labs) made in Tris B. This step was to bind non-specific

antigens. Normal goat serum was chosen because the antibody being used was polyclonal, raised

in rabbit.

Sections were again washed for 10 min in each of Tris A and Tris B and then were

incubated in primary antibody to Prox (1:30000; Chemicon) in Tris B. Prox is a transcription

factor that is found in all granule cells, so it can be used as a marker for the ectopic cells, which

uniformly develop into granule cells (Scharfman, 2003). To ensure favorable antibody
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penetration and adequate staining, enough volume of primary antibody was made to completely

cover the sections, and the sections were placed on a rotator at 4°C, a temperature at which all

enzymatic activity is stopped (Shi, S-R et al., 1993). The antibody incubation lasted for 24 hrs.

Then, after 10 min rinses in Tris A and Tris B, sections were incubated for 45 min in goat anti-

rabbit IgG (1:1000 dilution; Vector Labs) in Tris B. Sections were rinsed again in Tris A for 10

min, and then in Tris D (0.5 M Tris, 0.1% Triton-X, 0.005% BSA) for 10 min, as well.

The sections were then incubated for 2 hrs in avidin-biotin-horseradish peroxidase

complex (ABC, 1:1000 dilution; Elite kit, Vector Labs), made in Tris D. Next, the tissue was

rinsed in Tris for 5 min and sections were developed for the actual staining in diaminobenzidine

tetrahydrochloride (DAB, 50mg/100 ml Tris, Polysciences) along with a 0.1 ml aliquot of

glucose oxidase (30 mg/ml distilled water; Sigma), a 0.2 ml aliquot of ammonium chloride (2.0 g

ammonium chloride/10 ml distilled water; Sigma) and a 0.8 ml aliquot of D (+) glucose (2.5 ml

glucose/10 ml distilled water; Sigma). The DAB and the three aliquots were shaken together and

the DAB solution was left to sit for 5 min to generate reducing equivalents enzymatically. The

sections were then incubated in DAB until optimal staining was reached, and after this they were

washed in three 5 min Tris buffer rinses. Finally, the sections were cover-slipped.

Stereological Procedure

To determine the number of ectopic cells in the sections, slides were examined using an

Olympus BX51 light microscope connected to a computer with a digital camera (Optronics),

with the objective of locating the Prox-labeled cells in the hilus, which represented the newly

formed ectopic cells. Counts were performed using Stereo Investigator software

(MicroBrightField, Inc.). New cells within the hilus were defined as being ectopic cells if they

were at least two granule cell diameter lengths (20 µm) away from the granule cell layers.
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Therefore, the hilar regions of the left and right hemisphere of each section were blocked off

with contour lines, leaving a 20 µm space next to the upper and lower blades of the granule cell

layer to ensure that all cells counted were actually ectopic cells, and not part of the granule cell

layer. As in the damage assessment portion of this study, blinding was used to eliminate bias.

Data was recorded in a spreadsheet, and the specific animal, section, and hemisphere of the brain

from which each cell count was obtained was noted.

3.3. Correlation

A determination of whether statistical significance existed between the number of new

ectopic cells in the hilus regions of the A/J status mice and the DBA/J status mice was conducted

through two-tailed, two-sample t-tests of unequal variances, comparing the mean latency

between the two strains. As before, the significance level was set at p < 0.05. The results

obtained were then compared with the visual observations of the damage to determine whether a

correlation existed between the two. Comparison with the latency periods to status epilepticus

was done after repeating the two-tailed, two-sample t-tests of unequal variances of Section 2 on

the data for the specific animals from which the tissues were collected.

4. Results and Discussion

4.1. Hippocampal Damage

After the code used for the blind study was broken, it was observed that for those animals

which had been in status epilepticus, there was a loss of the CA3 cells in the CA3 cell layer in

animals in the DBA/J mouse strain, but no similar loss in the A/J mice. Figure 1 shows the

images of sections acquired from animals of each strain, and indicates the marked difference

between the strains. In sections from all three DBA/J status animals, the cells of the CA3 cell
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layer of the dentate gyrus were found to have completely died off and this region was, instead,

replaced by glial cells.

Comparison of Damage in A/J and DBA/J Mouse Strains

 

Figure 1: (a) and (b) Mouse dentate gyrus of two A/J status animals; cresyl-violet staining; magnification: 4x.
(c) and (d) Mouse dentate gyrus of two DBA/J status animals; cresyl-violet staining; magnification: 4x.

(e) and (f) Mouse dentate gyrus of two DBA/J controls; cresyl-violet staining; magnification: 4x. The arrows point
to the damage to the CA3 cell layer; Note the major differences in the density of the CA3 layer of cells (see Fig 1) in

the DBA/J status animals versus the A/J status and DBA/J control animals.

The qualitative analysis also indicated that the three A/J animals had CA3 regions that

remained completely intact, even after these animals had suffered the same extent of trauma as
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the DBA/J animals. None of the three DBA/J control mice showed any damage to the CA3 cell

layer.

4.2. Quantitative Analysis of Ectopic Cells in Hilar Region

Figure 3 shows the hilar regions of animals from the three sample populations, with the

Prox-labelled ectopic cells being evident in certain animals.

Ectopic Cells in the Hilar Regions of A/J and DBA/J Mice

 

Figure 2; (a) Mouse dentate gyrus of an A/J status animal; Prox labeled; magification: 10x. (b) Hilus of the same
A/J animal as in (a); Prox labeled; magnification: 40x. (c) Mouse dentate gyrus of a DBA/J control animal; Prox
labeled; magification: 10x. (d) Hilus of the same DBA/J animal as in (c); Prox labeled; magnification: 40x. (e)

Mouse dentate gyrus of a DBA/J status animal; Prox labeled; magification: 10x. (f) Hilus of the same DBA/J animal
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as in (c); Prox labeled; magnification: 40x. Note that the hilus (see Fig 1), contains a larger number of
ectopic cells (seen as dark dots) in (e) and (f).

The data was analyzed using mean values for the number of ectopic cells in the hilus in

sections of tissue from each animal, and using two-tailed two sample t-tests of unequal variances

to compare results between sample populations. Figure 4 shows a comparison of the mean values

of ectopic cells found in animals of each sample population. The data show clearly that a larger

amount of hilar ectopic cell neurogenesis occurred as a result of status epilepticus in the DBA/J

status mice, compared to that in the A/J status mice. In addition, while the amount of ectopic cell

neurogenesis in DBA/J control mice was higher than that in the A/J status mice, it was still

significantly lower than the neurogenesis in the DBA/J mice that had undergone status

epilepticus.

Mean number of ectopic cells for sections
from each animal in group

Group
First

Animal
Second
Animal

Third
Animal

Mean of Animals
in Group

A/J Status 2.2 3.7 1.7 2.5

DBA/J Control 6.7 8.2 5.2 6.7

DBA/J Status 16.0 13.7 11.6 13.8

Figure 4: Comparison of presence of ectopic cell mean values of the two different mouse strains. The means for the
first three columns show the mean number of cells found in each section for a particular animal. Column 4 shows

the mean of columns 1 through 3.

Three separate t-tests were performed on pairs of groups. For each t-test, the parameter of

interest was the difference in the mean number of ectopic cells counted in the hilus of each

hippocampal hemisphere for the two groups compared. The t-tests resulted in p-values of 0.002

for the A/J status – DBA/J status pair, 0.013 for the DBA/J status – DBA/J control pair, and
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0.025 for the A/J status – DBA/J control pair. Because the significance had been set at p < 0.05,

the tests indicated a significant difference in the mean number of ectopic cells between the A/J

status, DBA/J status and DBA/J control samples.

4.3. Latency Period

The results of the t-tests in the preliminary analysis in Section 2 had already proved that

there was a significant difference between the latency periods of the A/J and DBA/J animals. As

only a subset of the animals were used for subsequent experiments, another t-test was done,

comparing the latency periods of specific animals from which tissues had been used for this

study. The means of the two samples were 122.7 min for the three A/J animals and 27.0 min for

the three DBA/J animals. The t-test yielded a p-value of 0.009, indicating that the susceptibility

to seizures is significantly different even in these sample populations of the two species.

5. Conclusions and Discussion

This study demonstrated that there was significantly different seizure susceptibility in

response to a chemoconvulsant in the two strains of animals that were tested. This was indicated

by the fact that the latency was significantly longer for the A/J mice than for the DBA/J mice,

showing that the DBA/J mice responded much more quickly to the stimulus. This provides the

basis for accepting Hypothesis 1 that there are differences in seizure susceptibility between

strains of mice.

The results from the ectopic cell counts support Hypothesis 2, that there is marked

difference in the number of ectopics in hilar regions of the dentate gyrus between the A/J status

and DBA/J status mice with the DBA/J status mice being observed to have more ectopic cell
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neurogenesis than the A/J mice. Identifying the genes that induce this behavior will be very

important to our understanding of ectopic cells.

The table in Figure 5 presents a summary of data from all three aspects of the experiment.

Group Mean Latency
Period (min)

Mean Number of
New Ectopic Cells

Damage

A/J status 122.6 2.5 None

DBA/J control _ 6.7 None

DBA/J status 27 13.8 CA3

Figure 5: Summary of data from all three groups, showing a comparison of the responses.

The qualitative assessment of the amount of damage that occurred in the dentate gyrus

indicates a significantly larger amount of damage in the DBA/J status mice than in the A/J status

mice. It may therefore be concluded that there appears to be a correlation between seizure-

induced damage and seizure-induced creation of new ectopic granule cells in mouse strains, with

the DBA/J status animals having more damage and a higher amount of ectopic cell neurogenesis

than the A/J status animals, supporting Hypothesis 3. There also appears to be a correlation

between these two events and seizure susceptibility, with DBA/J animals also having a higher

seizure susceptibility than A/J animals. To this researcher’s knowledge, this is the first

demonstration of such a correlation.

These results are significant and are different from previous studies, because the previous

studies with rats examined mossy fiber sprouting and neuronal damage, and noted that while one

strain showed more of both of these factors, there was not a strong association between the

mossy fiber sprouting and a sensitivity to status epilepticus (Xu et al, 2004). In the present study,

when ectopic cell neurogenesis was examined instead, the correlation was quite significant.

Since previous studies had not looked at the relative effects of the trauma for animals in status
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epilepticus in different strains of mice, the positive results from this study, along with the results

from the previously mentioned study on rats (Xu et al, 2004), suggest that such phenomena

should be tested further in other species.

It is interesting to note from Figure 5 that the DBA/J control mice also had a significantly

higher amount of neurogenesis than the A/J status mice, indicating that even without seizures,

this strain seems to exhibit more ectopic granule cells. However, it should be noted that the

control animals did have convulsant injection, so it cannot be ruled out that convulsants, even

without seizures, are influential.

Considering that status epilepticus in the A/J strain resulted after a longer latency period

and produced absolutely no damage and only a small amount of ectopic cell neurogenesis, it

seems that there is some type of protection against epileptic-like activity in the A/J mice, which

causes their response to be much less than in the DBA/J mice. Combined with the observation

that as long as they induce status, the response to different convulsants is similar (Parent et al,

1997; Gray and Sundstrom, 1998; Scharfman, 2003), it is reasonable to conclude that this

protection extends to status epilepticus regardless of the convulsant used.

An important experiment that would complement the results of this study would be a

BrdU/NeuN double labeling. BrdU marks specific cells that have been formed within a certain

period of time, and hence is appropriate for identifying new cells. From a methodological point

of view, a problem with BrdU is that in addition to labeling new neurons, it also labels new glial

cells because BrdU gets incorporated into any dividing cell. It would therefore be useful to

identify exactly what fraction of these new cells are new neurons. NeuN is a neuron-specific

marker. Double-labeling with these two markers would ensure that the ectopic cells counted

would indeed be new neurons. The double-labeled tissue could also be used to evaluate the
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extent of overall neurogenesis, both in the hilus as well as in the granule cell layer, rather than in

just the hilus as was done in this study.

In terms of the number of ectopic cells in the hilus, the difference in strains within a

species suggests that some stimulus encourages newborn cells to get pulled into the hilus. The

identification of the reasons for this, especially in terms of determining the underlying

mechanism, could be an area of fruitful future research.

There are other possible directions of future research that can branch from this work, but

perhaps one of the most important is a genetic evaluation based on these results. There has been

limited research related to identifying the genes involved in epilepsy. Work that has been done so

far studies a particular type of epilepsy (Shannon et al., 2002). The present results indicate the

potential importance of more work in this direction. Genetic maps of both the strains studied in

this work, the DBA/J and the A/J mouse strains, have been completely drawn out by Jackson

Labs (The Mouse Genome Database). It would be useful to study these maps and to attempt to

find the specific gene which causes the resistance to changes in the A/J strain of mice.

Identifying these genes could then suggest ways in which the effects of epilepsy can be

controlled. Success in such an endeavor could eventually lead to effective treatments to control

the damage caused by to epileptic seizures in humans in the human brain.
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