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Model of Post-Traumatic Epilepsy
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mTOR is activated in epilepsy, but the mechanisms of mTOR activation in post-traumatic epileptogenesis are unknown. It is also not clear
whether mTOR inhibition has an anti-epileptogenic, or merely anticonvulsive effect. The rat hippocampal organotypic culture model of
post-traumatic epilepsy was used to study the effects of long-term (four weeks) inhibition of signaling pathways that interact with mTOR.
Ictal activity was quantified by measurement of lactate production and electrical recordings, and cell death was quantified with lactate
dehydrogenase (LDH) release measurements and Nissl-stained neuron counts. Lactate and LDH measurements were well correlated with
electrographic activity and neuron counts, respectively. Inhibition of PI3K and Akt prevented activation of mTOR, and was as effective as
inhibition of mTOR in reducing ictal activity and cell death. A dual inhibitor of PI3K and mTOR, NVP-BEZ235, was also effective.
Inhibition of mTOR with rapamycin reduced axon sprouting. Late start of rapamycin treatment was effective in reducing epileptic activity
and cell death, while early termination of rapamycin treatment did not result in increased epileptic activity or cell death. The conclusions
of the study are as follows: (1) the organotypic hippocampal culture model of post-traumatic epilepsy comprises a rapid assay of
anti-epileptogenic and neuroprotective activities and, in this model (2) mTOR activation depends on PI3K-Akt signaling, and (3) tran-
sient inhibition of mTOR has sustained effects on epilepsy.

Introduction
Epileptogenesis, or the development of epilepsy, after brain in-
jury is characterized by a gradual and continual increase in sei-
zure probability (Salazar et al., 1985; Williams et al., 2009;
Raymont et al., 2010). One of the characteristics of the epileptic
brain is axon sprouting that has been best described at the mossy
fiber pathway in the hippocampus (Cronin and Dudek, 1988;
Sutula et al., 1989; Okazaki et al., 1995).

The mTOR pathway is transiently activated after experimental
epileptogenic brain injuries (Buckmaster et al., 2009; Zeng et al.,
2009; Huang et al., 2010) and in the genetic syndrome of tuberous
sclerosis, in which intractable epilepsy is a prominent feature
(Crino, 2011; McDaniel and Wong, 2011; Staley et al., 2011).
mTOR inhibition suppresses mossy fiber sprouting in models of
acquired epilepsy (Buckmaster et al., 2009) and reduces sponta-
neous seizures in the kainate model of chronic epilepsy (Zeng et

al., 2009; Huang et al., 2010). Anti-epileptogenic effects were
more variable in the pilocarpine model (Buckmaster et al., 2009;
Tang et al., 2012) and the acute kindling model (Sliwa et al., 2012;
van Vliet et al., 2012).

Unlike traditional anticonvulsants, rapamycin has no imme-
diate effects on seizures but rather alters hippocampal circuitry
(McDaniel and Wong, 2011). mTOR inhibition could prevent or
reverse post-traumatic changes in brain circuitry that lead to an
epileptic state (Crino, 2011; Lew and Buckmaster, 2011; McDan-
iel and Wong, 2011). However, rapamycin, the drug that is widely
used to inhibit mTOR, is a potent immunosuppressant (Chueh
and Kahan, 2005), and the mTOR pathway has a broad role in
regulation of protein synthesis and other growth-related cellular
processes (Sarbassov et al., 2005; Caron et al., 2010). To develop
more specific treatments, a better understanding of mTOR acti-
vation in epilepsy is needed.

The mTOR pathway has been extensively studied in cancer
(Chiang and Abraham, 2007; Guertin and Sabatini, 2007; Engel-
man, 2009; Borders et al., 2010). Among regulators of mTOR
containing, rapamycin-sensitive protein complex (mTORC1) are
Raf kinase (RAF) mitogen-activated protein kinase kinase (MEK)—
ERK (RAF-MEK-ERK) and phosphatidylinositol 3-kinase (PI3K)—
Akt pathways, and metabolite availability sensed through pathways
involving AMPK, REDD1, and others.

PI3K signaling has recently been found to be necessary for
mTOR activation by pentylenetetrazole-induced seizures (Zhang
and Wong, 2012), but upstream activators of mTOR in post-
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traumatic epileptogenesis remain largely unknown (McDaniel
and Wong, 2011), and effects of mTOR inhibitors on epilepsy
have varied depending on the timing of intervention and the
model. To study mTOR signaling in epilepsy, we used an accel-
erated in vitro model of post-traumatic epilepsy that captures
critical features of clinical epileptogenesis, including gradual on-
set, axon sprouting, spontaneous electrographic seizures, seizure
clustering, status epilepticus, and subsequent activity-dependent
cell death, response to anticonvulsants, and emergence of anti-
convulsant resistance (Dyhrfjeld-Johnsen et al., 2010; Berdi-
chevsky et al., 2012). We developed a novel assay of epileptic
activity based on seizure-dependent increases in extracellular lac-
tate concentration (During et al., 1994) to quantify epilepsy in
this preparation, and combined it with estimates of cell death
based on release of the enzyme lactate dehydrogenase (LDH).

Materials and Methods
Organotypic cultures. We generated organotypic hippocampal slice cul-
tures from postnatal day 7 or 8 male Sprague Dawley rats, and main-
tained them in poly-D-lysine-coated, 6-well tissue culture plates on a
rocking platform at �1 cycle/min, in 37°C and 5% CO2 in Neurobasal-
A/B27 (Invitrogen, prepared according to manufacturer’s specifica-
tions), with 0.5 mM GlutaMAX and 30 �g/ml gentamicin (Invitrogen).
All animal use protocols were approved by the Institutional Animal Care
and Use Committee at Massachusetts General Hospital and were con-
ducted in accordance with the United States Public Health Service Policy
on Humane Care and Use of Laboratory Animals.

Drugs and lactate and LDH assays. Rapamycin, SP 600125, U0126, and
LY 294002 were purchased from Tocris Bioscience, and NVP-BEZ235
was purchased from BioVision. All drugs were dissolved in dimethylsulf-
oxide (DMSO) and applied to cultures starting on 3 d in vitro (DIV),
unless otherwise specified. Control cultures were treated with 0.1%
DMSO as vehicle. Since organotypic cultures from different animals de-
velop epilepsy at slightly different rates, all experiments used control
slices from the same animal. Lactate and LDH concentrations were mea-
sured in used culture medium with kits from BioVision. Lactate concen-
trations were calculated relative to known lactate standards (BioVision),
while LDH concentrations were calculated in terms of arbitrary units
(a.u.), normalized to the 6 –28 DIV average of LDH concentration in
control (epileptic) culture supernatant.

Electrophysiology and propidium iodide staining. Activity was recorded
with tungsten microelectrodes in CA1 pyramidal layer while cultures
were maintained in an interface chamber perfused with Neurobasal-A at
37°C. Chronic multiple electrode array (MEA) recordings were per-
formed with custom-designed chips (Berdichevsky et al., 2012), on
which organotypic cultures were maintained as described above. Lactate
concentrations in the culture supernatant after 3 or 4 d in the incubator
were compared with MEA electrical recordings from the same cultures.
Dead cell stain was performed using propidium iodide (PI) (Invitrogen;
1 mg/ml stock) added to live cultures for a final 1:250 dilution. Cultures
were incubated for 1 h, imaged on an inverted confocal microscope
(Zeiss), and analyzed as described previously (Berdichevsky et al., 2012).
Numbers of dead cells were counted during medium changes between 6
and 25 DIV, and compared with relative LDH concentrations in used
culture medium from the same cultures during the same time period.

Nissl staining. Cultures were fixed in 4% paraformaldehyde, perme-
abilized for 1 h in 0.3% Triton-X on a rocking platform, and stained with
PI (Invitrogen; 1 mg/ml stock, diluted 1:250 in PBS) for 5 h. Cultures
were mounted, and images were acquired with a 40� objective on a
confocal microscope (Leica) with appropriate laser wavelength and fil-
ters. Optical stacks spanning the entire thickness of the slice were re-
corded, with z-direction step size of 3 �m.

Immunohistochemistry. Cultures were fixed and permeabilized. Block-
ing buffer (10% goat serum in 0.05% Triton-X in PBS) was applied for
2 h after permeabilization. Cultures were incubated with primary anti-
body (1:100 anti-phospho-S6 (Ser235/236); Cell Signaling Technology,
or 1:200 anti-MAP2 and 1:500 anti-SMI-312; Covance) overnight at 4°C,

washed, and incubated with appropriate secondary antibodies conju-
gated with Alexa Fluor 488, 568, or 647 (Life Technologies) overnight.
Cultures were then washed, counterstained with Nissl stain (only for
p-S6), mounted, and imaged with a confocal scanning microscope (Leica
or Zeiss).

Western Blots and analysis. Cultures were homogenized, and protein
extracts were loaded into 12% Tris-Glycine polyacrylamide gels (Novex
gels; Invitrogen) and separated by electrophoresis. Proteins were then
transferred to PVDF membranes (Millipore) and stained with a primary
antibody mixture (1:500 rabbit polyclonal anti-phospho-S6 (Ser 235/
236) or anti-phospho-S6 (Ser 240/244), and 1:500 mouse monoclonal
anti-S6, Cell Signaling Technology, in blocking buffer) followed by ap-
propriate secondary antibodies from LI-COR. Membranes were imaged
on a two-channel infrared scanner (Odyssey; LI-COR) and bands were
quantified with LI-COR software.

Electrographic analysis. Ictal events (electrographic seizures) were de-
fined as either paroxysmal events of much larger amplitude than back-
ground multiple unit activity and lasting longer than 10 s, or shorter
paroxysmal events that occurred with frequency of at least 2 Hz for at
least 10 s. Interictal events (events between seizures) were defined as
paroxysmal events of �200 ms duration occurring at a frequency of �2
Hz (Dyhrfjeld-Johnsen et al., 2010; Berdichevsky et al., 2012). In those
cases where ictal events were preceded or followed by interictal activity,
start and end of an ictal event were defined as time points where parox-
ysmal event frequency exceeded or decreased �2 Hz, respectively.

Axon sprouting quantification. We took phase contrast micrographs of
the slice and surrounding area with sprouted axons at 20� magnifica-
tion. Approximately 30 – 40 micrographs were needed to cover the
sprouting area. We stitched the images together in Adobe Photoshop
CS2, using an automated batch stitching tool. We then traced the slice
outline, and generated equidistant expanding contours from the slice
outline at 200 pixel steps, using Fiji (extension of ImageJ software; Na-
tional Institutes of Health, Bethesda, MD). Neurites crossing the con-
tours were marked and counted using Cell Counter plug-in in Fiji. We
selected crossing counts at the contour at 900 �m distance from the edge
of the slice to quantify the number of sprouted axons, since sprouting
dendrites are not long enough to extend so far from the neuronal soma
(Taylor et al., 2005). Axon crossings were subdivided by the proximal
hippocampal area: CA1 and subiculum, CA3, or dentate gyrus (DG).

Statistical analysis. We used Student’s t test for two-variable compari-
sons, and one-way ANOVA with Holm–Sidak post hoc analysis for mul-
tiple variable comparisons. For correlation analysis, we used Pearson
Product Moment to calculate correlation coefficients and p values.

Results
Lactate and LDH concentrations reflect ictal activity and ictal
cell death
In organotypic hippocampal cultures, interictal and ictal activi-
ties follow a latent period of �7 d after dissection injury (Fig. 1A).
We measured lactate and LDH concentrations in media from
organotypic cultures that were chronically treated by 100 �M

phenytoin, 3 mM kynurenic acid (KYNA), or vehicle. Data from
7, 10, 14, 17, 21, 24, 28, and 32 DIV were combined into four
time points by arithmetic mean, DIV �{7,10}�, �{14,17}�,
�{21,24}�, and �{28,32}� (Fig. 1 B,C). Lactate and LDH con-
centrations in control (vehicle) cultures were significantly higher
than in cultures treated by either phenytoin or KYNA (n � 12
cultures from three animals, each condition).

In epileptic control cultures, when ictal activity was present,
lactate production was 1.88 � 0.38 mM/d (Fig. 1F; average � SD,
n � 8 periods between medium changes, seven cultures), while in
the absence of ictal events, lactate was produced at 1.12 � 0.22
mM/d (p � 0.001, t test; average � SD, n � 16 periods between
medium changes in seven slice cultures). Lactate production and
duration of electrical activity were strongly correlated (Fig. 1D;
n � 7 cultures, Pearson r � 0.622, p � 0.01), as were LDH
concentrations and PI counts (Fig. 1E; n � 6 cultures, data from
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Figure 1. Validation of lactate and LDH measurements as biomarkers for epileptic activity and cell death. A, Representative time course of epileptogenesis in an organotypic hippocampal culture.
Colors correspond to the frequency of paroxysmal event occurrence in 10 s bins, with examples shown on the right. Deep blue, multiunit activity (top trace); light blue or yellow, interictal activity
(middle trace); red, electrographic seizures (ictal events, bottom trace). B, C, time course of lactate (B) and LDH (C) concentration and cumulative production in epileptic controls (�) and cultures
treated with phenytoin (‚), and KYNA (�); n � 12 each condition. Error bars indicate SEM. Statistical significance is shown for epileptic controls versus KYNA-treated cultures, with *p � 0.05,
**p � 0.01, and ***p � 0.001. Statistically significant differences between epileptic controls and phenytoin-treated cultures were the same as control versus KYNA, except for lactate at DIV
�{28,32}� and LDH at DIV �{21,24}� and �{28,32}�, where no statistically significant differences were found. D, Relationship of lactate concentration and activity, during time periods when
only physiological or interictal activity was present (E) or when ictal activity was present (F). Lactate concentrations were plotted versus the duration of electrical activity, with each data point
corresponding to the time between medium changes. Exponential fit line is shown. E, Relationship between LDH concentration in culture supernatant and the number of dead (PI-positive) cells. LDH
concentrations and numbers of PI-stained dead cells were measured in the same cultures, with each time point again corresponding to the time between medium changes (LDH accumulated in the
culture medium since last medium change vs number of PI cells at the time of medium change). Linear fit line is shown. F, Lactate production (average � SD, ***p � 0.001) during time periods with
and without ictal vents, from data shown in D. G, LDH release (average � SD, ***p � 0.001) from cultures during time periods with and without ictal events, from data in E.

9058 • J. Neurosci., May 22, 2013 • 33(21):9056 –9067 Berdichevsky et al. • PI3K-Akt-mTOR Signaling in Epilepsy



seven medium changes, r � 0.635, p � 0.001). LDH release dur-
ing time periods when ictal events occurred was significantly
higher than LDH release during periods with no ictal events (Fig.
1G; p � 0.001, n � 6 cultures).

Manipulation of mTOR signaling: effects on ictal activity and
ictal cell death
We tested the effects of inhibition of kinases (Table 1) on the
development of epilepsy (Fig. 2A–F; n � 3 each condition). In-
hibition of JNK had no significant effect, while inhibition of MEK
had no significant effect on lactate production before 20 DIV.
However, inhibition of PI3K, Akt, mTOR, and dual inhibition of
PI3K-mTOR significantly decreased lactate production starting
from 6 DIV (p � 0.05), and LDH release starting from 9 –10 DIV
(p � 0.05). We repeated the experiments with LY 294002 and
rapamycin (n � 3) and again found significant inhibition of lac-
tate production (from 6 DIV, p � 0.05) and LDH release (from 10
DIV, p � 0.05) relative to controls. We also tested the dose–
response of API-2 and NVP-BEZ235 (n � 3 per condition), and
found dose-dependent inhibition of both lactate and LDH (Fig.
3). We calculated lactate and LDH concentrations in drug-
treated cultures as percentage of paired controls at the day of peak
lactate concentration (maximum ictal activity; Fig. 2G). Signifi-
cant differences were found between controls and rapamycin
(n � 6, p � 0.001), 0.5 �M API-2 (n � 3, lactate p � 0.01, LDH
p � 0.001), LY 294002 (n � 6, p � 0.001), and 40 nM NVP-
BEZ235 (n � 3, p � 0.001).

We recorded electrographic activity in rapamycin, LY 294002,
and control cultures between 10 and 15 DIV (Fig. 4A–E). Ictal
activity was present in �85% of treated and control cultures.
However, there were significant 62 and 45% reductions in the
number of ictal events per hour in rapamycin (n � 16) and LY
294002-treated cultures (n � 14), respectively, versus controls
(n � 13; p � 0.001). Ictal durations were unchanged (p � 0.21)
between controls (36.7 � 3.3 s), rapamycin (32.9 � 3.8 s), and LY
294002-treated cultures (28 � 2.4 s, average � SEM). The total
time cultures spend in ictus per hour was significantly increased
in controls versus rapamycin and LY 294002-treated cultures
(p � 0.001).

Pyramidal neuronal layers were well organized in control ep-
ileptic cultures at 28 DIV (Fig. 4F); however, the number of
surviving CA3c neurons at 28 DIV was �50% higher in cultures
treated with either rapamycin or LY 294002 versus controls (Fig.
4 G; p � 0.01, n � 3). The number of surviving CA1 neurons in
rapamycin and LY 294002-treated cultures was �100% higher
than in controls (p � 0.01, n � 3). In a separate experiment, we
found similar numbers of surviving neurons in control cultures,
but 70 –230% more surviving neurons in NVP-BEZ235-treated
cultures compared with controls in CA3c (p � 0.01, n � 3) and in
CA3b (p � 0.05, n � 3).

Effect of rapamycin wash-in and wash-out on
epileptic activity
Rapamycin treatment from 3 to 28 DIV had the same effect as
described above (n � 6 cultures from two additional experi-
ments; Fig. 5A). Late application of rapamycin from 10 to 28 DIV
resulted in significantly lower lactate concentrations compared
with controls from 17 to 28 DIV, and in significantly lower LDH
concentrations from 17 to 24 DIV (n � 6; Fig. 5B). Early termi-
nation of rapamycin treatment (rapamycin applied 3–17 DIV;
Fig. 5C) did not increase the rate of subsequent lactate accumu-
lation (1.19 � 0.314 mM/d on 17 DIV, 1.16 � 0.448 mM/d on 28
DIV, average � SD, n � 6, p � 0.9) or LDH accumulation
(0.29 � 0.2 a.u./d on 17 DIV, 0.29 � 0.16 a.u./d on 28 DIV,
average � SD, n � 6, p � 0.97).

We did not see a significant change in the power of electro-
graphic activity after 1 h of rapamycin wash-out following
chronic rapamycin treatment (14 —24 DIV) compared with elec-
trographic activity in rapamycin (Fig. 5D,E; n � 3, p � 0.122,
paired t test). We also did not see significant changes in time
seizing (duration of ictal activity per hour of recording) in cul-
tures treated with rapamycin from 3 to 17 DIV and recorded on
17 DIV versus cultures treated with rapamycin from 3 to 17 DIV
and recorded after 11 d of wash-out (i.e., control conditions) on
28 DIV (Fig. 5F; same experimental design as Fig. 5C; n � 18
rapamycin-treated 17 DIV cultures and n � 19 28 DIV cultures in
which rapamycin treatment was discontinued on 17 DIV (11 d
wash), p � 0.447, Mann–Whitney rank sum test).

Chronic rapamycin treatment decreases axon sprouting
We quantified the number of sprouted axons at 8 DIV (Fig. 6).
We confirmed that neurites crossing contours 900 �m away from
the edge of organotypic culture were axons by staining for SMI-
312 (axon marker; Ulfig et al., 1998; Chung et al., 2003) and
MAP-2 (dendritic marker). Both of these markers stain only neu-
ronal, and not glial, processes. Representative images are shown
for an area close to the edge of the slice (Fig. 6D), and an area 900
�m away from the edge of the slice (Fig. 6E). Large numbers of
SMI-312-positive axonal processes, but only a few MAP-2-
positive dendritic processes, leave stratum oriens and extend out-
side of the slice (Fig. 6D), confirming that most of the sprouted
processes outside of the slice are axons. Further away from the
slice, all of the processes are positive for SMI-312, and none are
positive for MAP-2 (Fig. 6E), confirming that only sprouting
axons cross the 900 �m contour. Axon sprouting was signifi-
cantly reduced in rapamycin-treated cultures compared with
controls (Fig. 6F; average � SEM, n � 8 cultures, p � 0.05).
Rapamycin treatment did not significantly reduce axon sprout-
ing from CA1 and subiculum (p � 0.381), but did significantly
reduce sprouting from CA3 and DG areas (p � 0.01 in CA3, p �
0.05 in DG; Fig. 6G). The lack of effect in area CA1 may reflect the
much higher neuronal density in this area in the rapamycin-
treated cultures (Fig. 4F,G). Termination of rapamycin treat-
ment for 11 d did not result in significant new axon sprouting
(n � 8 cultures, comparison of rapamycin-treated cultures at 17
DIV, and same cultures at 28 DIV after 11 d of rapamycin wash-
out, p � 0.686, paired t test; Fig. 6H).

LY 294002 and rapamycin reduce phosphorylation of S6
ribosomal protein
Phosphorylation of S6 (Ser 235/236) significantly increased on
day 1 after dissection versus immediately after dissection (Fig. 7A;
n � 4, p � 0.01). The ratio of pS6 to S6 then decreased by 7 DIV,
and significantly increased again by 21 DIV (1.00 � 0.30 vs

Table 1. Inhibitor names, concentrations, and targets

Target name Target abbreviation Drug name Concentration

c-Jun N-terminal kinase JNK SP 600125 10 �M

MAP kinase kinase MEK U0126 20 �M

Mammalian target of rapamycin mTOR Rapamycin 20 nM

Protein kinase B Akt API-2 0.5 �M

Phosphoinositide 3-kinase PI3K LY 294002 10 �M

Dual inhibitor PI3K-mTOR NVP-BEZ235 40 nM
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1.88 � 0.43, 7 and 21 DIV, respectively, average � STD, n � 4,
p � 0.05). Phosphorylation of S6 at Ser 235/236 was significantly
reduced in pyramidal cells in rapamycin and LY 294002-treated
cultures at 7 DIV compared with controls (Fig. 7 B; n � 3). The
ratio of phospho-S6 (Ser 235/236) versus total S6 was reduced in
rapamycin and LY 294002-treated cultures (94 and 81%, respec-
tively, p � 0.001, n � 9, Fig. 7C). The ratio of phospho-S6 (Ser
240/244) versus total S6 was also significantly reduced in rapa-
mycin and LY 294002-treated cultures (99 and 91%, respectively,
p � 0.001, n � 6; Fig. 7D).

Discussion
Key findings
We found that lactate and LDH assays of culture media sam-
pled at twice-weekly media changes provided useful estimates
of ictal activity and ictal cell death in organotypic hippocam-

pal cultures as they became epileptic in the first 10 DIV. PI3K
and mTOR inhibition reduced S6 phosphorylation, and PI3K,
Akt, mTOR, and combined mTOR/PI3K inhibition reduced
cell death, axon sprouting, and the severity of epilepsy. Wash-
out experiments indicated that mTOR inhibition had no di-
rect anticonvulsant effect, and that the anti-epileptogenic and
neuroprotective effects of mTOR inhibition persisted for 11 d
after wash-out.

Lactate and LDH assays
In the organotypic hippocampal culture model of pediatric post-
traumatic epilepsy, interictal and ictal activities appear during the
second week after initial injury (Dyhrfjeld-Johnsen et al., 2010).
Ictal activity is accompanied by a significant increase in activity-
dependent cell death, and both ictal activity and cell death are
prevented by KYNA and phenytoin (Pozzo Miller et al., 1994;

Figure 2. Screen of inhibitors. A, SP 600125, JNK inhibitor. B, U0126, MEK inhibitor. C, Rapamycin, mTOR inhibitor. D, API-2, Akt inhibitor. E, LY 294002, PI3K inhibitor. F, NVP-BEZ235, dual
PI3K/mTOR inhibitor. n � 3 per data point, for cultures with vehicle (F) and inhibitor treatment (E) lactate, and for cultures with vehicle (�) and inhibitor treatment (�) LDH. Cumulative
averages of lactate and LDH production are plotted in each figure as solid gray line (vehicle-treated cultures) or dashed gray line (inhibitor-treated cultures). G, Summary of the data at the day of peak
lactate production. N � 3 for both controls and treated slices for all groups except rapamycin (n � 6) and LY 294002 (n � 6). Error bars indicate SD.
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Berdichevsky et al., 2012). If untreated, ictal activity persists for
longer than 4 weeks in vitro (Fig. 1A). The time course of epilep-
togenesis in cultures from different animals varied slightly, sim-
ilar to variances previously found in epileptogenesis in individual
animals subject to the same insult (Williams et al., 2009; Kadam
et al., 2010). For this reason, all experiments were controlled by
comparing vehicle- and inhibitor-treated slices from the same
animal.

We found increased lactate production due to ictal activity,
and increased LDH release due to activity-dependent cell death.
Ictal lactate accumulation occurs in humans (During et al., 1994;
Castillo et al., 2001; Mercimek-Mahmutoglu et al., 2012) and in
animal models of epilepsy (Chapman et al., 1977; Fujikawa et al.,
1988; Wasterlain et al., 2010). LDH release is a widely used
marker of cell death (Decker and Lohmann-Matthes, 1988;
Bonfoco et al., 1995). Measurements of lactate and LDH con-
centrations in organotypic hippocampal cultures are faster
and less labor intensive than electrographic recordings and
dead cell counts, enabling rapid analysis of chronic drug ef-
fects including dose–response (Fig. 3). Lactate and LDH levels
were significantly reduced by phenytoin and KYNA acid,
known inhibitors of ictal activity and cell death in organotypic

cultures (Berdichevsky et al., 2012). Lactate and LDH assays
were also congruent with electrographic and Nissl measure-
ments of rapamycin and LY 294002 effects on epileptiform
activity and neuronal survival. These findings support the util-
ity of lactate and LDH measurements as biomarkers of the
progression of epilepsy in this model.

Total lactate production by an organotypic hippocampal cul-
ture depends on the number of surviving neurons in the culture.
It has been previously shown that spontaneous seizures in orga-
notypic cultures result in ongoing neural death (Pozzo Miller et
al., 1994; Berdichevsky et al., 2012), leaving fewer neurons to
make lactate. This may result in decreased lactate production
such as that seen in vehicle-treated cultures in Figures 1B and
2A–F between 3 and 4 weeks in vitro. To interpret whether this
decrease corresponds to a decrease in epileptic activity or a de-
crease in the number of neurons, LDH assays of cell death are
necessary. The time course of LDH production in vehicle-treated
epileptic cultures in Figures 1C and 2A–F shows significant in-
creases in cell death after the end of latent period. Cell death due
to seizures is ongoing and cumulative (Fig. 1C), and by 28 DIV
results in a dramatic reduction in the number of surviving neu-
rons (Fig. 4F,G; Berdichevsky et al., 2012). In these cultures,

Figure 3. Lactate and LDH concentrations show dose–response to varying concentrations of inhibitors. A, Dose–response to chronic API-2 treatment, n � 3 per point/condition. B, Dose–
response to chronic NVP-BEZ235 treatment, n � 3 per point/condition. Concentrations are shown in the figure. Error bars indicate SD.
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Figure 4. Electrical recordings and neuronal counts confirm that LY 294002 (LY) and rapamycin (RAPA) treatments reduce number of ictal events and promote neuronal survival. A, Typical ictal
event in an epileptic control culture. B, Representative electrical recordings from control, rapamycin, and LY 294002-treated cultures. Rapamycin and LY 294002 treatments reduce seizure frequency
(C), but not seizure duration (D), with the overall effect of reducing the time spent in ictal state (E). **p � 0.01, ***p � 0.001. F, Representative images of Nissl-stained organotypic hippocampal
cultures at 28 DIV. Scale bars, 50 �m. G, Neuronal counts revealed that more neurons survive in CA3c and CA1 of rapamycin and LY 294002-treated cultures compared with epileptic controls, n �
3 per condition, **p � 0.01, ***p � 0.001.
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lactate production is reduced due to lower number of neurons,
but ictal activity has not ceased. In contrast, cultures treated with
KYNA, phenytoin, or inhibitors of PI3K-Akt-mTOR pathway
have reduced or no ictal activity, and correspondingly, no

seizure-dependent cell death (as shown by LDH assays). En-
hanced neuron survival in these cultures (Figs. 4F,G) results in
higher rates of physiological lactate production, because there are
more neurons to make lactate. At later time points (fourth week

Figure 5. Effects of different time courses of rapamycin (RAPA) treatment on progression of epilepsy. A, Rapamycin is applied 3 to 28 DIV, 10 –28 DIV (B), 3–17 DIV (C). Control lactate
concentrations are plotted as F, while lactate concentrations in the rapamycin experimental group are plotted as E. LDH concentrations are plotted as � for control group, and � for
rapamycin group. N � 6 per condition, per data point, *p � 0.05, **p � 0.01, ***p � 0.001. D, Representative electrical recording of a culture that was chronically treated with
rapamycin, showing no change in activity upon rapamycin wash-out. E, Results of rapamycin washout in three cultures, E represents power of electrical activity in rapamycin, and F
power of activity after wash-out. F, Comparison of seizure activity in rapamycin-treated cultures at 17 DIV (empty circle), and cultures in which rapamycin treatment was discontinued
starting at 17 DIV for 11 d (filled circle).
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in vitro), lactate production from a chronically epileptic slice with
fewer surviving neurons may be the same as the rate of physio-
logical lactate production in a treated slice. Thus, differences in
lactate production diminish over time, and analysis of cell death
via LDH assay is necessary for interpretation of lactate assay as a
marker of ictal activity.

mTOR and epilepsy
Lactate and LDH levels were dramatically reduced once ictal
events began to occur (9 –17 DIV) in cultures treated with inhib-
itors of PI3K, Akt, and mTOR. The reductions in lactate and LDH
due to rapamycin (mTOR), API-2 (Akt), and LY 294002 (PI3K)
treatments were similar and confirmed by direct measurements
of electrographic activity and cell survival, which suggested that
PI3K-Akt signaling was responsible for most of mTOR activation
as measured by physiological effects on epilepsy and cell death.
The phosphorylation level of S6 ribosomal protein (a down-
stream effector of mTOR pathway phosphorylated through S6K)
is a widely used marker of mTOR activation (Guertin and Saba-
tini, 2007; Buckmaster et al., 2009; Zeng et al., 2009). Phosphor-
ylation of S6 has been reported to increase after epileptogenic
brain injury (Buckmaster et al., 2009; Zeng et al., 2009; Huang et
al., 2010; Zhang and Wong, 2012) and hypoxic seizures (Talos et
al., 2012). Interestingly, phosphorylation of S6 was biphasic in
our experiments: a transient increase immediately after initial
injury (dissection) followed by a second increase during the pe-
riod of ictal activity and ictal cell death. These data suggest that
injury, whether caused by physical trauma or by ictal activity, can
increase mTOR activation. On the other hand, S6 remained mod-
erately phosphorylated throughout the latent period, suggesting
that mTOR activation may play a role in circuit reorganization
before appearance of spontaneous seizures. Chronic LY 294002
treatment reduced phosphorylation of S6 at 7 DIV (near the end
of the pre-ictal period) as effectively as chronic rapamycin treat-
ment, again suggesting that most of mTOR activation during the
pre-ictal period occurs through PI3K. Finally, a dual PI3K-
mTOR inhibitor NVP-BEZ235 (Maira et al., 2008) reduced lac-
tate and LDH concentrations as much as PI3K or mTOR
inhibitors alone. The absence of additive or synergistic effects
confirms that anti-epileptic effects of PI3K inhibition are due to
inactivation of mTOR. Our findings demonstrate that mTOR
activation in post-traumatic epileptogenesis is strongly PI3K de-
pendent, suggesting that activation of PI3K by growth factors
may be an important contributing factor to the development of
epilepsy after trauma. Considering the complexity and feedbacks
present in mTOR signaling (Guertin and Sabatini, 2007) and
involvement of PI3K and Akt in mTOR activation, dual inhibi-
tors such as NVP-BEZ235 or other drugs with similar mecha-
nisms (Engelman, 2009; Borders et al., 2010) may prove
preferable to rapamycin in treatment of epilepsy.

Anti-epileptogenic effects of mTOR inhibition
mTOR inhibition could be either anti-epileptogenic (preventing
the development of epilepsy), or merely anticonvulsant. Data

Figure 6. mTOR inhibition reduces axon sprouting. A, Left, Stitched micrographs show or-
ganotypic hippocampal culture and surrounding area with sprouted axons. The inset shows
sprouting axons with quantification markers at different distances from the culture. B, C, Rep-
resentative images of a control culture (B) and rapamycin-treated culture (C) are shown at 8
DIV, with marks corresponding to axons crossing the contour 900 �m away from CA3 (blue), DG
(green), or CA1 and subiculum (yellow) border. D, Representative SMI-312 (green) and MAP-2
(red) staining of processes at the edge (white line) of an 8 DIV organotypic culture; right image

4

is merged SMI-312 and MAP-2 staining (stratum oriens, SO). E, Representative SMI-312 (green,
left image) and MAP-2 (red, middle image), and merged SMI-312/MAP-2 (right image) staining
of processes 900 �m away from the edge of an 8 DIV organotypic culture. F, Comparison of the
numbers of axons crossing 900 �m contour in rapamycin or vehicle-treated cultures (n � 8,
p � 0.05), G, Numbers of axons originating from different areas of the hippocampal culture,
*p � 0.05. H, Comparison of the numbers of axons crossing 900 �m contour in rapamycin-
treated cultures at 17 DIV (empty circles) versus axons in the same cultures 11 d after discon-
tinuation of rapamycin treatment (filled circles).
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from acute applications of rapamycin in
vitro do not suggest a direct anticonvul-
sant effect (Daoud et al., 2007; Rüegg et
al., 2007). Structural changes such as the
reduction of mossy fiber sprouting after
chronic mTOR inhibition suggest an anti-
epileptogenic effect (Buckmaster et al.,
2009; Zeng et al., 2009; Huang et al.,
2010). In our model, mTOR inhibition
with rapamycin also led to reduced
sprouting at 8 DIV. In the organotypic
hippocampal culture model of epilepto-
genesis, 8 DIV is the latest time point at
which this comparison can be made with-
out confounding by the onset of seizures
and ictal cell death, which may produce
additional sprouting. Our results suggest
that inhibition of mTOR signaling after
injury, but before onset of seizures, re-
duces injury-induced axon sprouting.
Suppression of mossy fiber sprouting re-
quired ongoing treatment with rapamy-
cin (Buckmaster et al., 2009), suggesting
that temporary mTOR inhibition does
not have sustained anti-epileptogenic ef-
fects. However, we found that after early
termination of rapamycin treatment, lac-
tate production, and LDH release re-
mained suppressed for at least 11 d. It is
important to note that at later time points,
rapamycin-treated cultures produce low
levels of lactate despite retaining many
more neurons than control (epileptic)
cultures that have experienced significant
ictal cell death. Lactate production is sim-
ilar in rapamycin-treated and vehicle-
treated cultures at later time points
(fourth week in vitro) due to significant
neural death in vehicle-treated cultures
from seizures, and enhanced neuronal
survival in rapamycin-treated cultures, as
discussed above. Low lactate production
from large numbers of neurons is consis-
tent with strong attenuation of ictal activ-
ity in rapamycin-treated cultures, even
after rapamycin wash-out. Reductions in
axon sprouting and electrographic sei-
zures persisted after rapamycin wash-out
and confirmed results of lactate and LDH
assays. These findings imply that in our

Figure 7. Phosphorylation of S6 ribosomal protein is reduced with chronic rapamycin or LY 294002 treatment. A, Changes in S6
phosphorylation with time in vitro. Top: Representative Western blots of phospho-S6 (Ser 235/236) and total S6, from 0 to 7 DIV,

4

and from 7 to 27 DIV. Bottom, Ratios of phospho-S6 (Ser 235/
236) to total S6 are plotted (n � 4, average �/� STD, *p �
0.05, **p � 0.01). B, Immunohistochemistry micrographs of
cultures with different treatments, Nissl stain is shown in red
and phosphor-S6 is in green. C, Representative Western blot of
pS6 (Ser235/236) and total S6 and comparison of pS6 (Ser
235/236)/S6 ratio in cultures treated with vehicle, rapamycin,
or LY 293002. D, Representative Western blot of pS6 (Ser 240/
244) and total S6, and comparison of pS6 (Ser 240/244)/S6
ratio in cultures treated with vehicle, rapamycin, or LY 294002
(***p � 0.001).
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model, transient inhibition of mTOR has sustained effects on
epilepsy. Finally, it was reported that rapamycin reduces seizure
activity even when given after the development of spontaneous
recurrent seizures (Huang et al., 2010). Our findings were simi-
lar: epileptiform activity and resulting cell death were both sig-
nificantly reduced by late rapamycin treatment (starting on 10
DIV) compared with epileptic controls (Fig. 5B), suggesting that
rapamycin was effective even in this relatively late stage of epilep-
togenesis. While these findings may have clinical implications for
treatment of acquired epilepsy, they suggest that epileptogenesis
may be a more dynamic process than previously imagined. Ictal
cell death (Berdichevsky et al., 2012) may alter epileptic networks
in a fashion that requires ongoing circuit plasticity to maintain
epilepsy, and this ongoing epileptogenesis might be blocked by
late mTOR inhibition.

Utility and limitations of the organotypic slice preparation
for mTOR signaling
Hippocampal organotypic slice cultures provide an exceptionally
rapid model of epileptogenesis that retains key features of this
process (Dyhrfjeld-Johnsen et al., 2010; Berdichevsky et al., 2012;
Sabolek et al., 2012). Because the slices are created at P7, this is a
model of epileptogenesis after pediatric brain injury, and some of
our results may be specific to the pediatric population. The slice
cultures have microglia but few other elements of the immune
system and no blood– brain barrier, so anti-inflammatory and
vascular effects of mTOR inhibition can be largely excluded. The
accessibility of the preparation lends itself to rapid assays of both
seizure activity and neuroprotection. The high throughput of this
approach is particularly important for the exploration of the in-
teraction of brain injury, epilepsy, and the effect of manipulation
of complex signaling systems such as the mTOR pathway, in
which not only the point of pathway intervention but also the
timing relative to injury are important variables.
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