Neurobiology of Disease 47 (2012) 92-101

journal homepage: www.elsevier.com/locate/ynbdi

Contents lists available at SciVerse ScienceDirect

Neurobiology of Disease

Electrical, molecular and behavioral effects of interictal spiking in the rat

Daniel T. Barkmeier °, Danielle Senador *?, Karine Leclercq ¢, Darshan Pai ¢, Jing Hua €, Nash N. Boutros ¢,
Rafal M. Kaminski ¢, Jeffrey A. Loeb P*

@ Department of Neurology, Wayne State University School of Medicine, Detroit, MI, USA

b The Center for Molecular Medicine and Genetics, Wayne State University School of Medicine, Detroit, MI, USA

€ The Department of Computer Science, Wayne State University School of Medicine, Detroit, Ml, USA

d Department of Psychiatry and Behavioral Neurosciences, Wayne State University School of Medicine, Detroit, M, USA

€ UCB Pharma, Braine-I'Alleud, Belgium

ARTICLE INFO

Article history:

Received 24 January 2012
Revised 8 March 2012
Accepted 17 March 2012
Available online 26 March 2012

Keywords:
Epilepsy
Interictal spiking
Neocortex

MAPK

CREB

Behavior
Hyperactivity

Introduction

ABSTRACT

Objective: Epilepsy is a disease characterized by chronic seizures, but is associated with significant comorbid-
ities between seizures including cognitive impairments, hyperactivity, and depression. To study this interictal
state, we characterized the electrical, molecular, and behavior effects of chronic, neocortical interictal spiking
in rats.
Methods: A single injection of tetanus toxin into somatosensory cortex generated chronic interictal spiking
measured by long-term video EEG monitoring and was correlated with motor activity. The cortical pattern
of biomarker activation and the effects of blocking MAPK signaling on interictal spiking and behavior were
determined.
Results: Interictal spiking in this model increases in frequency, size, and becomes repetitive over time, but is
rarely associated with seizures. Interictal spiking was sufficient to produce the same molecular and cellular
pattern of layer 2/3-specific CREB activation and plasticity gene induction as is seen in the human interictal
state. Increasing spike frequency was associated with hyperactivity, demonstrated by increased ambulatory
activity and preferential circling toward the spiking hemisphere. Loud noises induced epileptic discharges,
identical to spontaneous discharges. Treatment with a selective MAPK inhibitor prevented layer 2/3 CREB ac-
tivation, reduced the frequency of epileptic discharges, and normalized behavioral abnormalities, but had no
effect on seizures induced by electrical kindling.
Interpretation: These results provide insights into the development of interictal epileptic spiking, their rela-
tionship to behavior, and suggest that interictal and ictal activities utilize distinct molecular pathways. This
model, that parallels recent observations in humans, will be useful to develop therapeutics against interictal
spiking and its behavioral comorbidities.

© 2012 Elsevier Inc. All rights reserved.

associated with a reduction of seizures (Bautista et al., 1999;
McBride et al., 1991). In addition to seizures, patients with epilepsy

Epilepsy is a disease of recurrent seizures which occurs in 0.4-1.0%
of the world population (Annegers, 1993; Hirtz et al., 2007; Sander,
2003). The relationship of interictal spiking to seizures remains poor-
ly understood. Human studies (Gotman, 1991; Lange et al., 1983; Lieb
et al,, 1978) and in vitro preparations (de Curtis and Avanzini, 2001)
suggest that interictal spikes may be protective against seizures.
However, interictal spikes are frequently highest in the same areas
of brain that produce seizures and are used to identify epileptic
brain regions for resections (Asano et al., 2003; Holmes et al., 2000;
Marsh et al., 2010). Removing areas of high spike activity is in fact
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experience a variety of comorbid conditions, such as Attention-
Deficit Hyperactivity Disorder (ADHD) and other psychiatric condi-
tions (Garcia-Morales et al., 2008). Because ‘ictal’ seizures are rela-
tively brief and infrequent, patients with epilepsy are more often in
the ‘interictal’ state. One possibility is that interictal spikes contribute
to both epileptogenesis and behavioral comorbidities (Staley et al.,
2011). Interictal spikes have been observed in ADHD even without
seizures (Fonseca et al., 2008; Richer et al., 2002; Silvestri et al.,
2007) and improved behavior is noted in patients with reduced inter-
ictal spiking (Pressler et al., 2005).

Recent genome-wide expression studies show a highly consistent
pattern of layer 2/3-specific MAPK-CREB signaling and downstream
gene activations in the interictal human epileptic neocortex (Rakhade
et al, 2005; Beaumont et al, unpublished results). Many of these
changes in human cortex vary directly in proportion to the degree of
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interictal spiking rather than seizures (Rakhade et al., 2007), suggesting
that interictal spikes, rather than seizures, drive activity-dependent sig-
naling and gene expression necessary for creating and maintaining the
epileptic state.

Here we utilize a rat model to characterize the development of
interictal spiking, localize these human molecular pathways, and
demonstrate significant behavioral comorbidities (Barkmeier and
Loeb, 2009). We show that interictal spikes start small and grow in
size and frequency, spread to involve large areas of cortex, and pro-
duce layer 2/3 specific CREB activation and downstream gene expres-
sion changes in parallel to those observed in humans. We show that
interictal spikes can be induced by environmental stimuli and that
interictal spiking is associated with hyperactive behaviors. Finally,
we show that MAPK signaling is required for CREB activation, interic-
tal spiking, and hyperactivity, but not for acute seizures, suggesting
that therapeutics developed for interictal spiking and possibly epilep-
togenesis will be distinct from those currently used to treat seizures.

Materials and methods
Animal model of interictal spiking

All studies were carried out with institutional approval (AIC proto-
col A01-09-06) on 4-month old male Sprague-Dawley rats kept on a
12-h light/dark cycle and implanted with 6 skull based recording
screws (Small Parts, Inc., part#TX00-2-C) after tetanus toxin was ste-
reotactically injected into somatosensory cortex as previously de-
scribed (Brener et al, 1991; Nilsen et al., 2005) (AP-1mm, L
3.5mm, as measured from bregma, depth 1.5 mm). Three screws
were placed over each hemisphere at AP +4 mm, —1 mm and
—6 mm, L3.5 mm relative to the bregma. A reference screw was
also placed over the nasal sinus. Tetanus toxin (Sigma, catalog#
T3194; 1 pL at 100 ng/pL in 0.01 M sodium phosphate) was injected
in the left somatosensory cortex. The dose varied from 65 to 100 ng
for each batch of toxin based on a dose response study to produce
the same level of spiking. Recordings were made using a Stellate Har-
monie recording system at 200 Hz either for one-hour period at the
same time of day or every other day for 24-hour period using video
EEG monitoring.

Evolution of interictal spiking

A group of tetanus-injected (n=11) and vehicle-injected (n=15)
animals were followed by EEG over three weeks and reviewed in a
referential montage. Spikes were marked by a blinded reviewer and
confirmed by a second. Frequency, duration, amplitude, slope, and
field distribution were calculated with Matlab scripts (MathWorks,
Natick, MA). Spike clusters were defined as spikes occurring within
500 ms of each other. Changing this arbitrary time had little effect.
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Three-dimensional heatmap plots were generated using software de-
veloped by the Graphics and Imaging Lab at the Wayne State Univer-
sity Computer Science Department (J. Hua). The 3-dimensional rat
brain model was generated from the LONI rat atlas, and the six elec-
trodes were then added at the approximate locations of our
implanted electrodes. Measured numerical values are input for each
of the six electrodes, and the software then displays an associated
range of colors which blend into neighboring electrodes, where high
values are red and low values are green.

CREB and gene expression

Rats were sacrificed at indicated time points and examined by im-
munohistochemistry for phosphorylated CREB and in situ hybridization
as described (Rakhade et al., 2005). In situ hybridizations were per-
formed using sequence-verified 3°S-labeled RNA made from human
cDNA and EST probes from Open Biosystems (BDNF: 5193877; DUSP1:
4794895; EGR1: 6188360, truncated 3’ untranslated region; EGR2:
9919; GAPDH: 95132246CA2; NARP: 5198692; TR3: 3921259) and con-
firmed to share>87% identity with the rat sequence. Sense controls
showed no signal.

Open-field activity

4 Tetanus-injected and 4 sham-operated (electrodes implanted, but
no injections) animals were followed to measure the effect of interictal
spiking on open-field ambulation using simultaneous EEG recording
for 1 h interval at the same time each day (ENV-515, MedAssociates,
Inc., St. Albans, Vermont). The Activity Monitor software calculated
total ambulatory distance, number of ambulatory episodes, rotations,
and ambulatory velocity. Other activity measurements, made without
tethered EEGs, had increased ambulation compared to tethered animals.
7 Tetanus-injected animals without EEGs were compared to 4 sham-
operated animals. The ratio of spikes from the left/right hemisphere as
well as total spike power (frequency+amplitude) was compared to the
ambulatory distance, resting time, and the ratio of counter-clockwise
to clockwise rotations. Statistical significance was defined as p<0.05
for Spearman's correlation coefficient.

Auditory evoked spikes

11 Spiking rats and 5 vehicle rats were monitored over time for
their EEG responses to a standardized noise: a digital audio recording
of a single loud clap, played at the same volume and distance. Extinc-
tion was measured using 3 successive noises 10 min apart, followed
10 min later by a train of three noises 1 s apart (Fig. 8A). Responses
were marked on the EEG files and spike amplitude was calculated
using Matlab. Response amplitudes were averaged each day for the
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Fig. 1. A chronic model of focal interictal spiking. (A) Three skull electrodes are placed over each hemisphere, and one over the nasal sinus as a reference (circles). Tetanus toxin is injected
into the somatosensory cortex under the left, middle electrode (red circle). Spikes with maximal field potentials at the injection site (L2) can be detected in 3-5 days. (B) The amplitude,
duration and slope of each interictal spike were quantified by measuring these parameters in each half-wave of the spike and then summing the results.
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10-minute spaced noises, while each spike from the rapid train was
considered separately.

MAPK inhibition

4 Rats were given the MEK inhibitor SL327 (Sigma-Aldrich, St.
Louis, MO, catalog# S4069) in DMSO at 25 mg/mL twice daily intra-
peritoneally for one week following toxin injection (25 mg/kg each
dose). The concentration and dosing interval were determined by se-
rial serum and brain measurements using mass spectroscopy. Rats
were sacrificed and CREB phosphorylation was determined in the
brain by immunohistochemical staining. 4 Tetanus toxin injected
rats were treated with SL327 for one week, were followed with
daily EEGs and activity recordings, and compared to tetanus toxin
alone. Another group of rats received tetanus toxin and one week of
DMSO injections still developed frequent spiking (data not shown).
Averaged spike frequencies each week were compared between the
groups for each animal for a total of three weeks. Significance was de-
termined using a mixed-model ANOVA assessing the week (within)
by group (between).

Kindling

SL327 was given to fully amygdala-kindled rats 30 min prior to
amygdala stimulation with the same supramaximal stimulation current
(500 pA, 1s) used for the induction of kindling (Loscher et al., 1986).
The behavioral effect of the stimulation (seizure severity score) was
scored according to Racine (Racine, 1972). The electroencephalographic
effect of the stimulation was determined by measuring the duration of
the stimulation-induced afterdischarge (afterdischarge duration) de-
fined as an EEG activity with amplitude at least twice the amplitude of
the pre-stimulus recording and a frequency greater than 1 Hz. Two
days later (day 2), this procedure was repeated with the same rats
30 min after intraperitoneal injection of SL327 at 25 mg/kg. The propor-
tion of rats protected against secondarily generalized motor seizures
(scores 3-5) was determined and used as end point for the anticonvul-
sant activity. The afterdischarge duration was also compared to the
value measured on day 1. For amygdala kindling acquisition experi-
ments, vehicle or SL327 (25 mg/kg) was administered intraperitoneally
30 min before each kindling stimulation.

Results
Interictal spikes increase, spread out, and become clustered over time

Tetanus toxin can produce seizures as well as interictal spiking
when injected into the hippocampus and motor cortex (Benke and
Swann, 2004; Brener et al., 1991; Finnerty and Jefferys, 2002; Nilsen
et al., 2005). However, injection of tetanus toxin into the somatosen-
sory cortex generates interictal discharges often with no associated
seizures (Brener et al., 1991). Typically, interictal spikes from somato-
sensory cortex are first detected by EEG 3-5 days after injection over-
lying the injection site (Fig. 1) and then increase in frequency with
time (Fig. 2A). Control (vehicle) animals show some, but significantly
less spiking. Although spike frequency steadily increases, spike ampli-
tude increases only initially, but then plateaus by 10 days (Fig. 2B).
The slope of the spike also progressively increases (Fig. 2C), while
spike duration does not change (Fig. 2D). Video EEG monitoring of
ten animals with tetanus injections in the somatosensory cortex
revealed only a total of four seizures in one animal, consistent with
observations that this model primarily produces predominantly
interictal rather than ictal activities. Further studies using continuous
long-term, 24-hour video EEG monitoring on a larger group of ani-
mals also demonstrated the rarity of seizures in this model (Senador
et al., data not shown).
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Fig. 2. Interictal spike development over time. (A) A single injection of tetanus toxin
causes interictal spike development which increases in frequency with time (n=11).
Vehicle animals injected only with the carrier buffer (n=5) show very little spiking
and do not change with time. Tetanus-injected animals have higher spike frequency
than vehicles by the first week (p=0.029, one-tailed t-test, Bonferroni correction;
79.14+18.1 and 9.4 + 2.9 spikes/h, +sem), which persists at two weeks (p=0.020,
one-tailed t-test, Bonferroni correction; 101.3+19.5 and 9.5 4 2.9 spikes/h, +sem)
and three weeks (p=0.040, one-tailed t-test, Bonferroni correction; 178.33 £45.3
and 8.6 +4.2 spikes/h, +sem). (B) Tetanus-induced spikes initially increase in ampli-
tude, but then plateau by 10 days (Best fit model: y=a=x"+c; R>=0.667). (C) Spike
slope steadily increases with time (R?>=0.530; Linear regression slope =0.307 uV/day,
p=0.0004), while (D) duration does not change significantly (R* = 0.148; Linear regres-
sion slope = —0.299 ms/day, p=0.104). Error bars are standard error of the mean.
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Fig. 3. Lateral expansion of spike field potentials. (A) Sample EEG traces and (B) 3-dimensional heatmap plots are shown of a spike focus from a rat which develops spikes predom-
inantly in the left middle (L2) and anterior (L1) channels. The heatmaps, calculated from the average amplitudes of spikes in each recording channel over time, show the spread to
involve nearby electrodes. Similarly, sample EEG traces (C) and heatmaps (D) show one of the rats which developed right-sided spikes, despite injection of tetanus toxin on the left.
Averaging the field distribution of 11 rats over time (E), shows that spikes begin initially at the injection site, but soon spread anterior and sometimes contralateral. No rats showed

spread to posterior channels.

These changes in spike parameters were also accompanied by
spread of the field size across the neocortex, as detected by the six re-
cording electrodes (Fig. 3). A majority of rats showed a stereotypical
pattern of spike expansion that spread over time to involve the neo-
cortex both at the injection site and anterior to it, but not posterior
to it (Figs. 3A-B). A second pattern of spread developed as a ‘mirror
focus’ on the opposite (right) hemisphere as shown in Figs. 3C-D.
This mirror effect has also been reported with hippocampal injections
(Brener et al., 1991; Jefferys et al., 1992). Pooling data from all rats
shows the most common expansion pattern was from the injection
site to the left anterior and the right middle electrodes (Fig. 3E). In
some animals, interictal spikes were also observed in clusters lasting

at most 1-2 s (Fig. 4). Doublets often appeared by one week after in-
jection, followed by longer spike runs, so that by three weeks over
30% of the spikes in a recording were clustered when averaging all
recorded animals. No clinical seizure activities were ever observed
with these clusters.

Interictal spiking is sufficient to induce layer-specific CREB and gene
activations

Recent observations in human neocortex have shown that interic-
tal spiking is associated with layer-specific signaling and gene activa-
tions (Rakhade et al., 2005, 2007; Beaumont et al., unpublished
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Fig. 4. Spikes become repetitive. (A) An EEG sample is shown from a rat that initially
developed isolated spikes. By the second week, ‘doublets’ were seen, and by the third
week, spikes (indicated by *) occurred repetitively with 3-6 in a row. (B) Quantifying
this increase by calculating the percent of spikes that were clustered with other spikes
shows a progressive increase in clustering with time (n=11; R?=0.492; Linear re-
gression slope = 0.75%/day, p =0.0025).

results). Fig. 5 shows that unilateral spiking for one week is sufficient
to produce a similar pattern of sustained CREB activation restricted to
layer 2/3. Serial sectioned in situ hybridizations on an animal with
large field potential over the left hemisphere at two weeks of spiking
(Fig. 5C), showed unilateral activation of activity dependent genes
(Fig. 5D), also similar to those observed in human epileptic cortex.
None of these changes was seen in normal, surgery-naive rats or in
rats with vehicle injections and no interictal spiking (Fig. 6A). While
some genes are induced diffusely through all cortical layers, such as
EGR1, others including NARP, EGR2, DUSP1, TR3 and BDNF are re-
stricted to layer 2/3 like CREB (Figs. 5D, 6B).

Hyperactive behavior and environmental induction of interictal spiking

Daily measurements of ambulatory mobility showed a significant
increase in ambulatory activity as interictal spiking increased in

Fig. 5. Lateralized and layer-specific activation of CREB and downstream plasticity
genes. (A) A sample recording at one week after tetanus toxin injection shows interic-
tal spikes confined to the left hemisphere. (B) At this time, most rats (n=5/7) show
selective CREB phosphorylation in layer 2/3 of the spiking hemisphere relative to the
contralateral, non-spiking hemisphere. This phosphorylation extends far beyond the
injection site (solid arrow; slice approximately 1 mm anterior to injection site). (C) A
three-dimensional heatmap shows the interictal spike field size at two weeks after tet-
anus toxin that is associated with left-sided gene inductions shown in (D) within 1 mm
of the injection site (solid arrow). By two weeks after tetanus toxin injection, latera-
lized gene expression can be seen in 3 of 8 tetanus-injected rats, while in others it
was seen bilaterally, suggesting further spread. Using radioactive in situ hybridizations,
EGR1 shows robust signal throughout the cortex, but is especially strong in the super-
ficial part of layer 2/3. NARP and BNDF, however, show relatively restricted expression
in layer 2/3 of the spiking hemisphere (open arrows), while the non-spiking hemi-
sphere shows comparatively sparse signal. The housekeeping gene GAPDH was used
as a control and shows an even signal across both hemispheres in layers 2-6. This
was also seen in surgery-naive animals (n=3) for both GAPDH and all the other
probes shown in this figure (data not shown). In situ hybridization images were
inverted from dark-field images to improve visibility.

contrast to sham-treated rats (with EEG recording electrodes but no
brain injection) that became less active, and more accustomed to
the activity chamber over time (Fig. 7). Spiking and non-spiking rats
also diverged in the number of ambulatory episodes per recording
session (Fig. 7B), but did not differ in ambulatory velocity (Fig. 7C).
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Fig. 6. Layer-specific gene expression in interictally-spiking rats. (A) Rats injected with tetanus toxin in the left somatosensory cortex showed layer-specific gene induction in the
spiking hemisphere, while the contralateral hemisphere, vehicle-injected animals, and surgery-naive animals did not show this increase in gene expression, as shown in this ex-
ample with NARP (NPTX2). (B) Additional CREB-regulated genes show increased expression predominantly in layers 2/3, including EGR2, DUSP1 and to a lesser extent, TR3
(NR4A1). All of these genes were found to be upregulated in human epileptic neocortex and to contain conserved Cyclic AMP Response Elements.

Total spike power correlated positively with ambulatory distance
(R=0.350, p=10.039) and negatively with resting time (R=—0.410,
p=0.008). Therefore, not only are interictal spiking rats hyperactive
relative to control animals, but the level of their activity varies with
their level of spiking.

The laterality of the interictal spiking correlated with the direction
of movement. Video observations suggest that rats with left-sided
spiking rotated more counterclockwise, while right-sided spiking ro-
tated clockwise. Quantitative activity monitoring confirmed that the
ratio between the number of spikes originating in the left hemisphere
versus the number originating in the right hemisphere correlated sig-
nificantly with the ratio between the number of counterclockwise
and clockwise rotations (R=0.396, p=0.013).

While epileptic patients and certain animal strains have seizures in
response to environmental stimuli, little is known about the effect of
environmental stimuli on interictal spiking. We found that rats with
spontaneous interictal spiking develop evoked interictal spikes in re-
sponse to a loud noise or when being physically startled (Fig. 8). This
only occurred in rats with spontaneous epileptic spikes and produced
an electrical field potential identical to the spontaneous spike field
that enlarged over time in parallel with the rat's spontaneous spikes
(Fig. 8B). Figs. 8A and C show that when auditory stimuli are presented
every 10 min, they consistently produce an induced spike; however,
when presented every second, the response extinguishes rapidly.

MAPK-CREB signaling is required for interictal spiking but not for acute
seizures

While the results in Fig. 5 show activation of CREB in layer 2/3 of
interictal spiking rats which parallels that seen in human epileptic
neocortex, it is unclear whether the MAPK-CREB pathway is required.
Fig. 9A shows that the selective MAPK (MEK) inhibitor SL327 (Atkins
et al, 1998; Davis et al, 2000) given twice daily for one week

following tetanus toxin injection into somatosensory cortex is suffi-
cient to block chronic CREB phosphorylation in layer 2/3. Long term
EEG monitoring of rats treated with SL327 for one week showed a sig-
nificant reduction in the development of interictal spiking that lasted
for several weeks after the drug was discontinued (Fig. 9B). Prevent-
ing the development of interictal spiking with SL327 also normalized
the increased ambulatory behavior seen in spiking rats (Fig. 9C). Ve-
hicle animals showed no increase over time and ambulated almost
exactly as much as the SL327-treated animals (729.4493.2 cm).

Given this effect on interictal spikes, we asked whether MAPK
blockade had a similar effect on seizures. SL327 versus the DMSO ve-
hicle were given to fully amygdala-kindled rats at the same dose used
to block interictal spiking, 30 min prior to supramaximal amygdala
stimulation (500 pA, 1s). There was no reduction in acute seizures
in SL327-treated animals compared to vehicle, with all animals exhi-
biting stage 5 seizures, and no difference in the afterdischarge dura-
tion (p=0.294; two-tailed t-test; 1024-7.0 and 1144-8.3 s, £ sem,
n=9 per group). This is consistent with reports demonstrating that
SL327 has no effect on pilocarpine-induced seizures in hippocampal
slices (Berkeley et al., 2002). SL327 also had only minimal effects on
kindling acquisition shown in Fig. 9D, suggesting that MAPK signaling
is not required for electrical kindling. Taken together, these data sug-
gest that the molecular pathways and potential therapeutic targets
for interictal spikes and seizures may be distinct.

Discussion

Interictal spikes: generation of layer-specific neuronal hypersynchrony
A fundamental neocortical function is to coordinate the firing of

large populations of neurons in one or more distinct brain regions.

In the epileptic state, however, neuronal hypersynchrony goes too
far, resulting in the unintended firing of large populations of neurons.
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Fig. 7. Interictal spikes alter rat motility behavior. (A) Open field activity measurements
show that tetanus-treated spiking rats are consistently hyperactive relative to sham-
operated controls and diverged significantly by the third week of observation (n=4 teta-
nus, 4 sham; 1 week: p=0.054, 8068.14-1139.0 cm versus 5568.7 4- 565.5 cm; 2 weeks:
p=0.098, 8146.0+1832.1 cm versus 5501.3+1078.1 cm; 3 weeks: p=7.68x107°,
8641.7 4-338.2 cm versus 4680.2 +236.7 cm). (B) Similarly, spiking animals also showed
an increase in the number of discrete ambulatory episodes per recording session by the
third week (1week: p=0.116, 296.14+54.7 versus 215.6+42. episodes; 2 weeks:
p=0.223, 2774+ 494 versus 219.9450.8 episodes; 3 weeks: p=0.00110, 307.0+21.3
versus 169.14 18.3 episodes). (C) The two groups did not differ in the speed of ambula-
tion, however (1 week: p=0.824, 18.74+0.9 versus 18.4+ 1.3 cm/s; 2 weeks: p=0.613,
18.44-0.6 versus 18.7 4 0.6 cm/s; 3 weeks: p=0.402, 19.3 4 0.6 versus 18.7 £ 0.8 cm/s).

Recent functional genomic studies identified the induction of a highly
consistent pattern of genes and signaling pathways in human seizure
onset zones during the interictal state (Rakhade 2005; Beaumont
2011, submitted). The most prominent of these pathways, MAPK-
CREB, was highly localized to layer 2/3 and associated with a signifi-
cant increase in synaptic terminals. Close correlations between gene
expression levels and interictal spiking suggest either that interictal
spikes are caused by or result in these layer-specific molecular

changes (Rakhade et al., 2007). Here, we developed a ‘non-lesional’
rat model of chronic, neocortical interictal spiking to understand the
electrical, molecular, and behavioral consequences of interictal spik-
ing that may parallel the development of interictal spiking in
human epilepsy (French et al., 1993; Lhatoo et al., 2001; Mathern et
al.,, 1994; Mikaeloff et al., 2006). Tetanus toxin has the advantage of
being cleared from the brain within a few days (Mellanby, 1989)
and does not cause the extensive neuronal loss associated with
other models (Jefferys, 1996; Sharma et al., 2007). While we cannot
rule out subtle pathological changes as a result of either the tetanus
toxin or the development of interictal spiking, cresyl violet staining
did not show any clear histological changes in tetanus-injected ani-
mals (Barkmeier and Loeb, 2009).

We demonstrate that, after an initial latent period, interictal
spikes grow in amplitude, frequency, and field size over several
weeks in a process that is self-sustaining and self-expanding. While
the spikes in this study occur in the absence of seizures and are
thus not technically “interictal”, they share the same shape, size,
and duration as interictal spikes seen in seizure models, even before
spontaneous seizures occur. In addition, in human epilepsies there
are often regions of the brain that show “interictal” spiking, yet no
seizures, suggesting that there may be different mechanisms underly-
ing interictal spikes versus seizures. As the goal of this study was to
evaluate the effects of interictal spikes specifically, the dose of tetanus
toxin used was calibrated such that only a single animal had an ob-
served seizure, thereby isolating the effects of spiking alone. While
seizures are extremely rare, spikes can become clustered in a pattern
suggesting they may be a precursor to seizure development (Staley et
al., 2005). This is supported by a recent study showing the frequency
and clustering of spikes prior to the development of seizures can pre-
dict which animals will go on to develop spontaneous seizures fol-
lowing kainic acid-induced status epilepticus (White et al., 2010). It
is thus intriguing to speculate that therapeutics that block the propa-
gation or clustering of interictal spikes could be antiepileptogenic
(Loeb, 2011).

Interictal spiking was sufficient to induce both CREB phosphoryla-
tion and downstream activity-dependent gene expression in a layer-
specific pattern that closely parallels those seen in chronically active
human epileptic neocortex (Rakhade 2005; Beaumont 2011, submit-
ted). Activated CREB and downstream plasticity genes were highest
in layer 2/3 brain regions showing the largest epileptic field poten-
tials, suggesting that ongoing interictal activity drives layer-specific
changes in plasticity resulting in the progressive enlargement of re-
gions with increased neuronal hypersynchrony. Consistently, rats
where a mirror focus developed in the right hemisphere, despite
left-sided tetanus toxin injection, CREB and downstream gene activa-
tions were present both on the left and right sides relative to naive
controls, suggesting a more widespread pattern of neuronal synchro-
ny across both hemispheres. These spatially-restricted and laminar-
specific activation patterns parallel those we have seen in human
neocortical epilepsy, suggesting that this rat model is a valid model
of the human disease that could be useful for pharmacological
interventions.

MAPK-CREB inhibition prevents interictal spiking

Given the strong, layer-specific activation of the MAPK-CREB path-
way in both human neocortical epilepsy and this animal model, we
determined the effect of a targeted MAPK inhibitor. The selective
MEK inhibitor, SL327, not only prevented layer 2/3 CREB phosphory-
lation, but markedly reduced interictal spiking. Because the interictal
spiking focus continues to increase in size and frequency over time,
well after the initiating tetanus toxin has been cleared from the
brain, one potential explanation for the long-lasting effects of SL327
is that MAPK is required for both the initial synaptic reorganization
as well as a positive feedback loop that leads to the lateral spread of
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Fig. 8. Induction and rapid extinguishment of interictal spikes by loud noises. (A) Following the development of spontaneous interictal spiking, all of our rats developed inducible
spikes in response to a loud noise. This was measured by presenting each rat with 3 successive noises daily, first at 10 min apart and later at 1 s interval. (B) The amplitude of the
induced spikes increased over time as each rat's spontaneous spikes increased in amplitude. The scatter plot shows the correlation between the amplitude of induced spikes versus
the amplitude of the rat's spontaneous spikes (n=11; Spearman R=0.481, p=1.21x10~"). (C) When the sounds are played 10 min apart, response amplitude does not change.
However, when the train of sounds are played at 1-second interval, the evoked EEG response to the stimulus extinguishes rapidly (first versus second sound: 503.0 & 98 uV versus
334.6 +£69.2 uV; p=10.017; amplitude 4 sem. Second versus third: 334.6 +69.2 UV versus 326.0 4+ 52.4 uV; p =0.874; amplitude + sem). (D, E) Rats with spontaneous left-sided
spiking have induced spikes (shown by the heatmaps) that appear in the same field pattern on the left, while rats with spontaneous right-sided spiking have induced spikes on
the right. All rats (n=11/11) showed induced spikes in the same field distribution as their spontaneous spikes.

aberrant synaptic connections associated with the generation and that this same drug had no effect on acute seizures and kindling sug-
growth of epileptic potentials. These findings raise the possibility gests that therapeutics directed at interictal spiking may not work on
that blocking this pathway within a well-defined therapeutic window seizures and vice versa (Loeb, 2011). While the current study is limit-
after an insult to the brain could prevent the synaptic reorganization ed by sample size and a single dose and treatment strategy, larger
required for interictal spiking and possibly seizures. The observation scale studies that explore the effects of MAPK inhibition at different
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Fig. 9. MAPK-CREB inhibition reduces interictal spike development, normalizes behavior, but has no acute effects on seizures. (A) Animals given the selective MEK inhibitor SL327
for one week following tetanus toxin injection show less CREB phosphorylation relative to control animals given equivalent volumes of DMSO (Scalebar = 10 um. Qualitatively seen
in n=3). (B) Animals treated with SL327 for one week after tetanus injection, but then monitored for an additional three weeks (n=4) showed significantly reduced spike fre-
quency compared to animals that received only tetanus toxin (n=11), and were similar to animals injected with vehicle solution (n=5). A mixed model ANOVA assessing the
week (within) by group (between) was significant (F(432)=2.95, p<.05). Follow-up simple effects tests were significant at each of the weeks (F(,17)=8.27, p<.01, F517)=8.15,
p<.01, and F316)=5.50, p<.05, for weeks 1, 2 and 3, respectively). Contrast tests were all significant (F;7)=16.52, p<.01, F(y,17)=15.82, p<.01, and F(;16=10.11, p<.01, for
weeks 1, 2 and 3, respectively). This effect persisted for the entire recording period, suggesting that MAPK-CREB activation is required for the development of interictal discharges.
(C) Open field ambulatory distance was reduced in SL327 treated animals that displayed less spiking than untreated tetanus toxin rats (1 week: p =0.502, t-test, Bonferroni correction;
1095.2 +£229.5 cm and 812.14-370.2 cm; 2 weeks p = 0.101, t-test, Bonferroni correction; 1256.34-137.1 cm and 814.3 4-283.0 cm; 3 weeks: p=0.0002, t-test, Bonferroni correction;
1720.7+£187.3 cm and 496.9 + 109.3 cm). (D) During the acquisition of kindling, animals treated with SL327 (25 mg/kg i.p.) 30 min prior to daily stimulation (500 pA, 1 ms monophasic
square wave pulse, 50 Hz for 1s) showed minimal differences compared to vehicle-treated controls (n=9 per group). A mild proconvulsant effect was noted at stimulation #2

(p=0.032; two-tailed Mann-Whitney; n=9 per group) with an anticonvulsant effect following the sixth stimulation (p=0.136; two-tailed Mann-Whitney; n=9 per group).

time points and using a variety of other interictal and ictal models
will be needed to fully characterize the effects of MAPK and CREB ac-
tivation on both ictal and interictal development.

Behavioral consequences of interictal spiking

Not only did MAPK inhibition reduce interictal spiking, it also nor-
malized ambulatory behavior, suggesting that some of the hyperac-
tive behavioral changes seen in these animals could be directly due
to interictal spiking. This is interesting in the context of reports show-
ing that ADHD is frequently associated with epilepsy (Garcia-Morales
et al.,, 2008) and that interictal discharges are more common in chil-
dren with ADHD than in normal children, even in the absence of clin-
ical seizures (Becker et al., 2004; Boutros et al., 2005; Fonseca et al.,
2008; Holtmann et al, 2003; Richer et al., 2002; Silvestri et al.,
2007). Further evidence that interictal spiking has a direct effect on
behavior comes from the observation that lateralization of interictal
spiking was associated with asymmetric ambulation (rotations). It is
possible that activation of the ipsilateral somatosensory cortex pro-
duces an uncomfortable sensation contralaterally resulting in move-
ments away from the sensation. Behavioral effects of interictal
spiking appear to be region-dependent, as hippocampal spikes are as-
sociated with cognitive disruption (Kleen et al., 2010) and spikes dur-
ing neonatal development impair reference memory and long-term
potentiation in these rats as adults (Khan et al., 2010).

Finally, we show that interictal spikes can be induced by the envi-
ronment only in spontaneously-spiking rats. These induced spikes
occur in the same field distribution as each rat's spontaneous spikes,

implying that the same population of neurons is being activated.
This is perhaps the first observation that a common environmental
stimulus such as sound or startle can alter interictal spiking activity.
Taken together, these observations have clinical importance for pa-
tients with neuropsychiatric disorders, as they suggest that environ-
mental stimuli can modulate interictal spiking, which, in turn, can
modulate behavior.
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