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of Ca2+/calmodulin-dependent protein kinase II (CaM kinase II) have been
observed in both in vivo and in vitro models of epileptogenesis; however the molecular mechanism
mediating the effects of epileptogenesis on CaM kinase II has not been elucidated. This study was initiated to
evaluate the molecular pathways involved in causing the long-lasting decrease in CaM kinase II activity in the
hippocampal neuronal culture model of low Mg2+-induced spontaneous recurrent epileptiform discharges
(SREDs). We show here that the decrease in CaM kinase II activity associated with SREDs in hippocampal
cultures involves a Ca2+/N-methyl-D-aspartate (NMDA) receptor-dependent mechanism. Low Mg2+-induced
SREDs result in a significant decrease in Ca2+/calmodulin-dependent substrate phosphorylation of the
synthetic peptide autocamtide-2. Reduction of extracellular Ca2+ levels (0.2 mM in treatment solution) or the
addition of DL-2-amino-5-phosphonovaleric acid (APV) 25 µM blocked the low Mg2+-induced decrease in
CaM kinase II-dependent substrate phosphorylation. Antagonists of the α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)/kainic acid receptor or L-type voltage sensitive Ca2+ channel had no effect on
the low Mg2+-induced decrease in CaM kinase II-dependent substrate phosphorylation. The results of this
study demonstrate that the decrease in CaM kinase II activity associated with this model of epileptogenesis
involves a selective Ca2+/NMDA receptor-dependent mechanism and may contribute to the production and
maintenance of SREDs in this model.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Seizures occur when there is a loss of the ability of the central
nervous system to regulate neuronal activity resulting in synchronous
discharges of a population of neurons (Lothman et al., 1991). Epilepsy
is the condition whereby a state of altered neuronal plasticity is
manifested by the presence of spontaneous recurrent epileptiform
discharges (SREDs, seizures). The process responsible for the trans-
formation of neuronal populations from normal neurophysiological
function to the development of SREDs is called epileptogenesis. The
cellular mechanisms which underlie the process of epileptogenesis
and the establishment of SREDs are still poorly understood. The Ca2+

ion functions as one of the primary second messenger systems in the
CNS and is involved in regulating many cellular processes involved in
development, maintenance and plasticity of neuronal function (Ghosh
and Greenberg, 1995). In contrast to its physiological role in cellular
Virginia Commonwealth Uni-
A 23298, United States. Tel.: +1

l rights reserved.
function, excessive influx of Ca2+ can result in neurotoxicity (Choi,
1988). Alterations in Ca2+ homeostasis have been observed during
both the induction and maintenance of epileptiform seizures (Pal et
al., 2000, 1999, 2001; Raza et al., 2004, 2001; Sun et al., 2004) and has
been shown to be dependent on an N-methyl-D-aspartate (NMDA)
receptor pathway (DeLorenzo et al., 1998; Delorenzo et al., 2005; Sun
et al., 2002). Studies from this laboratory have provided evidence that
prolonged elevations in hippocampal neuronal intracellular Ca2+

following brain injury cause epileptogenesis in the neurons that
survive the injury (Delorenzo, et al., 2005). Thus, it is important to
evaluate possible Ca2+-dependent mechanisms that may play a role in
mediating epileptogenesis.

Ca2+/calmodulin-dependent protein kinase II (CaM kinase II) is a
multifunctional enzyme that acts to mediate many Ca2+-dependent
neuronal processes (Bronstein et al., 1993) and plays a major role in
modulating neuronal excitability and function (Bading et al., 1993;
DeLorenzo, 1981, 1983; Goldenring et al., 1986; McGlade-McCulloh et
al., 1993; Sakakibara et al., 1986; Soderling, 1993). The multifunctional
role of CaM kinase II in neuronal processes is underscored by both its
broad distribution throughout the CNS and high level of expression
which comprises 0.5–1.0% of total brain protein and up to 2% of
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hippocampal protein (Erondu and Kennedy, 1985). Modulation of CaM
kinase II has been shown to be associated with a number of models of
neuro excitation which include LTP (Barria et al., 1997), glutamate-
induced excitotoxicity (Churn et al., 1995), seizures (Blair et al., 1999;
Bronstein et al., 1988; Murray et al., 1995; Perlin et al., 1992; Singleton
et al., 2005) and epilepsy (Bronstein et al., 1992; Butler et al., 1995;
Churn et al., 2000a,b). Thus, understanding the role of CaM kinase II in
epileptogenesis may provide additional insight into the molecular
basis for the induction of SREDs.

This study was initiated to determine if the decrease in CaM kinase
II activity observed in the hippocampal neuronal culture model of
SREDs was dependent on Ca2+ and activation of the NMDA receptor
during epileptogenesis. Furthermore, experiments were carried out to
evaluate the possible contribution of selective receptor systems to the
loss in CaM kinase II activity in this preparation. The hippocampal
neuronal culture model of SREDs involves treating primary rat
hippocampal neuronal cultures in a low Mg2+ environment for 3 h
resulting in the induction of continuous seizure activity for the
duration of the exposure regimen. Upon reintroduction of normal
media containing Mg2+, the continuous seizure activity ceases and the
emergence of a permanent plasticity change, evidenced by the
expression of SREDs, continues for the life of the culture preparation.
This in vitro model of epileptiform seizure activity is well suited to
biochemical and electrophysiological investigations to elucidate the
cellular mechanisms that underlie epileptogenesis and the SREDs
activity associated with epilepsy. Using this model of acquired
epilepsy, this study provides the first direct evidence that the NMDA
receptor/Ca2+ pathway plays an important role in causing the decrease
in CaM kinase II activity observed following epileptogenesis in the
hippocampal neuronal culture model of SREDs.

2. Materials and methods

2.1. Materials

Minimum Essential Media (MEM: containing Earle's salts with
25 mM HEPES and no L-glutamine) and trypsin were obtained from
Invitrogen-Gibco Corp. (Carlsbad, CA). Fetal bovine serum was
obtained from Atlanta Biological (Atlanta, GA). Progesterone and
corticosterone were obtained from ICN (Costa Mesa, CA). Gamma-
[32P] ATP (10 Ci/mmol) was obtained from DuPont-NEN (Boston, MA).
Autocamtide-2 was obtained from Sigma-Aldrich (St. Louis, MO). DL-2-
Amino-5-phosphonovaleric acid (APV), 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX) disodium and 2,3-dioxo-6-nitro-1,2,3,4-tetrahydro-
benzo[ f]quinoxaline-7-sulphonamide (NBQX) disodium were
obtained from Tocris Cookson Inc. (Ellisville, MO). CytoScint™
scintillation fluid was obtained from Fischer Scientific (Fair Lawn,
NJ). All other chemicals were obtained from Sigma-Aldrich (St. Louis,
MO).

2.2. Primary hippocampal neuronal cultures

All animal use protocols were in strict accordance with the
National Institute of Health guidelines and were approved by the
International Animal Care and Use Committee of Virginia Common-
wealth University. Primary hippocampal cultures were prepared by a
modification of the method of Banker and Cowan (1979) as described
by Sombati and DeLorenzo (1995). Briefly, hippocampi from 2-day
postnatal Sprague–Dawley rat pups were dissected out from the brain
and prepared for tissue culture by 0.25% trypsin digestion followed by
trituration through a Pasteur pipet. Triturated cells were counted by
trypan blue exclusion analysis using a hemocytometer. Glial bedswere
established by plating at a density of 1×105 per 35 mm plate (Nalge
Nunc International, USA) and maintained in 10% fetal bovine serum.
After 2 weeks, neurons were plated onto confluent glial beds at a
density of 2×105/35 mm plate. One day following plating, neuronal
cultures were treated with 5 µM cytosine arabinoside to inhibit
mitotic glial cell proliferation. This culture technique significantly
reduced the presence of glial cells in the culture. Hippocampal
cultures were maintained in MEM containing an N3 supplement
media. The N3 supplement contained 2 mM glutamine, 5 µg/ml
insulin, 100 µg/ml transferrin, 100 µM putrescine, 30 nM sodium
selenite, 20 nM progesterone,1 mM sodium pyruvate, 0.1% ovalbumin,
20 ng/ml triiodothyronine and 40 ng/ml corticosterone. Both
hippocampal cell cultures and glia beds were maintained at 37 °C
under 5% CO2/95% air. Hippocampal cultures were grown up for
2 weeks prior to experimental manipulation.

2.3. Low Mg2+ treatment of hippocampal neuronal cultures

After 2 weeks, neuronal cultures were utilized for experimenta-
tion. Maintenance media was replaced with physiological recording
solutionwith or without MgCl2 containing (in mM): 145 NaCl, 2.5 KCl,
10 HEPES, 2 CaCl2, 10 glucose, 0.002 glycine, pH 7.3, and adjusted to
325 mOsm with sucrose. Thus, low Mg2+ treatment was carried out
with physiological recording solution without added MgCl2, while
sham controls were treated with physiological recording solution
containing 1 mM MgCl2. Unless indicated as low Mg2+ treatment,
experimental protocols in this study utilized physiological recording
solution containing 1 mM MgCl2. Selected treatment conditions were
also carried out with low Mg2+ in the presence of various
pharmacological agents which included 25 µM APV, 10 µM CNQX,
10 µM NBQX and 5 µM nifedipine. Stock solutions of pharmacological
agents were dissolved in ddH2O, with the exception of nifedipine
dissolved in dimethyl sulfoxide, to make a 1000× concentrated
solution and diluted accordingly in physiological recording solution
for treatment. For the low Ca2+ condition, physiological recording
solution was adjusted to contain 0.2 mM CaCl2. Briefly, after removal
of maintenance media, cell cultures were treated by washing gently
with 3×1.5 ml of appropriate physiological recording solution and
then allowed to incubate in this solution for 3 h at 37 °C under 5% CO2/
95% air. At the end of treatment, cultures were washed gently with
3×1.5 ml of MEM at 37 °C, returned to maintenance feed and
incubated at 37 °C under 5% CO2/95% air for electrophysiological
analysis of epileptiform activity or harvested immediately for
biochemical evaluation of kinase activity.

2.4. Electrophysiological analysis of epileptiform activity in hippocampal
neuronal cultures

Electrophysiological analysis was performed using previously
established procedures in our laboratory (Sombati and DeLorenzo,
1995). Briefly, cell culture media was replaced with physiological
recording solution at 37 °C. Cultures were then mounted on the stage
of an invertedmicroscope (Nikon Diaphot, Tokyo, Japan), continuously
perfused with recording solution and studied using the whole cell
current-clamp recording procedure. Patch electrodeswith a resistance
of 2–4 MΩ were pulled on a Brown-Flaming P-80C electrode puller
(Sutter Instruments, Novato, CA) and then fire polished. For whole cell
current-clamp analysis, the electrodes were filled with a solution
containing (in mM) 140 K+ gluconate , 1 MgCl2 and 10 Na-HEPES, pH
7.2, adjusted to 310±5 mOsm with sucrose. Intracellular recordings
were carried out using an Axopatch 1D amplifier (Axon Instruments,
Foster City, CA) inwhole-cell current-clampmode. Datawere digitized
and transferred to video tape using a PCM device (Instrutech, Mineola,
NY; 18 kHz sampling frequency) and then played back on a DC-500 Hz
chart recorder (Astro-Med Dash II, Warwick, RI).

2.5. CaM kinase II autophosphorylation

Analysis of CaM kinase II autophosphorylation was conducted as
previously described (Blair et al., 1999). At specified times post-
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treatment, hippocampal neuronal cultures were washed twice with
physiological solution at 37 °C. Thewash solutionwas rapidly replaced
with ice-cold homogenization buffer containing 100mM Tris–HCl (pH
7.4), 6 mM EDTA, 6 mM EGTA and 0.3 mM phenylmethylsulfonyl
fluoride and the cells were immediately scraped from the culture dish
surface. The cell suspension was transferred into a glass homogenizer
(Kontes, Vineland, NJ), and disrupted with 10 strokes of the
homogenizer. Homogenates were normalized for protein using the
micro-Bradford reagent assay (Bio-Rad, Hercules, CA) and studied for
endogenous calcium-dependent protein phosphorylation. Standard
phosphorylation reaction solutions contained 10–12 μg protein,
10 mM MgCl2, 0.2 mM EDTA, 7 μM γ-[32P] ATP, 10 mM Tris–HCl (pH
7.4), ±5 mM CaCl2 and ±600 nM calmodulin. Standard reactions were
performed in a shaking water bath at 30 °C. After addition γ-[32P]
ATP, reactions were allowed to warm to 30 °C for 60 s and then
initiated by the addition of calcium, continued for 60 s and then
terminated by the addition of 5% SDS STOP solution. Proteins were
resolved by SDS polyacrylamide gel electrophoresis (SDS-PAGE) and
protein bands were visualized by silver-stain as described previously
(Blair et al., 1999). Stained gels were dried and exposed to X-ray film
(XRP-1, Kodak, Rochester, NY) for autoradiography. Autoradiographic
images were digitized using HP scanJet 4C/T high resolution scanner
with backlighting (Hewlett Packard, Boise, ID). For analysis of
autophosphorylation of the 50 and 60 kDa CaM KII protein bands,
dried gels were overlayed with their respective autoradiograph and
bands on gel were marked, cut and prepared for scintillation
counting. Cut gel bands were placed in scintillation vials with
0.25 ml of H2O2 and incubated at 80 °C for 120 min. Samples were
allowed to cool, placed in CytoScint™ scintillation fluid and measured
for incorporation of radioactive phosphate using a Beckman LS 6500
scintillation counter (Beckman Instruments Inc., Fullerton, CA).

2.6. Phosphocellulose assay of CaM kinase II substrate (autocamtide-2)
phosphorylation

Analysis of CaM kinase II-dependent substrate phosphorylation
was conducted as previously described (Blair et al., 1999). Immediately
following 3 h of treatment, hippocampal neuronal cultures were
washed twice with physiological recording solution at 37 °C. The wash
solution was rapidly replaced with ice-cold homogenization buffer
containing 30 mM Tris–HCl (pH 7.4), 6 mM EDTA, 6 mM EGTA and
0.3 mM phenylmethylsulfonyl fluoride and the cells were scraped
from the culture dish surface. The cell suspensionwas transferred into
a glass homogenizer (Kontes, Vineland, NJ) and disrupted with 10
strokes of the homogenizer. Homogenates were normalized for
protein using the micro-Bradford reagent assay (Bio-Rad, Hercules,
CA) and studied for Ca2+/calmodulin-dependent substrate phosphor-
ylation. Standard phosphorylation reaction solutions contained 6–
10 µg protein, 10 mM MgCl2, 0.2 mM EGTA, 7 µM γ-[32P] ATP, 10 mM
Tris–HCl (pH 7.4), 20 µM autocamtide-2, ±5 mM CaCl2 and ±600 nM
calmodulin. Standard reactions were performed in a shaking water
bath at 30 °C. After addition of [32P] ATP, reactions were allowed to
warm to 30 °C for 60 s and then initiated by the addition of calcium,
continued for 60 s and then terminated by the addition of 20 mM
EDTA. For experiments to evaluate contribution of phosphatases 1
and 2A, standard reactions were prepared as above with or without
the addition of the phosphatase inhibitor okadaic acid (500 nM), and
a reaction time course following addition of calcium which consisted
of durations of 30 s, 60 s, 120 s, and 10 min before terminating with
the addition of EDTA. Twenty microliters from each stopped reaction
solution was immediately blotted onto phosphocellulose (P-81) filter
paper (Whatman, Maidstone England) in triplicate. Blotted P-81
filters were then washed 3 times in 50 mM phosphoric acid to
remove unincorporated phosphate, rinsed with acetone and allowed
to air dry. Washed filters were placed in CytoScint™ scintillation
fluid and incorporation of radioactive phosphate was measured using
a Beckman LS 6500 scintillation counter (Beckman Instruments Inc.,
Fullerton, CA).

2.7. CaM kinase II immunoreactivity

To assess the effect of induction of SREDs in hippocampal
cultures on protein levels for CaM kinase II, a specific monoclonal
antibody for the α subunit of CaM kinase II (Erondu and Kennedy,
1985) was used for Western and slot blot analysis with slight
modifications as previously described (Blair et al., 1999). For Western
blot analysis, 3 μg of hippocampal culture homogenate protein was
resolved on a pre-cast 10% tris-glycine gel on a mini-cell apparatus
(Novex® mini, Invitrogen Corp., Carlsbad, California) and then
transferred onto Immuno-Blot® PVDF membrane using a Trans-
blot apparatus (Bio-Rad, Hercules, CA). For slot blot analysis, 4 μg of
homogenate protein was blotted onto nitrocellulose membrane
under vacuum filtration using a PR 600 slot blot apparatus (Hoefer
Scientific Instruments, San Francisco, CA). Immunostaining blots on
nitrocellulose of α-CaM kinase II with a mouse monoclonal antibody
(clone 6G9; 10 μg/ml, 60 min, 25 °C) were carried out using a
Vectastain® ABC alkaline phosphatase staining kit (Vector Labora-
tories, Burlingame, CA) as previously described (Blair et al., 1999).
For Western blot analysis, the blot was incubated with the mouse
monoclonal antibody (clone 6G9; 10 μg/ml, 60 min, 25 °C), following
wash, the blot was then incubated with anti-mouse IgG-HRP
conjugated secondary antibody (1:2000, 45 min, 25 °C, Santa Cruz,
Santa Cruz, CA). Staining of α-CaM kinase II protein bands was
visualized using ECL (Pierce Inc. Rockford, IL) onto Kodak X-Omat
Blue XB-1 X-ray film (Kodak Rochester, NY). Protein and antibody
concentrations for both Western and slot blot analysis have been
previously determined to be in the linear range for α-CaM kinase II
detection (Blair et al., 1999). Film images and stained slot blots were
digitized and grey-scale images (8-bit) were analyzed using ImageJ
software (NIH public domain).

2.8. Statistics

Data were presented as mean±S.E.M. either as a percent of control
or relative intensity where indicated. Statistical significance was
determined using Student's t-test or one-way analysis of variance
(ANOVA) followed by Holm–Sidak post-hoc test where appropriate
utilizing SigmaStat analysis software (SysStat Software Inc., San Jose,
CA); P≤0.05 was considered significant.

3. Results

3.1. Low Mg2+-exposure evokes status epilepticus-like activity with
subsequent establishment of SREDs and decrease in activity of CaM
kinase II in hippocampal neuronal cultures

Whole-cell current-clamp analysis of a representative neuron
during a 3 h exposure to physiological recording solution containing
1 mM MgCl2 (control) revealed normal baseline activity displaying
both excitatory and inhibitory postsynaptic potentials (EPSPs and
IPSPs) with the generation of occasional action potentials (Fig. 1A),
while exposure to 3 h of recording solutionwithout addedMgCl2 (low
Mg2+) results in the expression of continuous high-frequency epilepti-
form discharges (status epilepticus) (Fig. 1B). One day following
exposure to low Mg2+ solution results in a permanent plasticity
change evidenced by the presence of SREDs (Fig. 2B), while control
neuronal cultures never exhibited SREDs (Fig. 2A). The SREDs
observed in this in vitro model were comprised of multiple
paroxysmal depolarization shifts, dependent on neuronal networks
in culture and were responsive to blockade by a number of
anticonvulsant agents, characteristics of the clinical condition of
epilepsy, as shown previously (Sombati and DeLorenzo, 1995).



Fig. 1. Whole-cell current-clamp analysis of low Mg2+-induced continuous seizure
activity (status epilepticus) for 3 h in hippocampal neuronal cultures with and without
the addition of selective neuropharmacological compounds. (A) Representative control
neuron (plus 1.0 mMMgCl2) revealed “normal” baseline recordings with the occasional
generation of spontaneously occurring action potentials. (B) Removal of MgCl2 (low
Mg2+) from the physiological recording solution resulted in the development of
continuous tonic high-frequency burst discharges. Interestingly, (C) reducing the Ca2+

(0.2 mM CaCl2) or (D) addition of 25 µM APV in the low Mg2+ resulted in increased
frequency of burst discharges.
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CaM kinase II function was evaluated by endogenous autopho-
sphorylation assays carried out under conditions for basal (Ca2+-
independent) and maximal (Ca2+-dependent) CaM kinase II activity.
Hippocampal neuronal culture homogenates were prepared from
sham control and hippocampal cultures expressing SRED activity
1 day following low Mg2+ treatment and were utilized for standard
phosphorylation analysis (Blair et al., 1999). Samples were resolved by
SDS-PAGE and gels were silver-stained to confirm balanced protein
Fig. 2. Whole-cell current-clamp analysis of SREDs in hippocampal neuronal cultures
1 day following exposure to 3 h of low Mg2+-induced status epilepticus in the presence
or absence of selective neuropharmacological compounds. (A) Representative control
neuron (plus 1.0 mMMgCl2) revealed “normal” baseline recordings with the occasional
generation of spontaneously occurring action potentials. (B) Removal of MgCl2 (low
Mg2+) from the physiological recording solution resulted in the development of SRED
activity. Expansion of a section of the SRED shows the individual paroxysmal
depolarization shifts overlaid with multiple spikes. (C) Reducing the Ca2+ (0.2 mM
CaCl2) or (D) addition of NMDA receptor antagonist APV (25 µM) during the low Mg2+

treatment blocked the development of SRED activity.
patterns between all samples (Fig. 3A). Autoradiographical analysis of
phosphate incorporation into the α (50 kDa) and β (60 kDa) subunits
of Cam kinase II demonstrated a dramatic decrease in maximal (Ca2+-
dependent) CaM kinase II activity in low Mg2+ treated samples when
compared to control (Fig. 3A), while no change was observed in basal
(Ca2+-independent) CaM kinase II autophosphorylation. Levels of
maximal CaM kinase II-dependent phosphate incorporation into the
50 and 60 kDa subunits were determined by excising the bands from
the gel using the autoradiograph as a template and measuring [32P]
incorporation by scintillation counting. Induction of SREDs in
hippocampal cultures 1 day following low Mg2+ treatment resulted
in a significant decrease in Ca2+-dependent phosphate incorporation
into the 50 and 60 kDa subunits of 50.5±5.6% and 53.4±11.5% of sham
control respectively (P≤0.01, n=4–5, Student's t-test) (Fig. 3B).

3.2. α-CaM kinase II immunoreactivity

To determine if the effects of induction of SREDs on decreased CaM
kinase II activity were mediated by a reduction in CaM kinase II
protein expression in low Mg2+ treated hippocampal cultures, levels
for the α (50 kDa) subunit were evaluated with monoclonal antibody
staining of immunoblots of cell homogenates from sham control and
low Mg2+ hippocampal cultures immediately following (acute) and
1 day post-treatment. Western blot analysis was carried out on
hippocampal culture homogenates from sham control and low Mg2+

groups 1 day post-treatment using the mouse monoclonal antibody
(clone 6G9) to the α subunit of CaM kinase II (Fig. 4A).
Fig. 3. SRED-associated decrease in CaM kinase II-dependent autophosphorylation
(endogenous phosphorylation) of the (50 kDa) and (60 kDa) subunits 1 day following
low Mg2+ treatment. (A) Standard phosphorylation reactions were run with normal-
ized homogenates from control and low Mg2+ treated hippocampal cultures and then
resolved on SDS-PAGE, stained and exposed to X-ray film for autoradiographic analysis.
Lanes 1–2 represent low Mg2+ treated samples; lanes 3–4 represent control samples.
Protein patterns revealed no change in protein bands between control and “epileptic”
cultures. The resultant autoradiograph demonstrates the decreased Ca2+/calmodulin-
dependent (+) incorporation of 32P-phosphate into the α (50 kDa) and β (60 kDa)
subunits of CaM kinase II in association with SREDs (lane 2) when compared to control
(lane 4), while no changes in Ca2+-independent incorporation of 32P-phosphate (−)
were observed (lanes 1 and 3). The position of the 50 kDa and 60 kDa subunits are
denoted by arrows. (B) Measurement of incorporation of 32P-phosphate into the
50 kDa and 60 kDa subunits of CaM kinase II was carried out by excising the bands
from the gel using the autoradiograph as a template and measuring [32P] incorporation
by scintillation counting. The basal Ca2+-independent phosphorylation counts were
subtracted from Ca2+/calmodulin-dependent counts for each sample. Data are
expressed as the percent of mean±S.E.M. of control (n=5; control, n=3; low Mg2+

treated, *P≤0.005; Student's t-test).



Fig. 5. Substrate phosphorylation of the synthetic peptide autocamtide-2 in the
presence (A) or absence (B) of the phosphatases 1 and 2A inhibitor okadaic acid
(500 nM). Normalized protein samples isolated from hippocampal cultures 1 day
following low Mg2+ treatment (filled circle) or control (empty circle) underwent a
reaction duration time course for standard Ca2+/calmodulin-dependent substrate
phosphorylation of autocamtide-2. Data are expressed as the mean±S.E.M. of control.

Fig. 4.α-CaM kinase II immunoreactivity following lowMg2+ treatment of hippocampal
neuronal cultures. (A) Western blot analysis detecting the 50 kDa α subunit of CaM
kinase II in low Mg2+ treated and control hippocampal culture homogenates. Staining
with a mouse monoclonal antibody to the α-CaM kinase II subunit revealed a single
band at 50 kDa. (B) Densitometric analysis of staining for α-CaM kinase II on protein
immuno slot blots of homogenates from sham control and low Mg2+ hippocampal
neuronal cultures immediately (acute) and 1 day (24 h) following treatment. Data are
presented as the mean relative intensity±S.E.M. (n=5, *P≤0.05; Student's t-test).
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Immunostaining revealed a single 50 kDa protein band corresponding
to the α subunit which showed a marginal decrease in levels in the
low Mg2+ group as compared to controls. For densitometric and
statistical analysis, α-CaM kinase II protein staining was evaluated on
immuno slot blots. Immediately following treatment of hippocampal
cultures no significant change in staining was observed, while at 1 day
post-treatment a marginal but significant decrease of 12.4±1.9%
(P≤0.01, n=5, Student's t-test) was observed (Fig. 4B). The amount of
protein used in the slot blot analysis (4 μg) has previously been
demonstrated to be within the linear range for α-CaM kinase II
antibody staining (Blair et al., 1999). The results indicate that the
decrease in CaM kinase II activity was the result of a post translational
modification of the kinase, and not due to decreased Cam kinase II
expression in the neurons manifesting SREDs.

3.3. CaM kinase II-dependent substrate phosphorylation is decreased
following low Mg2+ treatment

To evaluate CaM kinase II-dependent substrate phosphorylation in
hippocampal culture homogenates from sham control and low Mg2+

treated groups, homogenates were used to carry out standard
reactions for Ca2+/calmodulin-dependent phosphorylation of the
synthetic peptide autocamtide-2. Following 3 h of low Mg2+-induced
status epilepticus, a significant decrease in CaM kinase II-dependent
substrate phosphorylation of 27.4±0.5% (P≤0.001, n=4, Student's t-
test) was observedwhen compared to control (Fig. 6; LowMg2+). Thus,
low Mg2+ treatment of hippocampal cultures results in a decrease in
both CaM kinase II-dependent endogenous and substrate phosphor-
ylation in association with the induction of status epilepticus and
subsequent expression of SREDs (Figs. 1B and 2B respectively).

Other mechanisms could contribute to decreased [32P] incorpora-
tion into exogenous substrates or the endogenous subunits of CaM
kinase II observed with low Mg2+ treatment. Increase in phosphatase
activity, with a subsequent increase rate of dephosphorylation, could
contribute to an overall decrease in [32P] incorporation as observed
with low Mg2+ treated hippocampal cultures in the present study. To
determine if a change in phosphatase activity could be contributing to
the observed decrease in Ca2+/calmodulin-dependent substrate
phosphorylation, a reaction time course (30 s, 60 s, 120 s and
10 min) was carried out with (Fig. 5A) and without (Fig. 5B) the
phosphatases 1 and 2A inhibitor okadaic acid (500 nM). Inhibition of
phosphatases 1 and 2A did not change the observed decrease in Ca2+/
calmodulin-dependent substrate phosphorylation in lowMg2+ treated
hippocampal cultures when compared to controls. These findings
demonstrate that the decreased Ca2+/calmodulin-dependent sub-
strate phosphorylation resulting from low Mg2+-induced status
epilepticus and subsequent expression of SREDs is not attributed to
increased activity of phosphatases 1 and 2A and is the result of a
decrease in activity of CaM kinase II.

3.4. Induction of SREDs and decrease in activity of CaM kinase II requires
a Ca2+-dependent pathway during low Mg2+-induced status epilepticus
in hippocampal neuronal cultures

Previous work from our laboratory has shown that during 3 h of
low Mg2+-induced status epilepticus, hippocampal neurons in culture
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have a sustained increase in intracellular Ca2+ levels and that this
prolonged rise is required for the development of SREDs in this culture
preparation (DeLorenzo et al., 1998). Thus, in the present study, we
wanted to determine if the prolonged increase in intracellular Ca2+

during low Mg2+-induced status epilepticus contributed to the
observed decrease in Ca2+/calmodulin-dependent substrate phos-
phorylation in this preparation. Whole-cell current-clamp analysis
revealed that reduction of extracellular CaCl2 (low Ca2+) from 2.0 mM
to 0.2 mM during the low Mg2+ treatment blocked the expression of
SREDs (Fig. 2C) with no effect on the intensity or duration of status
epilepticus-like activity during the 3 h low Mg2+ treatment (Fig. 1C).

Analysis of hippocampal culture homogenates for Ca2+/calmodu-
lin-dependent substrate phosphorylation demonstrated that reducing
CaCl2 to 0.2 mM (low Ca2+) during the low Mg2+-induced status
epilepticus-like activity prevented the decrease in [32P] incorporation
as observed in the presence of 2.0 mM CaCl2 (low Mg2+ alone) (Fig. 6).
Thus, these findings demonstrate that 3 h of low Mg2+ treatment
results in both the expression of SREDs and a decrease in CaM kinase II
enzyme activity in hippocampal neuronal cultures, and that these
changes are dependent on the prolonged increase in intracellular Ca2+

during low Mg2+-induced status epilepticus.

3.5. Induction of SREDs, Ca2+ entry and decrease in activity of CaM kinase
II requires activation of the NMDA receptor system

Calcium entry into neurons can occur via a number of ion channels
and receptor systems (Ghosh and Greenberg, 1995). Activation of the
glutamatergic receptor family can result in influx of Ca2+ into neurons
by several different pathways (Delorenzo et al., 2005). The ionotropic
NMDA receptor contributes to increases in intracellular Ca2+ by both
gating of Ca2+ through its channel pore and by activating voltage-gated
Ca2+ channels (VGCCs) by means of membrane depolarization.
Fig. 6. CaM kinase II activity immediately following 3 h of low Mg2+-induced status
epilepticus with and without the addition of selective neuropharmacological
compounds. Neuronal culture homogenates were assayed for Ca2+/calmodulin-
dependent substrate phosphorylation of the synthetic peptide autocamtide-2 using
the P-81 assay. Low Mg2+-induced status epilepticus (low Mg2+ alone) resulted in a
significant decrease in CaM kinase II activity. Reducing CaCl2 to 0.2 mM (low Ca2+) or
addition of NMDA receptor antagonist APV (25 µM) during the low Mg2+ treatment
blocked the decrease in CaM kinase II-dependent substrate phosphorylation while the
addition of CNQX 10 µM, NBQX 10 µM or nifedipine 5 µM to the lowMg2+ condition had
no effect on the low Mg2+-induced decrease in CaM kinase II-dependent substrate
phosphorylation. CaM kinase II-dependent substrate phosphorylation levels for both
the low Ca2+ and APV (25 µM) conditions were significantly greater than lowMg2+ alone
or lowMg2+ in the presence of nifedipine (5 µM), NBQX (10 µM) or CNQX (10 µM) when
evaluated using ANOVA followed by Holm–Sidak post-hoc test (Pb0.001 between all
groups). Data for each condition are expressed as a percent mean±S.E.M. of their
respective control (n=5; low Mg2+ alone, n=3; *P≤0.01; Student's t-test when
compared to respective control).
Furthermore, the glutamatergic AMPA and kainic acid receptors can
activate VGCCs, and depending on its receptor subunit makeup, the
AMPA receptor can also gate Ca2+ through its channel pore.
Furthermore, membrane depolarization, such as that which occurs
during lowMg2+-induced status epilepticus, can result in activation of
L-type and N-type VGCCs. To elucidate what pathway(s) of Ca2+ entry
into neurons was involved in the induction of SREDs and altered CaM
kinase II activity in association with this preparation, hippocampal
cultures were treated with low Mg2+ in the presence of selective
pharmacological inhibitors of these receptor/channel systems.

Employing this same model, earlier findings from this laboratory
showed that the presence of the NMDA receptor antagonist DL-2-
amino-5-phosphonovaleric acid (APV) during the low Mg2+-induced
status epilepticus resulted in decreasing the sustained rise in
intracellular Ca2+ levels by approximately 50% and blocked expres-
sion of SREDs (DeLorenzo et al., 1998). In the present study, the
presence of 25 µM APV during low Mg2+ treatment of hippocampal
neuronal cultures resulted in blocking both the expression of SRED
activity (Fig. 2D) and the decrease in Ca2+/calmodulin-dependent
substrate phosphorylation (Fig. 6). As observed with lowering Ca2+

to 0.2 mM, the presence of 25 µM APV did not block expression of
status epilepticus-like activity during the 3 h treatment with low
Mg2+ (Fig. 1D). Although the NMDA receptor contributes to only 50%
of the increase in intracellular Ca2+ levels during low Mg2+-induced
status epilepticus in this culture preparation (DeLorenzo et al.,
1998), these results indicate that both the long-lived expression of
SRED activity (Fig. 2D) and decreased Ca2+/calmodulin-dependent
substrate phosphorylation (Fig. 6) are dependent on NMDA receptor
activation. These results demonstrate that the altered function of
CaM kinase II and the subsequent expression of SRED activity in this
model of epileptiform activity are dependent on a NMDA receptor/
Ca2+ transduction pathway.

The AMPA/kainic acid family of glutamate receptors is involved in
fast excitatory synaptic transmission in the CNS andmediates influx of
Ca2+ through VGCCs (Bettler andMulle, 1995). Furthermore, the AMPA
receptor channel is capable of gating Ca2+ directly when its protein
subunit composition is lacking the GluR2 subtype (Dingledine et al.,
1999). To evaluate the role that activation of this glutamatergic
receptor family and subsequent opening of VGCCs in this in vitro
model of epileptiform activity, hippocampal cultures were treated for
3 h with low Mg2+ in the presence of the AMPA/kainic acid receptor
antagonists (CNQX 10 µM or NBQX 10 µM) or the VGCC blocker
nifedipine (5 µM) and evaluated using both whole-cell current-clamp
and Ca2+/calmodulin-dependent substrate phosphorylation analysis.
Although earlier findings from this laboratory have demonstrated that
the addition of either of these AMPA/kainic acid receptor antagonists
or VGCC blocker during lowMg2+ treatment resulted in a reducing the
status epilepticus-dependent increase in intracellular Ca2+ by approxi-
mately 25% each (DeLorenzo et al., 1998), these agents had no effect on
the low Mg2+-induced expression of SRED activity (data not shown).
When culture homogenates were assayed for Ca2+/calmodulin-
dependent substrate phosphorylation, low Mg2+ treatment in the
presence of either CNQX (10 µM), NBQX (10 µM) or nifedipine (5 µM)
resulted in significant decreases of 22.5±5.5% (P≤0.01, n=5, Student's
t-test), 36.4±6.0% (P≤0.001, n=5, Student's t-test) and 41.8±5.6%
(P≤0.001, n=5, Student's t-test) respectively when compared to
control (Fig. 6). Thus, these results indicate that either an AMPA/
kainic acid receptor or VGCC transduction mechanism is not involved
in low Mg2+-induced decrease in CaM kinase II activity or the
expression of SREDs in this hippocampal neuronal culture preparation.

4. Discussion

Utilizing the hippocampal neuronal culture model of SREDs we
have demonstrated for the first time that both the enduring
expression of epileptiform activity (Sombati and DeLorenzo, 1995)
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and loss in activity of CaM kinase II (Blair et al., 1999) are dependent on
a NMDA receptor/Ca2+-dependent mechanism. Lowering the extra-
cellular Ca2+ level to 0.2 mM CaCl2 or addition of 25 µM APV to block
the NMDA receptor channel during low Mg2+-induced status
epilepticus resulted in blocking both the expression of SRED activity
and the decrease in CaM kinase II-dependent substrate phosphoryla-
tion. Blockade of the AMPA/kainic acid receptors or L-type VGCC
during low Mg2+-induced status epilepticus had no effect on the
development of SREDs or the decrease in activity of CaM kinase II.
Previous studies from our laboratory have demonstrated that during
low Mg2+-induced status epilepticus, a sustained elevation of
intracellular Ca2+ concentration gated through the NMDA receptor
channel is required for the development of SREDs in this hippocampal
neuronal culture model (DeLorenzo et al., 1998). Thus, low Mg2+-
induced SREDs is dependent on a NMDA receptor/Ca2+ transduction
pathway and is associated with a long-lasting decrease in activity of
CaM kinase II (Blair et al., 1999).

Alterations in Ca2+ homeostasis have been observedwith a number
of models of neuronal excitotoxicity and pathophysiology which
include stroke-induced epileptiform discharges (Sun et al., 2004),
glutamate-induced neuronal excitotoxicity (Limbrick et al., 2003),
ischemia (Parsons et al., 1997), epilepsy (Pal et al., 2001; Parsons et al.,
2001; Raza et al., 2004, 2001) and status epilepticus (Pal et al., 1999;
Parsons et al., 2000). Furthermore, recent studies utilizing the rat
pilocarpine model of status epilepticus-induced acquired epilepsy
have demonstrated that a prolonged rise in intracellular Ca2+ occurs in
the epileptic state (Raza et al., 2001) and that both epileptogenesis
(Rice and DeLorenzo, 1998) and the chronic alteration in Ca2+

homeostasis (Raza et al., 2004) require NMDA receptor activation
during the status epilepticus insult. Thus, one proposed mechanism of
injury-induced epilepsy (acquired epilepsy) is that an initial Ca2+/
NMDA receptor-dependent neuronal insult results in chronic plasti-
city of Ca2+ homeostaticmechanisms which then act to perpetuate the
pathophysiological changes that underlie epilepsy (Delorenzo et al.,
2005). The results of this study and earlier reports from our laboratory
(DeLorenzo et al., 1998) have shown that induction of SREDs in this
preparation is dependent on a Ca2+/NMDA receptor pathway and that
a lasting change in Ca2+ homeostasis occurs in association with SREDs
(Pal et al., 2000).

Alterations in Cam kinase II function have been observed in a
number of models of seizure (Blair et al., 1999; Bronstein et al., 1988;
Murray et al., 1995; Perlin et al., 1992; Yamagata et al., 2006) and
epilepsy (Bronstein et al., 1992; Butler et al., 1995; Churn et al., 2000a;
Lee et al., 2001). Both epileptogenesis and the decrease in CaM kinase
II activity in the rat pilocarpine model of acquired epilepsy are
dependent on NMDA receptor activation during the initial status
epilepticus insult (Kochan et al., 2000; Rice and DeLorenzo, 1998) and
transgenic modulation of forebrain NMDA receptor structure by
inducing expression of the developmental NR2D subunit in mature
mouse brain acts to suppress epileptogenesis with electrical kindling
(Bengzon et al., 1999). Additionally, the observed long-lived changes in
Ca2+ homeostasis in both in vivo (Raza et al., 2004) and in vitro
(DeLorenzo et al., 1998) models of acquired epilepsy are dependent on
NMDA receptor activation. Finally, recent studies have shown that
selective suppression of CaM kinase II function in hippocampal
neuronal cultures using antisense oligonucleotide knockdown results
in both the induction of SREDs (Churn et al., 2000b) and alteration in
Ca2+ homeostatic mechanisms (Carter et al., 2006). Thus, these
previous findings and the results from the present study suggests a
strong association between alterations in both CaM kinase II function
and Ca2+ homeostasis with acquired epilepsy, and that these
maladaptations may contribute to the pathophysiology evident in
these models.

The observed decrease in CaM kinase II function in the present
study could result from a number of cellular mechanisms. Although
our results indicate a marginal but significant decrease in levels of α-
CaM kinase II protein 1 day following low Mg2+ treatment, immedi-
ately following 3 h of lowMg2+-induced status epilepticus a significant
decrease in CaM kinase II-dependent substrate phosphorylation was
observed with no changes in protein levels. Previous findings have
shown that a decrease in CaM kinase II expression 1 day following low
Mg2+-induced status epilepticus is likely attributable to a marginal
decrease in neuronal culture density and does not totally account for
the loss in enzyme function (Blair et al., 1999). Increase in activity of
specific protein phosphatases could also account for the decrease in
Ca2+/calmodulin-dependent endogenous and substrate phosphoryla-
tion observed in our study. Phosphatases 1 and 2A have been shown to
be primarily responsible for acting on the site of endogenous
phosphorylation of CaM kinase II (Shields et al., 1985). Inhibition of
phosphatases 1 and 2A in our study did not block the decrease in Ca2+/
calmodulin-dependent substrate phosphorylation, suggesting that
increased activity of these phosphatases did not contribute to the
observed findings of this study. Increased activity of the phosphatase
calcineurin has been observed in brain homogenates from pilocar-
pine-induced status epilepticus in rats (Kurz et al., 2001). Such an
increase may contribute to a decrease in phosphate incorporation as
observed in this study, although previous work has demonstrated that
select inhibition of calcineurin in this preparation did not block the
Ca2+/calmodulin-dependent decrease in substrate phosphorylation
(Blair et al., 1999).

The results from this study further substantiate that an alteration
in function of CaM kinase II occurs with seizures and epilepsy, and that
this decrease in activity is dependent on a Ca2+/NMDA receptor-
dependent pathway. In addition to a number of previous studies, the
current findings support the hypothesis that during both epileptogen-
esis and establishment of acquired epilepsy prolonged alterations in
both intracellular Ca2+ dynamics and function of CaM kinase II
underlie changes in neuronal plasticity that are associated with the
epileptic phenotype. Further studies are warranted to elucidate what
specific cellular mechanisms are involved in the induction and
maintenance of these maladaptive changes.
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