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Traumatic brain injury (TBI) is a major cause of epilepsy, yet the mechanisms underlying the progression from TBI to epilepsy are
unknown. TBI induces the expression of COX-2 (cyclooxygenase-2) and increases levels of prostaglandin E2 (PGE2). Here, we demon-
strate that acutely applied PGE2 (2 �M) decreases neocortical network activity by postsynaptically reducing excitatory synaptic trans-
mission in acute and organotypic neocortical slices of mice. In contrast, long-term exposure to PGE2 (2 �M; 48 h) presynaptically
increases excitatory synaptic transmission, leading to a hyperexcitable network state that is characterized by the generation of paroxys-
mal depolarization shifts (PDSs). PDSs were also evoked as a result of depriving organotypic slices of activity by treating them with
tetrodotoxin (TTX, 1 �M; 48 h). This treatment predominantly increased postsynaptically excitatory synaptic transmission. The network
and cellular effects of PGE2 and TTX treatments reversed within 1 week. Differences in the underlying mechanisms (presynaptic vs
postsynaptic) as well as occlusion experiments in which slices were exposed to TTX plus PGE2 suggest that the two substances evoke
distinct forms of homeostatic plasticity, both of which result in a hyperexcitable network state.

PGE2 and TTX (alone or together with PGE2) also increased levels of apoptotic cell death in organotypic slices. Thus, we hypothesize
that the increase in excitability and apoptosis may constitute the first steps in a cascade of events that eventually lead to epileptogenesis
triggered by TBI.

Introduction
Homeostatic plasticity is critical for maintaining stability in neu-
ronal networks involved in various physiological processes, in-
cluding neurodevelopment (Chandrasekaran et al., 2007) and
learning and memory (Nelson and Turrigiano, 2008). In re-
sponse to changes in synaptic strength, homeostatic plasticity
reestablishes a fine balance between excitation and inhibition. In
general, increased activity leads to downregulation, whereas de-
creased activity leads to upregulation in excitatory synaptic trans-
mission (O’Brien et al., 1998; Turrigiano et al., 1998). But
homeostatic mechanisms can also include alterations in synaptic
inhibition (Maffei et al., 2006; Stellwagen and Malenka, 2006) or
shifts in intrinsic excitability (Desai et al., 1999; Aizenman et al.,
2003). Consistent with a homeostatic response, activity depriva-
tion in hippocampal slice cultures leads to increased excitatory
synaptic transmission (Trasande and Ramirez, 2007). But long-
term activity deprivation strengthened excitatory synapses to the
extent that the hippocampal network generated seizure-like ac-
tivity, revealing a potentially dark side of homeostatic regulation
(Trasande and Ramirez, 2007). Indeed other reports are consis-
tent with the notion that epileptogenesis may be an unwanted

consequence of homeostatic plasticity (Houweling et al., 2005;
Avramescu and Timofeev, 2008).

A connection between homeostatic plasticity and epilepsy could
be particularly relevant for traumatic brain injury (TBI), which is a
major cause of epilepsy (Topolnik et al., 2003; Nita et al., 2006;
Avramescu and Timofeev, 2008). Among the general population,
�15% of patients that suffer from severe brain trauma may develop
chronic seizures (Salazar et al., 1985; Annegers and Coan, 2000).This
is particularly alarming because an increasing number of soldiers
returning from war experience TBI (Warden, 2006).

Here, we tested the hypothesis that TBI leads to a homeostatic
response that constitutes the first step in a process that will even-
tually result in seizures and epilepsy. A prominent second mes-
senger pathway activated after TBI, seizures, infection, or
physical injury involves the enzyme cyclooxygenase-2 (COX-2)
or PGH (prostaglandin H) synthase, an inducible enzyme, which
is highly regulated by neuronal activity (Yamagata et al., 1993).
One of the major metabolic products of this enzyme is prosta-
glandin E2 (PGE2). These enzymes are highly expressed in the
postsynaptic spines of excitatory cortical neurons (Kaufmann et
al., 1996). COX-2 and PGE2 are also involved in synaptic signal-
ing and long-term plasticity (Chen and Bazan, 2005; Akaneya and
Tsumoto, 2006; Yang et al., 2008). PGE2 increases excitatory syn-
aptic transmission in the hippocampus (Sang et al., 2005),
whereas it inhibits inhibitory synaptic transmission in the spinal
cord (Ahmadi et al., 2002).

Here, we report that PGE2 reduces excitatory synaptic trans-
mission and depresses network activity when applied acutely in
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neocortical slices. In contrast, long-term exposure to PGE2 leads
to a hyperexcitable network state displaying paroxysmal depolar-
ization shifts (PDSs). Similarities between the long-term effects
of PGE2 and those of other forms of activity deprivation suggest
that the PDSs are the result of a homeostatic response that may
lead to epileptogenesis. Our finding is also consistent with
activity-dependent changes seen in partially isolated cortex mod-
els (Prince and Tseng, 1993), in which local activity deprivation
produced hyperexcitable foci in the cortex.

Materials and Methods
Acute slice preparation. Postnatal days 15 to 25 (P15–P25) male or female
CD-1 mice were deeply anesthetized by using isoflurane and decapitated
at the C3/C4 spinal level, and the forebrain was isolated in ice-cold arti-
ficial CSF (ACSF). One hemisphere was then glued onto an agar block
with its rostral end up and mounted onto a vibrating tissue slicer (Leica;
VT1000S). Coronal slices of the somatosensory cortex (500 �m) were
transferred into a recording chamber and submerged under a stream of
ACSF (temperature, 30°C; flow rate, 10 ml/min) containing (in mM) 118
NaCl, 3 KCl, 1.5 CaCl2, 1 MgSO4, 25 NaHCO3, 1 NaH2PO4, and 30
D-glucose equilibrated with carbogen (95% O2; 5% CO2). As described
previously (van Drongelen et al., 2003, 2006), network bursting can be
induced in acute isolated neocortical slices from mice by raising potas-
sium concentrations to 5 mM (see Fig. 4).

Organotypic neocortical slice cultures. Neocortical slice cultures were
prepared from CD-1 mice (P4 –P6). Mice were anesthetized with isoflu-
rane and decapitated, and the neocortex was rapidly isolated and placed
in Gey’s balanced salt solution (Sigma-Aldrich) supplemented with
D-glucose (6.5 mg/ml, Sigma-Aldrich) and chilled to 4°C. The brain was
divided into two hemispheres and placed on 3.5% agar-coated Teflon
plates and cut coronally into 450-�m-thick slices using a McIlwain tissue

chopper (Warner Instruments). Cortical
slices were transferred to uncoated 30 mm
Millicell-CM tissue culture inserts with 0.4 �m
pores (Millipore) in six-well culture dishes (BD
Biosciences). Culture media containing Basal
Medium Eagle (50%), Earle’s balanced salt so-
lution (25%), horse serum (23%), 10 �g/ml
gentamicin, 1 mM L-glutamine, and 42 mM glu-
cose (Sigma-Aldrich) were added to the bot-
tom of each well and replaced every 2–3 d.
Cultures were maintained at 37°C with 5%
CO2 balanced humidified air in a standard wa-
ter jacketed incubator (Thermo Scientific).
Slices were maintained in vitro for 14 – 40 d be-
fore electrophysiological recordings.

Extracellular population recordings. To ob-
tain a signal containing multiunit action po-
tential (AP) activity, extracellular signals were
amplified 10,000-fold and filtered between
0.25 and 1.5 kHz. To facilitate detection of up
states, this signal was rectified and integrated
by using an electronic integrator with a time
constant of 50 ms. Both the extracellular re-
cording and the integration were performed
with custom-built electronics.

Intracellular whole-cell recordings. The re-
cording electrodes had a resistance of 3–5 M�
when filled with the whole-cell patch-clamp pi-
pette solution containing the following (in
mM): 140 K-gluconic acid, 1 CaCl2 � 6H2O, 10
EGTA, 2 MgCl2 � 6H2O, 4 Na2ATP, and 10
HEPES, pH 7.2. The intracellular pipettes con-
tained biocytin (4.5 mg/ml) to identify the lo-
cation and morphology of the neurons.
Intracellular current-clamp recordings were
obtained from cortical neurons with the blind-
patch technique or the visual-patch technique.
In the blind-patch technique, electrodes with a

positive pressure of 35–50 mmHg were advanced into the slice in 10 �m
steps using a manually driven micromanipulator (Leitz). As the electrode
approached the cell, the measured electrode resistance increased. To ob-
tain a gigaseal, we removed the positive pressure and applied negative
suction. The recordings were low-pass filtered (0 –2 kHz, Bessel four-
pole filter, �3 dB).

By using the visual-patch technique, neurons of the deep layers were
visually identified (Zeiss Axioskop 2 FS microscope with IR-DIC).
Whole-cell patch-clamp recordings were obtained with a sample fre-
quency of 10 kHz and a low-pass filter setting of 2 kHz. Recordings were
made with unpolished patch electrodes manufactured from borosilicate
glass pipettes with filament (Warner Instruments G150F-4). The patch-
clamp experiments were performed with a patch-clamp amplifier (Axo-
Patch 1D), a digitizing interface (Digidata 1322A), and the software
program pClamp 9.2 (Molecular Devices). Neurons located directly at
the slice surface were not examined because they were more likely to be
severely damaged during the preparation than were neurons located
deeper within the slice. Furthermore, recordings with obvious space
clamp problems were discarded (Armstrong and Gilly, 1992). Poor space
clamping was indicated by rebound spikes (rapid, fast inactivating in-
ward currents, which were induced by steps from depolarizing test po-
tentials to the former holding potential). After recording, the slices were
placed in neutral buffered formalin 3.7% solution for subsequent stain-
ing procedures.

Quantification of up state activity. To quantify the up and down state
activity of the organotypic slice cultures, the intracellular membrane
potential recordings were analyzed using custom routines written in
MATLAB 7.2 (The MathWorks). First, slow DC drift was eliminated by
detrending the entire recording with a fourth-order polynomial fit. Can-
didate up states were then identified by threshold crossings of a low-pass
filtered version of the membrane potential trace (second-order Butter-

Figure 1. Spontaneous up and down states were recorded from organotypic slices cultured between 14 and 40 DIV. A, Example
of a simultaneous extracellular population and dual intracellular recording of cortical neurons exhibiting synchronized activity
during up state activity. B, Expanded time base. The amplitudes of intracellularly recorded up states were characterized by the
maximum depolarization (peak amplitude) and mean depolarization (mean amplitude) from the down state baseline membrane
potential in traces that had been stripped of action potentials by low-pass filtering (D; see Materials and Methods). C, The structural
anatomy of organotypic slices showed typical laminar architecture of the cortex (note the Tbr1 staining of the deep layer) (Hevner
et al., 2001). C1, The biocytin staining of a recorded layer 5 pyramidal cell.
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worth filter with a corner frequency of 0.5 Hz). The threshold was de-
fined adaptively as half of the standard deviation of the baseline
membrane potential noise during periods between up states. Recording
artifacts and threshold crossings, which defined a candidate up state that
was �250 ms in duration, were not included in the subsequent analysis.
Action potential deflections were eliminated from membrane potential
recordings by low-pass filtering (second-order Butterworth filter with a
corner frequency of 5 Hz) before calculation of the following parameters
for the identified up states in each recording: (1) peak amplitude, (2)
mean amplitude, (3) duration, and (4) frequency (see Fig. 1 D). Statistical
analysis was performed with Prism 5.01 (GraphPad). The significance of
differences among the three groups was assessed with a one-way ANOVA
and a Bonferroni multiple-comparisons post hoc test.

Evoked EPSPs. In acute or organotypic slices, EPSPs were recorded in
cortical layer 5 pyramidal neurons and evoked by a bipolar stimulation
electrode placed in the superficial layers (2/3). The EPSPs were evoked at
a frequency of 0.1 Hz with a brief stimulus (0.1 �s,10 –300 �A) and 50
EPSPs were recorded to observe a stable baseline before bath application
of drugs. Statistical analysis was performed with Prism 5.01 (GraphPad).
The significance of differences between data values was assessed with the
Student’s t test and assumed when p � 0.05.

Miniature EPSCs. We eliminated AP-evoked synaptic events by adding
1 �M TTX to the ACSF. Miniature EPSCs (mEPSCs) were recorded and
digitized for a period of 5 min per data file. Signals were sampled with a
frequency of 10 kHz (filtered at 2 kHz) at a holding potential (Vh) of �60
mV and stored for subsequent analysis. Considering equilibrium-
potential-to-holding-potential relationships, all upward deflections had
to be chloride-conducting, inhibitory currents, whereas all downward
deflection had to be mEPSCs. To ensure steady drug concentration equi-
librium in the recording chamber, a 4 min preapplication of PGE2-
containing solution was performed before the start of the actual 5 min
data recording that was used for the later analysis. Data were analyzed by
using MiniAnalysis 5.41 (Synaptosoft) and statistical analysis was per-

formed with Prism 5.01 (GraphPad). A computerized preanalysis of each
5 min recording was performed to tag all events that qualified as mEPSCs
according to the user-defined, program-specific detection parameters.
However, an additional manual screening of each data trace was neces-
sary to eliminate detection errors. During this process, incorrectly tagged
artificial events were unmarked and missed real mEPSCs events were
tagged. To determine the representative amplitude and decay time of the
recorded mEPSCs in each data trace, an average mEPSC from 50 single
mEPSCs was created as follows: For each 5 min data trace, the computer
randomly picked 75 single events. Those events were superimposed and
aligned at 50% rise time. Single events that did not line up within a
rise-time window of 4 ms were manually eliminated. In addition, the
decay phase of each event had to steadily decay without any interruption
by additional events or noise for 50 ms. This procedure was followed
until 50 events were included into the average. A computerized single-
exponential fit through the decay phase (10 –90%) of the average mEPSC
delivered a representative amplitude and decay time constant (�). Statis-
tical analysis was performed with Prism 5.01 (GraphPad). The signifi-
cance of differences between data values was assessed with the Student’s
t test and assumed when p � 0.05.

Immunofluorescence. Free-floating organotypic slices were washed
thoroughly in PBS/0.1% Triton X-100. Double-label immunofluores-
cence assays were done routinely as described previously (Hodge et al.,
2008). Blocking solution, consisting of PBS with 0.1% Triton X-100
(PBS-T), 10% normal donkey serum was applied to slides for 1 h at room
temperature. Slides were then incubated overnight at 4°C with primary
antibodies (listed below), rinsed in PBS for 1 h, and then incubated for
1 h at room temperature with fluorescent secondary antibodies (Alexa
Fluor, Invitrogen). Sections were rinsed in PBS for 1 h, counterstained
with DAPI (0.01%, Invitrogen), and mounted on slides before coverslip-
ping. The following primary antibodies were used: rabbit polyclonal anti-
Tbr1 (1:1500, R.F.H. laboratory) and rabbit anti-active-caspase-3 (1:500,

Figure 2. TTX treatment of organotypic slice cultures induced PDS-up states. A, B, Up states of TTX-treated slices had the characteristics of PDSs, displaying depolarization block during the
recurring network activity (B). C, The peak and mean amplitude of the up states in the TTX-treated group were significantly higher than these values for up states in the control group, whereas the
duration and frequency were not significantly different. After a 1 week recovery period, these values returned to values similar to the control group (one-way ANOVA **p � 0.01, ***p � 0.001).
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Cell Signaling Technology catalog number 9661). Secondary antibodies
were conjugates of Alexa Fluor 488 and 568 (1:500, Invitrogen).

Cell counts. Cell counts were conducted on three individual slices per
treatment group. For each slice, the area of the cerebral cortex was mea-
sured using a Zeiss Axioimager Z1 microscope with Axiovision v4.7 soft-
ware. Cells immunolabeled with rabbit anti-active-caspase-3 antibody
were counted within the traced area on each slice. The density (in cells per
square millimeter) of active caspase-3-positive cells was determined by
dividing the total number of immunolabeled cells by total cortical area.
The significance of differences among three groups was assessed with a
one-way ANOVA test and a Bonferroni multiple-comparisons post hoc
test.

Results
Activity of organotypic cortical slice cultures
All neocortical organotypic slices cultured for 14 – 40 d in vitro
(n � 34) revealed spontaneous rhythmic up and down states

as described previously (Johnson and
Buonomano, 2007). Up and down states
have also been reported in acute slices
(Sanchez-Vives and McCormick, 2000;
Reig and Sanchez-Vives, 2007) and in vivo
in anesthetized animals (Contreras and
Steriade, 1995; Haider et al., 2006) and dur-
ing sleep (Steriade, 2001; Timofeev et al.,
2001; Mahon et al., 2006; Okun et al., 2010).

In our study, up states were character-
ized by a sudden membrane depolariza-
tion, increased firing rate, and increased
variability of the membrane potential
(Fig. 1A,B). Up states were followed by
down states that were characterized by
membrane hyperpolarization, decreased
firing rate, and decreased membrane po-
tential variability of the recorded cells
(Fig. 1A,B). On average, the peak ampli-
tude of the up states was 24.61 � 10.55
mV with a mean amplitude of 10.57 �
4.19 mV; they occurred at a frequency of
0.057 � 0.048 Hz and lasted 5.09 � 2.98 s.
During our investigations, we did not ob-
serve action potential firing during the
down state in untreated controls. How-
ever, occasionally subthreshold synaptic
events occurred, such as those seen in Fig-
ure 1A. Because occasional synaptic
events have not been described in vivo,
conceivably, such events are an artifact of
the in vitro preparation.

Effects of TTX treatment (48 h) on
network and cellular activity in
organotypic slices
We first examined whether activity depri-
vation in neocortical slice cultures evoke
homeostatic responses and seizure-like
activity as previously reported in the hip-
pocampus (Trasande and Ramirez, 2007).
This was accomplished by adding TTX (1
�M) to the culture medium 48 h before
recording. After the treatment, organo-
typic slices were transferred into the re-
cording chamber and washed with 100 ml
of aCSF before performing the experi-
ments. Current-clamp recordings (n �

15) revealed that the TTX treatment changed the characteristics
of the recorded activity into high-amplitude PDSs (Fig. 2A,B).
The peak and mean amplitudes underlying the PDS-up states
were significantly higher than the values of the control group
(Fig. 2C), whereas the duration of the PDS-up states was not
significantly longer and the frequency did not significantly
change compared with the up states of the control group. After a
1 week recovery period, the peak and mean amplitude measures
of the up state events were similar to those of control cultures
(Fig. 2C).

Amplitude of mEPSCs increases after TTX treatment (48 h)
To determine whether the changes in network activity in TTX-
treated slices were caused by changes in excitatory synaptic trans-
mission, we recorded mEPSCs of cortical neurons (n � 25). The

Figure 3. Amplitude and frequency of mEPSCs were increased in TTX-treated slices compared with control. A, B, The amplitude
and frequency of recorded mEPSCs from TTX-treated cultures were significantly higher than those from the untreated control slices
(**p � 0.01,*p � 0.05) and returned to values similar to the control after 1 week of recovery (one-way ANOVA).

Figure 4. In acute cortical slices PGE2 (2 �M) inhibits network activity. A, In acute cortical slices, network bursting was induced
by raising the potassium chloride concentration to 5 mM. B, C, PGE2 (bath application) reduced the frequency of network bursting
activity.
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amplitudes of mEPSCs recorded from neurons after TTX treat-
ment (n � 10) were significantly higher than those from con-
trol slices (n � 9) and returned to values similar to control
after a 1 week recovery period (n � 6) (Fig. 3 A, B). The fre-
quency of mEPSCs was slightly higher in TTX-treated cultures
than the frequency of mEPSCs in control cultures (Fig. 3A,B)
and decreased again after a 1 week recovery period. The decay
time of mEPSCs in all treatment groups showed no significant
difference (data not shown). These data suggest that the neo-
cortical slice responds to activity deprivation with a homeostatic
response involving a predominantly postsynaptic increase in ex-
citatory synaptic transmission.

Acute PGE2 application reduces the frequency of up states in
acute and organotypic slice cultures
To evoke spontaneous network bursting activity in acute neocor-
tical slices, we raised the extracellular potassium concentration to
5 mM as described previously (van Drongelen et al., 2003, 2006).
Bath application of PGE2 (2 �M) reduced the frequency of spon-
taneous network busting activity (Fig. 4C) (n � 5), and when
exposed for longer than 500 s, PGE2 stopped network bursting
altogether in the majority of cases (4 of 5) (Fig. 4B). Sulprostone
(2 �M), a PGE2 agonist specific for the EP3 receptor (n � 4), also
suppressed network bursting activity and reduced the frequency
from 0.15 � 0.19 Hz to 0.01 � 0.01 Hz, while a 2 �M concentra-
tion of the EP2 receptor agonist butaprost did not affect network
busting activity (n � 4, data not shown).

In organotypic neocortical slice cultures, PGE2 (2 �M) de-
creased the frequency and the mean amplitude of the up states,
whereas the peak amplitude and duration of the recorded up
states remained unaffected compared with baseline (n � 16; p �
0.01 paired t test) (Fig. 5).

Acute PGE2 application leads to an inhibition of excitatory
synaptic transmission in acute and organotypic slice cultures
In acute neocortical slices, EPSPs were electrically evoked in cor-
tical layer 5 neurons by stimulating superficial layers at a fre-
quency of 0.1 Hz (n � 16). Bath application of PGE2 significantly
reduced the amplitude of evoked EPSPs from 5.35 � 1.60 mV to
3.72 � 1.56 mV (Fig. 6A) (n � 6, p � 0.05). In addition, sulpr-
ostone (2 �M) reduced the amplitude of evoked EPSPs from
6.76 � 2.43 mV to 4.79 � 1.74 mV (n � 5, p � 0.05), while
butaprost 2 �M did not effect the amplitude of evoked EPSPs
(n � 4, p � 0.71) (Fig. 6A). To further investigate whether
synaptic transmission was affected at the presynaptic or
postsynaptic site, mEPSCs were measured before and after
bath application of PGE2 (n � 7). The amplitude, frequency,
and decay time of the mEPSCs were quantified as described in
Materials and Methods. Bath application of PGE2 decreased
the amplitude of mEPSCs (p � 0.05, paired t test) (Fig. 6 B),
whereas the frequency and decay time were not significantly
altered in acute cortical slices.

Next, we measured the acute effects of PGE2 (2 �M) on
mEPSCs in organotypic slice cultures (n � 8). Bath applica-
tion of PGE2 significantly decreased the amplitude of mEPSCs
(Fig. 6C) (p � 0.05, paired t test), whereas the frequency and
decay time of the mEPSCs were not significantly different after
exposure to PGE2.

We conclude that PGE2 postsynaptically inhibits excitatory
synaptic transmission in acute and organotypic slice cultures.
This inhibitory effect seems to result in the inhibition of network
activity observed in acute and organotypic slice cultures.

Effects of PGE2 treatment (48 h) on network and cellular
activity in organotypic slices
We tested next the effects of long-term exposure (48 h) to PGE2
(2 �M) on up state activity in organotypic slices cultures directly
after treatment (n � 15) and after 1 week of recovery (n � 9). The
peak and mean amplitude of PDS-up states in the PGE2-treated
group were significantly higher than the amplitude of those re-
corded from the control group (Fig. 7B) (p � 0.001). After a 1
week recovery, the peak amplitude and the mean amplitude de-
creased to values similar to those of the control group (Fig. 7B).
The frequency and duration of the up states were not significantly
affected by PGE2 treatment (Fig. 7B,C).

Increase of frequency of mEPSCs after PGE2 treatment (48 h)
In (n � 8) cortical neurons of organotypic slices treated with
PGE2, mEPSCs were recorded and compared with untreated or-
ganotypic slice cultures. The amplitude of mEPSCs was not sig-
nificantly affected when examined with a one-way ANOVA test
(Fig. 8A,B). The frequency of mEPSCs was significantly higher in
PGE2-treated slices than in the untreated control group (Fig. 8B)
and returned to values similar to the control after a 1 week recov-
ery period. The decay time did not differ significantly between
any groups (Fig. 8B).

TTX�PGE2 treatment (48 h) had a synergistic effect on the
network and cellular activity in organotypic slices
To examine whether PGE2-induced synaptic changes involved
similar homeostatic mechanisms, we performed occlusion exper-
iments by using a combined exposure to PGE2�TTX (48 h).

Figure 5. Bath application of PGE2 (2 �m) (A) reduced the mean amplitude (D) and the
frequency (E) of the up states, whereas the peak amplitude (B) and the duration (C) were not
significantly affected (paired t test, **p � 0.001, *p � 0.05).
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Figure 6. Acute effects of PGE2 bath application on excitatory synaptic transmission. A, PGE2 decreased EPSPs measured in intracellular recordings of layer 5 neurons (n � 6, *p �
0.05, paired t test). Bath application of sulprostone (EP3 agonist, 2 �M), but not butaprost (EP2 agonist, 2 �M), decreased the amplitude of EPSPs significantly compared with control
(n � 5, *p � 0.05, paired t test). B, C, PGE2 reduced the amplitude of miniature EPSCs, whereas decay time and frequency were unaltered in acute (B, n � 7, *p � 0.05, paired t test)
and organotypic (C, n � 8, *p � 0.05, paired t test) slices.

Figure 7. A, B, PGE2 treatment (48 h) increases network excitability and induced PDS-up states. C, After 48 h exposure to PGE2, the peak amplitude and mean amplitude of the measured up states
were significantly increased compared with the control group (***p � 0.001, **p � 0.01), whereas the frequency and duration of the observed up states did not change significantly. After a 1 week
recovery period, the values returned to values similar to the control group.
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Organotypic slice cultures exposed to TTX�PGE2 also showed
PDS-up states. The peak and mean amplitude increased signifi-
cantly compared with the up states of the control group (Fig. 9C).
After PGE2�TTX treatment, the frequency of PDS-up states was
increased, whereas the duration was significantly decreased,
compared with the up states of the control group (Fig. 9C). After
a 1 week recovery period, values of mean and peak amplitude,
frequency, and duration of the up states were not statistically
different from those of the control group (Fig. 9C). We conclude
that the effects of PGE2 and TTX treatment (48 h) involve differ-
ent forms of homeostatic plasticity, because additional effects on
frequency and duration of PDS-up states were observed when
both substances were combined.

Effects on mEPSCs after combined TTX�PGE2 treatment
The amplitude of mEPSCs was significantly increased in slices
exposed to TTX�PGE2 when compared with mEPSCs recorded
in control slices (Fig. 10B) (p � 0.05). The amplitude increase
was similar to the increase observed in slices exposed to TTX
alone. After a 1 week recovery period, the values were not fully
recovered, but they tended toward smaller values: they were sig-
nificantly different neither from controls nor from the exposed
group. In the combined TTX�PGE2-exposed slices, the fre-
quency of mEPSCs was significantly elevated compared with the
control (Fig. 10B) (p � 0.001). After a 1 week recovery period, the
frequency of mEPSCs returned to values similar to control cul-
tures (Fig. 10B) (p � 0.001).

Chronic PGE2 and TTX exposure
increased cell apoptosis in organotypic
slice cultures
To determine whether TTX or PGE2 treat-
ment increases cell death, we used immuno-
fluorescence staining for active caspase-3,
which is activated during apoptosis. Or-
ganotypic slice cultures [9 –14 d in vitro
(DIV)] were treated for 48 h with nor-
mal medium, TTX (1 �M), or PGE2 (2
�M) before immunofluorescence stain-
ing. The density (in cells per square milli-
meter) of active caspase-3-positive cells
was significantly increased in slices treated
with either TTX or TTX�PGE2 com-
pared with the control slices throughout
all cortical layers (Fig. 11; **p � 0.01,
***p � 0.001; n � 3 for each group), and
the PGE2-treated cultures tended toward
an increased apoptosis level, but the po-
tential effect was statistically not signifi-
cant (Fig. 11) (n � 3). The density (in cells
per square millimeter) of active caspase-
3-positive cells was also significantly in-
creased in slices treated with TTX�PGE2 compared with groups
exposed to PGE2 alone (Fig. 11; ###p � 0.001) or when compared
with slices exposed to TTX alone (Fig. 11; ‡p � 0.05).

Discussion
In this study, we report that activity deprivation with TTX led to
a homeostatic response that produced a predominantly postsyn-
aptic upregulation of excitatory synaptic transmission. This syn-
aptic effect contributed to the transformation of spontaneously
generated up states into paroxysmal depolarizations. Activity de-
privation with TTX affected only the amplitude (peak and mean)

but not duration or frequency of up states. PGE2, the major
reaction product of inducible COX-2 enzymes, acutely inhibited
network activity by postsynaptically inhibiting excitatory synap-
tic transmission. PGE2 treatment led to a similar transformation of
the spontaneous network activity into PDS-up states and also to an
increase in excitatory synaptic transmission. However, the upregu-
lation of excitatory synaptic transmission after the PGE2 treatment
seemed to be predominantly presynaptic and was reflected in an
increase in the frequency of mEPSCs.

Conceivably, a floor effect contributed to the measured in-
crease in mEPSC frequency as a result of PGE2/TTX treatment,

Figure 8. Long-term exposure to PGE2 altered the excitatory synaptic transmission of corti-
cal neurons in organotypic slice cultures. A, B, The frequency of the mEPSCs was significantly
higher than from an untreated control group (**p � 0.05) and returned to values similar to
control after a 1 week recovery period, whereas the amplitude was not significantly different
between the groups.

Figure 9. TTX�PGE2 (48 h) treatment has cumulative effects on spontaneous network activity. A–C, After 48 h exposure to
TTX�PGE2, the peak and mean amplitude of the measured up states were significantly increased compared with the control group
(***p � 0.001). C, In addition, a significant increase in the frequency (*p � 0.05) and a decrease in the duration of the up states
(*p � 0.05) were observed.
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i.e., by increased detection of events that were previously too
small to rise above the detection threshold. However, we assume
that the contribution of a floor effect cannot explain the dramatic
frequency increase observed in response to PGE2 and PGE2/TTX
treatment. Previous studies reported that TTX alone causes an
increase in the amplitude of mEPSCs without leading to an in-
crease in the frequency of mEPSCs (Turrigiano et al., 1998;
Stellwagen and Malenka, 2006). The relatively small frequency

increase that we observed in response to
TTX treatment alone may therefore be
explained by a floor effect.

Occlusion experiments in which slices
were exposed to a combination of TTX�
PGE2 suggest that the TTX-induced ac-
tivity deprivation and the PGE2-evoked
effects involve different homeostatic mech-
anisms. We observed additional network
effects on frequency and duration of
PDS-up states when compared with slices
exposed to TTX and PGE2 in separate ex-
periments. This is corroborated by the in-
crease in both amplitude and frequency
of mEPSCs (Fig. 10) and a significantly
higher active caspase-3 staining (apopto-
sis) in the slice exposed to TTX�PGE2
than in slices that were exposed to TTX or
PGE2 alone (Fig. 11). We conclude that
activity deprivation and PGE2 treatment
activate parallel homeostatic pathways
that increase excitatory synaptic transmis-
sion via different mechanisms. Our exper-
iments indicate that TTX treatment leads
predominantly to an increase in ampli-
tude of mEPSCs. This could be caused by
the following postsynaptic mechanisms:
(1) a change in the state of existing gluta-
mate receptors resulting from phosphor-
ylation (McGlade-McCulloh et al., 1993),
(2) an insertion of previously inactive gluta-
mate receptors (AMPA) into the postsynap-
tic membrane (Newpher and Ehlers, 2008;
Kessels and Malinow, 2009), and/or (3) a
synthesis of new receptors and insertion in
the postsynaptic membrane (Liang and
Jones, 1997). However, minianalysis cannot
exclude the possibility that TTX caused a
presynaptic change in vesicular neurotrans-
mitter content leading to activation of a
larger number of receptors. Yet, previous
studies of homeostatic plasticity strongly
suggest that TTX-induced synaptic scaling
is mediated by postsynaptic changes (Turri-
giano et al., 1998). PGE2 treatment, on the
other hand resulted predominantly in an in-
crease in mEPSC frequency. This effect can
only be explained presynaptically by (1) an
increased number of vesicles leading to an
increased probability of spontaneous neu-
rotransmitter release, and (2) an increased
number of synaptic connections to a given
neuron. The concept that network plas-
ticity and stability can involve multiple
homeostatic mechanisms is consistent

with studies obtained in microcircuits of the visual cortex
(Maffei and Turrigiano, 2008).

In addition to changes in excitatory synaptic transmission,
homeostatic mechanisms can also involve alterations in synaptic
inhibition and shifts in the intrinsic excitability of neurons (Desai
et al., 1999; Aizenman et al., 2003). The present study focused
only on a detailed characterization of excitatory synaptic changes
associated with TTX and PGE2 treatment. However, we cannot

Figure 10. TTX�PGE2 treatment (48 h) altered the excitatory synaptic transmission (A). The amplitude and frequency of the
mEPSCs were significantly higher than those from an untreated control group (*p � 0.05, ***p � 0.001) and returned to values
similar to control after a 1 week recovery period (B).

Figure 11. Chronic exposure of organotypic slice cultures to PGE2 or TTX induced increased apoptosis. A, Examples of staining
for active caspase-3 in cortical layers revealed increased cell death in PGE2- and TTX-treated or TTX�PGE2-treated organotypic
slice cultures. B, Quantification of caspase-3-positive cells/mm 2 showed a significantly higher number of cells in TTX- and
TTX�PGE-treated cultures than in control (**p � 0.01, ***p � 0.001) and significantly higher amount of labeled cells in the
TTX�PGE2-treated cultures than in the cultures treated with one drug ( #p � 0.05, ###p � 0.001, ‡p � 0.05).
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rule out that additional changes in intrinsic excitability also con-
tribute to the observed phenomena. Although our preliminary
current injection experiments into layer 5 pyramidal neurons
(data not shown) suggest that intrinsic excitability was not con-
sistently affected by either of the pharmacological treatments re-
ported in this study, it is possible that different subtypes of
neocortical neurons are differentially affected by these treat-
ments. These treatments may possibly affect inhibitory neurons,
which in turn could result in changes in synaptic inhibition, as-
pects that were not investigated in the present study.

Homeostatic responses have been reported to occur when
neocortical neurons are silenced (Turrigiano et al., 1998; Davis
and Bezprozvanny, 2001; Wierenga et al., 2006), and this is gen-
erally accepted as an important regulatory response that keeps
neurons in their physiological firing range. So far, not much is
known about the molecular pathways that control homeostatic
plasticity. Interestingly, TNF-�, a molecule upstream of COX-2
expression, has been reported to be critical for homeostatic plas-
ticity, and a direct involvement of inflammation pathways in the
scaling of synaptic transmission has been suggested (Beattie et al.,
2002; Stellwagen and Malenka, 2006).

In this study, we show that PGE2, the main metabolite of the
COX-2 pathway, can also lead to a homeostatic response. Thus,
this homeostatic response might constitute the first event that
occurs within 48 h after an insult. It has been shown that COX-2
expression in the brain is elevated within 30 min of a traumatic
event (Yamagata et al., 1993), and COX-2 is highly expressed in
spines of excitatory cortical neurons (Kaufmann et al., 1996).

While paroxysmal depolarizations are a hallmark of epileptic
seizures, the PGE2-evoked depolarizations shown in the present
study are unlikely to reflect a seizure activity at the behavioral
level. Indeed, homeostatic mechanisms would be expected to re-
verse this hyperexcitable state, if the inflammatory process does
not persist. In fact, in our experiments, the PGE2-, TTX-, and
PGE2�TTX-induced changes returned at the cellular and net-
work level to values similar to the control slices after a 1 week
recovery period. Indeed, the described homeostatic response may
be adaptable and necessary to reestablish network connectivity
after an injury. Therefore, COX-2 and PGE2 may, under physio-
logical conditions, play an important part in regulating synaptic
transmission in networks that are highly plastic, such as the neo-
cortical and hippocampal network.

However, if TBI leads to persistent changes in the inflamma-
tory pathway, the hyperexcitable state as described in the present
study could reflect the beginning of a latent period that is very
characteristic for epileptogenesis. Typically, weeks pass before the
occurrence of the first seizure in animal models (Wuarin and
Dudek, 2001; Williams et al., 2009) and days to months before
onset of posttraumatic epilepsy in patients (Englander et al.,
2003). Thus, a critical question is how the homeostatically in-
duced hyperexcitable state eventually becomes manifested in a
behavioral seizure. As shown also in the present study, TTX-
induced activity deprivation of cortical networks leads to in-
creased active caspase-3-positive apoptosis of neurons in vitro
and in vivo (Heck et al., 2008). This activity-dependent apoptosis
could under normal conditions be part of the programmed cell
death in the developing cortex. Several reports have shown that in
the postnatal development of the cortex a substantial elimination
of the neuronal population is an essential process of maturation
(Ferrer et al., 1990; Verney et al., 2000; Hodge et al., 2007). How-
ever, pathological conditions that also lead to activity deprivation
could result in increased apoptotic cell death and might therefore
induce permanent alterations of network function.

Here, we demonstrated that PGE2 as well as TTX exposure
altered not only synaptic transmission, but also led to increased
cell death. Increased cell death is another hallmark of epilepto-
genesis and may contribute to the irreversible manifestation of a
seizure state. We therefore propose that the hyperexcitable state
together with the permanent changes associated with cell death
may constitute the first events leading to a change in the balance
between inhibition and excitation that could eventually become
permanently manifested in an epileptic patient. However, the
entire process of epileptogenesis will most likely involve a com-
plex cascade of many additional molecular and cellular events
that occur over a period of weeks and months.
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