Lo L

P

1\

o LN A D

Evidence that injury-induced changes in hippocampal
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Alterations in hippocampal neuronal Ca?* and Ca2*-dependent
systems have been implicated in mediating some of the long-term
neuroplasticity changes associated with acquired epilepsy (AE).
However, there are no studies in an animal model of AE that
directly evaluate alterations in intracellular calcium concentration
([Ca2*];) and Ca2* homeostatic mechanisms (Ca2* dynamics) during
the development of AE. In this study, Ca?* dynamics were evalu-
ated in acutely isolated rat CA1 hippocampal, frontal, and occipital
neurons in the pilocarpine model by using [Ca2*]; imaging fluo-
rescence microscopy during the injury (acute), epileptogenesis
(latency), and chronic-epilepsy phases of the development of AE.
Immediately after status epilepticus (SE), hippocampal neurons,
but not frontal and occipital neurons, had significantly elevated
[Ca2*]; compared with saline-injected control animals. Hippocam-
pal neuronal [Ca%*]; remained markedly elevated during epilepto-
genesis and was still elevated indefinitely in the chronic-epilepsy
phase but was not elevated in SE animals that did not develop AE.
Inhibiting the increase in [Ca2*]; during SE with the NMDA channel
inhibitor MK801 was associated in all three phases of AE with
inhibition of the changes in Ca?* dynamics and the development
of AE. Ca2* homeostatic mechanisms in hippocampal neurons also
were altered in the brain-injury, epileptogenesis, and chronic-
epilepsy phases of AE. These results provide evidence that [Ca2*];
and Ca2*-homeostatic mechanisms are significantly altered during
the development of AE and suggest that altered Ca2* dynamics
may play a role in the induction and maintenance of AE and
underlie some of the neuroplasticity changes associated with the
epileptic phenotype.
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pilepsy is one of the most common neurological disorders

(1), and ~40% of epilepsies are acquired, meaning that the
epileptic condition is acquired through an injury to the nervous
system (2, 3). Epileptogenesis is the process by which an injury
such as status epilepticus (SE), stroke, or traumatic brain injury
produces long-term plasticity changes in neurons, resulting in
spontaneous recurrent seizures [acquired epilepsy (AE)] in
previously normal brain tissue (4-6). AE develops in three
phases: injury (brain insult), epileptogenesis (latency), and,
finally, chronic epilepsy (spontaneous recurrent seizure) (7). The
molecular basis for developing AE is still not completely under-
stood. However, there is growing evidence from the SE and
glutamate injury-induced models of AE that elevated intracel-
lular calcium concentration ([Ca?*];) and altered Ca’"-
homeostatic mechanisms (Ca?* dynamics) may play a role in the
development of AE (6, 8-13). In addition, altered Ca?>* dynamics
have been observed in the hippocampus of chronic epileptic
animals as long as 1 year after the induction of seizures in the in
vivo pilocarpine model of AE (14). This model of AE shares
many of the clinical and pathophysiological characteristics of
partial-complex or temporal-lobe epilepsy in humans (14-19).
The hippocampus has been shown to be the focus for many of the
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plasticity, pathophysiological, and epileptogenic alterations in
the pilocarpine model of AE (14-19). Thus, if Ca?* is involved
as a second messenger in the inductions and maintenance of AE
in the pilocarpine model, it would be expected that Ca?*
dynamics should be altered immediately after SE and in the three
phases of the development of AE.

This study was undertaken to determine whether hippocampal
neuronal Ca?* dynamics are altered immediately after SE and in
the three phases of the development of AE.

Ca?" dynamics were evaluated in acutely isolated CA1 hip-
pocampal, frontal, and occipital neurons at several time points
during the injury, epileptogenesis, and chronic-epilepsy phases
of AE. The effects of NMDA receptor inhibition by (+)-5-
methyl-10,11-dihydro-5SH-dibenzo[a,d]|cyclohepten-5,10-imine
maleate (MK801) on both the development of seizures and Ca?*
dynamics were determined. Comparisons of sham (saline-
treated), pilocarpine without SE, and pilocarpine with SE but
without AE control animals with SE animals with AE indicated
that Ca®* dynamics were significantly altered during the devel-
opment of AE and that both changes in Ca?* dynamics and the
development of AE could be blocked by inhibition of the NMDA
receptor during SE. The results demonstrate that altered Ca?*
dynamics were associated with the development of AE and that
inhibition of these changes in Ca?* dynamics was associated with
the inhibition of the development of AE. The results provide
direct evidence that Ca?>" dynamics are significantly altered
during epileptogenesis and implicate Ca>* as a major second
messenger that may mediate some of the long-term plasticity
changes in AE.

Materials and Methods

Pilocarpine Treatment and Induction of Epilepsy. SE and epilepsy
were induced in male Sprague—Dawley rats (Harlan—Sprague—
Dawley) of 120 days of age by i.p. injection of pilocarpine
(14-19). In summary, animals were injected s.c. with 1 mg/kg
scopolamine methyl nitrate 30 min before being injected with
pilocarpine (350 mg/kg i.p.). The pilocarpine-induced SE was
terminated after 1 h by injecting diazepam (4 mg/kg i.p.) at 1,
3, and 5 h after the onset of SE. Sham control animals were
injected with equal volumes of normal saline and then diazepam.
Pilocarpine-injected animals that did not develop SE or that
developed SE but did not develop AE were also used as controls
(Fig. 2B). MK801-treated animals were injected with 4 mg/kg
MKS801 20 min before injection with pilocarpine or saline and
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diazepam (sham conditions) (19). Animals were killed immedi-
ately or 1, 2, 6, 10, or 30 days or 1 year after SE. To determine
the time after SE of the development of the first seizure, animals
were analyzed by continuous video and electroencephalogram
(EEG) monitoring for the appearance of spontaneous seizures,
as described in ref. 20. Video and EEG monitoring was per-
formed by using surface electrodes that were implanted bilat-
erally 3 mm anterior and posterior to the bregma under ket-
amine/xylazine anesthesia and secured to the scull with dental
acrylic (19). It was established that video monitoring alone was
able to detect animals that developed AE by comparing EEG
and video recordings and monitoring animals for 5 days. No
animals in this monitoring protocol manifested electrographic
seizures without clinical seizures detected by video monitoring.
In some experiments, animals also had a hippocampal depth
electrode implanted and were subjected to continuous EEG and
video monitoring. These studies documented that the video and
surface EEG seizure activity observed during monitoring were
associated with seizure discharges from the hippocampus, as
described in ref. 21. Limbic seizures produced during pilocarpine
SE were identical to those described in ref. 16. Spontaneous
recurrent seizures (SRS) that developed after SE in ~70% of the
animals have been well characterized (14-17) and consisted of
SRS activity similar to the kindled class 4-5 seizures, as de-
scribed by Racine (22). To determine the onset of seizure activity
(Fig. 2D), some animals were monitored as early as 5 days after
SE. Animals at the 6- and 10-day time points that developed SRS
manifested only electrographic seizures. Electrographic seizures
were defined as epileptiform activity lasting >20 s. Clinical
seizures were not observed until after 10 days. The time after SE
of the first seizure was identified, and animals were monitored
for an additional 5 days to evaluate seizure frequency. All
chemicals were purchased from Sigma unless stated otherwise.

Isolation of Hippocampal CA1 Pyramidal Neurons and Loading with
Ca2* Indicators. Acute isolation of CA1 hippocampal, frontal, and
occipital neurons was performed by established procedures (14,
23). Briefly, brains were rapidly dissected and placed in 4°C
chilled, oxygenated (95% O,/5% CO,) artificial cerebrospinal
fluid (CSF), and hippocampal, frontal, and occipital slices of 450
um were cut on a 12° agar ramp with a Vibratome. Slices were
equilibrated for 10 min in CSF and then treated for 6 min with
8 mg/ml protease XXIII in CSF and rinsed. The hippocampal
CALl and cellular layers 3-5 in the frontal and occipital cortical
slices were visualized on a dissecting microscope, and 1-mm?
thick pieces from the cellular regions were excised. These tissue
samples were triturated with a series of Pasteur pipettes of
decreasing diameter (14). To control for the enzymatic treat-
ment used to disrupt the cells, we also isolated neurons by the
identical procedure of trituration without the use of proteolytic
enzymes and obtained identical results, except that the yield of
neurons was lower. Although acutely isolated neurons were
prepared from tissue punches from the pyramidal neuron-
enriched stratum pyramidale of the CAl and layers 3-5 of the
frontal and occipital cortex, it was necessary to evaluate possible
minimal contamination from nonprincipal neurons or interneu-
rons. Pyramidal neurons were identified morphologically and by
the absence of immunoreactivity for specific protein markers for
interneurons, including parvalbumin, cholecystokinin, vasoac-
tive intestinal peptide, somatostatin, and neuropeptide Y
(24, 25).

Intracellular [Ca2*]; Measurements. Cells were loaded with fura-2
acetoxymethyl ester by using established procedures (14).
Briefly, cells were equilibrated at 4°C in medium containing the
acetoxymethyl ester (AM) forms of 1 uM fura-2 in the tritura-
tion solution. The resulting cell suspension was placed in the
center of poly(L-lysine)-coated viewing microscope chambers
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and allowed to equilibrate with the cells for 1 h in a humidified,
oxygenated dark chamber at 37°C. After equilibration, fura-2
was carefully washed off the cells, and the cells were incubated
for another 15 min to further allow intracellular esterases to
cleave the dyes from the AM forms. The dish was then trans-
ferred to the fluorescence imaging system [Olympus (Melville,
NY)/PerkinElmer]. The cells attached to the dish substrate were
constantly perfused with a gravity-feed perfusion system at a
rate of 2-3 ml/min. For physiological studies, glutamate (10 wM)
was applied by using a rapid perfusion system in the presence of
glycine (10 uM). All morphologically intact and viable pyramidal
neurons that were phase-bright were randomly selected by
systematically sampling the microscopic field. Large numbers of
neurons were evaluated, and the investigator was blinded to
experimental conditions. The indicator-loaded cells were trans-
ferred to a heated stage (maintained at 37°C) of an Olympus
IX-70 inverted microscope coupled to an ultra-high-speed flu-
orescence imaging system (Olympus/PerkinElmer), as described
in ref. 14. Experiments were performed by using a X20 fluorite
water-immersion objective, and images were recorded by a
cooled digital charge-coupled device camera (Astrocam, Cam-
bridge, U.K.). The fluorescence excitation source was a 75-W
xenon arc lamp (Olympus). Neutral density filters of variable
opacities were used to attenuate unwanted excitation. Ratio
images were acquired by using alternating excitation wavelengths
(340/380 nm) with a filter wheel (Sutter Instruments, Novato,
CA) and fura filter cube at 510/540 nm emissions with a dichroic
mirror at 400 nm (Olympus). Image acquisition and processing
were controlled by a computer connected to the camera and
filter wheel by using MERLIN 2.1 (Olympus/PerkinElmer). To
calculate ratio values, image pairs at each wavelength were
captured and digitized every 15 s, and the images at each
wavelength were averaged over four frames. The background
fluorescence was obtained by imaging a field lacking fluorescent
indicators. Fluorescence ratio values were converted to absolute
Ca?* concentrations by using calibration curves generated by an
in situ procedure after the loading of the isolated neurons with
fura-2 and use of standard procedures described in ref. 14.
[Ca?"]; data were collected by using MERLIN 2.1 and were
statistically analyzed and plotted by using ORIGIN 6.0 (OriginLab,
Northampton, MA) or SIGMAPLOT 5 (SPSS, Chicago). The
significance of data were tested by Student’s paired or unpaired
t test wherever appropriate. The distributions of [Ca?*]; for the
four phases of AE shown in Fig. 1 were evaluated by logistic-
regression analysis.

Assay for Apoptosis and Cell Death. Before and after glutamate
treatments (10 wM), the neurons were analyzed by immunoflu-
orescence microscopy with the spatial module of ULTRAVIEW 2.21
(Olympus/PerkinElmer) for the presence of apoptosis by using
the Vybrant Apoptosis Assay Kit No. 3 (Molecular Probes),
which detects the externalization of phosphatidylserine in apo-
ptotic cells as described in ref. 14. The total number of apoptotic
cells was routinely determined in each preparation. Dead (ne-
crotic), apoptotic, and viable neurons were determined in the
acutely isolated preparations by using specific markers (14).
Propidium iodide is impermeant to viable cells and apoptotic
cells but stains necrotic cells with red fluorescence. Fluorescent
labeled annexin V (green fluorescence) detects apoptotic cells.
Thus, acutely isolated neurons were stained with these agents,
and the percentages of dead (red), apoptotic (green), and viable
(phase-bright) neurons were determined for each sample. Cell
loss in the CA1 region of the hippocampus was determined by
direct histological evaluation in fixed tissue from animals per-
fused and killed before and at different times after SE by using
procedures established in ref. 17.
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Fig. 1. Distribution of CA1 neuronal [CaZ*];.. Shown are data for control
animals (n = 21) (A) and for animals in the acute (day 1) (B), latency (day 6) (C),
and chronic (day 30) (D) phases of AE after SE. The data represent the
distribution in neuronal calcium levels as a percentage of neurons for each
concentration range of [Ca2*];,. Normal [Ca2*]; (25-150 nM) is represented by
white bars, and elevated levels are represented by black bars (151 to >500
nM). [Ca2*]; is represented in concentration ranges (25-50, 51-100, 101-150,
151-200, 201-250, 251-500, and >500 nM) for ease of comparison. Sham
control animals sampled at the same time points for the injury, epileptogen-
esis, and chronic phases gave results identical to those for the control animals
shown in A and were omitted for clarity. Statistical analysis using a linear
regression comparing the number of neurons with abnormal [Ca2*]; (black
bars) for the injury, latency, and chronic phases of AE yielded results that were
significantly different statistically from those for the control group (P < 0.01).

[Ca2*]; Levels (nM)

Results

[Ca2*]; in Acutely Isolated Hippocampal and Cortical Neurons from
Control Animals and Animals in the Acute Injury Phase of Epilepto-
genesis. The distribution of [Ca?"]; in control animals before SE
is shown in Fig. 14 (n = 21). Ninety-two percent of the neurons
had [Ca®*]; in the normal range (25-150 nM), and only 8% had
elevated levels (>151 nM). None of the control neurons had
[Ca%*]; > 500 nM. Twenty-four hours after SE in the acute
phase, 100% of the isolated neurons had abnormally elevated
[Ca?*];, exceeding 500 nM in 85% of the neurons (Fig. 1B; n =
67). The mean = SEM neuronal [Ca?*]; values for animals killed
immediately after SE, sham control animals, and pilocarpine
without the development of SE control animals were 850 * 59,
90 = 22, and 112 *= 31 nM, respectively (Fig. 24). Because
seizure activity and neuronal plasticity changes are enriched in
the hippocampus in this model of AE (7, 15, 16, 31), [Ca?*]; in
other brain regions was evaluated after SE and compared with
levels in hippocampal neurons. Frontal and occipital neurons did
not manifest significant elevation of [Ca?*]; immediately or 1 day
after SE in comparison with no-SE controls, whereas hippocam-
pal neurons showed a marked increase in [Ca?*]; (Fig. 2B),
demonstrating that the effect of SE on hippocampal neuronal
[Ca?™]; was not occurring diffusely throughout the brain (Fig.
2B). Other hippocampal CA1 nonpyramidal neurons (bipolar
neurons and interneurons) also manifested elevations in [Ca?*];
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Fig. 2. Effect of epileptogenesis on hippocampal and frontal and occipital
cortex [Ca2*];, apoptosis and cell death, and development of AE. (A) The data
give the mean + SEM for CA1 hippocampal [CaZ*];immediately afterand 1, 2,
6, 10, and 30 days after SE (black bars). The controls were a saline-injected
animal (white bar) and a pilocarpine-injected with no SE animal (gray bar) and
were obtained 1 day after SE. Animals that had SE but did not develop AE were
studied 1year after SE (1 year SE with no AE, gray bar). [Ca2*]; in sham control
animals for each time point also was studied, and [Ca2*]; values for these
conditions were not significantly different from the control and pilocarpine
with no SE values shown and thus were omitted for clarity (*x, P < 0.01,
compared with control). Pilo, pilocarpine. (B) The data show the mean + SEM
of [Ca2*]; expressed as a percentage of control for hippocampal CA1 (black
bars), frontal (white bars), and occipital (gray bars) pyramidal neurons imme-
diately and 1 day after SE (*, P < 0.01, compared with controls). Controls were
saline-injected animals sampled at the same time and from the three different
brain regions (*, P < 0.01, compared with controls). (C) The data present the
percentage of neurons positive for apoptosis (white bars), neuronal cell death
(black bars), and neurons with elevated [Ca2*]; (gray bars) at different times
after SE. The largest SEM was 9%, and thus these SEMs were omitted for
clarity. (*, P < 0.01, compared with sham controls.) (D) Percentage of animals
that developed seizures (AE) at different times after SE (n = 30).

after SE (data not shown), indicating that SE had a more
widespread effect on [Ca®"]; in hippocampal neurons.

[Ca2*]; in Hippocampal Neurons Acutely Isolated from Animals in the
Epileptogenesis and Chronic-Epilepsy Phases of AE. The distribution
of [Ca?"];in CA1 neurons during epileptogenesis (latency phase)
demonstrated that [Ca?"]; still remained elevated during epi-
leptogenesis (Fig. 1C). The percentage of neurons manifesting
elevated levels at 6 days after SE was 81% (Fig. 1C; n = 38). At
10 days after SE, 62% of the neurons still manifested elevated
[Ca?*]i. The mean = SEM [Ca?*); for the 2- (n = 38), 6- (n =
48), and 10-day (n = 21) time points in the latency phase after
SE are shown in Fig. 2B and still remained elevated. The
distribution of [Ca?"]; in CA1l neurons in the chronic-epilepsy
phase at 30 days after SE is shown in Fig. 1D (n = 23). The
percentage of neurons manifesting elevated [Ca?*]; during the
chronic phase of epileptogenesis (30 days) was 57%. There were
no neurons with [Ca?*]; > 501 nM in the chronic phase of
epileptogenesis. The mean = SEM [Ca?*]; values for the chronic
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phase of epileptogenesis at 30 days (n = 23) and 1 year (n = 35)
after SE were 305 = 27 and 325 = 35 nM, respectively, and these
values were significantly elevated compared with controls (Fig.
2A). In contrast, the SE with no AE animals at 1 year after SE
did not have significantly elevated [Ca®*]; (112 * 27 nM) in
comparison with the animals with AE (Fig. 24; n = 28). This
result strongly implicates changes in [Ca*]; in the development
of AE by controlling for the effect of SE alone without AE.

Elevated [Ca2*]; During the Injury, Epileptogenesis, and Chronic
Phases of AE Were Not the Result of Apoptosis or Cell Death. The
percentage of acutely isolated CAl neurons positive for apo-
ptosis and cell death were evaluated at the 1-, 2-, 6-, 10-, and
30-day time points after SE and compared with the percentage
of CA1 neurons with abnormally elevated [Ca®*]; (Fig. 2C).
These data demonstrate that only a small fraction (<10%) of the
CA1 neurons that manifested abnormally elevated [Ca®*]; de-
veloped apoptosis and necrosis. Apoptosis was maximal at 6 days
post-SE, returned to control levels by 10 days, and was the same
at 30 days, indicating that after the acute phase of injury (1-6
days), CA1 hippocampal neurons were not undergoing further
necrosis or apoptosis in comparison with control neurons. Thus,
the small amount of cell death after SE under these conditions
could not account for the elevation of [Ca?"]; in the large
percentage of CA1l neurons observed and did not continue past
6 days after the acute-injury phase. Thus, the vast majority of
neurons (>90%) survived the SE injury and still manifested
markedly increased [Ca?"]; long after SE. This issue is important,
because dead neurons do not seize. The increase in [Ca?"]; was
not sufficient to kill these CA1 neurons but may have triggered
and sustained Ca?* second-messenger-mediated long-term plas-
ticity changes associated with the induction and maintenance of

epilepsy.

Seizure Initiation Occurs as [Ca2*]; Decreases at the End of Epilepto-
genesis. The development of seizures at 1, 2, 6, 10, 14, 20, 30, and
90 days after SE was evaluated (see Materials and Methods). Fig.
2D demonstrates that none of the animals had seizures until the
sixth day after SE. Electrographic seizures were observed in 3%
of the animals at 6 days and 16% of the animals at 10 days;
clinical seizures really began to develop at 14 days (43%) and
reached full development by 30 days (87%). Not all animals that
had SE developed AE, and in this experiment 87% of the animals
developed AE. Comparing the decrease in mean [Ca?™]; for CA1
neurons shown in Fig. 24 with the development of seizures
shown in Fig. 2D, it is apparent that the seizures began to develop
after the very high [Ca®*]; observed during the latency or
epileptogenesis phase of AE, demonstrating that the massive but
not lethal rise in [Ca?"]; immediately and for several days after
SE is ideally temporally placed for a second messenger to be able
to initiate the plasticity changes associated with epileptogenesis.

Inhibition of Elevated [Ca2*]; and the Development of Epileptogenesis
by MK801. MK801 did not decrease the intensity or duration of
SE (Fig. 34). The effects of MK801 administered during SE on
the development of both increased [Ca?*]; in CA1 hippocampal
neurons (Fig. 3B) and seizures (Fig. 3C) were evaluated in the
pilocarpine model. The increases in CA1 hippocampal neuronal
[Ca?*]; during all three phases of the development of AE
produced by SE were completely blocked by treatment with
MKS801 (Fig. 3B). MK801 also completely prevented the devel-
opment of seizures in the pilocarpine model (Fig. 3C). Thus,
treating with MK801 during SE without decreasing the severity
of SE completely blocked the increases in CA1l hippocampal
neuronal [Ca?*]; after SE and also inhibited the development of
spontaneous recurrent seizures.
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Fig.3. Effect of MK801 on severity of SE, CA1 hippocampal neuronal [CaZ*];,
and development of seizures. (A) Representative EEG tracings from SE and SE
plus MK801 animals recorded during SE. MK801 did not decrease the severity
of SE. (B) The mean = SEM [CaZ*]; expressed as a percentage of control values
for animals treated with (white bars) or without (black bars) MK801 during SE
and evaluated before, immediately after, and 1, 2, 6, 10, and 30 days after SE.
MK801 blocked the SE-induced increase in [Ca2*];. MK801 [Ca2*]; values were
notstatistically different from those of sham control animals at the time points
tested. [Ca2*]; values for MK801-only-treated sham control animals were not
different from those of sham control animals (not shown) (¥, P < 0.01,
compared with control). (C) The percentage of animals that developed sei-
zures at 60 days post-SE for the control (sham control, n = 20), pilocarpine with
no SE (n = 24), SE (n = 30), and SE plus MK801 (n = 15) animal-treatment
groups. No seizures were detected in MK801-only-treated animals (not
shown) or in the sham or pilocarpine with no SE control groups. (*, P < 0.01,
compared with sham control). Pilo, pilocarpine.

Epileptogenesis Causes Alterations in [Ca2*]; Homeostatic Mecha-
nisms. Exposing CAl neurons to 10 uM glutamate for 1 min
produced a significant rise in [Ca?*]; to peak values that were no
different in control and SE cells and averaged 1,350 nM. The
quantitated values for the glutamate (10 M) recovery curves for
control and SE CA1 neurons from the injury, epileptogenesis,
and chronic phases of AE are shown in Fig. 4. The decay curves
were generated by calculating the mean [Ca?™]; at 15-s intervals
and then normalized to a maximum value of 1.0 with SIGMAPLOT.
Control neurons returned to preglutamate baseline [Ca?*];in <6
min, whereas the SE group in the injury, epileptogenesis, and
chronic phases all exhibited a statistically significant delay in
returning to baseline values. MK801 treatment during SE pre-
vented the alterations in Ca?" homeostatic mechanisms (data
not shown). The fact that the Ca?* homeostatic mechanisms
were altered in all three phases suggests that these alterations
may in part account for the elevation of [Ca?*]; observed after
SE and that they may play a role in the maintenance of AE.
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Fig. 4. [Ca?*]; decay curves for hippocampal neurons from the acute (A),
latency (B), and chronic (C) phases of AE. Individual decay curves were gen-
erated by calculating mean [CaZ*]; at 15-s intervals and then normalizing to a
maximum value of 1.0 by using sicmapPLOT (14). The resultant decay curves from
the highest point after the glutamate-induced [Ca2*]; load are displayed. Cells
treated with glutamate recovered and did not undergo apoptosis. Standard
errors and statistical significance between control (triangles) and epilepto-
genic (ovals) cells were determined as shown. The epileptic cells showed a
statistically significant delayed decline in [Ca2*]; compared with the controls
(*, P < 0.05, Student’s t test).

Discussion

Ca?" plays a pivotal role in transmitting information from the
external environment to the interior of the cell by acting as a
second messenger and affecting cellular function, and prolonged
alterations in [Ca?"]; can produce long-term plasticity changes
(26-28). The studies presented in this paper provide direct
evidence that altered Ca?* dynamics occur in the pilocarpine
model of AE in the surviving CA1l neurons during the three
phases in the development of AE. There was a large rise in
[Ca?*]; in hippocampal neurons for several days after SE that
was maintained above control indefinitely in the chronic-
epileptic phase of AE. Because changes in [Ca?"]; can produce
long-term plasticity changes (26, 27), the data indicate that this
initial prolonged rise of [Ca®*]; in hippocampal neurons after SE
may be a second-messenger signal that initiates many of the
long-term plasticity changes associated with epileptogenesis (6)
and may represent a major molecular signal for the induction of
AE. SE caused altered Ca?" homeostatic mechanisms, which
remained significantly altered without change during epilepto-
genesis and through the chronic-epilepsy phase and played a role
in maintaining the elevated [Ca®*]; in the chronic-epileptic
phenotype. This long-term alteration in Ca>* homeostatic mech-

17526 | www.pnas.org/cgi/doi/10.1073/pnas.0408155101

anisms, like other plasticity changes, may be initiated by the very
high and prolonged rise in [Ca?"]; immediately after SE in
neurons that survive the injury of SE and contribute to the
maintenance of AE. Although further experimentation is
needed to understand the precise mechanisms of the effect of
[Ca?"]; in the development of AE, the results indicate that Ca?*
is an ideal second-messenger system that could play a role in both
the induction and maintenance of the epileptic condition.

MKS801 administered during SE blocked the development of
AE and prevented the increase in [Ca®*]; and altered Ca?*
homeostatic mechanisms in the acute, epileptogenesis, and
chronic phases of the development of AE. These results dem-
onstrate an association between elevated [Ca?*]; after SE and
the development of epilepsy. In addition, SE without the devel-
opment of AE did not result in long-term changes in [Ca?*];,
further indicating a relationship between the development of AE
and the alteration in Ca?* dynamics. These results in an intact
animal model of AE support in vitro models of AE that directly
demonstrated the role of elevated [Ca?*]; in producing sponta-
neous recurrent seizures after SE and glutamate excitotoxic
injuries in hippocampal neurons (8-13). The in vitro models of
AE allow for a rigorous control of environmental conditions to
directly demonstrate the role of altered Ca?* dynamics in causing
AE. Although in vitro models do not truly reflect the clinical
condition of AE, the combination of the results presented in this
paper and the in vitro models of AE provide strong evidence that
alterations in Ca?* dynamics may play an essential role as a
second messenger underlying the induction and maintenance
of AE.

It is important to evaluate the possible functional conse-
quences of altered Ca?* dynamics in epileptogenesis. Changes in
[Ca?*];i are involved in the regulation of gene expression (26-28).
In the pilocarpine model of AE, the expression of the Ca?"-
modulated transcription factor, serum response factor (SRF), is
permanently elevated, along with its ability to bind to its DNA
consensus sequence serum response element (29). Furthermore,
AFosB expression and AP-1 (activator protein-1) complex DNA
binding also were found to be permanently elevated in this model
of AE (30). NMDA-receptor activation and subsequent calcium
entry stimulates the expression and activity of SRF and AFosB
(29, 30). Thus, the long-term elevation of [Ca?"]; during epilep-
togenesis and in the chronic-epileptic state may directly or
indirectly affect the expression of these, and perhaps other,
specific Ca’*-regulated transcription factors. In addition,
changes in [Ca?"]; during epileptogenesis and chronic phases of
AE produce changes in the second-messenger effects of [Ca?*];
that may regulate other long-term plasticity changes associated
with epileptogenesis, including neurogenesis, mossy fiber sprout-
ing, changes in the expression of proteins such as brain-derived
neurotrophic factor, increased endocytosis, and many of the
other changes associated with AE (15-18, 31, 32). Further
studies are needed to evaluate the role of [Ca?*]; in modulating
these changes in neuronal plasticity in AE.

The ability of the neuron to restore Ca?* loads to resting
[Ca?*);i is regulated by Ca?>" homeostatic mechanisms (33).
Increased or prolonged entry of extracellular Ca?>" could con-
tribute to the altered Ca>* homeostatic mechanisms in epilepsy
(33). [Ca?*);also is regulated by calcium-induced calcium release
(CICR) from intracellular stores and by uptake of Ca>* by the
sarco/endoplasmic reticulum calcium ATPase (SERCA) (33)
and other systems, including calcium buffering systems such as
calbindin, calretinin, and parvalbumin (34). The membrane
Na™/Ca?" exchanger (35) and mitochondrial Ca?* uptake (36)
may also play roles in altering the homeostatic mechanisms. In
vitro studies in the SE-induced hippocampal neuronal culture
model of AE (11) demonstrated that epileptogenesis induced
inhibition of SERCA, resulting in a decreased ability to uptake
[Ca?*]; into microsomes, and stimulation of the inositol 1,4,5-
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trisphosphate receptor stimulated CICR from microsomes (11).
Both of these changes in Ca?" dynamics induced by epilepto-
genesis could account in part for the altered Ca?™ dynamics
observed in the epileptic phenotype. In the pilocarpine model of
AE, decreased [Ca?"]; uptake and SERCA activity have been
demonstrated to persist for up to 1 year in AE (37, 38). These
results provide a molecular basis for the altered Ca?>* dynamics
associated with epileptogenesis and AE. Although further stud-
ies are needed, it is apparent that understanding the molecular
basis of altered Ca®" regulatory mechanisms induced by epilep-
togenesis may provide an insight into the long-term plasticity
changes associated with epilepsy and offer specific molecular
targets for preventing and possibly reversing the plasticity
changes associated with AE.

CALl neurons have been shown to contribute to the develop-
ment of AE: excitatory circuits develop around CAl neurons
(39), and CAl neurons develop rhythmic synchronization (40)
and manifest increased excitability (41). The observation that SE
did not alter Ca?>" dynamics in frontal and occipital neurons
under conditions that produced persistent alterations in hip-
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pocampal neurons indicates that this change in Ca?>" dynamics
does not occur in all regions of the brain and is consistent with
the central role of the hippocampus in epileptic processes. Our
results also indicated that alterations in Ca®" dynamics were
occurring in other types of hippocampal neurons and interneu-
rons. Other areas of the hippocampus and other brain regions
also may be affected by the alterations in Ca?* dynamics. Further
studies on other neurons in the hippocampus and other brain
regions are indicated to evaluate changes in Ca?* dynamics
during epileptogenesis. Although some of the long-term plas-
ticity changes in AE may be permanent, the altered Ca?*
dynamics associated with AE provide a window of opportunity
to intervene with novel therapeutic strategies to reverse these
changes in Ca?>* dynamics and possibly prevent the development
of AE and even “cure” AE by restoring normal Ca?* dynamics.
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