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ABSTRACT
Primary cultured hippocampal neurons (HN) form functional net-
works displaying synchronous Ca21 oscillations (SCOs) whose
patterns influence plasticity. Whether chemicals with distinct
seizurogenic mechanisms differentially alter SCO patterns was
investigated using mouse HN loaded with the Ca21 indicator fluo-
4-AM. Intracellular Ca21 dynamics were recorded from 96 wells
simultaneously in real-time using fluorescent imaging plate reader.
Although quiescent at 4 days in vitro (DIV), HN acquired distinctive
SCO patterns as they matured to form extensive dendritic
networks by 16 DIV. Challenge with kainate, a kainate receptor
(KAR) agonist, 4-aminopyridine (4-AP), a K1 channel blocker, or
pilocarpine, a muscarinic acetylcholine receptor agonist, caused
distinct changes in SCO dynamics. Kainate at ,1 mM produced
a rapid rise in baseline Ca21 (Phase I response) associated with
high-frequency and low-amplitude SCOs (Phase II response),
whereas SCOs were completely repressed with .1 mM kainate.

KAR competitive antagonist CNQX [6-cyano-7-nitroquinoxaline-
2,3-dione] (1-10 mM) normalized Ca21 dynamics to the prekainate
pattern. Pilocarpine lacked Phase I activity but caused a sevenfold
prolongation of Phase II SCOs without altering either their fre-
quency or amplitude, an effect normalized by atropine (0.3–1 mM).
4-AP (1–30 mM) elicited a delayed Phase I response associated
with persistent high-frequency, low-amplitude SCOs, and these
disturbances were mitigated by pretreatment with the KCa acti-
vator SKA-31 [naphtho[1,2-d]thiazol-2-ylamine]. Consistent with
its antiepileptic and neuroprotective activities, nonselective voltage-
gated Na1 and Ca21 channel blocker lamotrigine partially re-
solved kainate- and pilocarpine-induced Ca21 dysregulation.
This rapid throughput approach can discriminate among dis-
tinct seizurogenic mechanisms that alter Ca21 dynamics in neu-
ronal networks and may be useful in screening antiepileptic drug
candidates.

Introduction
Epilepsy is a complex neurological disorder that affects

approximately 50 million people worldwide. It is characterized
by recurrent spontaneous seizures due to neuronal hyperexcit-
ability and hypersynchronous neuronal firing derived from
various mechanisms. Seizures can cause devastating damage to
the brain, leading to cognitive impairment and increased risk of

epilepsy (Reddy and Kuruba, 2013). Despite the availability of
more than 20 antiepileptic drugs, around 30% of epilepsy
patients experience refractory seizures or suffer from unaccept-
able drug side effects such as drowsiness, behavioral changes,
memory impairment, or teratogenicity (Bialer and White, 2010;
Sirven et al., 2012; Bialer et al., 2013).
Recent research in the epilepsy field is moving from a

primary focus on controlling seizures to address the under-
lying pathophysiology. In animal models of epilepsy, patterns
of dysregulated Ca21 dynamics have been well established
(McNamara et al., 2006; Deshpande et al., 2010, 2014; Chen,
2012). Aberrant Ca21 dynamics have been proposed to be a
major, if not essential, contributor to seizure induction and
pathophysiology (McNamara et al., 2006; Chen, 2012). How-
ever, many of these studies have primarily focused on the
etiological role of intracellular Ca21 overload and production
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ABBREVIATIONS: 4-AP, 4-aminopyridine; ARA-C, cytosine b-D-arabinofuranoside; CI, confidence interval; CNQX, 6-cyano-7-nitroquinoxaline-
2,3-dione; DIV, days in vitro; FLIPR, fluorescent imaging plate reader; FWHM, full width at half maximum; GABAAR, GABAA receptors; HN,
hippocampal neurons; KAR, kainite receptor; LTG, lamotrigine; mAChR, muscarinic acetylcholine receptor; PTX, picrotoxin; SCO, synchronous
Ca21 oscillation; SKA-31, naphtho[1,2-d]thiazol-2-ylamine; TETS, tetramethylenedisulfotetramine.
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of reactive oxygen species and redox-mediated damage after
status epilepticus.
Primary dissociated cultures of hippocampal neurons form

extensive dendritic networks with functional synapses that
exhibit synchronous electrical activity that drive synchronous
Ca21 oscillations (SCOs) (Bacci et al., 1999; Dravid andMurray,
2004; Cao et al., 2012). These SCOs control the growth and
functional maturation of the neural network in vitro by reg-
ulating Ca21-dependent pathways that influence gene transcrip-
tion,metabolism, and neuronal plasticity (West and Greenberg,
2011; Wiegert and Bading, 2011; Lamont andWeber, 2012).
Recent studies have demonstrated that chemicals capable
of inducing status epilepticus also alter neuronal excitabil-
ity and Ca21 oscillatory dynamics in hippocampal and cor-
tical neuronal culture models (Cao et al., 2012, 2014a;
Pacico and Mingorance-Le Meur, 2014). 4-Aminopyridine
(4-AP), a nonselective K1 channel blocker, was shown to
trigger high-frequency SCOs in neocortical neurons, whereas
tetramethylenedisulfotetramine (TETS) or picrotoxin, inhib-
itors of type A g-aminobutyric acid (GABA) receptors, both
produced identical temporal changes in Ca21 dynamics that
included a rapid rise of baseline Ca21 (termed the Phase I
response) in association with a prolonged low-frequency large-
amplitude SCO pattern (termed the Phase II response) in
hippocampal neurons but not in neocortical neurons (Cao et al.,
2012). These recent data suggest that excitotoxic chemicals
that promote seizures by engaging distinct biochemical tar-
gets might be resolved by how they differentially influence
neuronal Ca21 dynamics and SCO. Importantly, acute alter-
ations in SCO patterns could provide valuable leads to
identify downstream signaling mechanisms that affect long-
term changes in neuronal development and neuropathology
(Cao et al., 2014b).

In this study, we investigatedwhether seizurogenic chemicals
with distinct primary mechanisms of excitotoxicity differen-
tially alter Ca21 dynamics and patterns of SCOs in primary
hippocampal neurons (HN) that display mature neuronal
network activity. The novelty to the approach was to measure
changes in SCO activity before and after acute challenge of
neurons loaded with Ca21 indicator fluo-4-AM while continu-
ously monitoring intracellular Ca21 dynamics simultaneously
from 96 wells in real-time using a fluorescent imaging plate
reader (FLIPR). We report that epileptogenic compounds
having known primary excitotoxic etiologies produce distinctive
alterations in Ca21 dynamics, especially modified patterns of
SCOs, which can be resolved using FLIPR. We further
demonstrate the potential value of the rapid throughput assay
in resolving and identifying antiepileptic drug candidates.

Materials and Methods
Fetal bovine serum and soybean trypsin inhibitor were obtained

from Atlanta Biologicals (Norcross, GA). DNase, poly-L-lysine, cytosine
b-D-arabinofuranoside (ARA-C), kainate, 4-aminopyridine (4-AP),
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), pilocarpine, lamotrigine,
and atropine were from Sigma-Aldrich (St. Louis, MO). The anti-MAP2
antibody was from Synaptic Systems (Goettingen, Germany), and the
anti-GFAP antibody was from Cell Signaling Technology (Danvers,
MA). The Ca21 fluorescence dye Fluo-4 and Neurobasal medium were
purchased from Life Technology (Grand Island, NY). SKA-31 [naphtho
[1,2-d]thiazol-2-ylamine] was synthesized as described previously
(Sankaranarayanan et al., 2009).

Primary Cultures of Hippocampal Neurons. Animals were
treated humanely and with regard for alleviation of suffering according
to protocols approved by the Institutional Animal Care and Use
Committee of the University of California, Davis. Dissociated HN with
minimal astrocyte composition were cultured as described previously

Fig. 1. Patterns of SCOs at defined developmental stages of primary cultured HNs in culture. (A) Representative micrographs showing immunofluorescence
staining of MAP2 and GFAP in HN cultures at 6, 9, 12 DIV. (B) Representative traces of the SCOs in HN cultures at specified DIV. (C) Quantification of the
SCOs frequency and amplitude in HN cultured at specified DIV. (D) Quantification of FWHM of SCOs generated by HN cultures at specified DIV. Each data
point represents mean 6 S.D. from at least 5 wells, and the experiments were repeated three times.
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(Cao et al., 2012). Briefly, neurons were dissociated from hippocampi
dissected from C57BL/6J mouse pups at postnatal day 0–1 and
maintained in Neurobasal complete medium [Neurobasal medium
supplemented with NS21, 0.5 mM L-glutamine, HEPES (Chen et al.,
2010)] with 5% fetal bovine serum. Dissociated hippocampal cells were
plated onto poly-L-lysine (0.5 mg/ml)–coated clear-bottom, black wall,
96-well imaging plates (BD Biosciences, Franklin Lakes, NJ) at
a density of 0.75 � 105/well. After 24- to 48-hour culture, a final
concentration of 10 mM ARA-C was added to the culture medium to
prevent astrocyte proliferation. The medium was changed twice a week
by replacing half the volume of culture medium with serum-free
Neurobasal complete medium lacking fetal bovine serum. The neurons
were maintained at 37°C with 5% CO2 and 95% humidity and
measured for SCO activity at 4, 6, 9, 12, or 16 days in vitro (DIV).

Measurement of Synchronous Ca21 Oscillations. HN were
used to investigate the basal characteristics of SCOs and how
seizurogenic agents alter synchronous Ca21 oscillations. This method
permits simultaneousmeasurements of intracellular Ca21 transients in
intact neurons in a 96-well format as described previously (Cao et al.,
2010, 2012). Briefly, the growth medium was removed and replaced
with dye loading buffer (100 ml/well) containing 4 mM Fluo-4 and 0.5%
bovine serum albumin in Locke’s buffer consisting of (in mM) 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (8.6), KCl (5.6), NaCl
(154), glucose (5.6), MgCl2 (1.0), CaCl2 (2.3), and glycine (0.1), pH 7.4.

After 1 hour incubation in dye loading buffer, the neurons were washed
four times in fresh Locke’s buffer (200 ml/well) and transferred to
a fluorescence laser plate reader (FLIPR Tetra; Molecular Devices,
Sunnyvale, CA) incubation chamber. Baseline recording were acquired
in Locke’s buffer for 2–5 min followed by addition of vehicle or
seizurogenic chemicals using a programmable 96-channel pipetting
robotic system, and the fluorescent signals were recorded for at least an
additional 30 minutes from a population of neurons at a central
rectangle region of each well. Although FLIPR can record the signals at
a maximum speed of 8 Hz, however, at this recording speed, the
fluorescence signals decrease dramatically. The duration of a typical
SCO during the basal period was 10–12 seconds depending on the
development stage of the HNs. SCO data were recorded at 1 Hz, which
was sufficient to resolve these events. To measure kainate- and 4-AP–
stimulated SCO properties, data acquisition was increased to 2 Hz
(i.e., 0.5 seconds per data point), which was sufficient to resolve SCO
signal whose mean duration was approximately 4 seconds. All
pharmacological interventions were performed on mature HN cultures
between 9 and 12 DIV by adding the inhibitors/activators 5 or 10
minutes before addition of the seizurogenic agent. The background
fluorescence of the plate was determined from a sister well without
Fluo-4 loading, and all the fluorescence signals were corrected by
subtracting the plate background fluorescence. Data were presented as
F/F0. The SCO frequency and amplitude were manually counted before

Fig. 2. Kainate (KA) challenge rapidly alters Ca2+ dynamics in 11 DIV HN cultures. (A) Representative traces of KA-induced alterations in Ca2+

dynamics 11 DIV HN. KA produced an immediate intracellular Ca2+ rise (Phase I) and a subsequent high-frequency, low-amplitude pattern of SCOs
(Phase II). The integrated Ca2+ phase I response (area under the curve [AUC]) was calculated from the initial 5 minutes after addition of KA to the
culture medium. The phase II response was calculated from a period 10–15minutes after addition of KA to the culture medium. (B) KA-triggered Phase I
Ca2+ response was concentration dependent with an EC50 value of 0.38 mM (0.15–0.8 mM, 95% CI). (C) KA induced a biphasic response on the SCOs
frequency. (D) KA caused a concentration-dependent decrease on the mean amplitude of the SCOs with an IC50 value of 0.11 mM (0.077–0.14 mM, 95%
CI). Each data point represents at least four replicates, and the experiments were repeated in two independent cultures with similar results. Veh,
vehicle.
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and after addition of the agonists/antagonists. Events having F/F0 .
0.05 units were included in the analyses of SCO frequency and
amplitude.

Immunocytochemistry. HN at 6, 9, and 12 DIV were fixed with
4% paraformaldehyde for 20 minutes and then permeabilized with
0.25% Triton X-100 for 15 minutes. After blocking with PBS with 10%
bovine serum albumin and 1% goat serum for 1 hour, cells were
incubated with anti-MAP2 (1:1000) and anti-GFAP (1:500) antibodies
in PBS containing 1% goat serum overnight at 4°C. Cells were then
incubated with Alexa Fluor-488–conjugated goat anti-guinea pig
(1:500) and Alexa Fluor-568–conjugated goat anti-mouse (1:500)
secondary antibodies for 1 hour at room temperature. After aspiration of
the secondary antibody, 0.2 mg/ml Hoechst 33342 was added to each
well for 5 minutes to stain the nuclei. Pictures were recorded using an
ImageXpress High Content Imaging System (Molecular Devices,
Sunnyvale, CA) using a 10� objective with diamidino-2-phenylindole,
fluorescein isothiocyanate, and Texas Red filters. Nine adjacent sites
(3 � 3), which cover ~60% of the center surface area, were imaged for
each well.

Data Analysis. Graphing and statistical analysis were performed
using GraphPad Prism software (Version 5.0; GraphPad Software
Inc., San Diego, CA). The EC50 and 95% confidence interval were
determined by non-linear regression using GraphPad Prism software.
Statistical significance between different groups was calculated using
an analysis of variance and, where appropriate, a Dunnett’s multiple
comparison test; P values below 0.05 were considered statistically
significant.

Results
Developmental Changes of SCOs in Hippocampal

Neuron Cultures. Hippocampal neurons were cultured in
96-well plates (initial density of 75,000 cells/well), and the
neuronal maker MAP2 was used to stain and visualize cells at
6, 9, and 12 DIV. HN showed extensive dendritic networks by
6 DIV that increased in their complexity with age in culture
(Fig. 1A, green stain). The addition of ARA-C 24- to 48-hours
postplating limited the percentage of astrocytes in HN
cultures detected with GFAP to less than 5% throughout the
culture period investigated (Fig. 1A, red stain).
HN cultures displayed a distinctive pattern of spontaneous

SCOs during the developmental window investigated (4–16
DIV). Cultures at 4 DIV displayed rare spontaneous SCOswith
very small amplitude (Fig. 1B, arrow). By 6 DIV, SCOs became
pronounced and displayed regular periodicity and similar
amplitudes across the experiment lasting at least 10 minutes
(Fig. 1B, second trace and Fig. 1C). The mean duration of each
SCO, calculated as full width at half maximum (FWHM, T1/2)
was significantly increased from 5 seconds at 4 DIV to 8.56 0.9
seconds at 6 DIV (mean 6 S.D.) (Fig. 1D). At 9 DIV, average
SCO amplitude continued to increase, and although their
frequency only slightly increased, the temporal pattern of
SCOs became more complex with increased clustering of

Fig. 3. CNQX normalized KA-induced Ca2+ response in 9 DIV HN cultures. (A) Representative traces for CNQX action on KA-induced Ca2+ responses.
(B) CNQX ameliorated KA-induced acute Phase I Ca2+ responses in a concentration-dependent manner. AUC, area under the curve. (C) CNQX
suppressed KA-induced Phase II responses by increasing the frequency of Ca2+ oscillations. (D) CNQX also reversed KA-induced decreases in the
amplitude of Ca2+ oscillations. Each data point represents at least four replicates, and the experiments were repeated twice in independent cultures with
similar results. **P , 0.01, KA versus Veh (vehicle); #P , 0.05; ##P , 0.01, CNQX+KA versus KA.
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events (Fig 1B, third trace). The FWHM declined to 6.4 6 0.7
seconds (Fig. 1D). By 12 DIV, SCO frequency continued to
increase with each event having smaller but more heteroge-
neous amplitudes and increased complexity in temporal
patterning (Fig. 1B, fourth trace). Thus, as the neuronal
network gained morphological complexity (Fig. 1A), SCO
patterning also gained temporal complexity (Fig. 1, B and C).
It should be noted that although individual cultures displayed
similar developmental profiles, developmental variations in
SCO amplitudes and frequency were observed among the

Fig. 4. Pilocarpine (Pilo) elicited uniquemodification of SCO properties in
9 DIV HN cultures. (A) Representative traces of pilocarpine-induced Ca2+

responses as a function of time in 9 DIVHN cultures. Although pilocarpine
did not elicit a Phase I response, it significantly prolonged SCO full width
at half maximum in cultured HN. (B) Expanded traces representative of
pilocarpine-induced Phase II Ca2+ responses. (C) Concentration-response
relationship for pilocarpine-induced prolongation of SOCs (calculated
from FWHM of the SCOs). (D) Pilocarpine had no effect on the SCOs
frequency and amplitude. Each data point represents at least four replicates
and the experiments were repeated in three independent cultures with
similar results. Veh, vehicle.

Fig. 5. Atropine normalized pilocarpine (Pilo; 10 mM)-induced Ca2+

response in 9 DIV HN cultures. (A) Representative traces showing
atropine’s action on pilocarpine-induced Ca2+ responses. (B) Expanded
representative traces showing atropine’s action on pilocarpine-induced
Ca2+ responses. (C) Atropine reversed pilocarpine-induced prolongation of
SCO lifetime. Each data point represents at least three replicates and the
experiments were repeated twice in independent cultures with similar re-
sults. **P, 0.01, pilocarpine versus Veh (vehicle); ##P, 0.01, pilocarpine
+atropine versus pilocarpine.
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three independent cultures assessed in this study. Neverthe-
less, independent cultures showed consistent developmental
patterns in SCO properties and served as their own baseline
for comparison to subsequent pharmacological intervention.
Kainate Alters Ca21 Dynamics and SCO Patterns of

HN Networks. Kainate receptors (KAR) are ionotropic gluta-
mate receptors selectively permeable to Na1 and K1 ions and
are responsible for generating postsynaptic excitatory poten-
tials. Although permeability to Ca21 ions is usually small, it
varies with subunit composition, and their slow activation and
deactivation kinetics promote appreciable Ca21 flux into post-
synaptic neurons through NMDA receptor activation. The
selective KAR agonist kainate is a naturally occurring
excitatory amino acid commonly used in epilepsy research to
induce seizures (Larsen and Bunch, 2011; Levesque and
Avoli, 2013). After baseline recordings were completed, acute
challenge of HN with a low concentration (0.1 mM) of kainate
produced a rapid rise in baseline cytoplasmic Ca21 (termed
a Phase I response) whose magnitude was concentration
dependent and did not return to the prechallenge baseline for
the length (20 minutes) of the recording (Fig. 2A). The EC50

value for the kainate-induced Phase I response was 0.38 mM
(95% confidence interval [CI], 0.15 to 0.98mM) (Fig. 2B). Acute
challenge with low concentrations of kainate (#0.3 mM) also

elicited a short-lived burst of high-frequency SCO activity
.10-fold of the initial basal activity that faded with time
(termed Phase II response) (Fig. 2A, traces 2 and 3), although
kainate concentrations $1 mM quickly abated SCO activity
altogether but induced a long-lasting global increase in
intracellular Ca21 (Fig. 2A, traces 4–6; Fig. 2, C and D).
Therefore, kainate produced a bell-shaped Phase II
concentration-effect relationship on SCOs frequency. Kainate
also suppressed the Phase II response (SCOs amplitude) in
a concentration-dependent manner with a half-maximal in-
hibition constant of 0.11 mM (0.08–0.14 mM, 95% CI, Fig. 2D).
To examine whether part or all of the Phase I and II responses

observed with kainate are mediated by KAR, the cells were
pretreated for 5 minutes with CNQX, a selective a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor/KAR antag-
onist, before challenge with kainate (0.3 mM) as described above.
CNQX prevented the kainate-triggered Phase I response (at 10
mM) (Fig. 3, A and B), and at a concentration of 3 mM, abated the
Phase II response (kainate-induced reduction in SCO frequency)
(Fig. 3, A and C). CNQX pretreatment also greatly ameliorated
the Phase II decrease in SCO amplitude produced by kainate
(from 77 to 6.7% reduction in the original baseline amplitude)
(Fig. 3D). CNQX at concentrations .1 mM also eliminated basal
SCOs activity (Fig. 3A, traces 3–5, time scale 300–600 seconds).

Fig. 6. 4-AP alters Ca2+ dynamics and SCO in 10 DIV HN cultures. (A) Representative traces of 4-AP–triggered Ca2+ responses in HN cultures at 10
DIV. 4-AP produced an immediate intracellular Ca2+ rise (Phase I) and concomitant high frequent SCO patterns of low amplitude (Phase II). The
integrated Ca2+ signals (Phase I responses, area under the curve [AUC]) were calculated from the initial 5 minutes after addition of 4-AP. The Phase II
responses were calculated from the 5-minute period between 10 and 15 minutes after addition of 4-AP. (B) 4-AP caused an acute concentration-
dependent rise in cytoplasmic Ca2+ with an EC50 value of 1.76 mM (1.21–4.54 mM, 95% CI). (C) 4-AP increased SCO frequency with an EC50 value of
2.33 mM (1.30–4.18 mM, 95% CI). (D) 4-AP elicited a concentration-dependent decrease in mean SCO amplitude with an IC50 value of 1.33 mM (1.05–
1.74 mM, 95% CI). Each data point represents at least four replicates, and the experiments were repeated in two independent cultures with similar
results. Veh, vehicle.
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Pilocarpine Alters SCO Patterns in a Manner Dis-
tinct from Kainate. Pilocarpine, a nonselective muscarinic
acetylcholine receptor (mAChR) agonist, has been used to
develop animal seizure models in rodents to study human
epilepsy (Curia et al., 2008; de Araujo Furtado et al., 2012).
Pilocarpine was chosen to investigate whether excitatory
agonists that differ in their underlying mechanisms (activa-
tion of KAR versus mAChR) induce distinct SCOs responses
in HN cultures. In contrast to kainate, pilocarpine (10–100 mM)
produced a concentration- and time-dependent prolongation
of SCOs (calculated as FWHM; T1/2) with an EC50 of 14.2 mM
(8.8–22.7 mM, 95%CI) (Fig. 4, A–C), without affecting SCO
frequencies and amplitudes (Fig. 4D). The potency is similar
to pilocarpine action on the inhibition of [3H](R)-quinuclidinyl
benzilate binding to muscarinic receptor in rat brain
membranes (IC50 5 7.6 mM) (Messer et al., 1992).
To further investigate whether HN responses to pilocarpine

are primarily mediated by mAChR overactivation, the cells
were pretreated with atropine, a competitive mAChR antag-
onist, for 10 minutes before challenge with 10 mMpilocarpine.
Atropine completely prevented pilocarpine-induced prolonga-
tion of the SCO transients (Fig. 5). Atropine itself had no
significant effect on the basal SCO patterns.
Block of Potassium Channels with 4-AP Uniquely

Alters Ca21 Dynamics in HN Cultures. We next inves-
tigated the influence of a universal voltage-dependent potas-
sium (KV) channel blocker 4-aminopyridine (4-AP), which has
been widely used as an in vivo and in vitro model of epilepsy
(Avoli et al., 2002; Kobayashi et al., 2008). Our goal was to

determine if yet another mode of action leading to excitation
(inhibition of KV currents) produced SCO patterns different
from those observed in cultured HN treated with kainate or
pilocarpine.
Interestingly, 4-AP (.1 mM) produced a Phase I rise in

baseline Ca21 whose overshoot was significantly delayed
compared with that produced by kainate (Fig. 6A, traces 3–6)
with an EC50 of 1.76 mM (1.21 to 2.54 mM; 95% CI). Unlike
either kainate or pilocarpine, 4-AP produced a long-lasting
high-frequency Phase II response with persistent high fre-
quency (.10-fold baseline) and 3-fold lower amplitude of SCOs
(Fig. 6, C and D). The EC50 for increased SCOs frequency was
2.33 mM (1.30–4.18 mM, 95% CI), and the IC50 value for 4-AP
attenuation of SCOs amplitude was 1.33 mM (1.05–1.74 mM,
95% CI) (Fig. 6, C and D).
SKA-31 is an activator of Ca21-activated intermediate-

conductance KCa3.1 and small conductance KCa2 channels,
which has been shown to suppress electroshock-induced
seizures and improve motor deficits in a model of ataxia
(Sankaranarayanan et al., 2009; Shakkottai et al., 2011).
Pretreatment of HN cultures with SKA-31 (10 mM) for
5 minutes normalized the Phase I response to 4-AP (3 mM)
and partially attenuated the high-frequency response and
decline in amplitude in Phase II by approximately 50% each
(Fig. 7, C and D). To achieve such efficacy, SKA-31 (10 mM)
also suppressed basal SCO activity (Fig. 7A, trace 5).
Pharmacological Antagonism with Lamotrigine Pre-

vents Pilocarpine- and Kainate-Triggered Ca21 Dysreg-
ulation. Next we tested whether altered Ca21 dynamics

Fig. 7. SKA-31 normalized 4-AP (3 mM) triggered dysregulation of Ca2+ dynamics in HN cultures at 9 DIV. (A) Representative traces showing how SKA-
31 influenced 4-AP–triggered Ca2+ dynamics. (B) SKA-31 attenuated 4-AP–induced acute rise in cytoplasmic Ca2+. (C) SKA-31 attenuated 4-AP–
triggered increases in SCO frequency. (D) SKA-31 attenuated 4-AP–induced decreases in SCO amplitude. Each data point represents at least three
replicates, and the experiments were repeated twice in independent cultures with similar results. AUC, area under the curve. **P , 0.01, 4-AP versus
Veh (vehicle); ##P , 0.01, SKA 31+4-AP versus 4-AP.
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elicited by pilocarpine agonism of mAChRs in the HN culture
model could be prevented by a pharmacological action not
mediated by direct receptor-site competition. The antiepilep-
tic drug lamotrigine (LTG), a low-affinity Na1 channel blocker
preferentially binds to the inactive state of the sodium channels
with Kd values of ~10 mM (200 times less potent than block
of resting channels) (Kuo and Lu, 1997). LTG (3–10 mM) pre-
vented the prolonged SCO duration elicited by pilocarpine
(10 mM) in HN cultures (Fig. 8, A–C).
LTG was also effective at suppressing Phase I and Phase II

responses triggered by kainate (0.3 mM); however, much higher
LTG concentrations were needed (30–100 mM), levels that also
completely blocked baseline SCO activity (Fig. 9, A–D).

Discussion
Real-time multicellular imaging of Ca21 dynamics in neuro-

nal cultures that have established a high degree of synaptic
connectivity provides a medium to high throughput in vitro
approach for understanding how excitotoxicants of known
mechanisms influence network connectivity at the level of
local circuits. The major finding here is that distinct
seizurogenic mechanisms differentially alter patterns of SCO
activity measured in primary hippocampal neuronal circuits.
As HN developed more complex morphology in vitro, the
temporal pattern and amplitude of SCOs also became more
complex. SCOs in cultured neuronal networks are dependent
on action potentials and the release of synaptic neurotrans-
mitter vesicles (Dravid and Murray, 2004). A number of
studies have suggested that SCO activity is highly dependent
on the balance of ongoing excitatory ionotropic glutamatergic
and inhibitory GABAergic neurotransmission within the
neuronal network (Dravid and Murray, 2004; George et al.,
2009, Koga et al., 2010; Pacico and Mingorance-Le Meur,
2014). In addition to ionotropic Glu receptors, both type I and
type II metabotropic Glu receptors also modulate SCO
patterns (Dravid and Murray, 2004; Koga et al., 2010). For
example, positive allosteric modulators of GABAA receptors
(GABAAR), such as diazepam or allopregnanolone, decreased
SCO amplitude and frequency and acted synergistically (Cao
et al., 2012). In contrast, suppression of GABAA receptor
function with picrotoxin (PTX), bicuculline, or tetramethylene-
disulfotetramine (TETS) evoked characteristic Phase I (rapid
elevation of cytosolic Ca21 level) and Phase II responses
(decreased SCO frequency and increased SCO amplitude)
(Cao et al., 2012). Importantly, despite the distinct molecular
mechanisms by which these three chemicals interfere with
GABAAR neurotransmission, they modify SCO patterns in an
indistinguishable manner that differs from the excitotoxicants
tested here (KA, 4-AP, pilocarpine) that target distinct receptor
classes.
Although KA produced a prominent Phase I response at the

lowest concentration tested (0.1 mM), it was associated with
high-frequency bursts of SCO having reduced amplitudes that
eventually failed. In marked contrast to TETS, higher concen-
trations of KA expedited SCO failure while maintaining
chronically elevated cytoplasmic Ca21. The different patterns
of Ca21 dysregulation seenwithKA undoubtedly stem from the
enhanced Ca21 entry mediated by prolonged activation of
ionotropic GluR signaling compared with the indirect influence
of impaired inhibitory inputs on Glu neurotransmission
mediated by TETS (Cao et al., 2012). The observation that

CNQX ameliorates KA-induced Ca21 dysregulation supports
our interpretation. The SCOs in primary cultured neurons are
dependent on Ca21 release from intracellular Ca21 stores.
Thapsigargin, which depletes Ca21 stores, suppresses SCOs in
primary cultured neurons, and inhibition of 1,4,5-inositol
trisphosphate receptors completely abrogated Ca21 oscilla-
tions (Dravid and Murray, 2004). KA produced a persistent
Ca21 rise that stems from both Ca21 entry and Ca21 release
from intracellular Ca21 stores, likely to rapidly deplete the
latter (Kocsis et al., 1993; Lee et al., 2000). The loss of dynamic
regulation between Ca21 entry and Ca21 stores could explain
the rapid loss of SCOs in HN exposed to KA.
It further follows that nonselective K1 channel negative

modifiers, including 4-AP, should enhance neuronal excit-
ability and alter Ca21 dynamics in concert (Cao et al., 2014a;
Pacico and Mingorance-Le Meur, 2014). The present results

Fig. 8. Lamotrigine normalized pilocarpine (Pilo; 10 mM)-induced Ca2+

response in 9 DIV HN cultures. (A) Representative traces showing the
actions of LTG on pilocarpine-induced Ca2+ dynamics. (B) Expanded
traces showing LTG actions on pilocarpine-induced Ca2+ responses. (C)
LTG reversed the pilocarpine-induced prolongation of SCO lifetime. Each
data point represents at least three replicates, and the experiments were
repeated twice in independent cultures with similar results. **P , 0.01,
pilocarpine versus Veh (vehicle); ##P , 0.01, pilocarpine+LTG versus
pilocarpine.
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also reveal that in contrast to both KA and TETS (Cao et al.,
2012), inhibition of K1 channels produces a delayed Phase I
response that is associated with very high-frequency SCOs
that persist for more than 20 minutes. SKA-31, a selective
activator of KCa2 and KCa3.1 channels (Sankaranarayanan
et al., 2009) afforded protection to 4-AP–induced Ca21 dysreg-
ulation. Small- and intermediate-conductance Ca21-activated
K1 channels regulate membrane potential and modulate Ca21

-signaling cascades. For example, KCa2 channels underlie the
apamin-sensitive medium afterhyperpolarization currents and
thereby regulate neuronal firing frequency and neurotrans-
mitter release (Stocker, 2004; Wulff et al., 2007). Thus, in
contrast to ligand-gated receptor mechanisms mediated by
GABAAR block or KAR activation described above, 4-AP excites
both excitatory and inhibitory pathways in the networks that
lead to increased firing frequency of action potentials across the
entire network that could explain the persistent high-frequency
SCO activity seen in HN cultures. We recently demonstrated
that SKA-19 [2-amino-6-trifluoromethylthio-benzothiazole],
a dual-function Nav1.2 inhibitor and KCa2 activator, normal-
izes 4-AP Ca21 responses and protects against seizures in the
various rodent models of epilepsy (Coleman et al., 2014).
In the CA3 region of adult rat hippocampal slices, pilocarpine

induced both u rhythmand synchronous ictal discharges (Hadar
et al., 2002). Although the basal SCO activity produced by HN
cultures used in our studies failed to respond to challenge with
atropine, exogenous addition of ACh modulated SCO behavior
in a complex manner and was mediated by muscarinic receptor
(mAChR) activation (data not shown). It is therefore not
unexpected that the mAChR agonist pilocarpine modulated
SCO activity in a unique manner that could be completely

normalized by pretreatment with atropine. Collectively these
data further support the interpretation that basal SCO activity
is mediated by excitatory Glu neurotransmission but can be
modulated by mAChR activation. Pilocarpine could mediate
significant prolongation of SCO events by activating excitatory
Gaq signaling (mediated by subtype 1, 3, and 5 mAChRs),
activating inhibitory Gai signaling (mediated by types 2 and
4 mAChRs), or a balance of both ACh pathways (Lucas-
Meunier et al., 2003; Brown, 2010). Because pilocarpine does
not discriminate among mAChR subtypes, further studies
are needed to resolve which pathway predominates in
prolonging SCOs.
Collectively these data show that modification of Ca21 dy-

namics and SCO patterns depends on the principal receptor-
mediated mechanisms targeted by seizurogenic excitotoxicants,
and each pattern of excitotoxic response can be ameliorated by
pretreatment of the HN cultures with an agent that specifically
antagonizes the excitotoxicant at their respective receptor
target. Furthermore, we also demonstrate that the clinically
used anticonvulsant lamotrigine antagonizes both kainate- and
pilocarpine-induced Ca21 responses at therapeutic concentra-
tions. This is consistent with previous studies demonstrating
that the low-affinity Na1 channel antagonist carbamazepine
antagonized pilocarpine-induced status epilepticus (Morrisett
et al., 1987) and neuronal cell death (Cunha et al., 2009). Both
carbamazepine and LTG also suppress KA-triggered status
epilepticus (Czuczwar et al., 1982; Wang et al., 2000) and
neuronal cell death (Das et al., 2010; Halbsgut et al., 2013; Park
et al., 2013).
It is tempting to suggest that differential patterns in Ca21

dynamics and SCO patterns elicited by GABAAR blockers,

Fig. 9. Lamotrigine normalized KA (0.3 mM)-induced Ca2+ responses in 9 DIV HN cultures. (A) Representative traces showing how LTG influences
KA-induced Ca2+ responses. (B) LTG ameliorated KA-induced acute rise in cytoplasmic Ca2+ in a concentration-dependent manner. (C) LTG suppressed
KA-induced increases in SCO frequency. (D) LTG also normalized KA-induced decreases SCO amplitude. Each data point represents at least three
replicates, and the experiments were repeated twice in independent cultures with similar results. AUC, area under the curve. **P, 0.01, KA versus Veh
(vehicle); ##P , 0.01, LTG+KA versus 4-AP.
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K1 channel blockers, ionotropic GluR, or mAChR agonists
could influence patterns of seizure onset and progression, and/
or the extent of postseizure neuropathology. For example, TETS
and PTX alter Ca21 dynamics and SCO patterns indistinguish-
ably (Cao et al., 2012). In mice, intraperitoneal injections of
TETS or PTX cause similar sequences of immobility, myoclonic
body jerks, clonic seizures of the forelimbs and/or hindlimbs,
tonic seizures (falling on the side followed by forelimb tonic
contraction and hindlimb tonic extension), and eventually death
(Zolkowska et al., 2012). Systematic TETS exposures that are
not fatal produce transient gliosis (2–3 days postexposure) in
both the hippocampus and cortex without evidence of cellular
injury and neurodegeneration (Zolkowska et al., 2012; Vito
et al., 2014). In contrast, administration of KA to rats induces
a distinct progression of symptoms including staring episodes,
head bobbing, numerous wet dog shakes, and isolated limbic
motor seizures that increase in frequency, eventually leading to
status epilepticus (Scerrati et al., 1986), which resemble the
clinic features of human temporal lobe epilepsy (Ben-Ari, 1985).
In vivo exposures to KA are known to rapidly induce neuro-
degeneration that is both persistent and progressive (Reddy
andKuruba., 2013; Bhowmik et al., 2014; Pritt et al., 2014). The
pilocarpine seizure model displays distinct seizure behavior
compared with TETS/PTX or KA. Systemic administration of
pilocarpine progresses from staring spells, limbic gustatory
automatisms, and motor limbic seizures that progressively
developed into limbic status epilepticus that last for several
hours. Pilocarpine-induced status epilepticus causes massive
neuronal damage when examined at 24 to 72 hours (Turski
et al., 1984, 1986). In the pilocarpine epileptic animal model,
pretreatment with atropine has been shown to normalize
pilocarpine-induced temporal lobe epilepsy as well as neuronal
death (Jope et al., 1986; Morrisett et al., 1987; Curia et al., 2008).
In summary, we showed the developmental progression of

SCO patterns in dissociated HN cultures can be measured with
sufficient temporal resolution using 96-well parallel processing
on the FLIPR platform. Our approach permits detailed analysis
of how HN networks respond to acute exposure to excitotox-
icants by measuring their basal cytoplasmic Ca21 concentra-
tions, i.e., Ca21 dynamics as well as SCO patterns in real time.
We discovered that seizurogenic chemicals that engage distinct
receptor targets produce distinct changes in Ca21 dynamics and
SCO patterns and, therefore, may serve as valuable rapid
screening tool for identifying and classifying excitotoxicity of
potential seizurogenic agents. Importantly, this approach is
capable of high throughput discovery of anticonvulsants.
The method also lends itself for studies of developmental
neurotoxicants (Cao et al., 2014b) and those that promote
neurodegeneration.
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