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Abstract
Stroke is the major cause of acquired epilepsy in the adult population. The mechanisms of
ischemia-induced epileptogenesis are not completely understood, but glutamate is associated with
both ischemia-induced injury and epileptogenesis. The objective of this study was to develop an in
vitro model of epileptogenesis induced by glutamate injury in organotypic hippocampal slice
cultures (OHSCs), as observed in stroke-induced acquired epilepsy. OHSCs were prepared from 1-
week old Sprague-Dawley rat pups. They were exposed to 3.5 mM glutamate for 35 minutes at 21
days in vitro. Field potential recordings and whole-cell current clamp electrophysiology were used
to monitor the development of in vitro seizure events up to 19 days after injury. Propidium iodide
uptake assays were used to examine acute cell death following injury. Glutamate exposure
produced a subset of hippocampal neurons that died acutely and a larger population of injured but
surviving neurons. These surviving neurons manifested spontaneous, recurrent epileptiform
discharges in neural networks, characterized by paroxysmal depolarizing shifts and high frequency
spiking in both field potential and intracellular recordings. This model also exhibited
anticonvulsant sensitivity similar to in vivo models. Our study is the first demonstration of a
chronic model of acquired epilepsy in OHSCs following a glutamate injury. This in vitro model of
glutamate injury–induced epileptogenesis may help develop therapeutic strategies to prevent
epileptogenesis after stroke and elucidate some of the mechanisms that underlie stroke-induced
epilepsy in a more anatomically in-tact system.
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1. Introduction
The association between stroke and epilepsy is well recognized, but it is not well
understood. Stroke is one of the most common neurological conditions, affecting over half a
million Americans per year (Taylor et al., 1996) and is a leading cause of acquired epilepsy
(AE), most commonly in the elderly (Annegers et al., 1996; Armstrong et al., 2009; Herman
2002). The development of AE after a stroke has been shown to increase both the morbidity
and mortality of the stroke patient (Menon and Shorvon 2009). Thus it is important to
prevent the development of AE after stroke. Despite this, the mechanisms underlying the
development of epilepsy (epileptogenesis) following stroke-like injury are poorly
understood.

Stroke refers to the brain injury that occurs following cerebral ischemia (Sharp et al., 1998).
It has been suggested that acute ischemia increases extracellular concentrations of glutamate
(Buchkremer-Ratzmann et al., 1998), reduces GABAergic function, and causes functional or
structural impairment of GABAergic interneurons (Menon and Shorvon 2009). In addition,
injury from stroke also causes selective cell death and apoptosis, changes in membrane
potential properties, mitochondrial changes, receptor changes, deafferentation or collateral
sprouting (Menon and Shorvon 2009). Together these impaired functional and structural
relationships may lead to epileptogenesis- a process that causes a permanent neuronal
plasticity change in previously normal brain tissue, leading to the onset of spontaneous
recurrent epileptiform discharges (SREDs) (DeLorenzo et al., 2007). Certainly, this period
of epileptogenesis represents an important clinical time-frame wherein intervention may be
able to inhibit the plasticity changes that lead to the development of seizures.

Development of an in vivo model of stroke-induced AE has met limited success (Karhunen
et al., 2005). Our lab has utilized the in vitro hippocampal neuronal culture model of stroke-
induced AE (Sun et al., 2001; Sun et al., 2004). The in vitro model utilizes glutamate
exposure to produce an injury similar to that seen secondary to ischemic stroke. Subsequent
to injury, surviving neurons manifest SREDs analogous to epileptic seizures (Sun et al.,
2001; Sun et al., 2004). While this model provides insight into some of the molecular
mechanisms involved in epileptogenesis following stroke, it is limited by lack of normal
anatomical morphology and circuitry that is important in excitatory feedback in the brain. In
contrast, animal models provide proper morphology and neuronal feedback, but they are
often time consuming and cost restrictive for use in rapid screening of novel therapeutic
compounds. Some of these limitations could be overcome while still using an in vitro system
by utilizing organotypic hippocampal slice cultures (OHSCs). OHSCs have been shown to
manifest intact neuronal morphology, cellular and anatomical relations and network
connections (Noraberg et al., 2005; Sundstrom et al., 2005; Zimmer and Gahwiler 1984).
OHSCs have been used to study the acute physiological effects (Albus et al., 2008; Wahab
et al., 2010) and some of the morphological changes that occur following excitotoxic injury
(Routbort et al., 1999; Thomas et al., 2005). Glutamate toxicity is an important aspect of the
ischemic cascade (Buchkremer-Ratzmann et al., 1998). OHSC models have also established
similarities in cell death patterns in oxygen glucose deprivation and glutamate injury,
suggesting NMDA mediated cell death in both injuries (Lipski et al., 2007, Noraberg et al.,
2005). However, a thorough characterization of the physiological changes that occur after
excitotoxicity particularly its effect on seizure genesis has not been explored.

In this paper, we describe development of an OHSC model of glutamate injury induced AE.
Our novel model utilizes a glutamate injury paradigm to induce a stroke-like injury in
OHSCs (Lipski et al., 2007). After a period of epileptogenesis, field potential and
intracellular recordings revealed expression of SREDs, the in vitro correlate of “seizures”, in
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glutamate treated slices as compared to untreated sham control slices. Pharmacological
studies using standard anticonvulsant drugs have also been described.

2. Results
2.1 Glutamate exposure produced hippocampal neuronal injury

Figure 1a shows PI staining in OHSCs after injury with 3.5 mM glutamate. PI uptake was
measured in optical density units of the whole slice. At 24 hours, glutamate injured OHSCs
showed an increase in PI uptake of 51.17 ± 5.364% (n= 174) of age-matched controls (0.0 ±
3.09%, n= 121, p<0.001, Mann-Whitney Rank sum test). The increase in PI staining in
glutamate treated slices was still significant at 72 hours, with optical density measurements
of 23.5 ± 2.89% (n=154) over controls (0.0 ± 2.535%, n=108, p<0.001, Mann-Whitney
Rank sum test) (figure 1b). PI staining displayed that the glutamate treatment killed some,
but not all neurons, producing a mixed population of live and dead neurons. The CA1 region
showed significantly higher cell death than the dentate gyrus at 24 hours (33.0 ± 3.8% vs.
15.8 ± 2.4%, n=154 for both, p<0.05, one way ANOVA with a Fisher’s post-hoc analysis),
though this effect was not significant at 72 hours (figure 1c). The CA3 region did not show a
significant difference in cell death when compared to either CA1 or DG at either time point.

2.2 Glutamate injury induced alterations in OHSC excitability
To investigate changes in OHSC excitability, we obtained field potential recordings from the
CA3 region of OHSCs 9-12 days after glutamate injury. OHSCs were first tested for
viability by stimulating in the dentate gyrus while recording in the CA3 cell layer (figure 2).
Representative field potential recordings of control and glutamate treated OHSCs are shown
in figure 3. Seizure events were defined as the abrupt onset of a high amplitude burst of
rhythmic activity superimposed on a field depolarization shift that lasted ≥3 s, during which
the waveforms evolved over time and terminated abruptly (Bausch et al., 2006;Routbort et
al., 1999). Field potential recordings showed seizure events in 46.25% of glutamate treated
OHSCs (n= 80) compared to 7.14% of control slices (n= 28, p<0.001, Chi-square analysis).
OHSCs displaying seizures had an average of 3.73 ± 0.57 seizure events per 2 minute
recording, lasting an average of 14.26 ± 3.11 sec. The average maximal amplitude shift was
0.78 ± 0.14 mV. While some control and injured slices displayed individual action potentials
and brief depolarizing shifts, these slices were not considered to have seizure events unless
the burst of activity occurred for greater than 3 seconds.

2.3 Spontaneous recurrent epileptiform discharges in glutamate-injured OHSCs
To further confirm seizure activity in glutamate treated OHSCs, whole-cell current clamp
methods were employed on CA3 cells in glutamate treated and control slices. Cells in
glutamate treated slices displayed SREDs while cells in control slices did not (figure 4).
SREDs were defined as a burst of activity with a spike frequency ≥ 3Hz for durations of ≥
20 sec (Sun et al., 2001). This electrographic recording is analogous to electrographic
seizures observed with EEG recordings (McNamara 1994). Cells in control slices showed
spontaneous firing as well, but it did not meet the criteria for a SRED. SREDs were
observed in 43.7% of glutamate treated slices (n=16), compared to 0% of control slices
(n=9, P= 0.027, Fisher exact test). Cells in control slices had an average spike frequency of
0.0637 ± 0.0495 Hz over 257 minutes of recording. Cells from all glutamate treated slices
had an average spike frequency of 0.8406 ± 0.545154 Hz over 211 minutes. Of those
glutamate treated slices that displayed SREDs, average spike frequency was 1.54384 ±
0.9357 Hz over 105 minutes (P=0.014 compared to control, Mann-Whitney Rank Sum
Test), with frequencies over 3 Hz during SRED events. The resting membrane potential of
control cells was −63.9 ± 2.8 mV (n=9) and this was not significantly different from all
glutamate treated cells (−59.45 ± 2.5 mV, n=16, p=0.25, Student’s t-test) or those cells
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displaying SREDs (−55.1 ± 3.8 mV, n=7, p=0.08, Student’s t-test). Input resistance was also
not significantly different between the two groups (226.87 ± 21.3 MΩ for control, 258.5 ±
53.3 MΩ for glutamate treated cells, p=0.6, Student’s t-test).

2.4 SREDs lasted for the life of the OHSCs
Field potential recordings were performed at different time points after glutamate injury to
confirm the optimal time of recording. In glutamate treated slices seizure activity was not
observed immediately after the injury, at DIV 21. However, seizure activity was present at
DIV 24-29, 3-8 days after injury, in 40% of slices. Seizure activity continued in
approximately 50% of treated slices until DIV 40 (figure 5). Consistent with literature
findings (Bausch and McNamara 2000;McBain et al., 1989), control OHSCs began showing
more spontaneous seizure activity as time in culture increased, with 12.5% showing seizure
activity between 34 and 40 days in vitro. At this point in culture, the expression of
spontaneous epileptiform activity is thought to arise from an alteration in the balance of
excitatory and inhibitory synaptic activity, resulting increased synaptic activity (McBain et
al., 1989). Therefore, we established DIV 30-33 as an acceptable window for field potential
recording as there is a significant difference in the frequency of seizure events in injured and
control slices.

2.5 Degree of cell death did not determine development of SREDS
To determine if the varying degree of cell death played a role in the development of seizure
events, we analyzed PI staining in the glutamate treated slices that had been used in field
potential recordings. As shown in figure 6, slices displaying SREDs showed a 45.89 ±
11.956% (n=34) increase in PI uptake 24 hours after injury when compared to matched
controls, while slices that did not show seizure activity showed a 48.5 ± 9.231% (n=39)
increase. Similarly, at 72 hours, seizing slices maintained a 45.5 ± 9.23% (n=34) increase
while non-seizing slices showed a 31.3 ± 7.445% (n=39) increase over controls. These
values are not significantly different (p=0.862 and 0.175, respectively, Student’s t-test) from
one another, suggesting that magnitude of cell death following initial injury does not play a
significant role in the development of seizure activity in this model. In addition, there was
no significant difference in cell death in individual cell areas among OHSCs that displayed
seizure activity and those that did not (all P>0.198, data not shown).

2.6 Phenobarbital and phenytoin but not ethosuximide inhibited epileptiform activity
To better understand the characteristics of the in vitro seizure events, we employed several
standard AEDs to see their effect on seizure activity in this model. Given the refractory
nature of other seizure models in OHSCs, chosen AED concentrations were slightly higher
than equivalent anticonvulsant plasma concentrations in rats (Albus et al., 2008). Perfusion
of phenytoin (200 μM) during extracellular recording reversibly reduced the amplitude and
frequency of the field potential seizure activity (figure 7a). After 18 minutes of drug
perfusion, phenytoin decreased the field potential amplitude by 23.4 ± 9.3 % (P=0.045) and
frequency by 83.8 ± 4.6% (p<0.001, n=4). Phenobarbital (400 μM) also acted as a reversible
anti-seizure agent in this model, though the onset of its action was longer (figure 7b). Field
potential amplitude decreased by 23.3 ± 8.5% (p=0.035) and frequency decreased by 77.3 ±
12.7% (p<0.001) following 18 minutes of drug perfusion (n=4). On the other hand,
ethosuximide (1 mM), a T-type, voltage gated calcium channel blocker effective in treating
generalized absence seizures (Rogawski and Porter 1990), had no effect on seizure activity
in this model (figure 7c). Amplitude (3.7 ± 3.6% decrease) and frequency (27.6 ± 29.6%
increase) remained unchanged (p>0.05, n=4). Thus, the seizure activity induced by
glutamate injury in our model responded to therapeutically relevant concentrations of
anticonvulsants analogous to the setting of generalized tonic clonic and partial complex
seizures (Macdonald and Kelly 1995).
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3. Discussion
The experiments in this study document a novel model of epileptogenesis in OHSCs
following glutamate injury. Similar to the excitotoxic injuries associated with both ischemic
and anoxic stroke events, glutamate injury in this model produced a mixed population of
neurons characterized by both cell survival and cell death. As suggested by our initial
hypothesis, neurons that survived the glutamate exposure become the substrate for the
development of epileptogenesis as indicated by increased excitability of the CA3 cell layer
in a significant number of OHSCs. The OHSC model of glutamate injury induced
spontaneous seizure events may provide insights into the development of stroke induced AE.
It also offers a powerful tool to screen potential pharmacological agents to treat seizures and
develop therapeutic interventions to prevent the development of AE after stroke.

The seizure events seen in extracellular recordings expressed many characteristics of overt
electrographic epileptic seizures. Seizure events started and terminated spontaneously and
were synchronized in nature, as they represented a population of synchronized neurons
(figure 3). The seizure events produced by excitotoxic glutamate injury manifested larger
spike amplitude than would be seen if the activity originated from a single neuron,
suggesting that the activity occurred in a group of neurons. The typical seizure pattern
observed in OHSCs after glutamate injury also included an abrupt onset of activity
superimposed on a large field potential shift, consistent with the classic paroxysmal
depolarizing shift associated with electrographic seizure discharges in both in vitro and in
vivo models of epilepsy (Bausch et al., 2006;Dichter and Ayala 1987). Finally, the seizures
produced by glutamate injury responded to the anticonvulsant drugs phenobarbital and
phenytoin, but not to ethosuximide (figure 7). These results demonstrated that OHSCs
subjected to injury by glutamate exposure could be transformed into neuronal networks
manifesting seizures for the life of the culture, producing an in vitro model of epilepsy.

Various studies of OHSCs have confirmed that cells develop and mature similar to age-
matched cells in vivo (Bahr et al., 1995, Stoppini et al. 1991). In this respect, OHSCs are
often used at times comparable to the appropriate in vivo age. Our OHSCs are cultured at P8
and injured at DIV 21, thereby showing the equivalent cellular maturity of young adult rats
at P29. OHSCs from P8 pups have been shown to develop mature synaptic properties within
a few days in culture (Muller et al., 1993). In addition, OHSCs have been shown to respond
to seizure inducing stimuli over a wide range of time points anywhere from 7-56 days in
culture (Albus et al., 2008). We therefore believe our slice cultures are at an appropriate age
to respond to a glutamate injury at DIV 21.

Organotypic hippocampal slice cultures have been utilized in many models of excitotoxicity,
including kainic acid (Routbort et al., 1999), NMDA (Ring et al., 2010), and oxygen glucose
deprivation injuries (Lipski et al., 2007). However, few of these studies have examined the
long-term physiological changes that occur in OHSCs after excitotoxic injury, thereby
exploring their potential as a model of acquired epilepsy. Recently, Bausch and McNamara
(Bausch and McNamara 2004) used a kainic acid injury paradigm in OHSCs and found no
significant difference in seizure rates from controls when recording from granule cells in
physiological buffer 30 days after injury. They were however, able to show that the granule
cells were more hyperexcitable and there was considerable mossy fiber sprouting in the
injured slices. Various other studies have used excitotoxic injuries to study neuroprotective
agents and morphological changes (Boscia et al., 2006; Cho et al., 2007; Lipski et al., 2007;
Ring et al., 2010; Routbort et al., 1999; Thomas et al., 2005). Our model takes this a step
further by characterizing the physiological changes after an excitotoxic injury with
glutamate. A study by Lahtinen et al. (Lahtinen et al., 2001) utilized a higher concentration
of glutamate (10 mM) to examine acute electrophysiological consequences of glutamate
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injury in OHSCs. Within 2 hours of the injury, they found increased hyperexcitability in the
CA3 cell region. In addition, they reported attenuation of cell death with TTX following
glutamate injury, indicating that some cell death during the initial 24 hour period may be
caused by neuronal excitability following the initial injury. Indeed, clinical and in vivo
studies have shown that seizures often occur acutely following an ischemic injury (Menon
and Shorvon, 2009, Karhunen et al., 2006), but this does not necessarily lead to
epileptogenesis and acquired epilepsy. This would suggest that the post-insult activity
observed by Lahtinen et al. is not necessarily indicative of chronic epileptogenesis. In
contrast, our study employs a more moderate glutamate injury (3.5mM glutamate for 35
minutes) and we examine cell death at both 24 hours and 72 hours. We establish that cell
death subsides following the 24 hour period, as the PI uptake is significantly decreased at 72
hours. In addition, we examine epileptogenesis in OHSCs 9-12 days following glutamate
injury indicating long lasting changes in neuronal excitability following glutamate injury. It
is important to stress this issue, since our study is the first demonstration of the development
of spontaneous recurrent epileptiform discharges (epilepsy) in the OHSCs and represents the
first model of post injury acquired “epilepsy” in this model.

Our model utilizes glutamate as a mode of excitotoxicity, as excessive glutamate
concentration is an important aspect of the ischemic prenumbra in stroke (Davalos et al.,
1997). The involvement of glutamate in epileptogenesis has been implicated in whole
animal, (Croucher et al., 1988; Croucher and Bradford 1990; Rice and DeLorenzo 1998)
slice, (Anderson et al., 1990; Stasheff et al., 1989) and cell culture (Sombati and Delorenzo
1995; Sun et al., 2001) models of epilepsy. To induce epileptogenesis, these models all used
continuous neuronal spiking produced by seizures, (Rice and DeLorenzo 1998) repeated
high-frequency excitation (Croucher et al., 1988; Croucher and Bradford 1990; Stasheff et
al., 1989), or low extracellular magnesium environments (Anderson et al., 1986; Sombati
and Delorenzo 1995) while only one used a glutamate-induced prolonged, reversible
depolarization as used in this study (Sun et al., 2001; Sun et al., 2004). Many of these
models have implicated activation of the N-methyl-D-aspartate receptor (NMDAR) for
epileptogenesis (Croucher et al., 1988; Croucher and Bradford 1990; DeLorenzo et al.,
1998; Rice and DeLorenzo 1998; Stasheff et al., 1989). Interestingly, epileptiform
discharges have also been produced by growing OHSCs in culture in the presence of
tetrodotoxin (TTX) to block activity or D(–)-2-amino-5-phosphonopentanoic acid (D-APV)
to block NMDAR activation (Bausch et al., 2006). Removal of these agents resulted in the
expression of seizure-like activity (Bausch et al., 2006). This distinctly different culture
model uses the inhibition of glutamate receptors to induce hyperexcitability. Control OHSCs
displayed a low occurrence of seizures, possibly as a result of collateral synaptic
connections that are known to form after long term culture of hippocampal tissue (Bausch
and McNamara 2000; McBain et al., 1989). Although the mechanism producing
hyperexcitability in this model has not been fully delineated, it has been shown that
inhibition of glutamate receptors in neurons in culture produces alterations in NMDAR
subunit expression that are regulated by synaptic activity during development (Hoffmann et
al., 2000; Yashiro and Philpot 2008). It is possible that alterations in NMDAR subunit
expression may underlie the development of hyperexcitability in this model. Though
glutamate exposure may induce changes in receptor subunit expression in the glutamate
injury–induced epileptogenesis model, these potential changes probably occur through a
separate mechanism. It will be interesting to investigate the mechanism of glutamate injury-
induced epileptogenesis in future studies.

The potential role of selective neuronal death in glutamate injury–induced epileptogenesis
requires further investigation, especially in light of the fact that inhibitory neurons are
typically less vulnerable to excitotoxicity than excitatory neurons (Tecoma and Choi 1989).
Although differential cell death may affect the balance between the number of inhibitory and
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excitatory neurons, resulting in a larger number of surviving inhibitory neurons, (Tecoma
and Choi 1989) the glutamate-induced injury produced “epilepsy” in the OHSCs despite the
potential alterations in neuronal subpopulations. Our experiments suggest that the severity of
injury is not a large factor in epileptogenesis, as there was no difference in the degree of cell
death in those OHSCs that developed seizures and those that did not (figure 6). Further
studies are needed to determine the role of selective cell death in this model. In addition, the
possible roles of gap junctions (Dudek et al., 1998), ischemia-induced alterations in second-
messenger systems, and gene changes (Morris et al., 2000) in mediating epileptogenesis
represent important future directions for research that can be conveniently studied in this
system.

The association between stroke and epilepsy has been demonstrated clinically, and stroke is
the most common cause of acquired epilepsy in adults (Hauser et al., 1991). However, the
mechanisms by which cerebral ischemia initiates epileptogenesis are not understood. The
glutamate injury produced in this model of epileptogenesis resembles some of the
phenomena associated with stroke. Increases in extracellular glutamate, (Bullock et al.,
1995; Davalos et al., 1997) excitotoxic delayed neuronal death (Choi 2000) associated with
the ischemic penumbra (Dirnagl et al., 1999), and a delayed period of epileptogenesis are all
present in this model. To our knowledge, this study demonstrates, for the first time,
spontaneous, recurrent, epileptiform activity in organotypic hippocampal slice cultures
induced by glutamate injury. This model of glutamate injury–induced epileptogenesis may
offer new insights into the development and maintenance of the epileptic condition after a
neurological trauma such as stroke and therefore may provide therapeutic strategies to
develop both novel anti-epileptogenic and anticonvulsant agents to prevent stroke-induced
epilepsy.

4. Experimental Procedures
4.1 Organotypic hippocampal slice culture preparation

Slice cultures were prepared using the method of Stoppini et al. (Stoppini et al., 1991), as
previously reported by (Schanuel et al., 2008). All animal use protocols are in strict
accordance with the National Institute of Health guidelines and are approved by the
International Animal Care and Use Committee of Virginia Commonwealth University.
Postnatal day 8 (P8) Sprague-Dawley rat pups (Harlan, Frederick, MD, USA) were deeply
anesthetized with isoflurane and decapitated. The brains were removed, and hippocampi
were dissected out and cut into 350-μm transverse sections using a McIlwain tissue chopper
(Brinkmann Instruments, Canada) and placed into Hank’s balanced salt solution [HBSS –
Gibco BRL (Invitrogen, Carlsbad, CA, USA)] supplemented with 0.5% sucrose and 1%
penicillin-streptomycin. The middle four to six slices of each hippocampus, including part of
the entorhinal cortex, were placed onto tissue culture membrane inserts (Millipore, Bedford,
MA) in a 6-well tissue culture dish containing medium consisting of 50% minimum
essential medium, 25% horse serum and 25% HBSS, 1% penicillin-streptomycin [all from
Gibco BRL (Invitrogen, Carlsbad, CA)] and supplemented with 36 mM glucose, and 25 mM
Hepes (Sigma, St. Louis, MO, USA) (pH 7.2). Cultures were maintained at 37°C under
room air +5% CO2. After 1 day in culture, culture medium was replaced with fresh medium
containing no antibiotics. Culture medium was replaced two times a week thereafter.

4.2 Glutamate injury
After 21 days in vitro (DIV21), slice culture media was removed and replaced by media
containing 3.5mM glutamate and cultures were returned to the incubator for a period of 35
minutes (Lipski et al., 2007). Glutamate containing media was then removed and slice
cultures were washed with HBSS at 37°C two times before returning to normal media.
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Control slices received normal media (without glutamate) during the 35 minute time period,
followed by washing with HBSS twice before returning to normal media.

4.3 Neuronal death assay
Delayed neuronal death was assessed 24 and 72 hours after glutamate treatment by
measuring uptake of the fluorescent dye Propidium Iodide (PI, Sigma), using established
procedures (Lipski et al., 2007; Pomper et al., 2001). Greater PI uptake indicates greater cell
death. Cultures were exposed to 2 μM PI for 4 hours in normal culture media. Before
recording dye uptake under fluorescent light, a phase contrast picture of each slice was taken
so that orientation in the field could be maintained in subsequent recordings at 24 and 72
hours. Dye uptake was recorded on an Olympus CK40 inverted microscope coupled to a
QColor 3 camera and QCapture software (Olympus, Center Valley, PA). All optical
parameters (illumination aperture, neutral density filters etc.) as well as the camera exposure
time and electronic gain, were standardized and kept constant. The fluorescent signal was
measured densitometrically using the Image-J software (NIH). The perimeter of each slice
was outlined (identified in phase contrast image) and the mean pixel value (0–255) was
recorded and converted to a scale of 0-100. All measurements were made after subtracting
background fluorescence (region positioned immediately outside the culture). Cell death was
expressed as a percent increase of mean pixel value of date matched controls. To assess
differential cell death by region, cell regions were identified and circled as regions of
interest in the phase contrast image. Propidium iodide staining was then measured
densitometrically in each of the 3 cell regions (CA1, CA3, DG). As in whole hippocampus
recordings, cell death was expressed as a percent increase of mean pixel value of each cell
region in age date-matched controls.

4.4 Field potential recording
At DIV 30-33, a portion of the tissue culture insert membrane containing a single cultured
slice was placed into an interface slice recording chamber (Harvard Apparatus, Holliston
MA) mounted on a vibration table and viewed through a dissecting microscope (Diagnostic
Instruments, Sterling Heights, MI). Slice cultures were perfused (2–3 ml/min) with artificial
cerebrospinal fluid (aCSF) composed of (in mM) 120 NaCl, 3.5 KCl, 1.3 MgSO4, 2.5
CaCl2, 1.25 NaH2PO4, 25.6 NaHCO3, and 10 glucose, equilibrated with 95% O2-5% CO2.
Recording pipettes were pulled on a Flaming Brown P-80 PC Micropipette puller (Sutter
Instrument Co, Novato, CA) filled with 3.5 M NaCl for extracellular recordings to achieve a
resistance of 2-4 MΩ. Data were collected with an AxoClamp 2B (Molecular Devices,
Union City, CA) recording amplifier and FLA-01 Bessel filter unit (Cygnus Technologies,
Inc, Delaware Water Gap, PA) and pCLAMP 9.0 software (Molecular Devices). After a 15
minute equilibration period, field potentials were recorded at 34°C in the CA3 pyramidal
cell layer. If spontaneous activity was not observed in the first few minutes, slices were
tested for viability by hilar stimulation (0.3-ms square pulse, 0.03 Hz, 50–150 μA) using a
bipolar concentric electrode (FHC, Inc., Bowdoin, ME) and a stimulator (World Precision
Instruments, Sarasota, FL). Slices were considered acceptable if stimulation elicited an
action potential spike that immediately followed the stimulus artifact with a response
threshold ≤150 μA (Bausch and McNamara 2000; Bausch et al., 2006). Neither the
amplitude of the spike nor the shape of the waveform was used as criterion for acceptable
recordings. Each slice culture was recorded at 2 minute intervals (2 minutes on, 2 minutes
off) over a 20 minute time period, for a total of 10 minutes of recorded activity. Recordings
were scored for seizure events by two separate individuals who were blinded to the
treatment group.
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4.5 Intracellular recording
Whole-cell current-clamp recordings were performed on visually identified pyramidal
neurons in the CA3 region of OHSCs (one cell per slice). A portion of the culture membrane
containing a single OHSC was excised and transferred to a recording chamber mounted on a
Axioskop 2 FS Plus upright microscope 9 (Carl Zeiss, Inc., Thornwood, NY), equipped with
an IR/DIC camera. Slices were perfused at 1-2ml/min with aCSF using a Dynamax
peristaltic pump (Rainin, Oakland CA). Patch microelectrodes had a resistance of 2 to 4 MΩ
resistance when filled with an internal solution of (in mM) 140 K+ gluconate, 1MgCl2, 10
HEPES, 1.1 Ethylene glycol-bis (ß-aminoethyl ether)-N, N,N’,N’-tetraacetic acid (EGTA), 4
Na2 ATP, 15 Tris Phosphocreatine, pH 7.2 with NaoH and osmolarity adjusted to 310
mOsm with sucrose. Recordings were obtained using MultiClamp 700B amplifier in current
clamp mode. Data were digitized by a DigiData 1440A, low-pass filtered at 2 kHz, sampled
at 10 kHz and recorded using pClamp 10.0 software. Cells were acceptable for recording if
they maintained a membrane potential of −40mV or more hyperpolarized and were able to
spike when a current pulse was injected. Cells were omitted if series resistance was not
stable within 15% during recording.

4.6 Drug perfusion
To determine efficacy of AEDs in this model, phenobarbital, phenytoin, and ethosuximide
(all from Sigma) were added to the aCSF during perfusion and field potential recording at
DIV 30-33. Drugs were dissolved as stock solutions and working solutions were prepared
fresh daily. Phenobarbital and ethosuximide stocks were dissolved in sterile water while
phenytoin was dissolved in dimethyl sulfoxide (DMSO). The final concentration of DMSO
in the bath solution was less than 0.01%. Drugs were perfused for 20 minutes followed by a
20 minute wash out period with aCSF. The order of drug perfusion was randomized for each
slice. Field potential recording was continuous for 40 minutes, rather than intermittent as in
previous recordings. Drug effect was analyzed by evaluating average field potential
frequency and amplitude for 2 minutes before drug perfusion began and again in the final 2
minutes of drug perfusion. Drug effect is expressed as a percent decrease in average field
potential frequency and amplitude during AED perfusion, as compared to the values before
drug perfusion.

4.7 Data analyses
Data are expressed as mean ± SEM. To determine significance between treatment groups for
neuronal death assays, Mann-Whitney Rank sum or one way ANOVA tests were employed
with a Fisher’s post-hoc where appropriate. For extracellular recordings, Chi-square analysis
or Fisher’s exact test was used. For intracellular recording, Fisher’s exact test was used to
evaluate seizure occurrence, while Mann-Whitney Rank sum and Student’s t-tests were used
to evaluate additional electrophysiological properties. For neuronal death assays, glutamate
treated slices were normalized to control slices harvested from the same animal. For
intracellular recording, 1 neuron was patch-clamped per OHSC. All experiments were
performed over the period of several weeks to months so that the results were representative
of multiple cultures. A P-value < 0.05 was considered significant. Statistical analysis was
performed using SigmaStat 2.0 software and graphs were drawn using SigmaPlot 11 (Systat
Software, San Jose, CA, USA).

Research Highlights

1. We have developed a novel hippocampal slice culture model for acquired
epilepsy

2. Unprovoked seizures are observed in slice cultures following glutamate injury
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3. Cell death pattern and anticonvulsant sensitivity similar to in vivo models

4. Novel model to study epileptogenesis

5. High through-put screening of antiepileptic drugs
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Figure 1.
A. Propidium Iodide uptake - Propidium Iodide (PI) uptake in OHSCs following 35
minute treatment with 3.5mM glutamate. PI staining indicates increased cell death in
glutamate treated slices as compared to controls at both 24 and 72 hours following
treatment. Note that significant cell death is observed in the CA1 cell region. (4X
magnification). B. Comparison of PI uptake - Quantification of PI uptake in OHSCs at 24
and 72 hours after injury, expressed as a percent change from control. PI uptake was
measured as mean optical density of the whole slice and normalized to age-matched
controls. PI staining indicated a significant increase in cell death at both 24 (n=121, 174 for
control and glutamate treated, respectively) and 72 hours (n=108, 154 for control and
glutamate treated, respectively) after glutamate treatment (*p<0.001, Mann-Whitney Rank
Sum test). C. PI uptake by cell region - At 24 hours, cell death is significantly higher in the
CA1 cell region than it is in the dentate gyrus (DG) (*p<0.05, Kruskall-Wallis One Way
ANOVA On Ranks). The CA3 region did not have a significant difference in PI uptake from
either the CA1 or DG. At 72 hours, there is no significant difference in PI uptake between
cell regions. (n=154)
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Figure 2.
A. Phase contrast photo (4X) of an OHSC at DIV 21 - Cell layers of the dentate gyrus
(DG), CA3 and CA1 are clearly visible. B. Field potential recording of OHSC- To test
viability of OHSCs during field potential recording, the stimulating electrode is placed in the
DG while the recording electrode is placed over the CA3 cell region. The trace shows an
example of an evoked field potential recording from a viable OHSC. The stimulus artifact is
followed by the field potential.
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Figure 3.
Extracellular recordings - Representative extracellular field potential recordings of CA3
cell layer of OHSCs at DIV 30. A. Control - Control OHSCs do not display seizure activity
in aCSF. B. Glutamate treated - Representative field potential recording from an OHSC
that was subjected to glutamate injury at DIV 21. Seizure activity is characterized by
repetitive bursts of activity that last for longer than 3 seconds, changes over time and
terminates. All vertical bars = 0.5mV
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Figure 4.
Intracellular recording - Representative intracellular whole cell current clamp recordings
of CA3 pyramidal cells at DIV 30. A. Control - Cells from control slices did not display
repetitive bursting (n=9) B. Glutmate treated - Cells from glutamate treated slices
displayed spontaneous recurrent epileptiform discharges (SREDs), similar to activity seen in
extracellular field potential recordings. SREDs were observed in 43% of slice cultures
following glutamate injury at DIV 21 (n=16).
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Figure 5.
Development of seizures after injury - After glutamate injury (solid line), a significant
percentage of OHSCs display seizure activity in field potential recordings as compared to
age matched controls (dashed line). This change is long lasting and was observed up to 40
days in vitro. Within hours of injury (DIV 21), OHSCs did not display seizure events in
either the control or injured groups (n=6 each). Between 3 and 8 days after injury (DIV
24-29), 40% of injured OHSCs and 0% of controls displayed seizure events (n=10 each,
*p<0.05, Fisher’s exact test). In our established experimental time frame, DIV 30-33, we
observed seizure events in 46.25% of glutamate injured OHSCs and 7.14% of controls
(n=80, 28, **p<0.001, Chi-square analysis). By DIV 34-40, seizure events were observed in
50% of injured slices and 12.5% of controls (n=8, 9).
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Figure 6.
Degree of cell death does not determine seizure activity - After glutamate injury, OHSCs
displayed slightly varying degrees of cell death. However, the degree of cell death observed
does not appear to play a role in the development of seizure activity. OHSCs were evaluated
for cell death at 24 and 72 hours after glutamate injury on DIV 21. They were returned to the
incubator until field potential recording at DIV 30-33. OHSCs that did not display seizure
activity (white bars, n=39) did not significantly differ in PI uptake from OHSCs displaying
seizures (gray bars, n=34).
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Figure 7.
Standard AEDs are effective at blocking seizure activity - Representative field potential
recordings of the effect of standard anti-epileptic drugs on seizure activity in glutamate
treated slices at DIV 30. A. Phenytoin (200μM) is effective at blocking seizure activity
during a 20 minute perfusion and can be washed out. On average, phenytoin decreased field
potential amplitude by 23.4 ± 9.3 % (P=0.045) and frequency by 83.8 ± 4.6% (p<0.001,
n=4) B. Phenobarbital (400μM) is also effective at blocking seizure activity during the 20
minute period of perfusion, amplitude decreased by 23.3 ± 8.5% (p=0.035) and frequency
decreased by 77.3 ± 12.7% (p<0.001) following 15 minutes of drug perfusion (n=4). C.
Ethosuximide (1 mM), is not effective at blocking seizure activity in glutamate injured
OHSCs (p>0.05, n=4). All vertical bars = 0.1mV
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