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4. INTRODUCTION
Acute exposure to soman, a military-threat agent that is three times more potent than sarin,
causes seizure activity and long-term damage in the central nervous system (Lemercier et al., 1983;
Pazdemik et al., 1985; Taylor, 2001). Soman is a serious concern to soldiers as well as civilians
during the threat of a chemical attack and the unpredictable movement of the airborne toxin. While
an irreversible inhibitor of acetylcholinesterase, the nerve agent also promotes the release of
excitatory amino acids such as glutamate that participate in the neurodegeneration (Wade et al.,
1987; Lallement et al., 1991, 1992, 1993; Raveh et al., 2003). Evidence suggests that septohippocampal areas of the glutamatergic system are recruited early after soman exposure and the
resultant accumulation of extracellular acetylcholine. Excess glutamatergic stimulation in turn
causes distinct damage to brain tissue, and blocking specific glutamate receptors reduces
neuropathogenic responses including soman toxicity (Choi, 1988; Sheardov^n et al., 1990; Sparenborg
et al., 1992; Lallement et al, 1993; de Groot et al., 2001).
Excitotoxic levels of glutamate may be involved in the dendritic and synaptic damage
following acute soman exposure that leads to neuronal dysfunction and memory impairment
(Carpentier et al., 1991; Filliat et al., 1999; de Groot et al., 2001; Munirathinam and Bahr, 2002;
Raveh et al., 2002, 2003). Over-stimulation of glutamate receptors indeed causes marked
deterioration in the hippocampus (Siman et al., 1989; Bahr et al., 1995b, 2002), a brain region
involved in information processing and one that exhibits early degeneration following ischemia and
related brain trauma. The synaptic integrity required for stable neuronal connections is particularly
vulnerable to damage. Hence, hippocampal circuitries that are important for memory encoding
express a high susceptibility to both nerve agents and excitotoxicity.
Events of excitotoxicity in hippocampal neurons enhance the vulnerability to other types of
neuropathogenesis (e.g., see Mattson, 1990; Bahr et al., 1994). The hippocampus is a brain region
that has been extensively utilized to study the action of neurotoxins. Organotypic hippocampal slice
cultures provide a sensitive model system that exhibits toxic responses comparable to those
expected from in vivo studies (Bahr et al., 1994, 1995b, 2002; Munirathinam et al., 2002). The
three-dimensional slice cultures possess features that are characteristic of the adult hippocampus in
vivo, including circuitry, cellular interactions, morphological integrity, and organization of neuronal
subfields (Bahr, 1995; Bahr et al., 1995a). Using this model, we report that the hippocampus
becomes susceptible to injury after sub-toxic soman exposure. Selective deterioration of synapses is
linked to the enhanced vulnerability, associated with proteolytic activation and resultant
cytoskeletal damage.

5. BODY
Chemicals and antibodies. Soman (pinacolyl methylphosphonofluoridate) was synthesized and
supplied by the U.S. Army. The glutamate receptor agonist AMPA and antagonists MK801 and
CNQX were from TOCRIS (Ballwin, MO). Trimethyltin (TMT) was from Aldrich Chemicals
(Milwaukee, WI). The monoclonal antibody against synaptophysin was obtained from Boehringer
Mannheim (Indianapolis, IN), and anti-actin was from Sigma (St. Louis, MO). Affinity-purified
antibodies to the AMPA receptor subunit GluRl were prepared as described (Bahr et al., 1996). The
spectrin breakdown product BDPN was measured using affinity-purified antibodies against end
residues (Gln-Gln-Glu-Val-Tyr) of the aminoterminal fragment produced by calpain I (Bahr et al.,
4

1995b). Cell culture supplies and protease inhibitors were obtained from Sigma and Boehringer
Mannheim. Nitrocellulose paper was from Osmonics, Inc. (Westborough, MA). Alkaline
phosphatase-conjugated and horseradish peroxidase-conjugated antibodies and substrate kits were
from Bio-Rad Laboratories (Richmond, CA) and Vector Laboratories Inc. (Burlingame, CA).
Organotypic hippocampal slice cultures. Conventional methods were used to prepare
hippocampal slices from rat pups (Bahr et al., 1995a). Sprague-Dawley rat litters (Charles River
Laboratories, Wilmington, MA) were housed in accordance with guidelines from the National
Institutes of Health. The brains from 11- to 12-day postnatal rats were rapidly removed and cooled
in ice-cold buffer containing 124 mM NaCl, 3 mM KCl, 2 mM CaCb, 4 mM MgS04, 1.25 mM
KH2PO4, 26 mM NaHCOs, 10 mM D-glucose, 2 mM ascorbic acid and 75 |xM adenosine (pH 7.2).
Hippocampi were quickly dissected and cooled, and transverse slices of 400 ftm were collected
from the septa! to the temporal end. Groups of 8-10 slices were distributed on Millicell-CM culture
inserts (Millipore; Bedford, MA). The Biopore insert membrane was maintained in contact with
culture media consisting of 50% Basal Medium Eagle, 25% Earl's salt solution, 25% horse serum,
and supplemented to the following final concentrations: 136 mM NaCl, 2 mM CaCl2, 2.5 mM
MgS04,4 mM NaHCOs, 3 mM glutamine, 40 mM glucose, 0.4 mM ascorbic acid, 20 mM HEPES
buffer (pH 7.3 at 23°C), 1 mg/L insulin (24 I.U. per mg), 5 units/ml penicillin, and 5 mg/1
streptomycin. The slices were maintained for 14-18 days in culture before used, at 37°C in a humid
incubator supplied with 5% CO2, with the media being changed every 2-3 days.
For transient exposure to soman (nerve agent GD), a single treatment of freshly prepared
agent was applied to both surfaces of the cultured slices, and this was repeated daily for up to one
week. For induction of excitotoxic pathology, slices were subjected to a 3-min AMPA (100 \iM) or
1-h TMT (100 |aM) exposure. After removal of the excitotoxins, the cultures were subsequently
quenched with media containing 40 \iM CNQX and 20 |aM MK-801 for 20 min to stop further
glutamate receptor stimulation. Treatment groups (n=4-6 per time point) were staggered so that all
slices were harvested on the same day, at which time they were washed thoroughly in serum-free
media and prepared for subsequent analyses.
Immunoblot analysis. Cultured slices were gently removed with a soft brush and homogenized by
sonication in groups of 6-8 slices each using ice-cold buffer containing 8 mM HEPES buffer (pH
7.4), 1 mM EDTA, 1 mM EGTA, 0.02% NaNj, 10 fig/1 antipain, and 2 |ag/l each of leupeptin,
aprotinin, and pepstatin. Samples were assessed for protein content with a BSA standard, and equal
protein aliquots (85 |j,g) were denatured in SDS and P-mercaptoethanol for 5 min at 100°C then
separated by 4-16% SDS-PAGE and blotted to nitrocellulose. The nitrocellulose membrane was
incubated with primary antibodies at 4°C overnight with gentle agitation. Secondary antibody
incubation utilized anti-IgG-alkaline phosphatase conjugates, and color development used the
5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium substrate system. Development of
immunoreactive bands was terminated before maximal intensity was reached in order to avoid
saturation and to ensure a linear relationship with increasing amount of sample protein. Single blots
were used for comparative studies between different antigens. Bands were scanned at high
resolution and assessed for integrated density within single immunoblots with BIOQUANT
software (R & M Biometrics, Nashville, TN).
Histology. Slices were rinsed with 0.1 M phosphate buffer, pH 7.4 (PB) and fixed for 2 h in PB plus
4% paraformaldehyde. Slices were then cryoprotected in 20% sucrose for 1 h and carefully removed

from the insert, and serial sections were prepared at 20-|jm thickness and mounted on Superfrost
plus coated slides (Fisher Scientific, Pittsburgh, PA). Sections were immunolabeled with antisynaptophysin using the avidin-biotin-peroxidase technique and 3,3'-diaminobenzidine as the
chromogen. Alternatively, separate sections were stained with cresyl violet. BIOQUANT image
analysis included the use of a computerized deconvolution system with motorized Z focus drive.
Statistics. Immunoreactivity levels were expressed as means ± SEM and statistical significance was
determined by unpaired t-tests and by one-way analyses of variance followed by the Tukey-Kramer
multiple range tests. Differences were considered significant at p<0.05.
Results
As described in Munirathinam and Bahr (2004; PDF attached), different concentrations of
soman were administered to cultured hippocampal slices in order to determine levels that do not
cause synaptic degeneration after an extended exposure period. Single daily applications produced
transient exposure of the chemical agent before rapid hydrolysis in the culture medium, and this was
repeated over a 7-day schedule. Slice cultures treated with up to 150 nM soman for 7 days of
exposure exhibited no appreciable change in the synaptic vesicle component synaptophysin or in the
AMPA receptor subunit GluRl. Similar concentrations of soman have been shown to inhibit
acetylcholinesterase by >90% while having no effect on cell viability in cultured hippocampal
neurons (Deshpande et al., 1995). Thus, short-lived rises in acetylcholine levels may not be
sufficient to trigger synaptic toxicity in localized brain areas. Transient soman exposures likely
require higher concentrations to influence a wider circuitry, leading to secondary episodes of
excitotoxic activity.
Soman at 20 ^M was used to show that, at higher agent concentration, transient exposures
can cause synaptopathogenesis. Over the 7-day treatment regimen, synaptic markers were
significantly reduced. The reduction in the synaptic proteins occurred in conjunction with evident
excitotoxicity as indicated by the marked increase in an excitotoxic indicator BDPN. BDPN was
labeled with antibodies directed against the proteolytic site in the spectrin sequence (Bahr et al.,
1995b). The synaptic decline was found throughout the hippocampal subfields. The dendritic zone
of hippocampal field CAl (stratum radiatum) that normally exhibits dense staining for
synaptophysin, was markedly reduced in the punctate immunolabeling after the soman treatment
(Munirathinam and Bahr, 2004). A similar decline was evident in the molecular layer of the dentate
gyrus. The synaptic effects occurred rather gradually since a single exposure to soman produced
little or no change in presynaptic synaptophysin and postsynaptic GluRl markers 24 h later.
Synaptic deterioration was apparent before neuronal loss, indicating selective vulnerability
among synapses of soman-exposed brain tissue. The transient exposures that produced synaptic
decline after 7 days of repeated contact had no obvious effect on neuronal density, nor did they
produce any pyknotic changes in field CAl, hippocampal field CAS, and the hilus. Note that only
sparse indications of pyknotic nuclei were found among granular neurons of the dentate gyrus of
soman-treated slice cultures, which were not evident in control tissue. Analyses for glial fibrillary
acidic protein determined that the soman exposures caused synaptic decline without producing
secondary pathology in the form of an astroglial response (Munirathinam and Bahr, 2004).

Next, we tested whether the subtoxic soman exposures cause brain tissue to become
susceptible to the type of synaptic decline that results from high levels of soman. Hippocampa!
slices that were treated daily with 150 nM soman exhibited enhanced vulnerability to a brief
excitotoxic insult. Slices were harvested 7 days after the start of the soman exposures. Mild
excitotoxicity was induced on day 6 by over-stimulating AMPA-type glutamate receptors for 3 min
with 100 |aM AMPA, a selective agonist known to cause neurodegeneration with longer treatment
times in the slice model (Bahr et al., 1995b, 2002). The insult was rapidly quenched with receptor
antagonists in parallel with washout of the excitotoxin. After a 24-h recovery period, the excitotoxic
insult alone did not cause appreciable synaptic decline. In contrast, in slice cultures first treated
daily with subtoxic soman, the 3-min excitotoxic insult caused a marked reduction in the vesicle
protein synaptophysin (Munirathinam and Bahr, 2004). Immunoreactivity levels of synaptic
markers were unchanged after 7 days of repeated soman exposures alone, but were significantly
reduced in soman-treated slices 24 h after the AMPA insult (p<0.01).
Repeated exposures to subtoxic soman also leave hippocampal tissue vulnerable to
excitotoxic activation of the protease calpain and resultant cytoskeletal damage. Calpain-mediated
spectrin breakdown product BDPN provides a sensitive marker for the protease activation that
identifies neurotoxic conditions (see Vanderklish and Bahr, 2000). Persistent calpain activation is
triggered by glutamatergic excitotoxicity and is thought to be a precursor of synaptic pathology and
neurodegeneration (Siman et al., 1989; Bahr et al., 1995b, 2002; Bendiske et al., 2002).
Corresponding with the enhanced synaptic vulnerability, subtoxic soman exposures caused a greater
calpain response evident 24 h after the mild AMPA insult. The excitotoxic insult alone produced
only trace levels of BDPN, possibly explaining the lack of synaptic effects. Similarly, daily
applications with 150 nM soman caused only a small, insignificant change in BDPN. On the other
hand, with the addition of the secondary excitotoxic insult, calpain-mediated BDPN was markedly
increased to levels similar to those found in slices repeatedly exposed to 20 |J.M soman alone.
While incidences of excitotoxic and synaptic vulnerability developed after a week of
repeated soman contact, a single transient exposure also resulted in hippocampal tissue becoming
susceptible to a disparate insult after only 24 h. A 1-h treatment with trimethyhin (TMT), a
neurotoxin that causes excitotoxic damage in sensitive areas of the brain including the hippocampus
(Feldman et al., 1993; Ishida et al, 1997; Munirathinam et al., 2002), was found to be more
effective at causing synaptic and cytoskeletal deterioration when followed by a single exposure to
150 nM soman. The brief TMT application followed by antagonist quenching and washout was too
short to cause lasting signs of damage. Similarly treated slice cultures were then subjected to
transient soman exposure and assessed for a presynaptic marker and the calpain-mediated spectrin
fragment BDPN 24 h later. Indicated by the enhanced synaptic decline and spectrin breakdown, it is
clear that subtoxic soman increases neuronal vulnerability to toxic responses triggered before or
after the nerve agent contact (Munirathinam and Bahr, 2004).
To test whether low-level soman exposures disrupt repair signaling, we attempted to offset
the enhanced vulnerability by positive modulating endogenous survival signals. This was done with
l-(quinoxalin-6-ylcarbonyl)piperidine, a neuroprotectant that promotes basal glutamatergic responses
and their connection to repair systems including the mitogen-activated protein kinase (MAPK)
pathway (Wang et al., 1997; Hayashi et al., 1999; McKinney et al., 1999; Bahr et al., 2002; Limatola
et al., 2002). The compound was introduced into the daily applications of sub-toxic soman, and a
week later the hippocampal slices were assessed for excitotoxic vulnerability. The repeated soman
exposures allowed a normally undamaging AMPA treatment to produce marked synaptic decline and

cytoskeletal breakdown. The addition of l-(quinoxalin-6-ylcarbonyl)piperidine completely prevented
the AMPA-induced pathogenic responses. Pre- and postsynaptic markers remained at levels similar to
those in control slices, and calpain activation was not evident. These data indicate that soman-induced
neuronal vulnerability does not involve disruption of endogenous repair responses.
This project has identified repair mechanisms that are able to counteract the effects of
neurotoxin exposure. We have shown that AMPA-type glutamate receptors are linked to appropriate
signaling events in order to prevent neuronal injury as well as enhance recovery. As reported in Bahr
et al. (2002), AMPA stimulation in hippocampal slice cultures caused the selective activation of
MAPK through the upstream activator MAPK kinase (MEK). Excessive glutamatergic activity
through AMPA receptors is no doubt a critical feature of excitotoxic damage (Buchan et al., 1991;
Sheardown et al., 1993). On the other hand, enhancing basal stimulation of AMPA receptors and
associated MAPK signaling with the positive modulator l-(quinoxalin-6-ylcarbonyl)piperidine (also
known as Ampakine CX516), was found to promote neuronal survival after toxic exposure (Bahr et
al., 2002; Munirathinam et al., 2002). As with AMPA receptors, we recently showed that stimulation
of signals through cannabinoid receptors and proteoglycan-binding adhesion receptors also mediate
neuroprotection in the slice model.

6. KEY RESEARCH ACCOMPLISHMENTS
a The extension of Specific Aim I led to the identification of multiple classes of receptors that
elicit compensatory repair signals similar to those linked to the pro-survival MAPK
pathway. Common signaling elements are potentially involved in such endogenous repair
mechanisms through different receptors.
a We established that enhancing the signaling through AMPA receptors as well as
cannabinoid receptors and adhesion-type receptors leads to neuroprotection in a tissue model
of neurotoxin exposure. For this model, organotypic hippocampal slice cultures are used to
provide a sensitive experimental system that exhibits toxic responses comparable to those
expected from in vivo studies. The hippocampus is a brain region that has been extensively
utilized to study the action of neurotoxins. The three-dimensional slice cultures possess
features that are characteristic of the adult hippocampus in vivo, including circuitry, cellular
interactions, morphological integrity, and organization of neuronal subfields. Interestingly,
there is evidence of additive effects between distinct avenues of neuroprotection, e.g.,
enhancing MAPK compensatory responses vs. anti-inflammatory action.
□ As reported in Bahr et al., 2002, up-regulation of AMPA receptor-MAPK repair signaling
facilitated long-term cell survival and synaptic maintenance assessed 7-10 days post-insult
in vitro and in vivo.
a Experiments of Specific Aim II further established that endogenous repair signals activated
through different receptor systems protect against the effects of neurotoxin exposure. To be
thorough, we added a mitochondrial toxin (3NP) to the list of toxic agents tested.
Mitochondrial dysfunction has been implicated in stroke and age-related diseases such as
Parkinsons, and may be involved in enhancing neuronal vulnerability after low-level toxin
exposure. Recent work shows the same neuroprotectants that act against TMT and GD also
protect against the action of the mitochondrial toxin (paper in preparation).
8

□ Work from Specific Aim II also established that neuroprotectant can be applied to brain
tissue after the toxic exposure and still elicit pronounced levels of cellular and synaptic
repair. More importantly, we discovered that neurons become acutely vulnerable to damage
after low-level chronic exposure to toxic agents such as TMT and GD. While pathogenic
markers were not evident in brain tissue following the low-level exposure, the resultant
increased vulnerability allowed an inconsequential minor insult to produce marked levels of
cellular damage and synaptic decline (Munirathinam and Bahr, 2004).
a Specific Aim III found that endogenous repair responses involving MAPK signaling are still
effective protection pathways when stimulated 3-6 hours after neurotoxin exposure. Thus,
there appears to be a sizeable window of opportunity to activate recovery systems.
□ As shown is last year's progress report, signaling experiments found that glutamate
receptors as well as cannabinoid receptors and proteoglycan-binding adhesion receptors
activate the MAPK pathway and focal adhesion kinase (FAK), the primary mediator of
integrin signaling. Blocking integrin signaling disrupted MAPK and FAK activation and,
correspondingly, enhanced neuronal vulnerability. These results indicate that adhesion
responses contribute to endogenous signaling pathways underlying cellular recovery.
a Work under Specific Aim III utilized microarray and gene regulation analyses to study the
cellular response to neurotoxin exposure. The cellular response is biphasic. Evidence
suggests that the initial phase consists of neuroprotective changes, while the second phase
consists of degenerative pathways and gene changes. Neuroprotectant-induced signaling
overlaps with the second phase, offsetting the neurodegenerative chemistries with distinctive
transcription factor activation and the upregulated expression of anti-apoptotic genes. The
original idea that neuroprotection is mediated through blockage of the transcription factor
NF-KB is not true. The first phase of NF-KB activation after a toxic insult appears to
represent a compensatory repair response, while the second phase of the NF-KB response is
consistent with delayed pathogenesis that may explain the increased vulnerability following
chronic exposure to mild toxin levels. Indeed, genes activated during the delayed phase
appear to be those that enhance neuronal vulnerability.

7. REPORTABLE OUTCOMES
presentations; patents and licenses applied for and/or issued; degrees obtained that are supported by
this award; development of cell lines, tissue or serum repositories; infomatics such as databases and
animal models, etc.; funding applied for based on work supported by this award; employment or
research opportunities applied for and/or received based on experience/training supported by this
award.
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8. CONCLUSIONS
Our findings have several important implications. Although acute exposure of animals to
soman causes the death of neurons, the present data indicate that synapses express the initial
damage elicited by repetitive contact with the nerve agent. Proteolytic activation and synaptic
decline occurred after the soman exposure, both indicators of neurotoxicity (Bahr et al, 2002). In
fact, inhibition of calpain proteolytic activity has been proposed as a treatment for exposure to
neurotoxins including soman (Vanderklish and Bahr, 2000; Cowan et al., 2001). Persistent
synaptopathogenesis in the hippocampal region may explain the delayed behavioral abnormalities
and memory loss in exposed rodents and humans. Interestingly, hippocampal tissue treated with
sub-toxic soman levels becomes markedly vulnerable to excitotoxic activation of glutamate
receptors. Calpain is also a mediator of the toxic action of glutamate-based excitotoxicity (Siman et
al., 1989; Bahr et al., 1995b, 2002; Caba et al., 2002), suggesting an initial role for the protease in the
tissue vulnerability.
Hence, these findings imply that imperceptible soman contact can leave the brain
susceptible to glutamate-based injuries of which there are many. Similarly, tissue compromised by a
prior excitotoxic episode is made more sensitive to soman. The enhanced vulnerability does not
appear to involve the disruption of cellular repair responses as determined through the potentiation
of compensatory signaling. The results reported here emphasize the need for early indicators of lowlevel soman exposure so that subsequent brain injury can be adequately assessed and
treatment/prevention measures executed in a timely manner.
Long after exposure to an environmental toxin or military threat agent, select brain regions
can remain acutely vulnerable to stroke events and age-related neurodegenerative disorders such as
Parkinson's disease. Similarly, low-level chronic exposure of slice cultures to toxic agents leads to
increased vulnerability to subsequent insults. Compensatory responses including the activation of
gene regulation events appear to be involved in offsetting the increased vulnerability. It may indeed
be the case that exposures to differently acting toxicants can be treated with the same protection
strategy that exploit endogenous repair systems.
As a result of the identified biphasic cellular response to toxin exposure, enhanced
vulnerability may stem from disruption of the early gene regulation events that promote survival as
part of the initial phase of the response. For example, IL-6, junB, Egr-1, HES-1, SOCS-3, MAPK
phosphatase (cpg21), and HO-1 are upregulated while ICE is down-regulated early after neurotoxin
exposure. Thus, besides protective genes being upregulated, the decrease in the expression levels of
such apoptotic genes as ICE may also designate the early phase as protective. Disruption of these
types of protective changes would affect neuronal vulnerability. BDNF stands out as a protective
gene whose expression is disrupted by both NMDA-mediated excitotoxicity and repeated low-level
soman exposures.
Alternatively, enhanced vulnerability may be due to exacerbation of the pathogenic phase of
the cellular reponse. Among the genes upregulated early that may be contributing to injury were the
pathogenic genes TNF-a, MlPla, NGFI-B, NOR-1, fra-1 and ICAM-1. It is possible to envision
that the survival genes are over-powered by the upregulated pathogenic genes, resulting in the
initiation of a pathogenic phase that enhances the risk of onset of neuropathogenesis including
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synaptic decline and loss of function. Evidence contributing to this hypothesis comes from
pathogenic genes that are upregulated early after NMDA exposure (1 h post-insult) and remain
upregulated over the course of the whole period such as MlPla and C/EBP.
An array of apoptotic genes may be affected to alter neuronal vulnerability. Some are
upregulated early while a different set of pathogenic genes is upregulated 24 h post-insult. Among
the unique changes occurring 24 h post-insult, the potent pathogenic genes calpain and ICE were
upregulated. Conversely, such genes as BDNF, trkB, Egr-1, neuroD4, and neuronatin a, which have
been shown to be protective, were down-regulated in the delayed phase. It might be these changes
whose effects are compounded by the slow upregulation of more pathogenic genes such as ICE and
calpain.
Calpain, in particular, has been implicated in the pathogenesis of neurotoxin exposure.
During such injury, calcium influx into the cell is increased resulting in the activation of calciumdependent proteins, some of which will promote pathogenesis, such as calpain (for review see
(Vanderklish and Bahr, 2000). It has been shown previously that delayed antagonism of calpain
results in neuroprotection in response to excitotoxicity (Brorson et al., 1995). Accordingly, using a
specific inhibitor for calpain we have shown that signaling cascades such as MAPK and NF-KB are
not altered, therefore this may be an avenue of neuroprotection to follow in preventing the
detrimental effects of neurotoxins (Caba et al., 2002). Pathogenic consequences of calpain
upregulation are likely compounded by the down-regulation of the proteins involved in ion
homeostasis (NVP, PC3, PEP-19, and hippocalcin) and has been proposed to make pathogenic
proteins more potent (Toyota et al., 2003).
According to our findings, it may be possible to design specific treatment strategies where
intervention or activation of specific signaling pathways may be beneficial at different times. This
means of identification of gene regulation events that potentially are most influential to survival can
be used to target treatment strategies appropriately. There are appropriate therapeutic targets to be
explored, and it may be possible to fiirther filter the gene data by examining the altered genes
during effective neuroprotectant treatment. Additionally, these findings may enable us to construct
the sequence of events following neurotoxin exposure and enhanced vulnerability.
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Repeated Contact With Subtoxic Soman
Leads to Synaptic Vulnerability in
Hippocampus
Subratnani Munirathinam and Ben A. Bahr*
Department of Pharmaceutical Sciences, Center for Drug Discovery, University of Connecticut,
Storrs, Connecticut

Soman, an anticholinesterase and dangerous nerve
agent, produces convulsions, memory impairment, and
ceil loss in the brain, especially in the hippocampus.
Soman-induced accumulation of acetylcholine initiates
mechanisms responsible for the development of incapacitating seizures. The prolonged epiieptiform nature of
these seizures causes the release of another excitatory
neurotransmitter, glutamate, which has been linked to
the toxic action of the nerve agent. Here, we tested
whether subtoxic soman exposures influence the brain's
sensitivity to glutamate-based excitotoxicity. Over a
1 -week period, hippocampal slice cultures were exposed
daily to a transient level of soman that produced no
evidence of synaptic deterioration. After subtoxic soman
treatments, however, the tissue became vulnerable to a
brief episode of glutamate receptor overstimulation that
normally resulted in little or no excitotoxic damage. In
those slice cultures treated with subtoxic soman, a decline in synaptic markers as well as an increase in spectrin breakdown occurred 24 hr after the mild excitotoxic
event. Exposure to high soman concentrations alone
produced similar synaptic degeneration, but without evident cell death, suggesting that synaptic decline is an
early neurotoxicologicai response to the nerve agent.
Interestingly, enhanced excitotoxic sensitivity caused the
brain tissue to become susceptible to disparate insults
initiated before or after the soman contact. These findings indicate that seemingly innocuous soman exposures leave the brain sensitive to the types of insults
implicated in traumatic injury and stroke. They also warn
that asymptomatic contact with soman may lead to progressive synaptopathogenesis and that early indicators
of soman exposure are critical to prevent potential brain
injury. © 2004 Wiley-Liss, Inc.

a serious concern to soldien as well as civilians during the
threat of a chemical attack and the unpredictable movement of the airborne toxin. As an irreversible inhibitor of
acetylcholinesterase, exposure to the nerve agent leads to
acetylcholine levels that initiate the early expression of
seizures (see McDonough and Shih, 1997). Prolonged
epiieptiform action of such seizures promotes the release of
excitatory amino acids such as glutamate. It is believed that
the released glutamate can both reinforce seizure discharges and cause related excitotoxic neurodegeneration
in vulnerable brain regions (Wade et al., 1987; Lallement
et al, 1991, 1992; Deshpande et al., 1995; Raveh et al.,
2003). Evidence suggests that septohippocampal areas of
the glutama;tergic system are recruited early after soman
exposure sftid the resultant accumulation of extracellular
acetylcholine. The excess glutamatergic stimulation in
turn causes distmct damage to brain tissue, and blocking
specific glutamajie receptors reduces neuropathogenic responses, including soman toxicity (see Sheardovim et al.,
1990; Sparenborg et al., 1992; Lallement et al, 1993;
Deshpande gf al., 1995; de Groot et al, 2001).
Excitotoxic levels of glutamate are thought to be
involved in the dendritic and synaptic damage following
acute soman exposure, and this may be the early toxicological response that leads to neuronal dysfiinction and
memory impairment (Carpentier et al., 1991; FiUiat et al.,
1999; de Groot et al, 2001; Munirathinam and Bahr,
2002; Raveh et al., 2002, 2003). Overstimulation of glutamate receptors indeed causes synaptic and cellular deterioration in the hippocampus (Siman et al., 1989; Bahr et
al, 1995b, 2002), a brain region involved in information
processing and one that exhibits early degeneration following ischemia and related brain trauma. In addition,

Key words: excitotoxicity; hippocampal slice culture;
soman; speotrin breakdown product; synaptic decline
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Acute exposure to soman, a military-threat agent in
the same family as sarin, causes seizure activity and longterm damage in the central nervous system (Lemercier et
al., 1983; Pazdemik et al., 1985; Taylor, 2001). Soman is
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events of excitotoxicity in hippocampal neurons enhance
the vuhierability to other types of neuropathogenesis (see,
e.g., Mattson, 1990; Bahr et al, 1994). Hence, hippocampal circuitries important for memory encoding exhibit a
distinct susceptibility to excitotoxic insults, particularly
affecting the synaptic integrity that is required for stable
neuronal connections.
The hippocampus is a brain region that has been
extensively utilized to study the action of neurotoxins.
Organotypic hippocampal slice cultures provide a sensitive
model system that exhibits toxic responses comparable to
those found in animal studies (Bahr et al., 1995b, 2002;
Munirathinam et al., 2002). The three-dimensional slice
cultures possess features that are characteristic of the adult
hippocampus in vivo, including circuitry, cellular interactions, and the morphological integrity and organization of
neuronal subfields (Stopinni et al., 1991; Bahr, 1995; Bahr
et al., 1995a). Using this model, we found that levels of
soman exposure that do not elicit signs of damage promote
synaptic vulnerabihty. The hippocampus becomes susceptible to excitotoxicity, resulting in the selective deterioration of synapses in association with proteolytic activation
and cytoskeletal damage.
MATERIALS AND METHODS
Chemicals and Antibodies
Soman (pinacolyl methylphosphonofluoridate) was synthesized and supplied by the U.S. Army Medical Research
Institute of Chemical Defense. The glutamate receptor agonist
AMPA and antagonists MK801 and CNQX were from Tocris
(Ballwin, MO). Trimethyltin (TMT) was from Aldrich Chemicals (Milwaukee, WI). The monoclonal antibody against synaptophysin was obtained from Boehringer Mannheim (Indianapolis, IN), and antiactin was from Sigma (St. Louis, MO).
Affinity-purified antibodies to the AMPA receptor subunit
GluRl were prepared as described elsewhere (Bahr et al., 1996).
The spectrin breakdown product EDP^., was measured by using
affinity-purified antibodies against end residues Gln-Gln-GluVal-Tyr of the aminoterminal fragment produced by calpain I
(Bahr et al., 1995b). Cell culture supplies and protease inhibitors
were obtained from Sigma and Boehringer Mannheim. Nitrocellulose paper was from Osmonics, Inc. (Westborough, MA).
Alkaline phosphatase-conjugated and horseradish peroxidaseconjugated antibodies and appropriate substrate kits were purchased from Bio-Rad Laboratories (Richmond, CA) and Vector
Laboratories (Burlingame, CA).
Organotypic Hippocampal Slice Cultures
Conventional methods were used to prepare hippocampal
shoes from rat pups (Bahr et al., 1995a). Sprague-Dawley rat
litters (Charles River Laboratories, Wilmington, MA) were
housed in accordance with guidelines from the National Institutes of Health. The brains from 11-12-day postnatal rats were
rapidly removed and cooled in ice-cold buffer containing
124 mM NaCl, 3 mM KCl, 2 mM CaCla, 4 mM MgS04,
1.25 mM KH2PO4, 26 mM NaHCOs, 10 mM D-glucose,
2 mM ascorbic acid, and 75 |xM adenosine (pH 7.2). Hip-

pocampi were quickly dissected and cooled, and transverse sUces
of 400 (xm were collected from the septal to the temporal end.
Groups of eight to ten sUces were distributed on MiUicell-CM
culture inserts (MilHpore, Bedford, MA). The Biopore insert
membrane was maintained in contact with culture media consisting of 50% basal medium Eagle, 25% and Earl's salt solution,
25% horse serum, supplemented to the following final concentrations: 136 mM NaCl, 2 mM CaCla, 2.5 mM MgS04, 4 mM
NaHCOj, 3 mM glutamine, 40 mM glucose, 0.4 mM ascorbic
acid, 20 mM HEPES buffer (pH 7.3 at 23°C), 1 mg/Hter insulin
(24 lU/mg), 5 U/ml penicillin, and 5 mg/liter streptomycin.
The slices were maintained for 14-18 days in culture before use,
at 37°C, in a humid incubator supplied with 5% CO2, with the
media being changed every 2-3 days.
The sUce cultures were transiendy exposed to different
concentrations of soman. A single treatment of freshly prepared
agent was applied to both sur&ces of the cultured slices, and this
was repeated daily for up to 1 week. For vulnerability tests in
separate cultures, induction of an excitotoxic insult was conducted on day 6 of subtoxic soman exposures using a 3-min
AMPA (100 p-M) apphcation. During washout of die excitotoxin, the cultures were rapidly quenched with 40 pM CNQX
and 20 pM MK-801 to stop forther glutamate receptor stimulation (total procedure used two 10-min washes). All slice
groups were harvested 7 days after the start of the soman
exposures. Alternatively, different cultures were subjected to a
1-hr TMT (100 |JLM) exposure before the initial soman contact.
The brief TMT application was followed by rapid quenching
and washout, and the shces were subsequently exposed to subtoxic soman and harvested 24 hr later. All treatment groups (n =
4-6 per condition) were staggered so that all sHces were harvested on the same day, at which time they were washed
thoroughly in serum-free media and prepared for subsequent
analyses.
Immunoblot Analysis
Cultured slices were gendy removed with a soft brush and
homogenized by sonication in groups of six to eight slices each
using ice-cold buffer containing 8 mM HEPES buifer (pH 7.4),
1 niM EL^TA, 1 mM EGTA, 0.02% NaNj, 10 pg/Hter antipain,
and 2 pg/hter each of leupepdn, aprotinin, and pepstatin. Samples
were assessed for protein content with a bovine serum albumin
(BSA) standard, and equal protein aliquots (85 pg) were denatured
in sodium dodecyl sulfete (SDS) and P-mercaptoethanol for 5 min
at 100°C, then separated by 6-16% SDS-PAGE and blotted to
nitrocellulose. The nitrocellulose membrane was incubated with
primary antibodies at 4°C overnight with gende agitation. Secondary antibody incubation utilized anti-IgG-alkalkie phosphatase conjugates, and color development used the 5-bromo-4-chloro-3indolyl phosphate and nitroblue tetrazoHum substrate system.
Development of immunoreactive bands was terminated before
maximal intensity was reached to avoid saturation and to ensure a
linear relationship with increasing amount of sample protein. Single
immunoblots were used for comparative studies between different
treatment groups and across multiple antigens. Bands were scanned
at high resolution and assessed for integrated density with Bioquant
software (R & M Biometrics, Nashville, TN).
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Histology
Slices were rinsed with 0.1 M phosphate buffer, pH 7.4
(PB), and fixed for 2 hr in PB plus 4% paraformaldehyde. Slices
were then cryoprotected in 20% sucrose for 1 hr and carefully
removed firom the insert, and serial sections were prepared at
20-|xm thickness and mounted on Superfi-ost plus-coated sKHes
(Fisher Scientific, Pittsburgh, PA). Sections were immunolabeled with antisynaptophysin by using the avidin-biotinperoxidase technique and 3,3'-diaminobenzidine as the chromogen. Alternatively, separate sections were stained with cresyl
violet. Bioquant image analysis included the use of a computerized deconvolution system with motorized Z-focus drive. For
routine screening of slice culture quaUty, synaptic density was
assessed with antisynaptophysin staining.

A

Fl
F2

F3

RESULTS
Different concentrations of soman (nerve agent code
GD) were administered to cultured hippocampal shces to
determine levels that do not cause synaptic degeneration
after an extended exposure period. Single daily applications produced transient exposure of the chemical agent
before rapid hydrolysis in the culture medium, and this
was repeated over a 7-day schedule. Slice cultures treated
with up to 150 nM soman for 7 days of exposure exhibited
no appreciable change in the synaptic vesicle component
synaptophysin (left graph in Fig. IB; see also left sample
pair in Fig. 2A) or in the AMPA receptor subunit GluRl
(Fig. IB, middle graph). Similar concentrations of soman
have been shown to inhibit acetylchohnesterase by >90%
while having no effect on cell viabihty in cultured hippocampal neurons (Deshpande et al., 1995). Thus, shortlived rises in acetylcholine levels may not be sufficient to
trigger synaptic toxicity in locaUzed brain areas. Transient
soman exposures hkely require higher concentrations to
influence a wider circuitry, leading to secondary episodes
of excitotoxic activity.
Soman at 20 |JLM was used to show that, at a higher
agent concentration, transient exposures can cause synaptopathogenesis. Over the 7-day treatment regimen, presynaptic (Fig. IB, left graph) and postsynaptic markers
(Fig. IB, middle graph) were significantly reduced. The
reduction in the synaptic proteins occurred in conjunction
with evident excitotoxicity as indicated by the marked
increase in an excitotoxic indicator, BDP^ (right graph in
Fig. IB; also see immunoblots in Fig. lA). BDPN was
labeled with antibodies directed against the proteolytic site
in the spectrin sequence (Bahr et al., 1995b). The synaptic
decUne was found throughout the hippocampal subfields.
The dendritic zone of hippocampal field CAl (stratum
radiatum), which normally exhibits dense staining for synaptophysin (Fig. 3A), was markedly reduced in the punctate immunolabehng after the soman treatment (Fig. 3B).
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Statistical Analysis
Immunoreactivity levels were expressed as means ± SEM,
and statistical significance was determined by unpaired r-tests
and by one-way analyses of variance, followed by the TukeyKramer multiple-range tests.
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Fig. 1. Synaptic decline and cytoskeletal breakdown after transient
soman exppsures. A: Hippocampal slice cultures were prepared from
postnatal day J2 Sprague-Dawley rats and maintained in culture for
3 weeks, after which a single treatment of 20 piM soman was applied
each day for 7 days (GD). Equal protein aliquots from slice homogenates were used to determine amounts of synaptophysin, AMPA receptor subunit GluR.1, and calpain-mediated spectrin breakdown product BDP,^ by immunoblotting. Blots were also reprobed for p-actin to
verify equal protein ^ load. B: Integrated optical density levels of the
immunorcictive bands were determined for slices subjected to repeated
exposures to 0, 0.15, or 20 |JiM soman over 7 days (mean ± SEJVl; n =
5-9 groups of 6-8 slices each). Post hoc tests compared with nontreated control: *P < 0.01, **P < 0.001.

A similar decHne was evident in the molecular layer of the
dentate gyms (Fig. 3D; compare with control in Fig. 3C).
The synaptic effects occiirred rather gradually; a single
exposure to 20 |xM soman produced Uttle or no change in
presynaptic synaptophysin and postsynaptic GluRl markers 24 hr later (not shown).
Synaptic deterioration was apparent before neuronal
loss, indicating selective vulnerability among synapses of
soman-exposed brain tissue. The transient exposures that
produced synaptic dechne after 7 days of repeated contact
had no obvious effect on neuronal density, nor did they
produce any pyknotic changes in field CAl (Fig. 4B;
control tissue in Fig. 4A), hippocampal field CA3 (Fig. F4
4D; control in Fig. 4C), and the hilus (Fig. 5B; control in
Fig. 5A). Note that, in Figure 5D, only sparse indications FS
of pyknotic nuclei (arrows) were found among granular
neurons of the dentate gyms of soman-treated shce cultures, which were not evident in control tissue (Fig. 5C).
Analyses for gHal fibriUary acidic protein determined that
the repeated soman exposures caused synaptic decHne
without producing secondary pathology in the form of an
astroglial response (not shown).
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Fig. 3. Synaptic decline in soman-treated hippocampus. Hippocampal
shce cultures were repeatedly treated without (A,C) or with (B,D)
20 (J,M soman for 7 days, after which they were fixed, sectioned, and
stained with a monoclonal antibody against the synaptic vesicle protein
synaptophysin. The immunoreactivity in the hippocampal subfield
CAl (A,B) and dentate gyrus (C,D) is shown, ml. Molecular layer, sg,
stratum granulosum; sp, stratum pyramidale; sr, stratum radiatum. Scale
bar = 35 (xm for A,B, 50 n-m for C,D.
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Fig. 2. Enhanced vulnerability in hippocampal slices exposed repeatedly to subtoxic soman. A: Slice cultures were treated 1) with or
without 150 nM soman (GD) for 1 week of daily exposures (left lanes),
2) with or without a 3-niin excitotoxic insult using 100 fJiM AMPA
24 hr before harvesting slices (right lanes), and 3) with or without the
repeated soman exposures in conjunction with the AMPA insult on the
sixth day of soman treatment (middle lanes). Slices Were harvested on
the same day and assessed for synaptophysin (syn) and the spectrin
breakdown product BDP^ by immunobiotting. B: Integrated optical
density levels were determined for synaptophysin and BDPfj in the
different treatment groups (mean ± SEM; n = 7-15 groups of 6-8
slices each). Unpaired, two-tailed Mest: *P < 0.01.

Next, we tested whether the subtoxic soman exposures cause brain tissue to become susceptible to the type
of synaptic decline that results firom high levels of soman.
Hippocampal shces that were treated daily with 150 nM
soman exhibited enhanced vulnerabiHty to a brief excitotoxic insult. Slices were harvested 7 days after the start of
the soman exposures. Mild excitotoxicity was induced on
day 6 by overstimulating AMPA-type glutamate receptors
for 3 min with 100 |xM AMPA, a selective agonist known
to cause neurodegeneration with longer treatment times in
the slice model (Bahr et al., 1995b, 2002). The insult was
rapidly quenched with receptor antagonists in parallel with

wash-out of the excitotoxin. After a 24-hr recovery period, the excitotoxic insult alone did not cause appreciable
synaptic dechne (Fig. 2A, right sample pair). In contrast, in
slice cultures first treated daily with subtoxic soman, the
3-min excitotoxic insult caused a marked reduction in the
vesicle protein synaptophysin (Fig. 2A, middle pair of
immunoblot samples). Immunoreactivity levels of the presynaptic marker were unchanged after 7 days of repeated
soman exposures alone (leftmost sample pair) but were
significantly reduced in soman-tfeated slices 24 hr after the
.AMPA insult (P < 0.01; upper graph in Fig. 2B). A similar
reduction was evident for the postsynaptic marker GluRl
(not shown).
Repeated exposures to subtoxic soman also leave
hippocampal tissue vulnerable to excitotoxic activation of
the protease calpain and resultant cytoskeletal damage.
The calpain-mediated spectrin breakdown product BDP^
provides a sensitive marker for the protease activation that
identifies neurotoxic conditions (see Vanderklish and
Bahr, 2000). Persistent calpain activation is triggered by
glutamatergic excitotoxicity and is thought to be a precursor of synaptic pathology and neurodegeneration (Siman et al., 1989; Bahr et al., 1995b, 2002; Bendiske et al.,
2002). Subtoxic soman exposures caused a greater calpain
response evident 24 hr after the mild AMPA insult (lower
graph in Fig. 2B), corresponding to the enhanced synaptic
vulnerability. The excitotoxic insult alone produced only
trace levels of BDP^ (right sample pair in Fig. 2A), possibly explaining the lack of synaptic effects. Similarly, daily

R
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Fig. 4. Normal density of pyramidal neurons in soman-treated slice
cultures. Hippocampal cultures were repeatedly treated without (A,C)
or with (B,D) 20 |i,M soman for 7 days, after which they were fixed,
sectioned, and stained with cresyl violet. Photomicrographs show pyramidal neurons in CAl (A,B) and in field CA3 (C,D). sp, Stratum
pyramidale; sr, stratum radiatum. Scale bar = 35 |im for A,B, 110 jj,m
for C,D. Figure can be viewed in color online via www.intcrscience.
wiley.com.
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applications with 150 nM soman caused only a small,
insignificant change in EDP^ (Fig.- 2A, leftmost sample
pair). On the other hand, with the addition of the secondary excitotoxic insult, calpain-mediated BDP^ was
markedly increased (middle immunoblot samples in Fig.
2A) to levels similar to those found in sUces repeatedly
exposed to 20 (JLM soman alone (see Fig. lA).
Whereas incidences of excitotoxic and synaptic vulnerability developed after 1 week of repeated soman contact, a single transient exposure also resulted in hippocampal tissue becoming susceptible to a disparate insult after
only 24 hr. A 1-hr treatment with TMT, a neurotoxin that
causes excitotoxic damage in sensitive areas of the brain,
including the hippocampus (Feldman et al, 1993; Ishida et
al., 1997; Munirathinam et al., 2002), was found to be
more effective at causing synaptic and cytoskeletal deterioration when followed by a single exposure to 150 nM
soman (Fig. 6). The brief TMT appHcation followed by
antagonist quenching and wash-out was too short to cause
lasting signs of damage (Fig. 6, rightmost sample pair).
Similarly treated slice cultures were then subjected to
transient soman exposure and assessed for a presynaptic
marker and the calpain-mediated spectrin fragment EDP^
24 hr later. As indicated by the enhanced synaptic decline
and spectrin breakdown (middle pair of immunoblot samples in Fig. 6), it is clear that subtoxic soman increases
neuronal vulnerability to toxic responses triggered before
or after the nerve agent contact.

Fig. 5. Normal cellular densities in the dentate gyrus of soman-treated
hippocampus. Hippocampal slice cultures were repeatedly treated without (A,C) or with (B,D) 20 |Ji,M soman for 7 days, after which they
were fixed, sectioned, and stained with cresyl violet. Photomicrographs
show the dentate gyrus zone (A,B) as well as granular neurons from the
inner blad^ at high power (C,D). Spane pyknotic nuclei are noted with
arrows, h, Hilus; IBl, inner blade; OBI, outer blade; sg, stratum granulosum. Scale bar = 150 (Jim for A,B, 30 |xm C,D. Figure can be viewed
in color onhne via www.intencience.wiley.com.
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Fig. 6. Enhanced vulnerability with a single exposure to subtoxic
jsonian. Slices were subjected to three different conditions: 1) treated
•with or without a single application of fSO nM soman (GD; left lanes),
.2) with or without 100 (iM TMT for 1 lir followed by rapid quenching
and wash-out (right lanes), and 3) with or without the TMT exposure
followed by the single soman treatment (middle lanes). The slices were
harvested 24 hr postinsult and pooled into groups of six to eight slices
each on the same culture day. Itrununoblotting was conducted to assess
the levels of synaptophysin (syn) and the spectrin breakdown product
BDPf.,. Blots were reprobed with an antibody to P-actin to indicate the
relative amount of protein loaded in each lane.

DISCUSSION
Our results have several important implications regarding nerve agent exposure. First, the data indicate that,
after repetitive, transient contact wdth high soman levels,
synapses express the initial pathogenic response before
overt signs of cellular atrophy. A distinct decHne in synaptic markers occurred before neuronal loss in the hippocampus. The exposed hippocampal slice cultures re-
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vealed intact, densely packed neurons and the absence of
pyknotic changes in the major pyramidal fields. Among
granular neurons of the dentate gyrus, the sparse distribution of pyknotic nuclei is an urJikely explanation of the
soman-induced synaptic decline. Studies using subtoxic
levels of soman showed no evidence of synaptopathogenesis, but the repeated exposures caused hippocampal tissue
to become acutely sensitive to mild, disparate insults. The
seemingly unaffected hippocampus was in fact susceptible
to excitotoxic synaptic decline and cytoskeletal damage,
both indicators of early and progressive neurotoxicity
(Bahr et al., 1995b, 2002). Most importantly, the enhanced excitotoxic vulnerabihty was evident after 1 week
or as little as 1 day of transient soman exposure, causing the
hippocampus to become susceptible to insults occurring
before or after nerve agent contact.
Hippocampal slices repeatedly treated with subtoxic
soman became vulnerable to a brief AMPA exposure that
usually has no lasting effects on synaptic or cellular integrity. The findings reveal a possible synergy between the
excitotoxic activation of AMPA-type glutamate receptors
and the release of glutamate following soman exposure. In
support of this, Pavlovsky et al. (2003) reported
acetylcholine-dependent enhancement of glutamategic
excitatory transmission. AMPA receptors also have been
found to play a key role in prompting hyperexcitability of
population responses and spontaneous discharges in
soman-treated hippocampal-entorhinal cortex slices
(Wood and TattersaU, 2001). As noted, the excessive
excitatory activity brought about by soman-induced increases in brain acetylchoHne is thought to generate neurotoxic levels of glutamate. In addition to the overstimulation of AMPA receptors, the released glutamate may also
cause the pathogenic activation of N-methyl-D-aspartate
(NMDA)-type ^utamate receptors (see McDonough and
Shih, 1997). Deshpande et al. (1995) reported that soman
and acetylcholine do not potentiate glutamate toxicity, in
contrast to the enhanced excitotoxic vulnerability shown
here in organotypic cultures. This may be because the
authors did not use repeated exposures or because of the
difference in pathogenic responsiveness between dissociated neurons and slice cultures.
Enhanced excitotoxic sensitivity was evident even
when the subtoxic soman contact occurred after a brief
episode of excitotoxicity. Hippocampal slices treated first
with a mild TMT insult were made more sensitive to
synaptic and cytoskeletal compromise upon a subsequent,
single application of soman. The subtoxic soman exposure
caused increased levels of excitotoxic damage 24 hr later.
Note that longer insult durations with AMPA or TMT
produced a degree of synaptic decUne similar to that found
in shces treated with high levels of soman alone (Harry et
al., 1985; Brock and O'Callaghan, 1987; Bahr et al.,
2002). This further suggests that a synergistic relationship
underlies the disruption of synaptic maintenance produced
by the combination of subtoxic soman exposure and a
brief excitotoxic insult. The resultant synaptic deteriora-

tion would disrupt memory systems, and enhanced excitotoxic sensitivity would exacerbate the problem, especially insofar as memory impairment is a common
outcome after exposures to AMPA (see Wenk et al., 1996;
Kalivas et al, 2001), TMT (Kreyberg et al, 1992; Ishida et
al., 1997; Ishikawa et al., 1997), or soman (Filliat et al,
1999; de Groot et al., 2001; Raveh et al., 2003). Persistent
synaptopathogenesis in the hippocampus is likely part of
the behavioral abnormalities and memory loss in somanexposed animals and humans.
Accompanying the enhanced synaptic vulnerability
was the activation of the protease calpain. Calpain mediates excitotoxic pathology, including the damage produced by AMPA and TMT insults, and is thought to
instigate synaptopathogenesis and neuronal death (see Siman et al., 1989; Bahr et al, 1995b, 2002; Munirathinam
et al., 2002). Calpain is involved in the neurodegeneration
mediated by another family of cysteine proteases, the
caspases (see Wang, 2000;Blomgren et al., 2001). Calpain
and various caspases both promote cellular compromise
during different types of excitotoxic episodes, including
related seizure activity. The calpain response associated
with subtoxic soman and enhanced sensitivity was similar
to that found after repeated contact with high soman
concentrations alone. Thus, subtoxic soman exposures
may decrease the threshold for the excitotoxic activation
of calpain, thereby increasing synaptic vulnerability to
brief insults. Indeed, calpain-mediated proteolysis has been
linked to toxin-induced synaptopathogenesis, and inhibition of proteolytic processes is a proposed treatment for
exposure to neurotoxins, including soman (see Vanderklish and Bahr, 2000; Cowan et al., 2001). The present
findings also suggest that excitotoxic protease activation
plays a role in the initial action of nerve agents, leading to
neuronal dysfunction and decay.
Although there are many examples of subtoxic or
mildly toxic conditions that promote neuronal tolerance
(known a.i preconditioning), e.g., ischemia, hypoxia, excitortoxin exposure (see Schaller and Graf, 2002; Raval et al.,
2003), subtoxic soman contact leads to a dramatic decrease
in tolerance. This is an important issue, in that, although
acute toxicity is easily detected, low-level toxicity is difficult to identify and can last for an extended period after
the initial exposure (for an excellent review of the subject
see Somani and Romano, 2001). The enhanced synaptic
vulnerability described here may explain some of the
toxicological compHcations that persist for months or
years, making treatment very challenging. Adding to this
challenge is that imperceptible soman contact can leave the
brain susceptible to excitotoxic episodes, of which there
are many examples, including stroke and traumatic brain
injury. Criteria for exposure that involve memory or cognitive tests may not detect those individuals who are
distinctly vubierable to damage but lack obvious signs of
neuronal dysfianction. The present results emphasize the
need for early indicators to measure any level of soman
exposure, so that subsequent brain injury can be ade-
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quately assessed and treatment/prevention measures executed in a timely manner.
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Abstract Excitotoxic stimulation of NMDA receptors
results in the activation of a variety of cellular responses.
The inducible transcription factor NF-KB is known to be
involved in excitotoxic responses by neurons. Here, we
show that NF-KB activation occurs in a biphasic manner
in hippocampal slices following a 20-min Af-methyl-D-aspartate (NMDA) exposure. The biphasic activation profile
consists of an early, rapid phase at 0.5-1 h post-insult, and
a delayed phase evident l{)-24h post-insult. Endogenous
inhibitors of NF-KB, IKBS, were examined for their involvement in the biphasic activation. IKBP exhibited
marked degradation in response to the excitotoxity, while
changes in the levels of iKBa and pi05 isoforms were not
detected. The initial decline in iKBp occurred in as little
as 30min post-NMDA exposure, coinciding with early
NF-KB activity. A second, more gradual phase of IKBP
degradation was also evident, possibly giving rise to the
delayed activation of the transcription factor. While both
phases of NF-KB activation were disrupted by the NMDA
receptor antagonist AP5, they were distinct with regard to
the composition of activated complexes and their responsiveness to altered culture conditions. The two phases of
NF-KB activity also were associated with distinct gene regulation events. Up-regulation of bcl-2 message occurred
early after the excitotoxic insult and remained up-regulated for an extended period. In contrast, bax message initially remained unchanged after the insult, but then exhibited an increase 24 h later, corresponding with the second
phase of the NF-KB response. These results indicate that
distinct phases of NF-KB activation are generated in the
excitotoxic hippocampus, and that the phases may be involved in opposing cellular responses.
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Introduction

Excessive or prolonged activation of A^-methyl-D-aspartate (NMDA)- and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA)-type glutamate receptors in the
brain induces sustained levels of intracellular calcium,
causing neuronal impairment and death, particularly in
the hippocampus. This phenomenon, referred to as glutamate excitotoxicity, is characterized by damage of cellular
components and disruption, or at times activation, of signal transduction events including those involving nuclear
factor-KB (NF-KB) [10, 18, 22, 36, 58]. NF-KB is a ubiquitous, inducible transcription factor that is activated by a
wide range of stimuli [16, 23, 37]. The complexity of this
transcription factor is not only a result of the variety of
signals that regulate it, but the vast number of genes that
are regulated by NF-KB.
NF-KB has been extensively studied because it is a
pleiotropic factor that, depending on the stimulus [37,53],
cell type [2, 3], and stage of development [19], can initiate
the transcription of many genes. The diversity of NF-KB
activation is illustrated by its involvement in promoting
apoptosis as well as cell survival. Numerous studies have
assigned such opposing roles to NF-KB in the same cell
and tissue types [21, 27, 33, 57, 60], thus suggesting that
the pathway mediated by NF-KB is determined not by
the tissue type but by the stimulus. In the brain, however,
a controversy exists in the fact that NF-KB activation leads
to opposing pathways after the same type of stimulus. For
example, several studies implicate NF-KB in apoptosis in
response to excitotoxicity and global ischemia [1, 11, 17,
41,46], while others point to the anti-apoptotic role played
by NF-KB during the same type of excitotoxic episodes
[15, 31, 35, 49, 55]. The present study approached the
dual role issue by testing for distinct events of NF-KB activation that may be involved in pro- and anti-apoptotic
pathways in the excitotoxic hippocampus.
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The hippocampus is particularly vulnerable to stroke-type
excitotoxicity, hence we sought to explore the role of
NF-KB in the established hippocampal slice model of excitotoxicity [4, 6, 7, 25, 42, 48, 59]. To study the transcription factor, we evaluated the activation profile of
NF-KB in interface slice cultures that were subjected to a
20-min NMDA exposure. The brief insult resulted in a
biphasic activation profile for NF-KB. Interestingly, we
show that the biphasic NF-KB response in the excitotoxic
hippocampus coincides with early up-regulation of an antiapoptotic gene and delayed up-regulation of a pro-apoptotic gene.
Methods and materials
Organotypic hippocampal slice cultures
Sprague-Dawley rat litters (Charles River Laboratories, Wilmington, MA) were housed in accordance with guidelines from the National Institutes of Health and Institutional Animal Care and Use
Committee. Interface hippocampal slice cultiu'es were prepared
from animals at 11-12 days postnatal. The methodology used has
been approved by the Animal Care and Use Committee. Transverse slices of hippocampus (400 )xm) were quickly prepared,
maintained on Millicell-CM inserts (MilHpore Corporation, Bedford, MA), and periodically supplied with fresh media composed
of 50% basal medium Eagle, 25% Earle's balanced salts, 25%
horse serum, and defined supplements [5, 6]. Slices were maintained at 37°C in a 5% C02-enriched atmosphere and fed every
other day until use. Slices were allowed to mature for 10-15 days
in culture before being used in experiments.
Induction of excitotoxicity
Brief excitotoxicity was achieved by incubating the cultured slices
with media containing 200 (iM NMDA (Tocris, EUisville, MO) for
20min. The agonist was then removed using multiple media
washes containing 40|J,M each of MK801 and CNQX (Tocris), selective antagonists that quench any further activity of NMDA- and
AMPA-type glutamate receptors, respectively. The slice cultures
were then placed in fresh media for the recovery period of 0.5-24 h.
In a separate group of cultures, a control experiment was conducted in which the NMDA receptor antagonist APS (Tocris) was
present before (5-min pre-treatment), during, and after the excitotoxic insult. Continual presence of the antagonist throughout the
treatment paradigm was to verify that the measured results were
indeed mediated by NMDA receptors. Additional experiments
were conducted in the presence of the neuroprotective agent Ampalcine (20 p,M) or in the absence of serum to measure changes in
NMDA-induced effects.
Immunohistochemistry
Slices were fixed on the Millicell membranes in 4% paraformaldehyde for 2 h and cryoprotected with 20% sucrose for 1 h or overnight. The fixed tissue was then sectioned at 20 )a,m and mounted
on coated slides (Fisher Scientific, Pittsburgh, PA). The mounted
tissue was Nissl stained or probed with antibodies that selectively
recognize activated NF-KB. These include antibodies to the nuclear localization signal in the p50 subunit (anti-p50/NLS or antip50/D17; Santa Cruz Biotechnology, Santa Cruz, CA). Avidin-biotin-peroxidase technique and the chromogen 3,3'-diaminobenzidine (Vector Laboratories, Burlingame, California) showed the location of the bound primary antibody.

Nuclear extraction and electrophoretic mobility shift assay
Nuclear extraction was carried out as previously described
[10]. Briefly, harvested slices were homogenized in ice-cold nuclear
extract buffer (20mM HEPES pH7.9, lOOmM NaCl, 1.5mM
MgClj, 0.5 mM EDTA, 0.7% IGEPAL CA630, 10% glycerol,
2n,g/ml leupeptin, 5(ig/ml aprotinin, 0.1 mM phenylmethanesulfonyl fluoride, and 0.5 mM dithiothreitol). Homogenates were centrifuged at 6,500 rpm, and the pellets washed. The pellets were suspended in 35 Hi high-salt buffer and centrifuged so that supernatant
could be collected and protein concentrations determined. Equal
amounts of nuclear protein (7.5 ^ig) were subjected to electrophoretic
mobility shift assay (EMSA) as outlined fireviously [10]. The samples were incubated with 2.5|ig poly-dldC (Sigma-Aldrich Corporation; St. Louis, MO) and 0.75 (ig BSA in 15|Xl total volume
for 20min, then incubated at room temperature for 15min with
32P-labeled NF-KB consensus oligonucleotide (5'-AGT TGA GGG
GAC TTT CCC AGG C-3'; Promega, Madison, WI). ProteinDNA complexes were then resolved by 4% PAGE and visualized
by Kodak X-OMAT film autoradiography. Supershift analyses entailed incubating samples with antibodies to p50, p52, and p65
(Santa Cruz Biotechnology) for 20min on ice before electrophoretic separation. NF-KB binding activity was determined by integrated optical density using BIOQUANT software (R & M Biometrics, Nashville, TN). Mean densities from slice samples treated
with or without NMDA were compared using unpaired, two-tailed
/-tests or ANOVA.
SDS-PAGE and immunoblot analysis
Control and NMDA-treated slice cultures were gently removed
with a soft brush and homogenized, in groups of six to eight, using
ice-cold homogenization buffer. Protein content was determined
with a BSA standard and equal aliquots of the slice samples were
denatured in sampling buffer for 5 min at 100°C, then separated by
4-16% SDS-PAGE, and blotted onto nitrocellulose. Immunodetection was accomplished by incubating blots at 4°C with antibodies that recognize iKBa, IKBP, pl05 (Santa Cruz Biotechnology),
and the phosphorylated active form of IKB kinase (IKK; Cell Signaling, Beverly, MA). Secondary antibody incubation utilized
anti-IgG-alkaline phosphatase conjugates, and band intensity was
determined using 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium. Color development of immunoreactive bands
was terminated before maximal intensity was reached to avoid saturation and to ensure a linear relationship with increasing amount
of sample protein. Bands were scanned at high resolution and
assessed for integrated density with BIOQUANT software (R & M
Biometrics). Mean integrated densities for antigens in slice samples treated with or without NMDA were compared using unpaired, two-tailed f-tests or ANOVA.
Reverse transcriptase-PCR
RNA was isolated from control and NMDA-exposed hippocampal
slices using RNeasy Mini kit according to manufacturer's recommendations (Qiagen; Valencia, California). cDNA was generated
using 2.5 |iM random hexamers, 1 X PCR reaction buffer, 2.5 mM
MgCl2, 1 mM of each dNTP, lU/|il MuLV reverse transcriptase
(RT) (Applied Biosystems, Branchburg, NJ). Using 200 ng cDNA
as the template, PCR was carried out in a total volume of 25 [il
containing Ix PCR reaction buffer, 2.5 mM MgClj, 0.2 mM of each
dNTP, 1.25 U/^l Taq DNA polymerase (Eppendorf Scientific,
Westbury, NY), and 0.25 mM each of forward and reverse primers.
The primer sequences were as follows: bcl-2 5' strand CAC CCC
TGG CAT CTT CTC CTT, bcl-2 3' strand AGC GTC TTC AGA
GAC AGC CAG, bax 5' strand CCA CCA GCT CTG AAC AGA
TCA TGA, and bax 3' strand TCA GCC CAT CTT CTT CCA
GAT GGT (Sigma Genosys, The Woodlands, TX). Rat P-actin
primers were purchased from Promega. Reaction mixture without
DNA template was used as a negative control. Twenty-four cycles
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of amplification, for both bax and bcl-2, were determined to generate products in the linear dynamic range. PCR products were resolved on 2% agarose gels and their images captured and analyzed
using the Kodak EDAS120 system (Rochester, NY).

washes, the biotinylated probe was detected tlirough signal amplification and a streptavidin-alkaline phosphatase conjugate. Color
development utilized appropriate substrates and the tissue was
cover-slipped and examined by light microscopy.

In situ hybridization

Results

Experiments used the in situ hybridization/detection kit and manufacturer's recommendations from Maxim Biotech, Inc. (San Francisco, CA). The biotin-labeled oligonucleotide probe for rat bcl-2
(235 bp) was constructed according to the sequence from the GenBank database (accession no. L144680). Control and treated slices
were fixed in 4% paraformaldehyde, sectioned at 20 |J,m thickness,
and dried. The tissue was rehydrated, then incubated with proteinase K for 1 h to deproteinize the samples. The sections were
air-dried, denatured at 70°C, followed by overnight incubation
with the diluted probe in a humidity chamber. After subsequent

To monitor excitotoxic activation of NF-KB, hippocampal
slice cultures were infused with NMDA, an agonist of a
class of excitatory glutamate receptors. After 20 min, the
NMDA was thoroughly washed out in the presence of selective antagonists to quench any further glutamatergic
stimulation, thus providing a defined insult. The NMDAtreated slices were probed with anti-p50/NLS antibodies,
which recognize the nuclear localization signal in the p50

Fig. 1 Excitotoxicity causes
NF-KB activation in neuronal
subfields of hippocampus.
NMD A (200 ilM) was infused
into slice cultures for 20 min,
followed by rapid washout and
quenching of glutamatergic receptors. Slices were subsequently fixed at 24 h post-insult, then assessed for active
NF-KB with anti-p50/NLS as
described in Materials and
Methods (A). Anti-p50/NLS
antibodies labeled a wide distribution of nuclei in pyramidal
neurons of CAl and CAS (arrows) and in the stratum granulosum of the dentate gyms (see
arrowheads). Additional excitotoxic slices were Nissl
stained (B). Control cultures
(C, E) and slices harvested 1 h
post-insult (D, F) were fixed,
sectioned, and probed with
anti-p50/NLS. Pyramidal neurons (C, D) and granular neurons (E, F) were examined at
high magnification, revealing
NMDA-induced nuclear localization of active NF-KB (see
outline of selected cell bodies).
Nissl staining of the CAl region is shown at 1 h (G) and
24 h post-insult (H) (DG dentate gyrus, h hilus, sg stratum
granulosum, sp stratum pyramidale, sr stratum radiatum).
Bar (in B) A, B 250 |J,m;
C, D 20 nm; inset in D 12 fim;
E,F 14nm;G, H35p.m
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A

subunit normally masked by IKBS. Punctate nuclear staining of the activated p50 subunit was evident 24 h post-insult, particularly in the wide band of pyramidal neurons in
fields CAl and CA3 (Fig. lA, arrows), as well as in the
granular cell layer of the dentate gyms (arrowheads) (see
the Nissl-stained slice in Fig. IB for position references).
In the hilus and the dendritic fields of CAl, there was evidence of staining of other cell types including perhaps inter■-^NF-KB
neurons
and astrocytes. In addition, p50-containing NF-KB
SP-1 complexes
were translocated into neuronal nuclei as early
as 1 h post-insult. Morphologically defined neurons in the
stratum pyramidale exhibited nuclear staining of the acTIIIBWI."^
tive transcription factor (see arrows and inset in Fig. ID),
whereas control tissue exhibited mostly cytoplasmic
staining and perhaps low-level basal activation (Fig. IC).
Granular neurons also exhibited NMDA-induced nuclear
staining of activated NF-KB (arrows in Fig. IF), while control sUces did not (Fig. IE). Note that NF-KB activation
occurs as the major neuronal subfields remain intact in the
excitotoxic hippocampus (Fig. IB). While vulnerable CAl
3
4
neurons are without overt signs of atrophy 1 h post-insult
(Fig. IG), initial pyknotic changes as well as intact neurons are evident at 24 h post-insult (Fig. IH).
In further experiments, nuclei preparations were extracted
from control and NMDA-treated slices and subsequently
assessed for the activity of transcription factors NF-KB
and SP-1. The excitotoxic exposure caused an increase in
NF-KB binding of the consensus sequence (Fig. 2A, left
lanes), as expected from the immunocytochemistry results
2000i
showing NF-KB complexes translocated into neuronal nuclei. No such increase in activity was exhibited by SP-1 in
NMDA-treated slice cultures (Fig. 2A, right lanes). In fact,
the SP-1 activity was lower than that measured in control
slices (70±15% of control; n=6 groups of 20 slices each),
but the change was not statistically significant. To better
determine the activation profile for NF-KB, slices were
harvested and nuclei isolated at different times post-insult.
As shown in Fig. 2B, biphasic activation of NF-KB is evident following the induced excitotoxicity. The initial increase above basal activity, which occurred at 0.5-1 h
post-insult time, was reduced by almost 50% 4 h later, followed by a gradual second phase of activation between 1024 h post-insult. To confirm the biphasic profile, imaging
data from control and NMDA-treated slice groups were
10
15
20
25 assessed by a one-way analysis of variance (P<0.0001).
post-insult time, h
Next, we tested whether IKB degradation events can
account for the early and delayed phases of NF-KB actiFig. 2 Specific and biphasic activation of NF-KB in the excito- vation. Specific antibodies were used to monitor IKB famtoxic hippocampus. NMDA was infused into hippocampal slice
cultures for 20inin, followed by washout and antagonist quench- ily members, namely iKBa, IKBP and pl05, in control
ing. Nuclei were isolated 1 h post-insult and NF-icB activation was and NMDA-treated slices. As shown in Fig. 3A, a signifiassessed for probe binding (A, left lanes). The EMS A shows that cant decline in IKBP (lower graph) coincided with the
NF-KB binding activity is increased following the insult. Nuclei
early activation of NF-KB (upper graph). ItcBP levels also
from similarly treated slices were assessed for SP-1 binding (A, exhibited a gradual decline from initially restored levels
right lanes). In B, NF-KB activation {arrow) was quantified in nuclei extracted from non-treated control slices (lane 1) and from (Fig. 3B, lower graph) that coincided with the delayed
NMDA-treated slices harvested 1, 5, 10, and 24h post-insult phase of NF-KB activation (Fig. 3B, upper graph). As de{lanes 2-5, respectively). The plotted integrated optical densities termined from post-hoc tests, the decrease in iKBp was
(means ± SEM) represent NF-i^-DNA binding activity of control not significant until the 10 h post-insult time and was
slices {triangle; see dotted baseline) and the NMDA-induced activation profile {circles) determined from 4 to 13 separate groups of more obvious after 24 h, perhaps giving rise to the inslices. The data were subjected to a one-way analysis of variance crease in NF-KB activity that occurs between 10-24 h post(/'<0.0001). {EMSA electrophoretic mobility shift assay)
insult. Interestingly, the two phases of IKBP decline corre-
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Fig. 3 IKBP degradation corresponds with NF-KB activation in
the excitotoxic hippocampus. Non-treated control tissue (nO and
NMDA-treated slices harvested 0.5 h post-insult were analyzed for
nuclear NF-KB binding activity (mean ± SEM; n=8-12), while
slice homogenate samples were assessed for iKBp immunoreactivity by Western blot (A); unpaired, two-tailed f-test: *P<0.05,
***f<0.0001. The same slice homogenates were assessed for
iKBa (C). Mean immunoreactivity levels were determined from
integrated density imaging measures (± SEM). NF-KB activation
and IKBP levels were also determined in slice samples that were
harvested 1, 5, 10, and 24 h post-insult («=3-12 each) (B). The
gradual decrease in iKBp (ANOVA: /'=0.016) corresponds with
the increased nuclear translocation of NF-KB (ANOVA: P<0.001)
(*Tukey's post-hoc test compared to 1 h point: *f<0.05). Representative immunoblots stained for iKBa and IKBP are shown (D)

sponded closely in time with early and delayed activation
of IKK evident in Fig. 4. Note that experiments with purified IKK indicate that the activated form of the kinase,
pIKK, can phosphorylate both IicBa and IKBP at the appropriate regulatory residues [40, 64], causing their rapid
degradation. However, iKBa did not exhibit evidence of
degradation in the excitotoxic hippocampal slices. In the
same slice samples that expressed early and delayed reductions in IKBP, no such decline in iKBa immunoreactivity occurred at the early time point (Fig. 3C), nor was

Fig. 4 Activation of IKB kinase (JKK) in the excitotoxic hippocampal slice model. The homogenate samples used to measure
IKBP in Fig. 3 were assessed for IKK activation. Antibodies that
selectively recognize the phosphorylated active form of the kinase
ipIKK) stained the immunoblot samples from non-treated slices
(nt) and NMDA-treated slices harvested at the noted post-insult
times. Immunoreactivity levels were determined by image analysis, and mean integrated optical densities are shown (± SEM). The
plotted data were subjected to ANOVA (/'<0.05)
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Fig. S NF-KB activation is mediated through NMDA-type glutamate receptors. Hippocampal slices were treated with the NMDA
insult alone or, in a separate group of slices, APS was applied to
the slices before, during, and after the insult. Nuclear extractions
were carried out on slices harvested 0.5-1 h (A) and 24 h post-insult (B) and the preparations used for EMSA

there a change in iKBa levels at 10-24h post-insult (99±
3% of control, n=12; see representative blots in Fig. 3D).
The pl05 isoform also exhibited stable levels in slices
harvested 1-24 h post-insult (not shown).
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Further studies were conducted to determine whether the by anti-SO antibodies (pSO lane). Correspondingly, anti-p6S
two phases of NF-KB activation have distinctive features antibodies caused no evident reduction in the protein-DNA
other than the temporal one. First, control experiments complex (see p6S lane). Neither of the two phases of activwere done to verify that the NMDA effects were specific in ity exhibits the presence of the pS2 subunit as anti-p52 anboth phases. Previous studies reported that NMDA-in- tibodies had no influence in supershift analyses.
duced NF-KB activation is blocked by the NMDA receptor
In addition to the makeup of activated complexes, difantagonist APS [18]. Similarly, we found that APS, when ferential responses to protective and pathogenic conditions
present before, during, and after the excitotoxic insult, dis- provide further evidence that the NF-KB activation profile
rupted both the early phase of NF-KB activity at 1 h consists of two distinct phases. When the excitotoxic inpost-insult (Fig. 5A) and the delayed phase at 24 h post- sult was conducted in the presence of the neuroprotective
insult (Fig. SB). Also, competition studies with non-radio- agent Ampakine, the induced activation of NF-KB was enlabeled probe indicated that the binding activity in either hanced in the delayed phase, while no significant change
phase was specific for NF-KB (data not shown). While the occurred in the early phase (Fig. 7A). Note that Ampakine
two phases are similar with regard to the inhibitory effect positively modulates mitogen-activated protein kinase and
of APS, they appear to involve distinct subunit composi- other protective signaling pathways [7], and alone causes
tions of the activated NF-KB complex. EMSAs of suffi- at least a twofold increase in NF-KB activity in hippocamcient resolution indicate that early activation results from pal slice cultures (/'<0.0001). The opposite result was found
the nuclear translocation of both pSO-containing and p6S- when the excitotoxic insult was conducted under serumcontaining complexes (Fig. 6A). As shown by supershift free conditions, causing an enhanced level of NF-KB actianalysis, anti-pSO antibodies essentially eliminated the vation only in the early phase (Fig. 7B). Removal of serum
pSO/pSO complex (closed arrow) and markedly reduced the had no effect on the delayed phase, although serum depriheterodimeric p65/p50 (open arrow), while shifting the vation alone produced a twofold increase in NF-KB activbinding activity to a higher molecular weight (see pSO ity that was sustained across a 24-h period.
lane). The involvement of p6S was verified with anti-p6S
Lastly, we tested for evidence that the early and deantibodies that nearly eliminated p6S/pS0 and shifted bind- layed excitotoxic responses involving NF-KB lead to dising activity to a higher position (asterisk in the p6S lane). tinct gene regulation events. Since NF-KB has been impliWhile the early phase of NF-KB activation exhibits the cated in compensatory repair signaling as well as prodoublet pattern of activated pSO/pSO and p6S/pS0, the de- grammed cell death (see [43] for a review), representalayed phase consists primarily of the pSO/pSO homodimer
(Fig. 6B). Only a single band of activity was evident in nuclei prepared 24 h post-insult, whose mobility was retarded
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{closed arrow) and p65/p50 heterodimers (open arrow). Separate
aliquots of the nuclear extracts were pre-incubated with antibodies
to p50, p52, and p65 for supershift analyses in adjacent lanes.
Anti-pSO clearly reduced the mobility of the early and delayed
binding activity, while anti-p65 shifted binding activity in the early
phase only (asterisk). Antibodies to p52 had no effect in either
phase
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Fig. 7 Differential responses expressed by the two phases of NFKB activation. Slice cultures were subjected to the NMDA insult in
conjunction with the presence of the neuroprotective agent Ampakine (A; n=ll-13) or the absence of serum in the media (B;
11=4). Separate groups of slices were harvested 1 h (early) or 24 h
post-insult (delayed) to be analyzed for nuclear NF-KB activity.
Binding activity levels were determined from integrated optical
density measures, and percent change in activation (mean ± SEM)
was assessed by normalizing the data to that expressed by insultalone samples (set at 100%). The EMSAs shown illustrate the effect the neuroprotective agent (NA) or serum deprivation (SD) has
on NMDA-induced NF-KB activation
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analyses of gene expression levels. Early after the excitotoxic NMDA exposure, bcl-2 message was increased and
it remained at the up-regulated level (Fig. 8A, left graph;
ANOVA: P=0.002). The NMDA-induced early increase in
bcl-2 message, confirmed by in situ hybridization (Fig. 8C;
control in Fig. 8B), corresponds with the early phase of
NF-KB activation. Bax, on the other hand, did not exhibit
early regulation, but did express a delayed increase in
message level at 24 h post-insult (Fig. 8A, right graph).
These findings lead to the idea that the NF-KB activation
profile may result in anti-apoptotic as well as pro-apoptotic chemistries in the excitotoxic hippocampus.
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Fig. 8 Differential gene regulation is evident in the two phases of
NF-KB activation. A RNA was isolated from groups of non-treated
slices («?) and from NMDA-insulted slices harvested in the early
(1 h post-insult) or delayed (24 h) phase of NfF-KB activation. RTPCR products of bcl-2, bax, and P-actin, amplified from the same
RNA preparations, were quantified by image analysis, normalized
to respective P-actin message, and plotted as percent of the nontreated control level (mean ± SEM). Early up-regulation of the
bcl-2 message corresponds with the initial activation of NF-KB.
Analyses of variance were applied to bcl-2 (f=0.002) and bax data
(f=0.03). Tukey's post-hoc test compared to non-treated control:
*P<0.Q5, **P<Om. B, C In situ hybridization analysis for bcl-2
mRNA was conducted in control tissue (B) and in NMDA-treated
slices at 1 h post-insult (C). After being fixed and sectioned, the
tissue was incubated with a biotinylated cDNA probe, assessed for
hybridization through streptavidin-conjugate binding, and pyramidal neurons (arrows) were visualized by associated alkaline phosphatase activity {sp stratum pyramidale). Bar 45 |im

tives of both anti-apoptotic (bcl-2) and pro-apoptotic (bax)
pathways were examined. We chose bcl-2 and bax because these genes are thought to be regulated by NF-KB
(e.g., [52, 55]). Specific primers were used for RT-PCR

The results of this study show that NMDA-mediated excitotoxicity in hippocampus leads to distinct phases of
NF-KB activation. The data provide evidence that NF-KB
responds to an excitotoxic insult in a biphasic manner to
promote opposing pathways. The transcription factor indeed has been reported to have a dual role in promoting
both life and death in neurons [28, 30, 34, 36, 37,43], thus
imphcating it in compensatory repair signaling as well as
pathogenic cellular responses.
NF-KB exhibits at least two activation phases in the excitotoxic hippocampal slice model, and both were shown
to be specifically mediated by the over-stimulation of
NMDA receptors. Biphasic activation of the transcription
factor has been described in other model systems [20, 24,
29, 56]. For instance, Lille et al. [29] reported a comparable activation profile in response to ischemia/reperfusion
in rat muscle. Similar to our results, they found an initial
peak between 0.5-3 h post-perfusion, and a second wave
of activation between 6 and 16 h. However, while the
level of NF-KB activation in ischemic muscle diminished
by 24 h post-injury, it continued to increase in the excitotoxic hippocampus, evident particularly in the major neuronal subfields as well as indications of activity in other
cells. The biphasic NF-KB profile does not appear to involve differential activation across the three neuronal subfields, and more extensive studies will be needed to determine whether the two phases represent distinct responses
by different cell types. Note that in astrocytes, biphasic
NF-KB activity is apparent, but follows a much shorter
time course than our results [24].
Differential IKB degradation has been implicated in the
NF-KB responses in astrocyte and neuroblastoma experiments [24], as well as in other studies illustrating biphasic
activation of the transcription factor. Thompson et al. [56]
have suggested that two different IKBS give rise to two
types of NF-KB activation: a transient phase mediated primarily through IKB a degradation, and a persistent phase
regulated by both iKBa and IKBP. Alternatively, there is
evidence that, while IKBP is involved in a delayed phase
of activation, it also contributes to an initial phase of
NF-KB activity [20]. These findings correspond with our
results that impUcate IKBP in both phases of the excitotoxic NF-KB response.
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The present report shows that biphasic IKBP degradation occurs in the excitotoxic hippocampus, consisting of
rapid degradation as early as 30 min post-insult and a second, much slower phase of degradation. The NF-KB response to the insult does not appear to involve IicBa or
pi05, for they did not exhibit post-insult declines in immunoreactivity. This is somewhat surprising since the neuroprotective NF-KB response in excitotoxic hippocampal neurons has been shown to be controlled, at least in part, by
iKBa [9]. Although unlikely, it may be the case that the
immunoassays used in the present study are not sensitive
enough to detect IicBa or pl05 degradation in neurons.
Perhaps iKBa expression is enhanced in the excitotoxic
hippocampus, thereby masking its potential involvement.
Related to this, transfected T lymphocytes were shown to
exhibit decreased levels of iKBp protein, while NF-KB-directed transcription of the IxBa gene was stimulated [39].
With that said, IKBP appears to play a major role in the
biphasic activation of NF-KB. Other IKB molecules cannot be excluded from playing a role, although they are unlikely candidates since iKBy expression is only found in
mouse B cells [8], IKB8 associates with RelB/p52 complexes [8], and IKBE selectively inhibits complex between
p65 (RelA) and cRel [62].
Perhaps the IKBP degradation events occur through two
distinct mechanistic pathways. Indeed, it has been proposed
that IKB proteins are degraded by a variety of mechanisms, and that degradation of iKBa and iKBp goes through
different pathways involving the calcium-dependent protease calpain and the ubiquitine/proteosome degradation
system [20]. Although calpain has been implicated in the
degradation of the inhibitory proteins [32, 44, 51], our
previous work provides evidence that calpain is not involved in the early response of NF-KB [10]. Hence, the
ubiquitine/proteosome pathway is a strong candidate for
playing a role in the early activation. Calpain, on the other
hand, may be responsible for the delayed phase, a finding
that is consistent with the study of Han and Brasier [20],
who reported that calpain is involved in the second phase
of the biphasic activation observed during their treatment
paradigm. Calpain has also been implicated in iKBa
degradation during oxidative stress-induced NF-KB activation [50]. Further, more extensive studies would be needed
to rule out additional potential pathways. For instance, the
lysosomal system may rapidly degrade both iKBa and
IKBP [12]. More interesting with respect to the current
study, previous reports identified an unphosphorylated,
non-degradable or slowly degraded form of IKBP that is
involved in the persistent activation of NF-KB [54, 61].
This novel form of IKBP may explain the apparent rapid
re-synthesis of IKBP and its gradual degradation in the delayed phase of NF-KB activation.
Inducible transcription factors such as NF-KB are important for communicating changes in the cellular environment into specific signaling responses. For example,
neurons are known to activate a number of defense mechanisms in response to injury. Survival depends on the ability to repair or remove damaged cells, and while many
cellular mechanisms are predominantly protective or pre-

dominantly pathogenic, a few, including NF-KB, are linked
to both (for review see [34]). Correspondingly, the present
study implicates NF-KB in such a dual role involving opposing pathways. We found that increased levels of bcl-2
message correspond with the rapid early phase of NF-KB
translocation in the excitotoxic hippocampus. This is in
agreement with several studies that point to a role for
NF-KB in anti-apoptotic mechanisms [15, 31, 35, 49, 55]
and in neuroprotective responses to excitotoxicity in hippocampal neurons [9]. Moreover, expression of the bcl-2
gene was found similarly regulated in excitotoxicity-related models of hypoxia and reperfusion [45, 55]. Excitotoxic hippocampal slices did not exhibit increased message
for the pro-apoptotic gene bax until the delayed phase of
NF-KB activation, coinciding with initial pyknotic changes
expressed by vulnerable neurons. This also is in accordance
with many reports linking NF-KB signaling to apoptosis
[1,11, 17,41, 46] and showing that bax is up-regulated in
response to glutamate-induced neurotoxicity [13, 14, 17,
26, 38, 47, 63]. While bcl-2 and bax represent opposing
pathways of protection and death, respectively, the expression of both genes appears to be associated with the
excitotoxic NF-KB response.
The involvement of NF-KB in neuronal survival as well
as neuronal death makes this transcription factor quite
unique. Together with previous reports, the present findings suggest that biphasic NF-KB activation leads to the
regulation of opposing cellular responses. This dual nature of NF-KB would explain how the transcription factor
influences both degenerative and regenerative pathways.
The results also support the hypothesis that degenerative
and compensatory mechanisms are triggered by a stroketype insult, and that the opposing pathways together determine the extent of neurodegeneration.
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Sulfate- and Size-Dependent Polysaccharide
Modulation of AMPA Receptor Properties
Linda M. Chicoine,^'^ Vishnu Suppiramaniam,"' Thirumalini Vaithianathan,"*
Gerald Gianutsos,' and Ben A. Bahr^''*
'Department of Pharmaceutical Sciences and the Neurosciences Program, University of Connecticut, Storrs
■^Cognetix, Inc., Salt Lake City, Utah
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Previous work found evidence that a-amino-3-iiydroxy5-methylisoxazole-4-propionic acid (AMPA)-type glutamate receptors interact with and are functionally regulated by the glycosaminoglycan heparin. The present
study tested whether dextran species affect ligand binding, channel kinetics, and calcium permeability of AMPA
receptors. Dextran sulfate of 500 kDa markedly reduced
high affinity pH]AMPA binding in solubilized hippocampal membranes. In isolated receptors reconstituted in a
lipid bilayer, the same dextran sulfate prolonged the lifetime of open states exhibited by AMPA-induced channel
fluctuations. The large polysaccharide further changed
the single channel kinetics by increasing the open channel probability five- to sixfold. Such modulation of channel activity corresponded with enhanced levels of calcium influx as shown in hippocampal neurons loaded
with FluoSAM dye. With an exposure time of <1 min,
AMPA produced a dose-dependent increase in intracellular calcium that was blocked by 6-cyano-7nitroquinoxa!ine-2,3-dione disodium (CNQX). Dextran
sulfate, at the same concentration range that modified
ligand binding (EC50 of 5-10 nM), enhanced the AMPAinduced calcium influx by as much as 60%. The enhanced influx was blocked by CNQX, although unchanged by the W-methyl-o-aspartate (NMDA) receptor
antagonist AP5. Confocal microscopy showed that the
increase in calcium occurred in neuronal cell bodies and
their processes. Interestingly, smaller 5-8-kDa dextran
sulfate and a non-sulfated dextran of 500 kDa had little or
no effect on the binding, channel, and calcium permeability properties. Together, these findings suggest that
synaptic polysaccharide species modulate hippocampal
AMPA receptors in a sulfate- and size-dependent
manner. © 2003 Wiley-Liss, inc.
Key words: AMPA-type glutamate receptors; glycosaminoglycans; dextran sulfate; synaptic modulation

a-Amino-3-hydroxy-5-methylisoxazole-4-propionic
acid (AMPA) receptors are involved in excitatory synaptic
transmission in the brain, and their regulation is thought to
be responsible for many types of neuronal functions. Most
® 2003 Wiley-Liss, Inc.

notable, AMPA receptors are thought to be involved in
memory encoding (StaubU et al., 1994, 1996; Mahanty
and Sah, 1998; Shapiro, 2001; Riedel et al., 2003), synaptogenesis (Launey et al., 1998; Konig et al., 2001), and
neuronal maintenance (McKinney et al., 1999; Lauterbom
et al., 2000; Bahr et al., 2002). The regulation of AMPA
receptors during these activity-dependent events leads to
alterations in AMPA receptor properties and changes at
the synapse. Perhaps providing insight into possible mechanisms of regulation, AMPA receptor binding and channel
properties have been shown to be modulated by subunit
phosphorylation (e.g., see Correia et al., 2003), interactions with certain lectins (Lin and Levitan, 1991; Wong
and Mayer, 1993), adhesion responses (Liithi et al, 1994;
Bahr et al., 1997; Kramar et al, 2002), and polysaccharides
(Hall et al., 1996; Hoffinan et al., 1997). The latter is of
particular interest because synapses are known to contain
polysaccharides implicated in plasticity events and receptor
regulation (see Lander et al, 1998; Bahr et al., 1999; Lauri
et al, 1999).
Understanding polysaccharide modulation of plasticity events and receptor regulation is important because it
provides a plausible explanation of how the enviroimient
of the synapse may alter synaptic fimction. As an example,
polysialic acid-containing synaptic adhesion molecules are
thought to play a role in hippocampal plasticity (Liithi et
al, 1994; Ronn et al., 1995, 1998; StaubU et al., 1998),
and selective removal of the polysaccharide component of
cell adhesion molecules disrupts different forms of synaptic
regulation (Muller et al., 1996). Correspondingly, plasticity induction stimuli have been shown to increase the
levels of polysaccharide-laden adhesion molecules in the
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Polysaccharide Modulation of AMPA Receptors
hippocampus (Muller et al., 1996; Hoffman, 1998). Such
activity-dependent regulation was found for another polysaccharide carrier protein, the syndecan-3 proteoglycan,
which is expressed at the processes of pyramidal neurons
(Lauri et al., 1999). This transmembrane proteoglycan is
expressed prominently in adult hippocampus and contains
glycosaminoglycans that interact with cell surface receptors and components of the extracellular matrix. Providing
flirther evidence of polysaccharides that regulate activitydependent events, it was found that mice deficient in
select proteoglycan species display altered plasticity properties (Brakebusch et al, 2002; Kaksonen et al., 2002).
Together, these reports suggest that polysaccharidecontaining elements of central synapses have critical influences on synaptic function.
The present report focuses on the ability of glycosaminoglycans to modulate synaptic properties. The glycosaminoglycan component of proteoglycans is of interest
because enzymatic removal of glycosaminoglycans prevented activity-induced synaptic plasticity in hippocampal
slices (Lauri et al., 1999). Surprisingly, the addition of
heparin-type polysaccharides in the rat brain blocked plasticity events, and heparin has also been reported to influence high-affmity AMPA binding (Hall et al, 1996).
Although heparin negatively influenced binding affinity,
however, it positively modulated AMPA channel kinetics
to prolong the open state, possibly occluding subsequent
regulation by plasticity processes (Hall et al., 1996; Sinnarajah et al., 1999). As AMPA receptors attach to
heparin-agarose during purification steps (Bahr et al.,
1992; Hall et al., 1996), the polysaccharide modulation
seems to be through direct interaction.
In the experiments described here, dextran sulfate of
500 kDa was tested for its ability to modulate AMPA
receptor properties. Dextran sulfate is a freely soluble
polyanion that mimics natural mucopolysaccharides including chondroitin sulfate and heparan sulfate. The described results show that dextran sulfate alters binding,
channel and calcium-permeability properties of AMPA
receptors in a sulfate- and size-dependent manner.
MATERIALS AND METHODS
Binding Assay
Using Sprague-Dawley rats (Charles River Laboratories,
Inc., Wilmington, MA), hippocampal membrane preparations,
solubilization, and [''HJAMPA binding assays were conducted as
described (Bahr et al., 1992; HaU et al., 1992). In brief, membranes were prepared by differential centrifugation and osmotic
lysis, and suspended in a buffer of 50 mM Tris acetate, pH
7.2. Membranes were solubiHzed with 0.4% Triton X-100 and
non-solubilized material was removed by centrifugation
(48,000 X ^ for 2 hr). Samples were assayed for binding of
10 nM pHJAMPA in the absence or presence of various polysaccharides (Sigma, St. Louis, MO). A range of ligand concentrations was used for Scatchard analysis. Binding parameters
from one- and two-site fits were assessed by computer-assisted
nonlinear regression analysis, using the Prism2 program (Graph-
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Pad Software, Inc.). The basic equilibrium formula (L)(Bmax)/
(B) = K]-, was used, where L is the free ligand concentration.
Purification of AMPA Receptors and Single Channel
Recording
Brains from adult Sprague-Dawley rats were removed
rapidly after anesthesia and decapitation, and membranes were
prepared as described previously (Hall et al., 1992). The membranes were solubilized in ice-cold buffer A (30 mM HEPES,
5 mM EDTA, 1 mM EGTA, and 0.02% NaN3, pH 7.4) with
1% (wt/vol) Triton X-100, 20% (wt/vol) glycerol, and 80 mM
KSCN, at a detergent:protein ratio of 3:2. Particulate matter was
removed by centrifugation at 30,000 X ^ for 3 hr. The supernatant was diluted with an equal volume of buffer A and applied
to a diethylaminoethyl-Sepharose column equilibrated at 4°C
with buffer A containing 1% n-octylglucoside (Roche, Basil,
Switzeriand), and 0.05% phosphatidylcholine (buffer B). The
column was washed with four column volumes of buffer B and
eluted with a KSCN gradient. AMPA receptors were then
reconstituted, as reported previously, in small "tip-dip" bilayers
(Bahr et al., 1992; Vodyanoy et al., 1993). AMPA (Tocris,
EUisville, MO) was delivered to the as side of the bilayer in the
absence or presence of dextran sulfate of different sizes and
sulfate content. The AMPA specific antagonist, 6-cyano-7nitroquinoxaline-2,3-dione disodium (CNQX; Tocris), was
also delivered in the presence of AMPA and large 500-kDa
dextran sulfate (DS-L). Single channel events were recorded
with a VCR system and subjected to computer analysis of
amplitude and time distributions (pCLAMP; Axon Instruments,
Union City, CA). Recorded signals were filtered at 1-5 kHz
and digitized between 5-25 kHz, after which they were reduced
to series of datasets each containing 2,000-125,000 data points.
The minimum detectable dwell time (0.1 msec) was calibrated
by detection of brief events.
Calcium Influx in Primary Hippocampal Cell Culture
Hippocampi were obtained firom postnatal Day 9
Sprague-Dawley rat pups and dissociated enzymaticaUy using
1.8% (v/v) papain, 15 mM CaClj, 100 nM cysteine, and 5 mM
EDTA. Cultures were seeded on poly-D-lysine-coated coverslips or 96-well tissue culture panels at 25,000 cells/200 \i.\, using
a TomTec Quadra96 fluid-handling robot (TomTec, Hamden,
CT). Cultures were grown in a 5% COj environment with
Dulbecco's modified Eagle medium (DMEM) containing B-27
and F-12 supplements (Gibco/BRL), 10% fetal bovine serum
(FBS), 20 mM glucose, and 1X penicillin/streptomycin (Gibco/
BRL), and used for experiments on Days 8-10 of culture. They
were then rinsed and incubated in Fluo3AM calcium dye (Molecular Probes, Eugene, OR) for 35 min at 37°C and excess dye
was removed. For confocal studies, dye-loaded hippocampal
cultures on coverslips were perfijsed sequentially at approximately 0.5 ml/min with an AMPA solution, followed by AMPA
plus DS-L in the presence or absence of CNQX. In the 96-weU
plate experiments, a baseline reading of dye-loaded cells was
measured with a fluorimeter at 485 nm ernission/530 nm excitation (Perseptives Biosystems, Stafford, TX). Then cells were
treated with AMPA alone or with various polysaccharide agents,
and the experimental reading was taken immediately. In the
96-well plates, eight wells were used for each treatment and
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TABLE I. Parameters of pH]AMPA Binding in Solubilized Rat
Hippocampal Membranes: Scatchard Analysis in the Absence or
Presence of DS-L

100-iF^

Parameter
High-affinity KQ (nM)
High-affinity Bmax (pmol/mg)
Low-affinity Kj-, (nM)
Low-affinity Bmax (pmol/mg)

.ef,
< so

'S

s

Control
30 ±4
9.0 ± 0.7

—
—

+ 10 nM DS-L
25
1.4
290
7.8

±8
± 0.7
± 48
± 0.5

25
TABLE n. Relative Potencies of Various Species on Inhibiting
High-Affinity ['H]AMPA Binding in Solubilized Rat
Hippocampal Membranes*

^

«#

10

9

8

7

-log (polysacchcaride, M)
Fig. 1. Inhibition by DS-L of [^H]AMPA binding to detergentsolubilized AMPA receptors from rat hippocampal membranes. The
[■'HJAMPA concentration used (10 nM) was far below the Kj^ value for
low-affmity binding to assess primarily high-afFinity sites. The percentage of control ['HJAMPA binding remaining in the presence of increasing concentrations of DS-L and sulfate-free dextran is shown. The
data represent the mean ± SEM for 3 experiments.

individual responses from the eight wells were averaged to
represent the value for a single experiment. Plate experiinents
were repeated to obtain an n = 3-13. Total time for reading a
single 96-well plate was 45 sec, and the calcium-dye complex
was stable for at least 5 min. Raw data was collected and percent
changes in fluorescence were graphed using the Origin macroanalysis program. Statistical analysis was done using one-way
analysis of variance (ANOVA) and Tukey's post-tests.
RESULTS
Initial experiments tested whether dextran sulfate
reduces high-affinity AMPA binding as found previously
for heparin (Hall et al., 1996; Sinnarajah et al, 1999). To
assess primarily high-affinity sites, the assay used a low
ligand concentration that was far below the receptor's
low-affinity Kj-,. Figure 1 shows the effect of a large,
500-kDa dextran sulfate (DS-L) on such [^HJAMPA binding. DS-L decreased the high-affinity [•'H]AMPA binding
in solubilized hippocampal membranes from rat with an
IC5Q of 11 nM. Similar effects on binding were found
using Triton-solubilized, homomeric AMPA receptors
expressed in HEK-293 cells from cDNAs encoding
GluRlfl or GluR2flip (see Bahr et al., 1996; Hennegriff
et al., 1997), as well as in human hippocampal receptors
(not shown). With rat hippocampal receptors, Scatchard
analysis confirmed that the DS-L effect was due to a
decrease in the apparent affmity of AMPA binding sites, as
found previously for another sulfated polysaccharide (Hall
et al., 1996). In the absence of DS-L, a single high-affmity
state was evident by linear regression (r = 0.98). The
Bmax of this state was reduced by 84% in the presence of
10 nM DS-L, along with a concomitant exposure of a
low-affmity state (Kj-, = 290 nM) that accounts for almost
all of the lost binding sites (Table I).

Agent
DS-L (500 IcDa)
Fucoidan
DS-S (5-8 kDa)
Heparin
Hyaluronate
De-N-sulfate heparin
Dextran (18 kDa)
Dextran (260 kDa)
Dextran (500 kDa)
Glucosamine 2,3-disulfate
Na2S04

Decreased high-affinity
pH]AMPA binding (ICjo)
11 ± 0.45 nM»
150 ± 27 nM
720 ± 71 nM
1,900 ± 400 nM
>30 JJLM
>30 p,M
>30 (iM
>30 (JLM
>30 (iM
>10mM
>50mM

*The respective ICso values were determined from the binding inhibition
of 10 nM pH]AMPA to assess primarily high-affinity sites. If no decrease in
binding was detected, the ICJQ is given as greater than the highest concentration tested.
'The titration curve for DS-L exhibited a Hill coefficient (2.8 ± 0.32) that
was significantly different than 1.

As shown in a prior study (Sinnarajah et al., 1999),
sulfate-free dextran of the same 500-kDa size had no effect
on binding at up to 30 |JLM in concentration (Fig. 1). This
indicates that the polysaccharide modulation of AMPA
binding is sulfate-dependent. In addition, the suHates must
be an integral part of the polysaccharide because up to
50 mM sodium sulfate had no detectable influence on the
high-affmity [^HJAMPA binding (see Table II).
Other polysaccharide molecules were also examined
for their potential to influence AMPA receptor binding
affmity (Table II). As expected, non-sulfated dextrans of
three different sizes all had no effect. Heparin also lost its
abihty to affect binding when sulfates were removed, as
was the case for de-N-sulfate heparin. Interestingly, a small
5-8-kDa version of dextran sulfate (DS-S) exhibited
much less effectiveness at inhibiting the high-affinity binding (IC50 = 720 nM) as compared to DS-L. A smaller
monomeric species, glucosamine 2,3-disuIfate, was completely ineffective (Table II), fiirther suggesting that a size
factor is associated with the sulfate component of polysaccharide modulation. Across the several agents tested, DS-L
was most potent at altering AMPA binding to rat hippocampal receptors, and similar results were found using
solubilized P2 membranes from human hippocampus. The
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Fig. 2. Effects of DS-L on AMPA channel activity. Channel fluctuations were elicited by 150 nM AMPA in isolated AMPA receptors
reconstituted in a lipid bilayer and voltage clamped at —72 mV. The
closed state (c) was predominandy in the control trace (A), whereas
numerous opening events (o) were induced by AMPA in the absence
(B) or presence of 5 nM dextran (C) or 5 nM DS-S (D). Increased
channel open time occurred with the addition of 5 nM DS-L (E), and
the modulated channels were blocked by 1 (JLM CNQX (F). Calibration bar: 2.3 pA, 960 msec.

rat and human receptors expressed the same rank order of
potency: DS-L > fucoidan > DS-S > heparin.
As found in previous studies (Hall et al., 1996; Sinnarajah et al, 1999), polysaccharide modulation of AMPA
binding was accompanied by modulated channel kinetics.
Figure 2 shows portions of recordings from patch bilayers
containing AMPA receptors exposed to AMPA agonist
(trace B; compare to control trace A) with the voltage
clamped at —72 mV. AMPA was used at 150 nM, which
produces consistent channel activation events. Although
the reconstituted receptors express high and low conductance states (Vodyanoy et al., 1993), the DS-L-modified
channel activity was most obvious among the highconductance events (trace E). The typical open time of
20—70 msec in control receptors was increased to 300—
900 msec by DS-L. As shown in Figure 3, DS-L also
causes a significant increase in the channel open time for

40-

o
AM>A

MPA
+
E^S

AMPA
+
DS-L
+
CNQX

Fig. 3. Effects of polysaccharides on AMPA-elicited single channel
open time (A) and probability of open channel state (B). From bilayer
experiments in Figure 2, AMPA-induced single channel open time was
found to be increased only by DS-L (ANOVA; P < 0.0001). The open
time is the mean dwell time T. Similarly, only in the presence of DS-L
was there an increase in probability of the channel to be open {P <
0.0001). The probability of open channels is expressed as a percentage
of all open and closed events within a recording segment of 0.6-1 sec
consisting of 6,150-10,000 points sampled at intervals of 0.1 msec. The
data represent means ± SEM from 5-6 different experiments.

the subtle low-conductance fluctuations that are similar to
those expressed by AMPA receptors residing in their native environment (P < 0.001; graph A). In addition, DS-L
application resulted in a nearly sixfold increase in their

412

Chicoine et al.

Open state probability (P < 0.001; graph B). The probability measures were expressed as a percentage of all open
and closed events within a recording segment of 0.6—1 sec.
Both of the modified conductance states were blocked
completely by the AMPA receptor antagonist CNQX

X
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Mm
u
W^ ?—T'
30

(trace F; also see Fig. 3B). Thus, DS-L does not have an
effect on antagonism of the AMPA receptor's active site.
Although positive modulation of the channel kinetics is mediated by the large polysaccharide, the smaller
DS-S polysaccharide and sulfate-free dextran (see respective traces in Fig. 2) had no effect on AMPA-induced
current fluctuations. Together with previous work showing no effect on channel kinetics by monomeric glucosamine 2,3-disulfate, the results indicate that the channel
modulation is similar to binding changes with regard to
sulfate- and size-dependence.
To test if polysaccharide modulation of the channel
activity affects calcium influx through AMPA receptors, primary hippocampal cultures were pre-loaded wdth Fluo3AM
calcium ion dye. Note that postnatal Day 9 rat hippocampi
were used to ensure sufficient levels of calcium-permeable
AMPA receptors (Pellegrini-Giampietro et al., 1992). Results in Figure 4A show that AMPA produced a dosedependent increase in fluorescence that was quenched by
CNQX. In addition, time-lapse confocal movies revealed
background fluorescence in dye-loaded neurons treated
with saline (Fig. 4B), a subsequent increase in cellular
fluorescent signal upon addition of AMPA (Fig. 4C), and
quenching of the AMPA-mediated signal by the specific
antagonist (Fig. 4D). AMPA at 60 [xM produced a rapid
fluorescent signal throughout the neuronal structure, allowing consistent measurements. The AMPA effect was
pronounced in neuronal processes, and there was evidence
of increased calcium at synaptic contacts (Fig. 5B).
Figure 6B shows that DS-L potentiates the calcium
signal in hippocampal cell bodies and processes as compared to AMPA alone (Fig. 6A). DS-L had no effect on
the few glial cells that exhibit a calcium response (<2% of
total cells), and neurons made up the majority of AMPA
responders (>90%). Pellegrini-Giampietro et al. (1992)
indeed showed that the hippocampus contains increasing
levels of calcium-permeable AMPA receptors during the
developmental time from which tissue was harvested for
culture preparation. By measuring the percent change in
AMPA-induced calcium-FluoSAM fluorescence, the
DS-L effect was found to be dose-dependent (Fig. 7),
causing up to a 60% increase in the response to 60 JJLM
AMPA. As shown in Figure 6C and Figure 8, the DS-L
effect was completely blocked by CNQX, indicating that
DS-L-modulated calcium signals involve influx through
AMPA receptors.

Fig. 4. AMPA induces an increase in calcium influx. AMPA-induced
fluorescence was measured from Fluo3AM-loaded hippocampal cultures and background was subtracted (A). The data represent the
mean ± SEM (n = 3 for the lowest concentration of AMPA; n = 5-10
for all other treatment conditions). Increasing AMPA concentrations
caused an increase in fluorescent signal (P < 0.0001; closed squares).
Time-lapse confocal images from the same field of dye-loaded hippocampal cells show the background fluorescence in non-treated cells
(B), the subsequent increase in fluorescent signal when exposed to 60
JJLM AMPA (C), and blockage of the AMPA-mediated increase in
fluorescent signal by 30 |JLM CNQX (D).
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Fig. 5. AMPA increases calcium concentrations in the cell bodies and
processes of hippocampal neurons, and at synaptic contacts along dendritic processes. Time-lapse confocal movies were made from dyeloaded hippocampal cells. Confocal images show saline control (A) and
the subsequent increase in fluorescence intensity upon exposure to 50
(jiM AMPA (B). Arrows point to increases in intracellular calcium
along cellular processes and the asterisk indicates evidence of synaptic
contacts where AMPA mediated an increase in calcium influx.

In control experiments, the AMPA response and the
DS-L enhancement of the AMPA response were not
affected by the NMDA receptor antagonist APS (Fig. 8),
and were not due to the release of internal calcium stores
(Fig. 9). Further experiments using an L-type voltagegated calcium channel inhibitor, nifedipine (1 |xM),
showed that voltage-gated calcium channels do not contribute to the DS-L-mediated increase in the AMPA response (—4.6% ± 7.1% change by nifedipine). Nifedipine
did, on the other hand, block the calcium influx mediated
by KCl (—85 ± 5.1% change). Together, these data
indicate fiirther that the modulated calcium signal involves
stimulated AMPA channels.
As with the modulation of AMPA binding and channel kinetics, the effect of DS-L on calcium influx also
exhibited sulfate- and size-dependencies. Whereas 10 nM
DS-L markedly increased AMPA-induced calcium influx
(post-hoc test: P < 0.02), 1 (JLM of the small DS-S species
and 1 |i,M sulfate-free dextran had litde to no effect (see
Fig. 7). Also with no influence on the AMPA response
were 10 |xM glucosamine 2,3-disulfate (-0.9 ± 2%
change) and 1 mM sodium sulfate (—4 ± 6% change),
adding fiirther to the common specificities across the
binding, channel kinetics, and calcium influx properties.
DISCUSSION
The present report indicates that the glycosaminoglycan component of proteoglycans has the potential to
modulate multiple AMPA receptor properties. A related
polysaccharide, dextran sulfate, was found to lower the
binding affmity of AMPA receptors, and to increase their
single channel open time and probability of opening. In
addition, the potentiated channel activity was associated
with an enhancement of the AMPA-mediated calcium
influx in hippocampal neurons. These findings strongly
indicate that synaptic proteoglycans and polysaccharides

Fig. 6. DS-L enhances the AMPA-mediated calcium influx in primary
hippocampal cell cultures. A: Still images from confocal movies from a
single neuronal field show the Fluo3AM signal obtained by the 60 (JLM
AMPA-mediated calcium influx. B: The fluorescent signal in the field
is intensified with the addition of 10 nM DS-L, indicating an enhancement of the AMPA-mediated calcium influx. C: The addition of 30
JJLM CNQX quenches the fluorescence intensity generated by DS-L
enhancement of the AMPA-mediated calcium influx.

are positioned appropriately to interact with and regulate
AMPA-type glutamate receptors. Although the exact
mechanisms for these events are not understood completely, polysaccharide modulation of neurotransmitter receptors may help explain the relationships between synaptic structure and function.
Dextran sulfate was shown to stabilize the open
conformation of isolated AMPA channels, along with a
receptor state that favors a low-affinity ligand interaction.
Previous reports have shown that other polysaccharides
promote similar changes in channel kinetics and binding
properties (Hall et al., 1996; Hoflinan et al., 1997; Sinnarajah et al., 1999), perhaps acting through an allosteric
regulatory site on AMPA receptors (e.g., see Kessler et al.,
1998; Bahr et al., 1999; Aral et al., 2000; Nagarajan et al.,
2001; Suppiramaniam et al, 2001). Thus, it is possible that
the dextran sulfate-induced changes in AMPA receptor
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Fig. 7. Dose-dependent effects of DS-L on AMPA response in
Fluo3AM-loaded hippocampal cells. Fluorimetry experiments were
assessed for percent change in AMPA-mediated calcium response by
different dextran species at stated nanomolar concentrations. DS-L
increased the calcium influx in a dose-dependent manner (ANOVA;
P < 0.0001). The smaller DS-S polysaccharide was much less effective
at influencing the AMPA-mediated calcium influx (P < 0.01), and no
change was found with sulfate-free dextran. The data represent
means ± SEM (« = 3 for the lowest concentration of non-sulfated
dextran; n = 7-10 for all other treatment conditions).
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Fig. 8. DS-L modulation of calcium influx is specific for AMPA
receptors. Changes in AMPA-induced fluorescent signals in Fluo3AMloaded neurons are shown without and with the presence of 10 nM
DS-L. The 60 jJiM AMPA-mediated calcium influx and enhancement
of this response by DS-L were blocked by 30 JJLM CNQX, but not by
50 JJLM APS. The data represent the mean ± SEM (n = 7-13 per
condition).

binding and channel properties are due to a direct interaction between the polysaccharide and the receptor. Another possibility is that dextran sulfate indirectly influences
AMPA receptors by interacting with or altering interactions between polysaccharides and polysaccharide carrier
proteins of the synaptic environment and the surrounding
extracellular matrix. We beUeve this is unlikely based on
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Fig. 9. Calcium signals modulated by DS-L require extracellular calcium. Fluo3AM-loaded hippocampal cells were assessed for AMPA and
DS-L effects in normal media and in calcium-firee media. Induced
calcium signals were evident only in normal media (ANOVA; P <
0.0001), indicating that the intracellular signal was not firom release of
internal stores of calcium. Response to AMPA ligand (60 |JLM) was
modulated positively by 10 nM DS-L (*post-hoc test; P < 0.01),
whereas DS-L alone had no effect on the calcium signal in the absence
or presence of extracellular calcium. The data represent means ± SEM
(H = 3-5 per condition).

the fact that dextran sulfate altered AMPA receptor binding in a solubilized system where organized matrices were
disrupted completely. Dextran sulfate also altered the
flinctional properties of isolated AMPA receptors that
were reconstituted in pure lipid bUayers, thus in the absence of organized matrices.
The polysaccharide modulation exhibited sulfateand size-dependencies with respect to all AMPA receptor
properties monitored in the present study. Ligand binding,
channel kinetics, and calcium influx through AMPA receptors were effectively modulated by a large dextran
sulfate species, whereas little effect was produced by
smaller dextran sulfate or sulfate-free dextran. Such findings may be related to the fact that the biological activity
of glycosaminoglycans is based on specific sugar residues,
size of the polysaccharides, and the number of sulfates they
possess (see Rouslahti, 1988, 1989). Increasing the length
of the polymer chain adds increasing numbers of negatively charged sulfates, giving the larger dextran sulfate
more charge and possibly stronger interactions with the
AMPA receptor. It is known that polysaccharides, through
a high degree of specificity, induce protein-protein or
protein-carbohydrate interactions that may alter receptor
structure and function (Lam et al., 1998; Hilgenberg et al.,
1999; Capila and Linhardt, 2002). Also of interest in this
context is that AMPA receptors can adopt a range of
conformational states that influence functional properties
of the AMPA channel (see Jin et al., 2003). Thus, it is
possible that the highly charged, 500-kDa dextran sulfate
promotes intermolecular interactions that modulate receptor function.

Polysaccharide Modulation of AMPA Receptors
Clustering of neurotransmitter receptors, indeed, has
been found to modulate the channel and binding functionality (Takagi et al., 1992; Chen et al, 2001). Receptor
clustering has been implicated in synaptic transmission
(Xia et al., 1999; Ango et al., 2002) and synapse formation
(O'Brien et al, 2002; Cottrell et al., 2000), and polysaccharides and proteoglycans are known to regulate receptor
clustering (Zhou et al., 1997; Moransard et al., 2003).
Interestingly, polysaccharide modulation has been shown
to facilitate clustered AMPA channel responses, exhibiting
a remarkable degree of cooperativity (Hall et al., 1996).
Thus, the large dextran sulfate in the present study may affect
AMPA receptor properties by facilitating both the physical
and fiinctional clustering of the recepton. Synaptic polysaccharides, then, may modulate the basal activity of the synapse
by promoting cooperative activation of AMPA receptors.
Further understanding of polysaccharide-receptor interactions at the molecular level may provide insight into the
regulation of activity-dependent events such as synaptogenesis and synaptic plasticity.
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Abstract
Status epilepticus (SE) increases neurogenesis in the subgranular zone (SGZ) of the adult dentate gyms, but many of the newborn cells
die, partly through caspase-induced apoptosis. Here we provide immunohistochemical evidence indicating that the caspase-evoked death of
the new neurons involves the mitochondrial but not the death-receptor-mediated pathway. Cytochrome c released from mitochondria was
found in a subset of progenitor cell progeny, while Fas ligand and tumor necrosis factor 1 receptor-associated domain as well as the
mitochondria-related, caspase-independent apoptosis-inducing factor were not detected. We also show that additional seizures, induced at
different stages during neuronal differentiation of progenitor cell progeny following SE, neither potentiate cell death mechanisms in the SGZ
nor compromise the survival of the new cells. Thus, we found similar expression of cytochrome c, active caspase-3, caspase-cleaved PARP,
and TUNEL/Hoechst-positive DNA fragmentation, as well as numbers of new cells in the SGZ in rats exposed to additional seizures at days
6 and 7 or days 33 and 34 following SE as in control animals only subjected to SE. We propose that the degree of survival of newly generated
neurons is determined primarily by the initial SE insult and the ensuing pathology in the tissue environment, whereas spontaneous seizures
play a minor role.
© 2003 Elsevier Inc. All rights reserved.
Keywords: Neurogenesis; Apoptosis; Seizures; Status epilepticus; Dentate gyrus; Bromodeoxyuridine; Cytochrome c; Caspase-3; TUNEL; Poly(ADPribose)polymerase

Introduction
In the adult brain, the generation of new neurons continues from neural stem cells or progenitor cells located in the
subgranular zone (SGZ) of the dentate gyrus (DG) and the
subventricular zone (SVZ) lining the lateral ventricle (Gage
et al., 1998). Brain insults such as epileptic seizures and
cerebral ischemia, which are associated with neuronal
death, trigger a strong proliferative response in both the
* Corresponding author. Lund University, Section of Restorative Neurology, Wallenberg Neuroscience Center, BMC All, Solvegatan 17, SE221 84 Lund, Sweden. Fax: -f 46-222-0560.
E-mail address: christine.ekdahl@neurol.lu.se (CT. Ekdahl).
0969-9961/$ - see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.nbd.2003.08.022

SGZ and the SVZ (Bengzon et al., 1997; Parent et al., 1997,
2002a; Liu et al., 1998; Nakagawa et al., 2000; Arvidsson et
al., 2002). This finding has raised the possibility that insultgenerated new neurons might be able to replace the injured
and dying neurons. Recent experimental evidence indicates
that such neuronal self-repair can occur in the adult brain
both after selective photolytic lesions (Magavi et al., 2000)
and ischemic insults leading to more extensive damage
(Arvidsson et al., 2002; Nakatomi et al., 2002; Parent et al.,
2002b).
Neurogenesis comprises at least four distinct steps: proliferation, migration, differentiation, and survival (Gage et
al., 1998). Poor survival is a general problem with the newly
proliferated cells following both epileptic (Ekdahl et al..
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2001) and ischemic insults (Arvidsson et al., 2002), which
minimizes the possible impact of neurogenesis on functional recovery in the damaged areas. Not least from a
clinical perspective, it is highly warranted to explore the
mechanisms of death of the new neurons and identify the
triggering and aggravating factors. At the time of maximum
cell proliferation 1 week following status epilepticus (SE)
(Parent et al., 1997), progenitor cell progeny in the SGZ
show DNA fragmentation and active caspase-cleaved poly(ADP-ribose)polymerase (PARP) expression (Ekdahl et al.,
2001, 2002). Caspases are key players in several forms of
programmed cell death (Cohen, 1997), and inhibition of
caspases leads to increased survival of both proliferating
cells and new neurons generated in the SGZ after SE (Ekdahl et al., 2001, 2002). Markers for two other cysteine
protease families involved in programmed cell death, the
calpains and the cathepsins, were not detected in the newly
formed cells (Ekdahl et al., 2001, 2002). Taken together,
these observations indicate that caspase-mediated apoptotic
death compromises the survival of SE-generated DO neurons. In agreement, the number of newly formed cells following SE was increased after administration of the DNA
synthesis inhibitor cycloheximide (Covolan et al., 2000).
The severity of SE and, in particular, the proportion of
generalized clonic seizures influences the survival step during neurogenesis (Mohapel et al., 2001). Hypothetically, the
death of the newborn cells after SE may be due to recurring
spontaneous seizure episodes or to neuropathological
changes in the surrounding tissue environment. In humans,
SE is often followed by spontaneous seizures (Maytal et al.,
1989; Hauser et al., 1990; Verity et al., 1993), and animal
models of SE have shown that spontaneous seizures can
start to occur 1-2 weeks following the initial epileptic insult
(Bertram and Comett, 1993; Nissinen et al., 2000; Gorter et
al., 2001). The onset of spontaneous seizures coincides with
the time of maximum seizure-induced proliferation (Parent
et al., 1997) and caspase-mediated cell death in the SGZ
(Ekdahl et al., 2002). The previous finding that one single
seizure can cause apoptosis in the SGZ (Bengzon et al.,
1997) and the temporal pattern of spontaneous seizures
support the idea that such seizures could trigger the death of
the newly proliferated cells.
In this study, rats were subjected to electrical SE and
exposed to additional seizures at either of two time points,
days 6 and 7 or days 33 and 34, thereafter. The objectives
were two-fold: first, to elucidate in more detail, using various immunohistochemical markers, the cell death pathways
operating in the new neurons; and second, to determine
whether the new neurons are particularly susceptible to
seizure-induced damage either early after their generation or
at a time when they have adopted a more mature phenotype.
For this purpose, we assessed changes in the expression of
the various cell death markers as well as quantified the
number of surviving, new neurons.

Materials and methods
Animals and surgery
Seventy-two aduh male Sprague-Dawley rats (B&K
Universal, Stockholm, Sweden), weighting 270-340 g at
the time of surgery, were used. Rats were housed separately
under 12-h light/12-h dark conditions with ad libitum access
to water and food. Experimental procedures followed guidelines set by the Malmoe-Lund Ethical Committee for the use
and care of laboratory animals (M239/99) and were carried
out in accordance with the European Communities Council
Directive of 24 November 1986 (86/609/EEC). All rats
were anesthetized with sodium pentobarbital (65 mg/kg i.p.)
and implanted with a twisted insulated stainless-steel stimulating/recording electrode (Plastics One, Roanoke, VA,
USA) unilaterally into the right ventral hippocampal CAlCA3 region (coordinates: 4.8 mm caudal and 5.2 mm lateral
to bregma, 6.3 mm ventral firom dura, toothbar at -3.3 mm;
Paxinos and Watson, 1997).
Induction of status epilepticus
Ten days following surgery, all rats except 15 nonstimulated controls were subjected to electrically induced, selfsustained SE (Mohapel et al., 2001; Ekdahl et al, 2002).
The rats received suprathreshold stimulations consisting of
10-s trains of 1-ms biphasic square wave pulses at a frequency of 50 Hz. The stimulations were interrupted every
10 min for 1 min to allow for electroencephalogram (EEG)
recording and measurement of afterdischarges (MacLab;
AD Systems, Hastings, UK). Rats exhibiting more than 10
min of continuous generalized clonic seizures received only
60 min of stimulation, whereas the other rats had 90 min of
stimulation. The stimulation period was extended in rats
exhibiting mostly partial seizures to induce a more severe
insult, resembling that in animals with generalized clonic
seizures (see results section below). After cessation of stimulations, all rats exhibited self-sustained, continuous ictal
EEG activity, which was associated with varying severity of
motor behavioral seizures, categorized into distinct SE profiles. The milder profiles consisted of hyperactive motor
behavior, or partial seizures, scored as grade 1 and 2 in the
classical kindling motor behavior scale (Racine, 1972), and
the more severe SE profile comprised generalized clonic
seizures rated as grade 3 to 5 (Mohapel et al., 2001). Behavioral convulsions and ictal EEG activity were arrested
with pentobarbital (65 mg/kg i.p.) at 2 h after stimulation
offset. EEG was recorded for 2 to 4 min every other morning from day 2 and onward to measure spontaneous spiking
activity.
Induction of additional seizures
Twenty-five rats were subjected to two sessions of stimulations with the same parameters as during the initial SE
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Fig. 1. Experimental design and group assignment. All rats (n = 72) were
implanted with an electrode in the CA1/CA3 region of the right ventral
hippocampus, and 10 days later, except for 15 nonstimulated controls, they
were subjected to electrically induced status epilepticus. At day 6 after the
insult all rats (excluding six rats used for retroviral transduction) received
BrdU injections and were perfused either 2 days or 4 weeks later. Additional stimulations were applied on days 6 and 1 (n = 14) or day 33 and
34 (« = 11).

Rats received an overdose of anesthesia and were transcardially perfiised with 50 ml of saline followed by 250 ml
of ice-cold formaldehyde solution [4% paraformaldehyde
(PFA) in 0.1 M PBS, pH 7.4]. Brains were removed, postfixed overnight in the same medium, and then placed in 20%
sucrose/0.1 M phosphate buffer for at least 24 h, after which
coronal sections (30 ;u,m) through the dorsal hippocampus
were cut on a freezing microtome and stored in cryoprotecting solution. For cytochrome c, active caspase-3, apoptosis inducing factor (AIF), BrdU/cytochrome c, and
BrdU/active caspase-3 stainings, brains were put in PFA for
at most 12 h after perfiision, before dehydration with graded
ethanol and xylene. The brains were then paraffin-embedded and cut into 5-/Lim-thick coronal sections.
Primary antibodies

insult, interrupted every 4-10 min for 1 min of EEG
registration. Each session ended when the rats had exhibited three generalized clonic grade 3-5 seizures. To ascertain that the animals did not develop SE, they were only
included in the experiments if the spontaneous seizures
ceased within 10 min after the stimulation period was
over. The short-term survival group (« = 14) received
additional stimulations 2 h after the last BrdU injection
at day 6 and at day 7. The long-term survival group
(« = 11) had their additional stimulations at days 33 and 34
(Fig. 1).
Bromodeoxyuridine (BrdU) administration
Six days after SE, all animals (excluding six rats, which
were injected with a retroviral vector, see below) were given
a series of four injections (every 2 h during a 6-h period) of
the thymidine analogue BrdU (50 mg/kg i.p., Sigma, Sweden) dissolved in potassium phosphate-buffered saline
(KPBS) for labeling of mitotic cells (Dolbeare, 1995). Rats
were perfused either 2 days (« = 40) or 28 days (« = 26)
later (Fig. 1).
Retroviral injections
At 1 week after SE, six rats were anesthetized with
halothane and injected with a green fluorescent protein
(GFP)-carrying retroviral vector (1 /xl 1 X lO' transducing
U/ml), produced as previously described (Ory et al, 1996),
into the dorsal DG (coordinates: AP -3.6 mm, ML 2.0 mm,
DV -2.8 mm) using a glass micropipette attached through
a polyethylene tube to a Hamilton syringe. The rats were
perfiised either 2 days or 4 weeks later (« = 4 and n = 2,
respectively).

The following primary antibodies were used for immunohistochemical stainings: caspase activity was examined
with a rabbit anti-rat caspase-cleaved poly(ADP-ribose)
polymerase (cPARP) antibody (1:50; Cell Signaling Technology, Beverly, MA, USA; Au-Yeung et al., 2001; Erhardt
et al., 2001; Han et al., 2001) and a biotinylated rabbit
anti-active caspase-3 antibody (1:50; Pharmingen, San Diego, CA, USA; Zhu et al., 2000; Blomgren et al., 2001).
Calpain activity was detected with a rabbit affinity-purified
antibody against calpain-mediated fodrin breakdown product (FBDP) (1:50; Bahr et al., 1995, 2002; Bednarski et al.,
1995). The death receptor pathway was examined with a
mouse anti-Fas ligand antibody (1:50; Upstate Biotechnology, NY, USA; Henshall et al., 2001b) and a rabbit antitumor necrosis factor receptor 1-associated death domain
(TRADD) antibody (1:100; Santa Cruz Biotechnology,
Santa Cruz, CA; Wang et al., 2000). The goat anti-AIF
antibody (1:100, 2 jug/ml; sc-9416, Santa Cruz Biotechnology; Zhang et al., 2002; Ferrand-Drake et al., 2003; Zhu et
al., 2003) was used for detecting a mitochondrial-related
non-caspase-mediated pathway. The mitochondria-related
caspase-mediated pathway was evaluated with a mouse
anti-cytochrome c antibody (1:500, 2 /ng/ml; clone
7H8.2C12, Pharmingen; Zhang et al., 2002; Ferrand-Drake
et al., 2003; Zhu et al., 2003). Newly formed cells were
detected with a rat anti-BrdU antibody (1:100; Oxford Biotechnology Ltd., Oxfordshire, UK). The neuronal or glial
fate of the newly formed cells were examined with doublelabeling of BrdU with a mouse antibody against the neuronal marker neuron-specific nuclear protein (NeuN) (1:100;
Chemicon, Temecula, CA, USA), or antibodies against activated microglia, i.e., mouse anti-EDl antibody (1:200;
Serotec, Oslo, Norway), and the astrocytic marker
SlOObeta, a rabbit antibody (1:10,000; Swant, Bellinzona,
Switzerland). The morphology of the newly formed cells
transfected with a GFP-carrying retroviral vector were stud-
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ied with a rabbit-anti-GFP antibody (1:20,000; Abeam,
Cambridge, UK).

purified bovine heart cytochrome c (Sigma) completely
abolished those stainings.

Single-label immunohistochemistry

Terminal deoxynucleotidyl transferase-mediated
fluorescein-dUTP nick end-labeling (TUNEL)/Hoechst
staining

Free-floating sections were mounted in KPBS onto microscope slides and dried before preincubation in 5% normal serum for 1.5 h. Subsequently, the sections were incubated overnight with rabbit anti-rat caspase-cPARP, rabbit
affinity-purified antibody against calpain-mediated FBDP,
or mouse anti-Fas ligand antibody in 3% bovine serum
albumin (BSA) (only for the cPARP staining) and 0.25%
Triton X-100 at +4°C overnight. Biotinylated goat antirabbit or horse anti-mouse antibody (1:50; Vector Laboratories, Burlingame, CA, USA) was applied for 1.5 h, followed by quenching for 12 min in 3% hydrogen peroxide
before incubation with avidin-biotin-peroxidase complex
(Elite ABC kit. Vector Laboratories) for 1.5 h and treatment
with diaminobenzidine (0.5 mg/ml) and hydrogen peroxide.
Rinsing in KPBS was applied between each step for all
three stainings. For the TRADD staining, sections were
free-floating and put in 3% hydrogen peroxide and 10%
methanol for 30 min, preincubated with normal serum in
0.25%> Triton X, before a rabbit anti-TRADD antibody was
added ovemight in +4°C, followed by biotin goat anti-rabbit
antibody, incubation in avidin-biotin-peroxidase complex
and treatment with diaminobenzidine. Paraffin sections for
active caspase-3, cytochrome c, AIF staining were deparaffinized with xylene and rehydrated in graded ethanol concentrations. After washing in PBS, antigen retrieval was
performed by heating the sections in +80°C 10 mM sodium
citrate buffer for 30 min (for active caspase-3) or by boiling
in the same buffer for 10 min (cytochrome c and AIF
stainings). For active caspase-3 staining, sections were
treated with proteinase K 10 /Ag/ml in PBS, for 10 min at
room temperature (RT), rinsed with PBS, and incubated
with biotinylated rabbit anti-active caspase-3 antibody in
1% BSA in Tris-buffered saline with 0.1% Triton X-100
(TBST) at +4°C ovemight. For the cytochrome c and AIF
staining, nonspecific binding was blocked for 30 min with
5%) horse serum in PBS. Sections were incubated for 1 h at
RT with goat anti-AIF antibody in 1% BSA in TBS or
mouse anti-cytochrome c antibody in TBS containing 1%
BSA or in PBS with 0.2% Triton X-100, followed by a
biotinylated horse anti-goat antibody (1:200, 3 /ng/ml; Vector Laboratories) or biotinylated horse anti-mouse antibody
(1:200, 2 jag/ml; Vector Laboratories) for 60 min. Endogenous peroxidase activity was blocked with 3% H2O2 for 5
min. Visualization was performed using avidin-biotin-peroxidase complex and 0.5 mg/ml 3,3'-diaminobenzidine
(DAB) enhanced with 15 mg/ml ammonium nickel sulfate,
2 mg/ml beta-D-glucose, 0.4 mg/ml ammonium chloride,
and 0.01 mg/ml beta-glucose oxidase (Sigma). Negative
controls, where the primary antibody was omitted, were
completely blank. Also, preabsorbtion with a peptide for
AIF, provided by the manufacturer, or a 20-fold surplus of

In situ detection of single- and double-stranded DNA
breaks was performed by TUNEL. Free-floating sections
were mounted in KPBS onto glass microscope slides and
dried. The sections were pretreated with 4% PFA for 20
min, methanol for 30 min, proteinase K (10 /itg/ml KPBS)
for 6 min, 4% PFA for 5 min, and ice-cold 0.1% Triton
X-100 in 0.1% sodium citrate for 2 min with KPBS rinses
between each step. Subsequently, each section was incubated in the dark at +37°C for 60 min in terminal deoxynucleotidyl transferase (TdT) buffer containing 17 /il of
TdT enzyme solution and 150 yl of TUNEL label solution
with fluorescein-conjugated dUTP (Boehringer Mannheim,
Germany). Sections were counterstained with Hoechst
33342 (10 /j,g/ml; Molecular Probes, The Netherlands) for
10 min in the dark. Slides were coverslipped with glycerolbased mounting medium.
Double-label immunohistochemistry
For BrdU double labeling, fi-ee-floating sections were
denatured in 1 M HCl for 30 min at +65°C. The sections
were then preincubated with normal serum in 0.25%) Triton
X-100 for 1 h. Subsequently, the sections were incubated
ovemight in -f 4°C with rat anti-BrdU antibody and mouse
anti-NeuN antibody, mouse anti-EDI antibody, or rabbit
anti-SlOObeta primary antibody. This step was followed by
rinsing and incubation in the dark for 2 h with Cy3-conjugated donkey anti-rat antibody (1:400; Jackson ImmunoResearch, West Grove, PA, USA) and biotiny lated horse
anti-mouse or goat anti-rabbit antibody (1:200; Vector Laboratories). After rinsing, sections were incubated in streptavidin-conjugated Alexa Fluor 488 (1:200; Molecular
Probes) in the dark for 2 h, mounted on glass slides, and
finally coverslipped with glycerol-based mounting medium.
For GFP/NeuN double labeling, rabbit-anti-GFP antibody
was used followed by biotinylated goat anti-rabbit and
streptavidin-conjugated Alexa Fluor 488, and NeuN was
visualized with Cy3-conjugated horse anti-mouse (1:200;
Jackson ImmunoResearch). Paraffin-embedded sections for
BrdU/cytochrome c or active caspase-3 staining were deparaffinized with xylene and rehydrated in graded ethanol concentrations. After washing in PBS, antigen retrieval was
performed by heating the sections in +80°C 10 mM sodium
citrate buffer (pH 6.0) for 30 min, followed by rinsing with
PBS, preincubation in 4% BSA in TBST for 30 min and
incubation with rat-anti-BrdU in 1% BSA in TBST at +4°C
ovemight. The sections were then rinsed, incubated in the
dark for 2 h with Cy3-conjugated donkey anti-rat antibody
(1:400), rinsed, preincubated in normal serum in PBS for 30
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Table 1
Characteristics of seizures induced by additional hippocampal stimulations at different time points after status epilepticus"
Additional stimulations
days 6 and 7
First day
Electrical stimulation (min)
Partial seizures (grade 1-2) (min)
Generalized seizures (grade 3-5) (min)
Second day
Electrical stimulation (min)
Partial seizures (grade 1-2) (min)
Generalized seizures (grade 3-5) (min)

12.9 ± 3.3"
10.9 ± 1.3
1.8 ± 0.3
0.9 ± 0.2
9.2 ± 1.6
1.4 ±0.1

Additional stimulations
days 33 and 34
8.1 ± LS"9.8 ± 2.0
2.5 ± 0.9
3.6 ± 1.0
12.3 ± 2.5
1.4 ±0.1

'Mean± SEM.
' Significantly longer stimulation period at days 6 and 33, compared to days 7 and 34, respectively.

min, and incubated with mouse anti-cytochrome c antibody
in PBS for 1 h or rabbit anti-active caspase-3 antibody in
normal serum in PBS for 2 h at RT followed by fluoresceinconjugated horse anti-mouse (1:200; Vector Laboratories)
for 1 h or Alexa Fluor 488 goat anti-rabbit (1:200; Vector
Laboratories) for 2 h in the dark.
Cell quantification
All analyses were performed by an observer blind to
the treatment conditions. Immunostainings were examined with an Olympus AX-70 light microscope. The
number of positive cells was counted in the GCL and
within two cell diameters below this region in the SGZ
(referred to as GCL/SGZ) as well as in the dentate hilus.
FBDP was also assessed in the CAl and CA3 regions. To
reduce counting bias, only central cell profiles (Coggeshall and Lekan, 1996) exceeding 3 /j,m were included.
Furthermore, the TUNEL-positive cells had to exhibit
pycnotic morphology and condensed nuclei with the
Hoechst stain to be included in the analyses. With each
staining, the number of labeled cells in three coronal
sections from each rat, located between 3.3 mm and 4.3
mm posterior to bregma (encompassing the dorsal hippocampal region), was counted and expressed as average
number of cells per section. For all stainings, the counts
are reported as mean number of cells per section. Colocalization of BrdU-positive cells with either NeuN, EDI,
or SlOObeta was assessed using a confocal scanning light
microscope (Bio-Rad MRC1024UV, UK) with Kr/Ar 488
and 568 nm excitation filter. A double-stained cell was
defined as having the strongest intensity of both stainings
within the same or directly neighboring l-jum-thick optical section through the cell in a consecutive Z-series of
at least four sections, with an overlap of the stainings in
at least three sections. In each rat, 50 BrdU-positive cells
were analyzed for either NeuN, EDI, or SlOObeta double
labeling in the SGZ/GCL and dentate hilus. Colocalization of BrdU/ cytochrome c and BrdU/active caspase-3

staining was assessed in 5-ju,m-thick sections in epifluorescence.
Statistical analysis
All comparisons were performed using one-way analysis
of variance (ANOVA) followed by post hoc Bonferroni test.
Data are presented as means ± SEM, and differences are
considered significant at P < 0.05.

Results
Seizure parameters
Thirty-nine rats developed partial and 12 rats generalized
SE, and were randomly selected for additional stimulations
at either days 6 and 7 or days 33 and 34, or only connected
to the stimulator at these time points. There were no significant differences between the groups with respect to the
percentage of time exhibiting generalized or partial convulsive behavior during the induction of SE (SE alone: 81%
partial and 13% generalized seizures; SE + additional seizures: 82% partial and 12% generalized seizures). The duration of the additional stimulations did not differ between
the day 6/7 and day 33/34 stimulation groups, but decreased
significantly between the first and second day of stimulation
at both time points (Table 1). Also the duration of partial
(grade 1-2) or generalized (grade 3-5) behavioral seizures
in response to additional stimulations was similar in the two
groups (Table 1). Behavioral and EEG seizure activity
stopped within 10 min after the end of the stimulation
period. The mean frequency of spontaneous spiking was
recorded during the 1-week or 5-week survival time following SE and did not differ between groups (short-term survival group: SE 0.25 ± 0.04 Hz vs. SE + add stim. 0.29 ±
0.04 Hz; long-term survival group: SE 0.20 ± 0.04 Hz vs.
SE + add stim. 0.17 ± 0.04 Hz). Spontaneous behavioral
seizures were occasionally observed in all groups.
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Newly proliferated cells in the subgranular zone express
markers of the mitochondrial but not the death-receptor
pathway following status epilepticus
Eight days following SE, several cell death markers were
detected in the DG. Cytosolic cytochrome c expression was
observed in small, single cells in the SGZ/GCL, and in big,
multipolar cells located both in the SGZ/GCL and dentate
hilus (Fig. 2A). Staining for active caspase-3 showed a
heterogenous morphology of positive cells, which included
small cells, either single or in cluster formation, in the
SGZ/GCL, as well as big, multipolar cells located in the
SGZ/GCL and the dentate hilus (Fig. 2C). The number of
small cells expressing active caspase-3 was several-fold
higher compared to those containing cytochrome c (data not
shown). Caspase-cleaved PARP expression was found exclusively in single or clustered small cells in the SGZ/GCL
(Fig. 2E) (Ekdahl et al., 2002). Cytosolic and nuclear AIF
expression was detected in multipolar cells in the SGZ/GCL
and the dentate hilus (Fig. 2G). TNFRI-associated TRADD
was observed throughout the DG, but only in glial cells
(Fig. 2H). Thus, double labeling of TRADD with the astrocytic marker GFAP showed almost 100% overlap (data not
shown). We did not detect any expression of the TNF
superfamily ligand Fas or calpain-mediated FBDP in the
SGZ/GCL (Fig. 21 and J). Small, pycnotic TUNEL/
Hoechst-labeled cells were found in the SGZ/GCL and to a
much lesser extent in the hilus.
We then explored whether the small cytochrome c- and
active caspase-3-positive cells, located singly or in clusters
in the SGZ/GCL, had been formed after SE. Eight days after
the epileptic insult, almost 10% of the BrdU-labeled cells in
the SGZ were double-labeled with cytochrome c. Singlelabeled cytochrome c-positive cells were scarce (Fig. 3AC). More than 80% of the BrdU-positive cells also expressed active caspase-3. Some cells single-labeled with
active caspase-3 surrounded the double-labeled cells in the
SGZ/GCL (Fig. 3D-G).
Survival of new neurons in the subgranular zone is
unaffected by additional seizures following status
epilepticus
In the animals that did not receive additional stimulations
following SE, there was an 8-fold increase of the number of
small single or cluster-forming, BrdU-labeled, newly proliferated cells in the SGZ/GCL at day 8, i.e., 2 days after
BrdU injections (Fig. 4). Over the subsequent 4 weeks, the
number of cells decreased by about 80%. Similarly, in the
dentate hilus, the BrdU-positive cells had increased 5-fold at
day 8, but at day 35 we observed a marked loss (around
60%)) of the proliferated cells. However, there was still a
significant increase of the number of BrdU-positive cells at
day 35 compared to nonstimulated controls. When animals
with partial and generalized SE were analyzed separately,
we observed a similar loss of BrdU-positive cells from day

8 to day 35 in the SGZ/GCL and dentate hilus, with no
significant difference between groups (data not shown). We
have previously observed (Mohapel et al., 2001) a marked
difference in the survival of the new neurons between animals exhibiting partial and clonic SE, evoked by 60 min of
electrical stimulation. Our present finding suggests that prolonging the stimulation period from 60 to 90 min in rats
exhibiting partial SE leads to a loss of the new cells comparable to that observed after generalized SE with 60 min
stimulation.
Two groups of SE animals were electrically stimulated
until they had exhibited three generalized seizures on both
days 6 and 7 or on days 33 and 34, and were killed on days
8 and 35, respectively. We observed no significant differences between animals with and without additional stimulations in the number of BrdU-positive cells in SGZ/GCL or
dentate hilus at either time point (Fig. 4). Confocal microscopical analysis revealed that in both treatment groups, the
number of BrdU/NeuN-double labeled cells at day 35 exceeded 90% in the SGZ/GCL (SE: 93.8 ± 1.7% vs. SE +
add. stim: 94.7 ± 1.2%), and 50% in the dentate hilus (SE:
57.9 ± 5.2% vs. SE + add. stim: 56.2 ± 6.9%). Double
stainings for activated microglia (EDI) and astrocytes
(SlOObeta) showed that only a minor fraction of the newly
formed cells in the SGZ/GCL adopted a glial phenotype
following SE (BrdU/EDl and BrdU/SlOObeta were both
less than 1%). These percentages, as well as the total number of EDI- and SlOObeta-positive cells in the SGZ, did not
change significantly following additional stimulations either in
the short-term or long-term survival group (data not shown).
We wanted to evaluate the phenotype of SE-generated
cells at the time of additional stimulations. Due to the
difficulties in assessing the morphology with BrdU and
NeuN staining, we also used labeling with a GFP-retroviral
vector. At the early time point (9 days following SE and 2
days after viral injection), the cells were located in clusters
in the SGZ, with short dendrites and small cell bodies (Fig.
5A). After 4-week survival, i.e., 5 weeks following SE, the
GFP/NeuN-positive cells had developed an extensive dendritic tree and the same shape of cell body as mature granule
cells (Fig. 5B).
Expression of cell death markers in the subgranular zone
is unaffected by additional seizures following status
epilepticus
The induction of additional seizures at day 6 and day 7
following SE did not change the pattern or the number of
cells expressing cytochrome c, TUNEL/Hoechst, AIF, and
TRADD in the SGZ/GCL at day 8 (Fig. 6). Because the vast
majority of SE-induced newly proliferated BrdU-positive
cells were double-labeled with active caspase-3 already
without additional stimulations, which we also previously
have observed with caspase-cleaved PARP (Ekdahl et al.,
2002), we did not quantify the number of cells expressing
these cell death markers after the seizures at day 6 and day
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7. Additional seizures resulted in an induction of Fas ligand
expression in the CAl pyramidal neurons (Fig. 2K). We
also observed calpain-mediated FBDP expression in the
CAl region (Fig, 2L) in 50% of the rats at 8 days following
SE, and after the additional seizures the number of animals
with FBDP expression increased to 86%. However, due to
large variations within the groups, the increase in the number of FBDP-positive cells was not statistically significant
(SE: 15.0 ± 11.0 vs. SE + add. stim: 32.6 ± 16.1 cells).
At day 35 following SE, only a few TUNEL/Hoechstpositive cells remained in the SGZ/GCL and caspasecleaved PARP expression was no longer observed. Additional seizures at days 33 and 34 did not change the number
of the remaining TUNEL/Hoechst-positive cells (3.4 ±0.6
vs. 2.4 ± 0.3 cells in the SGZ, 0.7 ± 0.2 vs. 0.8 ± 0.2 cells
in the hilus, with or without additional stimulation, respectively). Also, no FBDP-positive cells could be detected in
the CAl region at this time point, and additional seizures
failed to induce any expression.
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A large proportion of the new neurons formed in the
adult brain after SE (Ekdahl et al., 2001) and stroke (Arvidsson et al., 2002) die within the first weeks after the insult.
The cell loss in the dentate SGZ occurs at least partly
through activation of caspases. Here we provide evidence
that the caspase-evoked death of the newborn neurons involves the mitochondrial but probably not the death-receptor pathway. Protein expression of mitochondria-related cytochrome c was observed in a subset of progenitor cell
progeny in the SGZ after SE, while the death receptor ligand
Fas was only visible in the CAl region, and the death
receptor-associated protein TRADD was exclusively found
in astrocytes. The mitochondria-related, caspase-independent AIF pathway was expressed in the nucleus and cytoplasm of large, multipolar cells, most likely intemeurons.
We also show that additional seizures after the intial SE do
not enhance the cell death mechanisms or compromise the
survival of the newly formed neurons.
The conclusion that caspase-induced apoptotic death
contributes to the loss of newly generated neurons after SE

GCL
HHus

Fig. 2. Several cell death markers are expressed in the subgranular zone at
8 days following status epilepticus. Cytochrome c (A), active caspase-3
(C), and caspase-cleaved PARP (E) were expressed in small single cells or
clusters (arrowheads). In contrast, AIF was expressed in multipolar cells,
presumably intemeurons (G), and TRADD in glial cells (H). Fas ligand and
calpain-mediated FBDP were only detected in the CAl region (K and L),
and not in the subgranular zone (I and J). The insets are higher magnification of cytochrome c- (B), active caspase-3- (D), and cleaved PARPpositive cells (F) marked by the squares in A, C, and E, respectively. SGZ,
subgranular zone; GCL, granule cell layer; Hilus; dentate hilus. Scale bar,
16 /xm (A and D), 10 ju,m (B); 20 \xxa. (C and F), 40 \im (E, I, and J), 13
/im (G and H); 40 ;xm (K), and 57.2 /im (L).
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Fig. 3. BrdU-positive cells express cytochrome c and active caspase-3 in
the subgranular zone at 8 days following status epilepticus. Images of
5-jj,m-thick sections illustrate labeling for BrdU (red; A and D), cytochrome C (green; B), and active caspase-3 (green; E). C and F are merged
pictures of A and B, and D and E, respectively. (G) Hoechst-positive
nuclear staining of the DG seen in D-F. SGZ, subgranular zone; GCL,
granule cell layer; Hilus, dentate hilus. Scale bar, 10 tun (A-C) and 35 ^^m
(D-G).
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Fig. 4. Additional seizures following status epilepticus do not change the
number of BrdU-positive cells in the subgranular zone or the dentate hilus.
Animals exhibited three generalized seizures on both day 6 and day 7 or on
day 33 and day 34 following status epilepticus, and were perfused on days
8 and 35, respectively. Data are given as number of positive cells per
section. Bars represent mean ± SEM. *P < 0.05, ANOVA followed by
post hoc Bonferroni test.

Fig. 5. Status epilepticus-generated cells develop a more mature neuronal
phenotype during a 4-week survival period. Animals were injected with a
green fluorescent protein (GFP)-canying retroviral vector at 1 week following status epilepticus. Two days later, most of the newly formed
GFP-positive cells (green) lay in clusters in the subgranular zone (SGZ)
and possessed short dendritic processes (A). After 4 weeks of survival (35
days following status epilepticus), the vast majority of the GFP-positive
cells expressed the neuronal marker NeuN (red) (B) and had developed
long dendritic trees (B; arrow heads). GCL, granule cell layer; Hilus,
dentate hilus. Scale bar, 21 p,m (A) and 16 ^m (B).

is based on two main lines of evidence: first, epileptic
seizures and SE lead to apoptosis in the SGZ (Sloviter et al.,
1996; Bengzon et al., 1997; Ekdahl et al., 2001), including
the new neurons (Ekdahl et al., 2001), and caspase inhibitor
infusions rescue part of these neurons (Ekdahl et al., 2001,
2002); and second, many of the newly formed neurons in
the SGZ and GCL express active caspase-cleaved PARP
protein (Ekdahl et al., 2002). Here we have explored two
possible ways of activating caspases in the new neurons
formed after SE, the mitochondrial and the death-receptor
pathway, respectively. Western blots on hippocampal tissue
have indicated that both pathways are active following SE
(Henshall et al., 2001a,b,c, 2002). The mitochondrial pathway involves translocation of cytochrome c from mitochondria to the cytoplasm, which initiates the caspase cascade
(Hengartner, 2000). We observed increased cytochrome c
staining in BrdU-labeled newly proliferated cells in the
SGZ/GCL. The number of BrdU-positive cells expressing
cytochrome c in the SGZ/GCL was clearly lower than that
of BrdU/active caspase-3 and BrdU/cleaved PARP doublelabeled cells. The high percentage of BrdU/active caspase3-positive cells (more than 80%) is in hne with previous
data showing caspase-cleaved PARP expression in almost
70% of the newly formed cells at 8 days following SE
(Ekdahl et al., 2002). Previous double staining for TUNEL/
cleaved PARP at the same time point has shown that only a
small proportion of the cleaved PARP-positive cells is
TUNEL labeled (Ekdahl et al, 2002). Taken together these
findings provide further support for the hypothesis that
active caspase-3 and cleavage of PARP protein can be
associated with other processes besides the initiation of
apoptotic cell death (Chan and Mattson, 1999).
The mitochondria can also release AIF, which induces
caspase-independent large-scale DNA fragmentation and
apoptosis (Susin et al., 1999). Arguing against a role of this
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Fig. 6. Additional seizures following status epilepticus do not affect the
expression of cell death markers in the subgranular zone. Animals received
three generalized seizures on both day 6 and day 7 or on day 33 and day
34 following status epilepticus, and were perfiised on days 8 and 35,
respectively. Data are given as number of positive cells in the SGZ/GCL
per 5-fj,m-thick sections for cytochrome c and AIF, and 30-;Lim-thick
sections for TUNEL/Hoechst and TRADD. Bars represent mean ± SEM.
*P < 0.05.

factor, AIF was detected neither in the nucleus nor in the
cytosol of the small SGZ cells. Also, we did not obtain any
evidence indicating that the caspase activation in the new
cells involves death-inducing receptors such as the Fas
receptor and TNF receptor 1. Binding of death-receptor
ligands like Fas triggers receptor clustering and formation
of a death-inducing signaling complex, which activates
caspases. TRADD is an adaptor protein in a complex with
TNF receptor 1 (Hengartner, 2000; Allan and Rothwell,
2001). There was no expression of the Fas ligand in the
SGZ, and TRADD could only be detected in glial cells. Our
data therefore support that progenitor cell progeny die preferentially through a mitochondria-related, caspase-mediated
pathway, because of lack of death receptor expression or
function in the newborn cells.
Following SE in patients, there is a 30-80% risk of
developing recurring seizures (Maytal et al., 1989; Hauser
et al., 1990; Verity et al., 1993), and in animals the occurrence of spontaneous seizures ranges from 45% to 100%
depending on the SE model (Nissinen et al., 2000; Gorter et
al., 2001). Whether there is a relationship between the
degree of neuronal degeneration and the amount of sponta-
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neous seizures is controversial (Bertram and Comett, 1993;
Mello et al., 1993; Nissinen et al., 2000; Gorter et al., 2001;
Pitkanen, 2002). Gorter et al. (2001) reported that rats with
more spontaneous seizures also exhibited more severe neuronal degeneration following electrically induced SE in the
hippocampus. In contrast, Pitkanen et al. (2002) found no
such correlation after electrically induced SE in the amygdala. Antiepileptic drugs administered after kainic acid- or
pilocarpine-induced SE have either prevented both the development of spontaneous seizures and neuronal degeneration, or only the degeneration (Loscher, 2002). Here we
wanted to explore the role of spontaneous seizures for the
death of the newly formed DG cells. It has been shown that
the latency period between the SE and the first spontaneous
seizure differs between individual rats and different SE
models (Nissinen et al., 2000). Following electrically induced SE in the hippocampus, the latency period has been
estimated to be 1 week (Gorter et al., 2001). This time
interval coincides with the occurrence of cell proliferation
in the SGZ as well as caspase-mediated death of the newly
formed cells (Parent et al., 1997; Ekdahl et al., 2002). In an
attempt to mimic the first spontaneous seizures following
SE, which often are secondarily generalized (Mello et al.,
1993; Gorter et al., 2001), we stimulated rats at days 6 and
7 until they developed generalized clonic seizures. Normally, the early spontaneous seizures have a frequency of
about 0.1-2 per day (Nissinen et al., 2000; Gorter et al.,
2001) and the animals were therefore subjected to three
generalized clonic seizures each day. There are two main
reasons why a survival period of 2 days after the BrdU
injections (24-h survival after the last seizure in a 2-day
stimulation session) was chosen. First, additional seizures
may induce a new increase in proliferation and therefore
confound the number of BrdU-positive cells generated by
the initial SE insuh. Because seizure-induced proliferation
starts after 3 days (Parent et al., 1997), perfusing the rats at
24 h minimizes the risk of including such a second wave of
new BrdU-positive cells in the counting. Second, cell death
in the SGZ can be observed as early as 2 h after seizures
(Bengzon et al., 1997), and part of the newly formed cells
produced after SE undergo cell death already during the first
24 h after birth (Ekdahl et al, 2001, 2002). Death of newly
formed cells caused by the additional stimulations is therefore likely to be detectable at 24 h. However, six additional
seizures did not change either the expression of cell death
markers or the number of surviving, newly proliferated cells
in the SGZ at 1 week following SE. In contrast, more rats
expressed calpain-produced FBDP in the CAl pyramidal
layer, indicating that the cell death mechanisms had been
aggravated in this region. Also, at 5 weeks following SE,
additional seizures did not affect the low level of cell death
in the SGZ. No upregulation of FBDP was observed in CAl
at this time point. Taken together, our data indicate that
spontaneous seizures do not compromise the survival of
SE-generated neurons either when they are newbom or at a
time point when they have developed a more mature phe-
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notype. Furthermore, two recent studies have also shown
that the frequency of spontaneous seizures after SE does not
correlate with the degree of death of mature hippocampal
neurons (Pitkanen et al., 2002; Gorter et al., 2003).
In summary, our findings indicate that a mitochondrial
caspase-mediated death pathway operates in the SE-generated progenitor cell progeny in the SGZ to the same extent
with and without additional seizures. Compared to mature
hippocampal neurons, the new neurons do not seem to be
particularly susceptible to seizure-induced cell death. In a
parallel study (Mohapel et al., 2001), we have found that the
survival of the newly formed cells is influenced to a large
extent by the severity of the initial SE insult. Considering
the present data, it is therefore conceivable that whether a
new neuron, generated after SE, will die or not, is determined primarily by the degree of insult-induced neuropathological changes in the tissue environment whereas
spontaneous seizures play only a minor role.
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