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Abstract

Purpose—The immature rat brain is highly susceptible to seizures, but has a resistance to
pathological changes induced by seizures as compared to adult rats. However, prolonged seizures
during early-life enhance cellular injury and hyperexcitability induced by convulsive insults later in
adulthood. The mechanisms underlying these phenomena are not understood. In adult models, the
CAL axons reorganize their projections to subiculum. Seizure induced plasticity in this pathway has
not been investigated in immature seizure models, and may contribute to the vulnerability to later
seizures.

Methods—On postnatal day 15, rats experienced convulsive status epilepticus with kainic acid
(KA). Seizure induced plasticity was examined with Timm histochemistry and iontophoretic
injections of sodium selenite, a retrograde tracer. Cellular injury was evaluated with Fluoro-Jade B
histochemistry.

Results—Retrograde tracing experiments determined a 67% larger dorsoventral extent of
retrograde labeling in the CA1 pyramidal region after tracer injections in subiculum. The synaptic
reorganization of the CA1 projection to subiculum was noted in the absence of overt neuronal injury
in subiculum or CAL. In contrast, mossy fiber sprouting was detected into the stratum oriens of CA3
with limited neuronal injury to CA3 pyramidal neurons. No mossy fiber sprouting into the inner
molecular layer of the dentate gyrus, or CA1 sprouting into the stratum moleculare of CA1 were
noted.

Conclusions—The results indicate that the developing brain has distinct mechanisms of seizure
induced reorganization as compared to the adult brain. Our experiments show that the concept of
“resistance of the immature brain to excitotoxicity” is considerably more complicated than generally
believed. Morphological plasticity in the immature brain appears more extensive in distal, but not
proximal, projections of hippocampal pathways, and across hippocampal lamellae. The abnormal
connectivity between hippocampal lamellae might play a role in the increased susceptibility to injury
and hyperexcitability associated with later convulsive insults.
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Introduction

Methods

The developing rat brain has an increased susceptibility to seizures due to its developmental
neurobiology (Moshe et al., 1983;Sanchez and Jensen, 2001;Jensen, 2002). Several factors
during normal brain development promote neuronal hyperexcitability (Plotkin etal., 1997;Ben-
Auri, 2002) that manifests as an increased susceptibility to early-life seizures (Baram et. al.,
1997;Jensen, 2002). Seizures occurring during early life appear to be detrimental to
neurological development (Liu et al., 1999;Sogawa et al., 2001;Brunquell et al., 2002;Miller
et al., 2002), and increase the risk for epileptogenesis later in life (Cowan, 2002).

Experimental evidence indicates that most structures of the developing brain are resistant to
cellular injury and long term synaptic reorganization in the hippocampus that is typically
associated with convulsive insults in adult animals (Sperber et al., 1991;Haas et al., 2001). The
notion of resistance suggests that seizures during development are less significant than during
adulthood and not susceptible to long-term pathological changes. However, recent studies
demonstrate that some CA3 pyramidal neurons are vulnerable to cellular injury and thus
synaptic reorganization. Four models of early life seizures demonstrate granule cells in the
dentate gyrus sprouting new mossy fiber synaptic terminals onto the basal dendrites in the CA3
region, the stratum oriens (Holmes et al., 1998,1999;de Rogalski et al, 2001;Cilio et al.,
2003).

Kainic acid induced status epilepticus (KA-SE) on postnatal day 15 (P15) induces minimal or
no damage to hippocampal structures and the mossy fiber pathway does not exhibit the
prominent reorganization into the inner molecular layer (IML) of the dentate gyrus (DG) that
is typically observed in adult rats. This maturational resistance to sprouting in the DG has also
been observed in other immature seizure models such as the fluorothyl model and the lithium-
pilocarpine model on postnatal day 16 (Sperber et al., 1999;Cilio et al., 2003).

Studies investigating sprouting and synaptic reorganization in the hippocampus beyond the
mossy fiber pathway have been focused to the CA1 axonal projections (Cavazos et al., 1989,
1999,2004;Esclapez et al., 1999;Lehmann et al., 2000,2001), and none of these studies have
examined early-life seizure models. In models of adult partial onset epilepsy, sprouting of the
proximal axons of CA1 pyramidal neurons has been observed in the basal and apical dendrites
of CA1 pyramidal neurons using in-vitro hippocampal slices (Esclapez et al., 1999;Lehmann
et al., 2000,2001) and cannot depict the complexity of the distal CA1 terminal projections.
Recurrent collateral sprouting of the CA1 pyramidal neurons after neuronal injury may underlie
the persistent cellular hyperexcitability of CAL region (Meier et al., 1992;Meier and Dudek,
1996;Smith and Dudek, 2001,2002). The main projection of CAL axons is to the subiculum,
which also demonstrates cellular hyperexcitability in humans and animal model of epilepsy
(Cohenet. al., 2002,Wozny etal., 2003;Knopp et. al., 2005;Stafstrom 2005) and thus, plasticity
of CA1 synaptic connections might have a major role underlying hyperexcitability in
subiculum physiology. The present study examined whether synaptic reorganization of the
CAL pyramidal axons develops after KA-SE on P15. Preliminary observations have been
published in abstract form (Cross et al., 2003).

We examined the permanent morphological alterations and neuronal degeneration of the
projection field of the mossy fiber and CA1 pyramidal axons three to four weeks (P36-P43)
after an episode of status epilepticus induced with kainic acid (KA) on postnatal age day 15
(P15). This postnatal age was chosen to provide a comparison to similar studies that examine
synaptic reorganization, neuronal excitability, neuronal cell death, spatial learning, and an
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enhanced susceptibility to seizures as an adult (Yang et. al., 1998;Koh et al., 1999;Lynch
2000;Haas et al., 2001). However, it is also important to note that at the ages (P38 and P74)
used during the assessment of synaptic reorganization, the extent of the lamellar organization
of the hippocampus has been studied extensively with neurophysiological techniques (in-
vivo; Andersen et al., 1973,2000;Anderson et al., 1971) as well as with histological techniques
(in-vitro; Amaral and Witter, 1989,Cavazos et al., 2004).

Chemicals were obtained from Sigma-Aldrich (St. Louis, MO) or Fisher-Scientific (Hampton,
NH) unless otherwise specified. The procedures and protocols discussed in this paper were
approved by the institutional animal care and use committee of our institution, and conform to
local and international guidelines on the ethical use of animals. Attempts were made to
minimize the number of animals used in the present studies and their suffering.

Systemic kainic acid model

Sprague-Dawley rats (Harlan, Madison, WI) of both sexes received repeated subcutaneous
injections of 2.5 mg/kg of kainic acid (OPIKA-1, Ocean Produce, Inc., Shelburne, Nova Scotia)
in 0.9 % saline (pH 7.4) on postnatal day 15. Three to four injections of 2.5 mg/kg of KA were
given every 45 minutes based on the severity of seizures. A fourth injection of KA was only
given if the rat had not shown evidence of convulsions. Rats were monitored for behavioral
signs seizures for at least 5 hours after the first injection. The seizure severity was scored every
15 minutes using a previously validated scale (Hu et al. 1998;Koh et al., 1999). A score of 0
was given for normal behavior; score of 1 was given for repetitive scratching or “wet-dog”
shakes; score of 2 for falling over and immobility; score of 3 for unilateral tonic or clonic
jerking; score of 4 for bilateral tonic or clonic jerking; and a score of 5 for continuous clonus.
The maximum score during the 15 minute epoch was considered the seizure score for that
period. This protocol was devised to reduce the mortality induced by KA to less than 30%
while also maintaining convulsive status epilepticus in all KA treated rats. Matched control
rats were littermate rats that received three injections of vehicle (0.9% saline) every 45 minutes
on P15. Paired epileptic and control rats were used for either Timm histochemistry or sodium
selenite retrograde tracing experiments three to four weeks after the injections on P15.

Timm histochemistry

At the appropriate time, rats from experimental and control groups were deeply anesthetized
with lethal dose of Beuthanasia-D (1 ml i.p., Schering-Plough, Kenilworth, NJ) and perfused
transcardially with an aqueous solution of 500 ml of 0.4% (w/v) sodium sulphide, followed by
500 ml of 1.0% (w/v) paraformaldehyde/1.25% (w/v) glutaraldehyde solution according to
previously published procedures (Cavazos et al., 1991,2003,2004). In brief, the brains were
removed and left overnight in a 30% (w/v) solution of sucrose in fixative. Horizontal 40um
frozen sections were developed in the dark for 30-45 minutes in a 12:6:2 mixture of gum arabic
(20% wiv), hydroquinone (5.6% w/v), and citric acid-sodium citrate buffer with 1.5 ml of a
silver nitrate solution (17% w/v). Alternate sections were stained with cresyl violet to assess
overt neuronal injury (Cavazos et al., 1990,1994).

The laminar pattern of Timm histochemistry in the IML of the DG, stratum oriens of CA3, and
stratum moleculare of CA1 were examined in rats that experienced KA-SE on age P15 and
compared to the pattern in control rats. Ordinal scoring scales that have been previously
validated (Cavazos et al, 1991,1992,2004;Holmes et al., 1999) were used to quantify the
intensity the alterations of the laminar pattern in the areas of interest by two independent
observers that were blinded to the identity of the rat. The ordinal scales for mossy fiber
sprouting consist of a six-step ordinal ranking from 0-5 (see Fig. 2 of Cavazos et al., 1991 for
IML,; see Fig. 1 of Holmes et al., 1999 for CA3). A representative horizontal section of the
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mid-portion along the dorsal-ventral axis was selected for each rat. The scoring scale for CAl
sprouting into the stratum moleculare of CA1 consisted of a two-step ordinal ranking depicting
the presence or absence of Timm granules in the stratum moleculare at a 10x magnification
(Cavazos et al., 2004). A representative horizontal section at the level of the anterior
commissure was selected for scoring. For each rat, the scores were averaged at each area of
interest and the differences between the scores of KA-SE and control rats were analyzed using
the nonparametric Kruskal-Wallis test.

Sodium selenite retrograde tracing

Zinc containing synaptic terminals are present in excitatory glutamatergic neurons and also
serve an important modulatory role. A retrograde neuroanatomical tracing method using
iontophoretic injection of sodium selenite (Na,SeO3; Sigma-Aldrich) was selected to assess
the location of the cell bodies of origin of the zinc containing terminals of the CA1 projection
to the subiculum because of the high specificity of this technique to selectively label this subset
of synaptic terminals (Howell and Frederickson, 1990). Selenite anions are taken up by a heavy
metal transporter that is present in zinc-containing pre-synaptic terminals to re-uptake released
zinc (Danscher, 1984). The selenite anions in the presynaptic terminal precipitate with ionic
zinc to form a molecule that is retrograde transported to the cell soma (to lysosome-like
organelles) and later visualized using an auto-metallographic silver enhancement stain (Howell
et al., 1989;Mandava et al., 1993,Cavazos et al., 2004). The histochemical reaction is quite
similar to the developing process of Timm histochemistry. One-day survival after iontophoretic
injection in the subiculum is sufficient to local retrograde transport into the CA1 pyramidal
cell body. Although this histochemical method is highly specific and clearly identifies the cells
of origin of the zinc containing terminals (Slomianka, 1992;Long et. al., 1995), it only faintly
stains the axonal arbor not showing their trajectory as exquisitely as other neuronal tracers. In
a lamellar structure, examining the ratio between the dorsoventral extent of labeled cell bodies
and the extent of the injection site can be used to assess the projection field of a given pathway
(Cavazos et al., 2004).

Rats were anesthetized with sodium pentobarbital (50-60 mg/kg, i.p.; Nembutal, Abbott Labs,
Chicago, IL), and placed in a Kopf stereotactic apparatus for iontophoretic infusion with
micropipettes filled with sodium selenite (2% in deionized water) aimed to the subiculum (5.90
mm posterior, 4.65 mm lateral and 3.50 mm ventral from bregma). The fire polished
micropipettes tips had a 1-2 pm outside diameter. lontophoresis was performed using a
Midgard constant current source (Stoelting, Wood Dale, IL) of 2 mA negative current for 0.2—
1 min with a 7 sec duty cycle, and according to previously published protocols (Howell and
Frederickson, 1990;Mandava et al, 1993;Cavazos et al., 2004). The rats were allowed to survive
for 24 hours, and then were deeply anesthetized with Beuthanasia-D (1 ml i.p.). They were
perfused with a 1.0% (w/v) paraformaldehyde/1.25% (w/v) glutaraldehyde solution in buffered
Sorenson’s solution. The brains were removed and left overnight in a 30% (w/v) solution of
sucrose in fixative. Horizontal 40um frozen sections were obtained, mounted in gelatin-coated
slides, and developed in the dark using the Timm histochemistry protocol described above.
Every fifth section was stained with Timm developer. A consecutive section to the Timm
stained section was used to stain with Cresyl violet (Cavazos et al., 1991), and a third
consecutive section was used for Fluoro-Jade B staining (see below).

The extent of the injection site of sodium selenite and the retrograde-labeled cell bodies were
mapped using an image analysis system (Neurolucida, Microbrightfield, Inc., Williston, VT,
USA). A tri-dimensional reconstruction of injection site and retrograde labeling was obtained
for each rat. As the adult hippocampal formation is organized in a lamellar distribution, the

lamellar organization of mature rats was examined in rats that had experienced an episode of
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status epilepticus during the maturational process on P15. The ratios of the dorsal-ventral extent
of the retrograde labeling / injection site in juvenile rats that experienced KA-SE on P15 were
examined statistically using previously validated techniques (Cavazos et al., 2004). The extent
of retrograde labeling was defined by the most dorsal and most ventral slice with retrograde
labeling in at least 5 CA1 pyramidal neurons. Injection sites that were 1400 um or larger along
the dorsoventral axis were excluded from the analysis. The ratios obtained from the KA-SE
and saline treated controls were statistically compared using standard two-tailed Student’s t
test with unequal variance. The absolute dorsoventral extent in-vivo for the injection sites and
retrograde labeling are at least 50% larger than values described in this manuscript because the
aldehyde fixed brains were cryoprotected overnight with fixative in saturated sucrose. The
cryoprotection induces a considerable shrinkage of the measurements in histological brain
sections as compared to measurements obtained during physiological experiments in the in-
vivo brain (Cavazos et al., 1991,1994).

Fluoro-Jade B histochemistry

Histological frozen 40um sections consecutive to cresyl violet (see above) were prepared for
fluorescence FITC microscopy of Fluoro-Jade B (Histo-Chem, Inc., Jefferson, AR) labeled
neurons in the hippocampus according to the protocol described by Schmued et al (1997). In
brief, two hours after sectioning, the mounted sections were placed in graded alcohols, oxidized
in 0.06% potassium permanganate solution for 15 min, and then bathed in a 0.001% Fluoro-
Jade B solution in the dark for 30 min. After water rinses, the slides were dried overnight,
dipped into xylene, and protected with cover slips glued with DPX (Electron Microscopy
Sciences, Inc., Fort Washington, PA). Microphotographs of Fluoro-Jade B fluorescence were
saved at 12.5X magnification from the entorhinal cortex, subiculum, CA3 and CA1 pyramidal
regions, and hilar polymorphic region. Degenerating Fluoro-Jade B positive neurons are
depicted by bright fluorescence over a lightly stained background. The distribution of Fluoro-
Jade positive neurons in the hippocampal formation was examined 2 days after the exposure
to KA or saline. A positive control consisted of adult rats treated with KA, which is known to
induce prominent hippocampal degeneration.

Photography

Results

Micrographs were photographed using a Zeiss Axioskop microscope and DC-330 CCD digital
camera (Dage-MT], Inc., Michigan City, IN) at native resolution of 752 x 582. The micrographs
were saved as BMP files, imported into Adobe Photoshop, converted into grayscale from RBG
color format, and subsequently labeled for illustration. The files were then converted into TIFF
format.

Sprague-Dawley rats experienced convulsive status epilepticus on postnatal day 15 (P15) after
they were given either two hourly doses of 5mg/kg of kainic acid (KA) subcutaneously or four
doses of 2.5mg/kg of KA every 45 minutes. The mortality rate for first protocol was 45% while
the second protocol had 26% mortality. For the rest of this manuscript, we used the second
protocol inducing status epilepticus with three to four injections of 2.5 mg/kg of KA
subcutaneously. The average total dose of KA was 9.53 £+ 1.68 mg/kg (mean £ SEM).
Electroencephalography confirmed an excellent agreement between the video-EEG
classification of seizures and the behavioral scoring scale (data not shown). Only rats that
experienced KA induced convulsive status epilepticus (KA-SE) were included in this report.
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2.1 Examination for cellular degeneration

Fluoro-Jade B histochemistry from all adult rats exposed to KA-SE demonstrated neuronal
injury in neurons from the hilar polymorphic region, CA3 and CA1 pyramidal region, and in
the subiculum. In the pyramidal region, Fluoro-Jade B positive labeling was observed in
pyramidal shaped neurons with faint apical and basal dendrites. Two days after KA-SE, adult
rats (n=5/5) demonstrated Fluoro-Jade B positive pyramidal neurons in the subiculum (Fig.
1A) CAl (Fig 1C), and CA3region (Fig 1E). In contrast, rats exposed to KA-SE on P15 (n=5/5)
were absent of any labeled pyramidal neurons in the subiculum (Fig. 1B) or CA1 (Fig 1D)
region two days after KA-SE, which was similar to saline treated controls. However, neuronal
injury occurred after KA-SE on P15, but was limited to the CA3 pyramidal neurons (Fig. 1F).
The CA3 region had sparse Fluoro-Jade B positive degenerating pyramidal neurons (n=3/5)
two days after KA-SE on P15 (Fig. 1E and F). Fluorescent labeling was never observed in
(n=5/5) saline injected rat controls (data not shown).

2.2 Mossy fiber sprouting — IML of DG and Str. Oriens of CA3

The average age of sacrifice for all Timm’s histochemistry experiments was postnatal day 73.5
+ 0.6 (mean £ SEM) after experiencing convulsive KA-SE at P15. In agreement with prior
observations, there was no significant development of mossy fiber sprouting into the IML of
the DG in (n=5/5) KA-SE rats as compared to age-matched saline injected controls (Figs. 2A,
B). Despite the absence of mossy fiber sprouting into the IML after KA-SE on P15, mossy
fiber sprouting into the stratum oriens of CA3B was observed (n=3/5) in the same rats that also
did not have mossy fiber sprouting into the more proximal axon projection to the IML (Fig.
2C, D). The presence of mossy fiber sprouting into the stratum oriens of CA3 is a previously
unrecognized finding in the immature KA seizure model. The differences in Timm scores
between the saline injected control group and the KA-SE on P15 group were quantified using
previously validated ordinal scales (Table 1; Cavazos et. al., 1991;Holmes et. al., 1999).

2.3 CA1 synaptic reorganization — Str. moleculare of CAl

In contrast to adult limbic models (Cavazos et al., 2004), there was no difference in the laminar
pattern of punctate granules in the stratum moleculare of CA1 between the saline injected
control group (n=5/5) and the KA-SE on P15 group (n=5/5) (Fig. 2E, F). The results were
quantified using a previously validated ordinal scale (Table 1;Cavazos et al., 2004).

2.4 CA1 synaptic reorganization — Subiculum

lontophoretic injections of sodium selenite were performed at least 3 weeks after P15 KA-SE
(or saline) to allow for the development of sprouting. The average age at perfusion was
postnatal day 37.7 + 0.6 (mean + SEM). Most of the injection sites in the subiculum were at
the mid-portion of the dorsoventral axis of the hippocampus at the level of anterior commissure.
CAL pyramidal neurons were consistently labeled ipsilaterally in all injections that included
the subiculum. Neurolucida tracings of the anatomical distribution of the sodium selenite
injection site and retrograde labeled CA1 pyramidal neurons were obtained (Fig. 3A-B). The
tracings were then reconstructed into unilateral flat maps of the CA1 pyramidal region and
subiculum (Fig. 3C-D). Photomicrographs of the serial sections used for Neurolucida tracing
were submitted as supplementary material (Fig I, control; Fig. Il, P15 KA-SE).

In the control rats (n=8/8), the dorsoventral extent of the injection site was 975 + 88 ym (mean
+ SEM) while the dorsoventral extent of the retrograde labeled pyramidal neurons was 2063
+ 150 pum. The ratio of dorsoventral extent of the retrograde labeled neurons to the injection

site was 2.213 £ 0.20 (retrograde transport extent / injection site). In the group of rats that had
experienced convulsive status epilepticus induced by KA on P15 (n=12/12), the dorsoventral
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extent of the injection site was 817 £+ 87 um while the dorsoventral extent of the retrograde
labeled pyramidal neurons was 2667 + 235 um. The ratio of dorsoventral extent of the
retrograde labeled neurons to the injection site was 3.686 + 0.53. The statistical analysis
revealed a significant difference between the lamellar ratios (p = 0.02) and the dorsoventral
extent of retrograde labeling (p=0.04) of control and KA-SE on P15 rats using a two-tailed
Student’s “t” test with unequal variance. There were no significant differences between the
sizes of injection sites (p=0.22). The results are shown in Table 2. This experiment showed
that subicular neurons in the P15 KA-SE group receive projections from a larger number of
CAZ1 lamellae than normal controls.

Discussion

Seizure-induced morphological plasticity in the immature brain is demonstrated in multiple
limbic pathways in a KA-SE early-life seizure model, but with significant differences as
compared to the adult brain. Rats exposed to KA-SE on P15 demonstrated synaptic
reorganization of distal mossy fiber axons into the stratum oriens of CA3 and the distal CAl
projection to the subiculum. However, reorganization was absent in the proximal mossy fiber
pathway (IML of the DG) and the proximal CA1 axons (CA1 stratum moleculare) which
reorganize in the adult KA model (Cavazos et. al., 2004). Furthermore, synaptic reorganization
in these hippocampal pathways was observed in the presence of limited neuronal injury to the
CA3 pyramidal neurons, but also in the absence of overt neuronal injury in the subiculum,
CAL, or polymorphic regions. Although neuronal injury in these areas is easily detected and
quite prominent using Fluoro-Jade B histochemistry in the adult KA model, neuronal counts
of these regions need to be performed to demonstrate the absence of neuronal injury. Several
of our observations have not been previously described.

Synaptic reorganization induced by excitotoxic injury in the immature brain has been shown
in the distal projection of the mossy fibers, to the stratus oriens of the CA3 pyramidal region,
in four experimental models (Holmes et al.,1998; 1999;de Rogalski et al, 2001;Cilio et al.,
2003) and in models of adult seizures (Represa et al., 1989a). Our study describes similar
reorganization of the mossy fiber projection to the CA3 region in an early-life KA seizure
model.

Synaptic reorganization induced by seizures has been studied extensively in the mossy fiber
pathway due to the ease of detecting changes in the laminar pattern of this pathway using Timm
histochemistry or dynorphin-A immunocytochemistry (Sutula et al., 1988,1989;Represa et al.,
1989a,1989b;Houser et al., 1990;Cavazos et al., 1991,1992,2003;Golarai et al., 1992). Most
studies in experimental models of partial-onset epilepsy have described sprouting of the mossy
fiber axons into the IML of the DG. However, after early-life seizures, mossy fiber sprouting
in the DG has not been observed (Sperber et al., 1999;Holmes et al., 1999;Haas et al.,
2001;Cilio et al., 2003). Our study confirms these previous observations in the IML of the DG
in an early-life KA seizure model.

A novel approach in our study was the examination of synaptic reorganization and sprouting
of proximal and distal axonal projections from CA1 pyramidal neurons after early-life KA-SE.
No previous studies investigating early-life seizures have examined morphological plasticity
in this region. We utilized a retrograde tracing method to study the axonal projection of CAl
pyramidal neurons to the subiculum which is topographically organized from a hippocampal
lamellar organization to a columnar organization in the subiculum. Using the retrograde tracer
sodium selenite, we have been able to demonstrate that injection sites in subiculum in adult

epileptic models received projections from a greater number of hippocampal lamellae (Cavazos
et al., 2004). In the present study, we discover a similar type of morphological reorganization
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after early-life KA-SE induced on P15. Our experiments showed retrograde CA1 pyramidal
labeling extending 67% beyond the normal topographic organization to include additional CA1
axonal projections from lamellae above and below the normal distribution. Visualization of
sodium selenite utilizes the Timm’s histochemical method. Ultrastructural analysis of punctate
Timm granules in the ventral CA1 corresponded to pre-synaptic terminals that contained
spheroid presynaptic vesicles associated with asymmetric synapses (Gray type | synapse) with
dendritic spines and shaft profiles suggestive of the excitatory neurotransmitter glutamate
(Cavazos et al., 2004) onto subicular pyramidal neurons. This evidence suggests synaptic
reorganization of the CA1 axonal projection to the subiculum, with greater interconnectivity
between CA1 pyramidal lamella and the pyramidal neurons of the subiculum. Therefore, the
results of this study do not support the widely held belief that developing brain is resistant to
synaptic reorganization. As compared to the adult brain, the immature brain’s response to
excitotoxicity seems to involve more prominent hippocampal neurogenesis but less widespread
neuronal loss. Synaptic reorganization in hippocampal pathways proximal to the site of axon
origin (i.e.: mossy fiber sprouting into the inner molecular layer; CA1 sprouting into the CA1
dendrites) does not appear to occur in the immature brain in response to excitotoxicity, while
our study demonstrates that plasticity in the hippocampal pathways distal to the site of axon
origin (i.e.: mossy fiber projection to CA3; CAL projection to subiculum) displays a similar
type of reorganization in the immature brain as it is seen in the adult brain in response to
excitotoxicity. Therefore, the concept that the immature brain is resistant to excitotoxicity is
considerably more complex than is generally quoted in the literature, and the belief that seizures
in the immature brain are of little consequence is incorrect.

To validate the hypothesis that synaptic reorganization occurs in the hippocampus after early
life seizures, anterograde tracing studies would be required to clarify the extent of the CAl
projection pathway, because the retrograde tracer sodium selenite only labels zinc containing
synapses. Histological studies using fluorescent neuronal tracers, and excitatory and inhibitory
synaptic markers simultaneously would be helpful to determine if the number of excitatory
synapses has increased actually increased, or our results only indicate a greater
interconnectivity between hippocampal lamella. Seizure induced anatomical reorganization of
excitatory synapses in the hippocampus is usually associated with alterations in the functional
neurophysiological properties of the circuitry. The functional consequences of CA1 synaptic
reorganization should also be directly tested using in-vivo electrophysiological recordings to
record evoked field excitatory postsynaptic potentials (fFEPSPs) and plot the anatomical
locations with abnormal current sources (current source density analysis) in the subiculum.
These experiments would indicate if changes in the topographical organization of the CA1
projection to the subiculum are truly physiologically functional.

The finding of increased lamellar ratio and dorsoventral extent of CA1 pyramidal neurons
might be better understood in the context of the lamella hypothesis of hippocampal
organization. The hypothesis of functional lamella organization of the hippocampal formation
was derived from extracellular field evoked potential mapping of the hippocampus (Andersen
etal., 1973;Andersen, 1979;Anderson et al., 1971) in young adult rodents. The CA1 projection
to subiculum is topographically organized in a columnar manner across the transverse plane
(Amaral et al., 1991); however, there is some preservation of dorsoventral lamellar
organization (Cavazos et al., 2004). The additional CA1 projections to the subiculum in the
KA model of early-life seizures might provide pathways for further activation of hippocampal
circuits that do not normally receive these projections. The substantial plasticity along the
dorsoventral axis of the hippocampus allows for increased transverse connectivity among
hippocampal lamellae above and below the normal circuitry. This might permit epileptiform
discharges in a given hippocampal lamella to recruit additional lamellae, amplifying the
epileptic response, and playing a role in establishing persistent hyperexcitability that
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characterizes intractable partial onset epilepsy (Bartesaghi, 1994;Bartesaghi and Gessi,
1986,1990;Bartesaghi et al., 1989,1995;Shao and Dudek, 2004). Activation of additional
lamellae perhaps might also increase neuronal synchrony. Although rats that experienced
kainic acid on postnatal 15 do not develop spontaneous seizures (data not shown), they are
more susceptible to later seizures. Perhaps, synaptic reorganization in the distal CA3 and
subiculum contribute to prime their hippocampal circuitry, enhancing their vulnerability to a
convulsive insult later in life (Koh et al., 1999, 2004).
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Refer to Web version on PubMed Central for supplementary material.
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KA-SE
Kainic acid induced status epilepticus
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Fig 1.

Fluoro-Jade B histochemistry indicating neuronal injury in the rat hippocampus. Fluoro-Jade
B positive neurons in the (A) subiculum, (C) CA1, and (E) CA3, two days after adult rats were
treated with kainic acid (KA). The (B) subiculum, and (D) CA1 region were absent of Fluoro-
Jade B positive neurons two days after kainic acid on postnatal day 15. (F) Fluoro-Jade B
positive pyramidal neurons in the CA3 region two days after KA on P15.
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Figure 2.

Hippocampus horizontal brain sections stained with Timm histochemistry after saline and
kainic acid on postnatal day 15. Timm’s histochemistry depicts alterations in the laminar
pattern of staining three weeks after rats experience an episode of convulsive status epilepticus
induced by kainic acid (KA-SE) on postnatal day 15 as compared to controls. The inner
molecular layer of the dentate gyrus (arrow) shows few or no punctate granules three weeks
after saline (A) injections on postnatal day 15 (P15) or KA-SE on P15 (B). As compared to A,
there are no alterations in the inner molecular layer of the dentate gyrus. The stratum oriens of
CA3 in a normal control rat (C) sacrificed three weeks after saline injections on P15 shows
few punctate granules (arrow). However, the stratum oriens of CA3 three weeks after a rat
experienced KA-SE on P15 (D) developed a band of Timm granules in the stratum oriens of
CA3 indicating sprouting of the mossy fiber projection to this region. These differences were
quantified in Table 1. The stratum moleculare of the ventral CA1 region in a normal rat (E)
sacrificed three weeks after saline injections on P15 shows few or no granules in this region
(arrow); similar to rats that experienced KA-SE on P15 (F). As compared to E, there were no
alterations in the pattern of Timm staining in this region.
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A. & B. Serial Neurolucida reconstructions of the rat hippocampus in horizontal brain sections
of sodium selenite retrograde tracing in a rat that received saline injections (A) on postnatal
day 15 (P15) and a rat that experienced convulsive status epilepticus induced by kainic acid
(KA-SE) (B) on P15. The series of two-dimensional reconstructions demonstrate the
dorsoventral extent of the injection site in the subiculum (dark filled area), and the larger
dorsoventral extent of the retrograde labeling in the CA1 pyramidal region (dots depict labeled
cells). Sections are arranged serially from the most dorsal section with labeling at the upper
right corner to the most ventral section demonstrating labeling in the lower left corner. C. &
D. Uni-dimensional flat maps of the dorsoventral extent of retrograde sodium selenite labeling
in the CA1 pyramidal region and injection site in the subiculum. Saline treated controls (C)
demonstrate a smaller dorsoventral extent of retrograde labeling in the CA1 pyramidal region
as compared to a rat that experienced an KA-SE on P15 (D). The ratios of CA1 retrograde
labeling / subiculum injection site for both groups of rats are shown in Table 2.
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