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mporal lobe epilepsy after trauma, but basic mechanisms underlying the
development of chronic seizures after head injury remain poorly understood. Using the controlled cortical
impact injury model we examined whether mice developed spontaneous seizures after mild (0.5 mm injury
depth) or severe (1.0 mm injury depth) brain injury and how subsequent posttraumatic mossy fiber
sprouting was associated with excitability in the dentate gyrus 42–71 d after injury. After several weeks,
spontaneous behavioral seizures were observed in 20% of mice with mild and 36% of mice with severe injury.
Mossy fiber sprouting was typically present in septal slices of the dentate gyrus ipsilateral to the injury, but
not in control mice. In slices with mossy fiber sprouting, perforant path stimulation revealed a significant
reduction (Pb0.01) in paired-pulse ratios in dentate granule cells at 20 ms and 40 ms interpulse intervals, but
not at 80 ms or 160 ms intervals. These slices were also characterized by spontaneous and hilar-evoked
epileptiform activity in the dentate gyrus in the presence of Mg2+-free ACSF containing 100 μM picrotoxin. In
contrast, paired-pulse and hilar-evoked responses in slices from injured animals that did not display mossy
fiber sprouting were not different from controls. These data suggest the development of spontaneous
posttraumatic seizures as well as structural and functional network changes associated with temporal lobe
epilepsy in the mouse dentate gyrus by 71 d after CCI injury. Identifying experimental injury models that
exhibit similar pathology to injury-induced epilepsy in humans should help to elucidate the mechanisms by
which the injured brain becomes epileptic.

© 2008 Elsevier Inc. All rights reserved.
Introduction

Traumatic brain injury (TBI) is often accompanied by the delayed
development of posttraumatic epilepsy (PTE) (Caveness et al., 1979;
Annegers et al., 1998; Englander et al., 2003). PTE is manifested as
temporal lobe epilepsy (TLE) in as many as 62% of trauma patients
(Diaz-Arrastia et al., 2000; Hudak et al., 2004). However, prophylactic
treatment for PTE has been largely unsuccessful and patients often do
not qualify for surgery (Temkin et al., 1998, Temkin, 2001). Thus, a
clinical association between TBI and epilepsy is well documented, but
the cellular and molecular mechanisms by which trauma leads to the
development of seizures remain poorly understood.

The dentate gyrus has long been regarded as a model system for
studying alterations in synaptic circuitry associated with TLE (Tauck
and Nadler, 1985; Sutula et al., 1989; Wuarin and Dudek, 1996;
Buckmaster et al., 2002; Shibley and Smith, 2002). Experimental
animal models and human TLE are characterized by hippocampal
l rights reserved.
cell loss and mossy fiber sprouting in the dentate gyrus (Ben-Ari,
1985; Tauck and Nadler, 1985; Buckmaster et al., 2002; Shibley and
Smith, 2002; Winokur et al., 2004; Jiao and Nadler, 2007). New
recurrent excitatory circuits emerge after mossy fiber sprouting, and
these changes are accompanied by increased excitability of the
dentate gyrus and other limbic regions (Cronin and Dudek, 1988;
Wuarin and Dudek, 1996, 2001; Smith and Dudek, 2001; Winokur et
al., 2004). However, responses in TLE models may not reflect more
subtle changes seen in human PTE. For example, status epilepticus
induced by systemic administration of kainic acid or pilocarpine in
rodents results in bilateral mossy fiber sprouting that is often much
more robust than in hippocampi from surgical patients. Identifying
experimental models of TBI that also display the pathophysiology of
human TLE is necessary for understanding fundamental aspects of
injury-induced epileptogenesis.

Several rodentmodels of TBI exist, butmost are used to study acute
or cognitive effects of brain injury and few have been adapted as
animal models of TLE. Of these models, fluid percussion injury (FPI)
and weight drop have been the most widely investigated as models of
posttraumatic hyperexcitability. Studies performed in rats have
suggested model-specific changes in seizure susceptibility, mossy
fiber organization, and excitability after head injury that may also be
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related to injury severity and location (Golarai et al., 2001; Santhaku-
mar et al., 2001; D'Ambrosio et al., 2004, 2005; Kharatishvili et al.,
2006; Griesemer and Mautes, 2007). Controlled cortical impact (CCI)
is awidely used experimental model of closed head injury that has not
yet been identified as a model of injury-induced TLE. Several risk
factors for epilepsy after trauma are modeled by lateral CCI including
intraparenchymal hemorrhage accompanied by epidural and subdural
hematomas (Lighthall, 1988; Dixon et al., 1991); cell loss in the
neocortex, hippocampus, and dentate gyrus (Goodman et al., 1994;
Smith et al., 1995; Fox et al., 1998; Anderson et al., 2005; Hall et al.,
2005); neurogenesis in the dentate gyrus (Rola et al., 2006); and
increases in morphologically identified synapses in the hippocampus
(Scheff et al., 2005). Interestingly, early seizures within 24 h have
sometimes been reported in this model (Nilsson et al., 1994; Kochanek
et al., 2006). However, no data currently exists regarding chronic
changes in excitability within the dentate gyrus after CCI.

In the present study we tested whether CCI can induce TLE and
synaptic reorganization in the dentate gyrus in mice. Specifically, we
focused on three main questions: (1) do mice develop spontaneous
seizures; (2) does injury induce mossy fiber sprouting; and (3) are
there long-term changes in excitability in the dentate gyrus after CCI
injury?

Methods

Animals

Adult CD-1 mice (Harlan) weighing 25–30 g were housed under a
normal 12 h light/12 h dark cycle. Water and food were available ad
libitum. Mice were housed for a minimum of 7 d prior to
experimentation. All procedures were approved by the University of
Kentucky Animal Care and Use Committee.

Head trauma

Young-adult mice were subjected to a mild or severe unilateral
cortical contusion by controlled cortical impact (CCI) as previously
described (Scheff et al., 1997; Sullivan et al., 1999). Mice were
anesthetized with isoflurane (2%) and placed in a stereotaxic frame.
The skull was exposed by a midline incision, and a 4 mm
craniotomy was made lateral to the sagittal suture and centered
between bregma and lambda. The skull cap was removed without
damage to the exposed underlying dura. The contusion device
consisted of a computer controlled, pneumatically driven impactor
fitted with a beveled stainless steel tip 3 mm in diameter (Precision
Systems and Instrumentation, Fairfax, VA). Brain injury was
delivered using this device to compress the cortex to a depth of
0.5 mm (mild) or 1.0 mm (severe) at a velocity of 3.5 m/s and
400 ms duration. Surgiseal (Johnson & Johnson, Arlington, TX) was
placed over the dura after injury, the skull cap replaced, and the
incision sutured.

Seizure assessment

Control and injured animals were monitored for seizures during
11 random 1–2 h intervals beginning 42 d post-injury until the day
of experimentation (by 71 d). Five to eight mice were monitored per
session for a total of 18 h. Each observation period included ∼50% of
mice from both mild and severe injury groups. Observation periods
occurred during the light phase of the light/dark cycle, and seizures
were rated from 1 to 5, with 5 being the most severe, according to a
modified Racine scale as previously described (Racine, 1972; Shibley
and Smith, 2002). To minimize subjectivity in seizure assessment,
category one seizures (i.e. facial automatisms, increased grooming
behaviors) were excluded since abnormalities of these behaviors are
often difficult to distinguish.
Slice preparation

Mice were deeply anesthetized by isoflurane inhalation and
decapitated. The brain was removed and stored for b1 min in ice-
cold (2–4 °C) oxygenated artificial cerebrospinal fluid (ACSF) contain-
ing in mM: 124 NaCl, 3 KCl, 1.3 CaCl2, 26 NaHCO3, 1.3 MgCl2, 1.25
NaH2PO4 and equilibrated with 95% O2–5% CO2 (pH 7.2–7.4). Brains
were blocked, glued to a sectioning stage, and 400 μm-thick horizontal
slices were cut in cold, oxygenated ACSF using a vibrating microtome
(Vibratome Series 1000; Technical Products International, St. Louis,
MO). The hippocampus was isolated from surrounding tissue, making
sure to completely remove the entorhinal cortex. Slices were
transferred to a storage chamber containing oxygenated ACSF at 34–
36 °C and their order maintained so that the location along the
septotemporal axis of each hippocampi was known. At least four slices
from each animal were used for experiments: septal and temporal
slices from both the ipsilateral and contralateral hemispheres.

Extracellular field potential recordings

Field potential recordings were obtained from the granule cell
layer in the dentate gyrus 42–71 d post-CCI. For electrophysiological
recording, slices were placed in recording chambers that allowed
positioning of both stimulating and recording electrodes, and
perfused with oxygenated ACSF. Slices were visualized under an
upright microscope (Olympus BX51-WI) for electrode placement.
Extracellular recording electrodes were filled with 1 M NaCl and
placed near the apex of the granule cell layer for recordings. A
concentric bipolar stimulating electrode made of platinum–iridium
wire (125 μm diameter; FHC, Inc., Bowdoinham, ME) was used to
apply stimuli to fiber pathways at 0.1 Hz. Stimulus intensity was
adjusted to produce a population spike of ∼50% of maximum
amplitude. For antidromic stimulation experiments, a single stimulus
was delivered to the hilus. For orthodromic activation experiments,
pairs of stimuli were delivered to the perforant path at interpulse
intervals (IPI) of 20, 40, 80, and 160ms respectively and the ratio of the
second population spike to the first (PS2/PS1) was calculated. An
increase in the paired pulse ratio (PPR) of PS2/PS1 in slices from injury
versus control groups was interpreted as a reduction in synaptic
inhibition, and a reduction in the PPRwas interpreted as an increase in
synaptic inhibition (Reeves et al., 1997). Electrical signals were
recorded using an Axopatch 200B amplifier (Axon Instruments),
low-pass filtered at 2–5 kHz, digitized at 88 kHz (Neurocorder), stored
on videotape, and analyzed on a PC computer using pClamp programs
(Axon Instruments). In some experiments, slices were perfused with
Mg2+-free ACSF containing picrotoxin (100 μM) to block GABAA-
receptor mediated recurrent inhibition and unmask NMDA-receptor
mediated excitatory synapses at resting membrane potential (Smith
and Dudek 2001, 2002; Lynch and Sutula, 2000; Winokur et al., 2004).

Histology

Transverse hippocampal slices (i.e., horizontal with respect to
brain orientation), including those used for recordings were placed in
0.37% sodium sulfide solution in 0.1MNaHPO4 for 20min, followed by
4% paraformaldehyde in 0.15 M phosphate buffer for 1 h to fix the
slices. Slices were then rinsed three times with phosphate buffered
saline (PBS; 0.01 M; pH 7.4) and placed in a 30% sucrose solution in
PBS overnight or until they sank for cryoprotection. The slices were
sectioned at 20 μm on a cryostat, rinsed, mounted on charged slides
(Superfrost Plus; Fisher Scientific), and dried overnight. Sections were
treated according to previous protocols using Timm's stain to reveal
mossy fibers and Nissl counterstained by cresyl violet to visualize cell
bodies (Tauck and Nadler, 1985; Shibley and Smith, 2002). To quantify
the regional distribution of mossy fiber sprouting after CCI, sections
from the ipsilateral and contralateral hemispheres were examined by
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an investigator who was blind to the electrophysiological outcomes at
two locations along the septotemporal axis with respect to bregma:
septal (∼bregma −3.8 mm) and temporal (∼bregma −6.5 mm). Scores
for sprouting were assigned based on the following scale of Tauck and
Nadler (1985): 0, little to no Timm granules in the granule cell layer; 1,
mild staining in the granule cell layer but not the inner molecular
layer; 2, moderate continuous staining through the granule cell layer
with discontinuous, punctuate staining in the inner molecular layer;
and 3, continuous band of dense staining throughout the inner
molecular layer. At least three sections from each slice were examined
and the median score reported if variability between sections existed.
If Timm's staining between the blades of the granule cell layer was
variable, an averaged score was used (e.g., if the lower blade had a
score of 1 while the upper blade had a score of 2, the slice would be
given an overall grade of 1.5). Timm scores N1were considered to have
an abnormal degree of mossy fiber sprouting (Patrylo and Dudek,
1998; Shibley and Smith, 2002).
Fig. 1. Reorganization of mossy fiber projections after severe injury. (A) Representative Timm
controlled cortical impact TBI. (B) Timm and Nissl stained horizontal section from a control m
mouse 42 d post-CCI. (D) Staining in the septal dentate gyrus ipsilateral to the lesion revealed
level and in the same mouse as in C. (E–G) Higher power images of B–D. Scale bars: 500 μm
Data analysis

Data were analyzed using Microsoft Excel and Instat. Numerical
data are presented as the mean±S.E.M. Timm scores are represented
as relative ranges. The nonparametric Kruskal–Wallis test with Dunn's
post hoc was used to analyze for differences between groups of Timm
scores. Electrophysiological data were analyzed by one-way ANOVA
with Tukey's post hoc. Significance was set at Pb0.05.

Results

Mice were subjected to either mild (0.5 mm injury depth; n=10)
or severe (1.0 mm injury depth; n=24) CCI injury and compared to
age-matched controls (n=5). Cortical contusion produced a consis-
tent and reproducible focal lesion in the ipsilateral somatosensory
cortex (Fig. 1A). This cortical site underwent substantial cell loss, as
described in detail previously (Tong et al., 2002; Hall et al., 2005;
and Nissl counterstained coronal section (∼Bregma −2.0 mm) from amouse after severe
ouse. (C) Timm and nissl stained section from the contralateral hemisphere of an injured
mossy fiber sprouting into the innermolecular layer (arrows) at the same septotemporal
in A, 100 μm in B–D, 25 μm E–G.



Table 1
Development of seizures in CD-1 mice after controlled cortical impact

Days post-
injury

Survival
rate (%)

Percent mice
with seizures

Highest seizure
category observed

Control – 5/5 (100%) 0/5 (0%) –

Mild injury (0.5 mm) 65.70±5.8a 10/10 (100%) 2/10 (20%) 2
Severe injury

(1.0 mm)
61.18±8.55a 24/24 (100%) 4/11 (36%) 3

a Denotes mean±SD.
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Saatman et al., 2006). All injured mice survived and remained
otherwise healthy until the day of experimentation (Table 1).

Spontaneous seizures

Early posttraumatic seizures within 24 h after head-injury and
acute increase of interstitial glutamate have previously been reported
after CCI (Nilsson et al., 1994; Kochanek et al., 2006). However, delayed
spontaneous seizures after CCI have not been described. Mice were
passivelymonitored for spontaneous seizures beginning 42 d post-CCI
until the day of experimentation (see Methods). Category 2 general-
ized seizures that included tail and neck stiffness, head nodding, and
freezing up to 90 s or longer were observed in 20% (n=2 of 10) of mice
that received mild injury and 36% (n=4 of 11) of mice that received
severe injury (Table 1). Spontaneous tonic–clonic seizures that
included single forelimb myoclonus (category 3) were also observed
in two of 11 mice (18%) that sustained a severe injury.
Fig. 2.Mossy fiber sprouting progresses with time after CCI injury. Sprouting was typically co
given for three groups (controls, injured ipsilateral hemisphere, and injured contralateral he
(C) and temporal (D) dentate gyrus 42–71 d after severe injury, and septal (D) and tempora
Posttraumatic mossy fiber sprouting

Unprovoked generalized seizures after experimental brain trauma
indicate limbic involvement (D'Ambrosio et al., 2005; Kharatishvili
et al., 2006) and are associated with mossy fiber sprouting in murine
models of TLE (Shibley and Smith, 2002). Timm's staining was
performed on horizontal sections 7 d and 42–71 d after CCI to
compare mossy fiber organization in septal and temporal hippocam-
pal sections contralateral and ipsilateral to the lesion (see Methods).
None of the 14 septal or temporal sections from 5 control animals
contained abnormal mossy fiber organization (i.e. all Timm scores
were b1; Figs. 1B, E). A Kruskal–Wallis test did not indicate a
significant difference in Timm score distributions between groups at
7 d after severe injury in either septal (H(2, 29)=5.262, PN0.05) or
temporal (H(2, 29)=0.954, PN0.05) dentate gyrus (Figs. 2A, B). However,
two of 6 mice (33%) had aberrant mossy fiber sprouting (i.e. Timm
scoresN1) in septal sections of the dentate gyrus ipsilateral to the
injury after 7 d. Mossy fiber sprouting was not observed in temporal
sections or the contralateral hemisphere.

A Kruskal–Wallis test demonstrated a significant difference in
Timm score ranges between groups 42–71 d after severe injury in both
the septal (H(2, 52)=23.453, Pb0.0001) and temporal (H(2, 52)=8.675,
Pb0.01) dentate gyrus (Figs. 2C, D). A Dunn's post hoc test demon-
strated that Timm scores for ipsilateral slices were statistically
different from controls at both septal and temporal locations
(pb0.001). Of 18 mice, 10 (55%) contained mossy fiber sprouting in
more septal sections (i.e. Timm scoreN1; Figs. 1D, G), and in two mice
(11%) the sprouting was also observed in the temporal dentate gyrus.
nfined to the septal dentate gyrus of the ipsilateral hemisphere. Timm score ranges are
misphere) from septal (A) and temporal (B) dentate gyrus 7 d after severe injury, septal
l (E) dentate gyrus 42–71 d after mild injury.



Fig. 3. Paired-pulse ratios in the dentate gyrus are reduced in slices from injured mice
with mossy fiber sprouting 42–71 d after injury. (A) Representative field-potential
recordings evoked by paired-pulsed stimulation of perforant path input to the dentate
gyrus at 20, 40, 80, and 160 ms interpulse intervals in controls, CCI injuredmice with no
mossy fiber sprouting (MFS), and CCI injured mice with MFS. Facilitation of the second
population spike was observed at all intervals in controls and injured mice without
mossy fiber sprouting. Paired-pulse ratios were significantly decreased in slices from
injured mice with mossy fiber sprouting at early (20 ms and 40 ms) but not later (80 ms
and 160 ms) intervals. (B) Bar graph showing the mean PPR for all slices at 20, 40, 80,
and 160 ms (n=15–46). Bars represent means±S.E.M. Asterisks (⁎) represent a
significant reduction in paired-pulse ratios as determined by one-way ANOVA with
Tukey's post hoc analysis (Pb0.01).
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Only one mouse (6%) had a Timm scoreN1 in the contralateral dentate
gyrus 42–71 d post-injury (Figs. 1E, F). A small but significant
difference in Timm score ranges was also found 42–71 d after mild
injury in septal (H(2, 36)=6.415, Pb0.05) and temporal (H(2, 37)=7.035,
Pb0.05) locations (Figs. 2D, E). However, a Dunn's post hoc test failed
to find significant differences between groups. One mouse (10%) that
received mild injury had moderate mossy fiber sprouting in the septal
dentate gyrus, and one mouse (10%) contained moderate sprouting in
the temporal dentate gyrus. None of these 10mice were found to have
abnormal mossy fiber organization in the contralateral hemisphere.
The two mice that sustained severe injury and were observed to have
spontaneous convulsive seizures also displayed robust mossy fiber
sprouting (i.e. Timm scoresN2.0) in the ipsilateral dentate gyrus after
CCI. In all cases, the degree of sprouting decreased with temporal
progression along the hippocampal axis.

In vitro electrophysiology

Responses to paired-pulse stimulation

Extracellular field recordings of perforant path input to dentate
granule cells were used to assess the strength of synaptic inhibition
in the dentate gyrus 42–71 d after CCI. Paired electrical stimuli were
delivered to the perforant path at pairing intervals of 20, 40, 80, and
160 ms. The strength of inhibition was determined by measuring
PPR – the amplitude of the second population spike as a percentage
of the first (PS2/PS1) – of four experimental groups (septal and
temporal slices of the dentate gyrus, ispilateral and contralateral to
the lesion) after mild and severe injury compared to similarly
located slices from controls. Responses in 14 hippocampal slices
from 5 control animals revealed facilitation of the second population
spike at all intervals (Fig. 3); a t-test confirmed no significant
difference between septal-most and temporal slices from controls
and the data were therefore combined for analysis. A one-way
ANOVA demonstrated no significant change in PPR between the
groups at any of the tested IPIs after either mild (F(4, 59)=0.39,
PN0.05, 20 ms; F(4,57)=0.89, PN0.05, 40 ms; F(4,65)=1.04, PN0.05,
80 ms; F(4,56)=0.64, PN0.05, 160 ms) or severe (F(4, 50)=0.66, PN0.05,
20 ms; F(4,48)=1.00, PN0.05, 40 ms; F(4,64)=1.71, PN0.05, 80 ms;
F(4,47)=2.36, PN0.05, 160 ms) CCI injury. No change in PPR was
detected by selecting for injury only.

However, to determine whether granule cell responses were
selectively altered in slices with mossy fiber sprouting, we further
analyzed the PPR in slices of four different groups: (1) ipsilateral
dentate gyrus with Timm scores≥1.5 (n=15 slices); (2) ipsilateral
dentate gyrus with Timm scores≤1 (n=42 slices); (3) contralateral
dentate gyrus (Timm scores≤1; n=46 slices); and (4) control dentate
gyrus (Timm scoresb1). A one-way ANOVA demonstrated a significant
difference in PPR between groups at early IPIs of 20 ms and 40 ms (F(3,
95)=4.13, Pb0.01, 20 ms; F(3, 93)=2.74, Pb0.05, 40 ms) but not at 80 ms
or 160 ms (F(3. 118)=1.34, PN0.5, 80 ms; F(3, 92)=0.67, PN0.05, 160 ms).
Post hoc comparisons revealed that PPR was significantly reduced by
47% at the 20 ms interval and 59% at the 40 ms interval in ipsilateral
slices that had mossy fiber sprouting (Pb0.01), suggesting an increase
in the strength of inhibition (Figs. 3A, B). Interestingly, PPR in slices
from the ipsilateral hemisphere in injured animals that did not
contain mossy fiber sprouting was not statistically different from
controls at any IPI. Population spike amplitude ratios from the
contralateral dentate gyrus, which also did not display mossy fiber
sprouting, were also not different from controls (Figs. 3A, B).

Hyperexcitability in slices with mossy fiber sprouting

Hilar-evoked field potentials were examined in the same slices
used to obtain paired-pulse data. These experiments were first
performed in “normal” ACSF and then in Mg2+-free ACSF containing
100 μM picrotoxin (PTX). In “normal” ACSF, electrical stimulation
consistently elicited a single population spike in nearly all hippocam-
pal slices from controls and injured animals (Figs. 4, 5A). Two
ispilateral slices (one each from a mild and severe injury) had 2–3
population spikes. In Mg2+-free ACSF containing PTX, a single
population spike was elicited in all slices (n=14) from control animals
(Fig. 4A). When hilar-evoked responses under these conditions were
compared among injured animals, 98% (n=45 of 46) of contralateral
slices without mossy fiber sprouting and 87.5% (n=35 of 40) of
ipsilateral slices without mossy fiber sprouting had a single popula-
tion spike (Fig. 4B). Three of 15 (20%) ipsilateral slices withmossy fiber
sprouting had a single population spike similar to controls. Increased
excitability or epileptiform activity was observed in the remaining
slices, which almost exclusively included the ipsilateral dentate gyrus.



Fig. 4. Electrical stimulation of mossy fibers in the hilus evokes increased population responses in the dentate gyrus of mice with mossy fiber reorganization 42–71 d after CCI injury.
(A, B) Hilar-evoked responses in controls and injuredmice without mossy fiber sprouting consisted of a single population spike in normal ACSF and inMg2+-free ACSF containing PTX.
(C) Evoked responses in a slice from a CCI-injuredmousewithmoderatemossy fiber sprouting. A single population spikewas evoked in normal ACSF. Multiple population spikes were
evoked in Mg2+-free ACSF containing PTX. (D) Hilar stimulation evoked a single population spike in normal ACSF in a slice with robust mossy fiber sprouting. In Mg2+-free ACSF
containing PTX, a prolonged negative field-potential shift with secondary population activity was evoked. (D) The underlined portion of the trace in D is expanded below to
demonstrate the initial population spike followed by secondary activity. Insets provide representative Timm's stains demonstrating the level of mossy fiber sprouting typical of slices
that produced each response.

248 R.F. Hunt et al. / Experimental Neurology 215 (2009) 243–252
The increase in excitability was observed in the form of multiple
population spikes in 1 (2%) contralateral slice, 5 (12.5%) ipsilateral
slices without mossy fiber sprouting, and 12 (80%) ipsilateral slices
with mossy fiber sprouting (Fig. 4C). In three (20%) of the slices from
the ipsilateral dentate gyrus, hilar stimulation evoked prolonged
negative-going field potentials and secondary population spikes with
long and variable latency to the stimulus (Fig. 4D). Slices with the
latter, most robust response, contained the highest degree of mossy
fiber sprouting (Timm scores≥2). Timm score ranges associated with a
single population spike, multiple population spikes, and prolonged
negative field shifts were compared and found to be statistically
different by Kruskal–Wallis test (H(2, 107)=27.77, Pb0.00001; Fig. 5B). A
Dunn's post hoc test confirmed that Timm scores associated with
slices containing a single hilar-evoked population spike were
significantly different from Timm scores of slices that had multiple
population spikes (Pb0.01) and prolonged negative field shifts
(Pb0.001). In both cases of hyperexcitability the secondary activity
could be completely and reversibly blocked by 50 μMAPV. The relative
range of hilar-evoked responses observed in Mg2+-free ACSF contain-
ing PTX for each experimental group are given in Fig. 5C.

Spontaneous epileptiform activity in slices with robust mossy
fiber sprouting

The susceptibility to generation of spontaneous epileptiform
activity in the presence of Mg2+-free ACSF containing PTX was also



Fig. 5. Increased excitability is revealed in the dentate gyrus of CCI-injured mice during disinhibition. (A) Hilar stimulation in normal ACSF evoked a single population spike in nearly
all slices from injured and control animals. (B) Average Timm scores for slices in which a single population spike, multiple population spikes, or prolonged negative field shifts were
evoked in the presence of Mg2+-free ACSF containing PTX. Bars represent means±S.E.M. Single asterisks (⁎) represent Pb0.01 and double asterisks (⁎⁎) represent a Pb0.001 as
determined by Kruskal–Wallis with Dunn's post hoc analysis. (C) Relative range of hilar-evoked population responses in Mg2+-free ACSF containing PTX.
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examined. Three ipsilateral slices that contained robust mossy fiber
reorganization (i.e. Timm scores≥2) exhibited spontaneous bursts of
population spikes and large amplitude negative-going field potential
shifts of variable frequency in the granule cell layer (Fig. 6B). Small
amplitude positive-going shifts, but not epileptiform burst discharges,
were regularly observed in all other slices from injured and control
animals (Fig. 6A).

Discussion

The results of this study suggest that the dentate gyrus of injured
mice with mossy fiber sprouting became epileptogenic. Many mice
developed spontaneous seizures by 42–71 d after mild or severe CCI
injury, an important extension of previous studies that suggested this
model of TBI induced early seizures (Nilsson et al., 1994; Kochanek et
al., 2006). In addition, we found evidence for regionally localized
structural reorganization of mossy fibers in the dentate gyrus
ipsilateral to the injury that was accompanied by reduced PPR and
increased spontaneous and hilar-evoked recurrent excitability. These
long-term behavioral, anatomical, and functional changes are con-
sistent with TLE development in humans and rodents.
Fig. 6. Spontaneous population activity during disinhibition in slices from control and i
demonstrate spontaneous positive-going field potential deflections. (B) Spontaneous epilept
population spikes observed in the dentate gyrus of a mouse with mossy fiber sprouting. Ar
Spontaneous seizures after mild and severe CCI

Several characteristics of seizures in our mice resembled seizures
observed in other rodent models of TLE and PTE (Shibley and Smith,
2002; D'Ambrosio et al., 2004, 2005; Kharatishvili et al., 2006). In the
present study, 20–36% of mice were observed to have unprovoked
seizures weeks after injury. This is comparable to clinical studies that
indicate as many as 39% of patients sustaining severe TBI with intact
dura develop PTE (Caveness et al., 1979; Annegers et al., 1998). While
increased seizure susceptibility to electrical stimulation and procon-
vulsant drug exposure has been noted after CCI and weight drop
(Golarai et al., 2001; Statler et al., 2008), spontaneous seizures have
only been reported in rats after severe FPI (Kharatishvili et al., 2006;
Griesemer and Mautes, 2007). Previous studies have suggested that
limbic involvement typically does not evolve in rats until several
months after FPI (D'Ambrosio et al., 2004, 2005; Kharatishvili et al.,
2006), but many mice in our study developed seizures and
hippocampal pathology by 10 weeks post-injury. A shorter time
period from injury to TLE makes studies of injury-induced epilepto-
genesis more feasible. Since animals in the present study were
observed periodically, we presumably underestimated the number of
njured mice. (A) Field-potential recordings in the dentate gyrus of a control mouse
iform activity consisting of large amplitude negative going field shifts and spontaneous
rows in A and B indicate expanded portions of the respective traces.
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mice that developed spontaneous seizures and the frequency of
seizures. However, we were mainly concerned with the qualitative
assessment of seizure development after CCI. Continuous video-EEG
or longer periods of seizure monitoring may increase the yield for
seizure detection. It also remains to be elucidated whether a gradual
shift in seizure type from partial to secondarily generalized over time
also occurs after CCI as has been reported after FPI (D'Ambrosio et al.,
2005; Kharatishvili et al., 2006).

Posttraumatic mossy fiber sprouting

Mossy fiber reorganization is a phenomenon repeatedly observed
in TLE patients and animal models, is well developed by 2–4 weeks
after an epileptogenic insult in rodents, and persists throughout life
(Dudek and Spitz, 1997). Mossy fiber sprouting may only be one of
many anatomical factors such as neuron loss, neurogenesis, gliosis, or
morphological changes associated with epileptogenesis (Pitkanen and
Sutula, 2002). However, we examined changes in mossy fiber
organization because of its traditional consistency and reliability as
amarker of the epileptic dentate gyrus. Mossy fiber sprouting after CCI
was most prominent in dorsal regions of the ipsilateral dentate gyrus
and resembled sprouting observed in humans and animal models of
TLE (Tauck and Nadler, 1985; Shibley and Smith, 2002). Previous
reports in rats have indicated minimal sprouting in the dentate gyrus
ipsilateral to the injury at 3 months post-FPI (Santhakumar et al.,
2001) and dense sprouting in the septal dentate gyrus ipsilateral to
the injury in rats that display spontaneous seizures by 12 months
(Kharatishvili et al., 2006). However, we detected minimal axon
reorganization near the injury site as early as 7 d post-injury, and the
number of animals with mossy fiber sprouting increased with time
post-injury such that 55% of micewere found to have locally abnormal
mossy fiber organization by 10weeks after severe CCI. Even in animals
with spontaneous seizures, mossy fiber sprouting was mainly
localized to areas ipsilateral and proximal to the lesion. Thus,
sprouting may not need to be as widespread as is often observed in
status epilepticus-induced TLE models to contribute to seizures.

Injury severity may contribute to the degree of mossy fiber
sprouting after TBI. Similar to the observation that severe lateral FPI is
necessary to induce sprouting in rats (Santhakumar et al., 2001), more
mice developed mossy fiber sprouting after severe CCI. Several
previous studies have described in detail the extent, variability, and
progression of cortical and hippocampal damage after mild or severe
CCI in mice (Hannay et al., 1999; Tong et al., 2002; Hall et al., 2005;
Saatman et al., 2006). Previous reports in rats and mice indicate
greater cortical lesion volume after severe versus mild injury that is
due to an increase in injury depth but not rostral–caudal extent of the
injury (Goodman et al., 1994; Hannay et al., 1999; Saatman et al.,
2006). The present electrophysiological experiments utilized mainly
horizontal slices, which allowed recordings to be made from
approximately the temporal two-thirds of the hippocampal formation
(i.e., from just ventral to the lesion to near the temporal pole), so the
lesion site itself was not analyzed. Since our methods of CCI were
identical to those used in previous studies (Hall et al., 2005), the
assumption is that the initial lesion was similar in dimension and
variability to that described previously. Despite reports that indicate
severe injury in the CCI model can occasionally produce bilateral
damage to structures that are especially susceptible to injury, such as
the thalamus and hippocampus (Goodman et al., 1994; Smith et al.,
1995), nearly all slices from the contralateral dentate gyrus appeared
devoid of mossy fiber sprouting in the inner molecular layer, even in
mice with generalized seizures. Thus, it is possible to observe a full
range of Timm scores – from no sprouting to robust sprouting – in
slices from a single mouse after CCI.

The presence of regionally robust mossy fiber sprouting in mice
that displayed category 3 seizures suggests an association between
axon sprouting and seizure severity and/or frequency after TBI.
However, it is difficult to establish whether injury-induced mossy
fiber reorganization precipitates limbic seizures, seizures induce
mossy fiber sprouting, a combination of the two occur, or even to be
confident that sprouting is a necessary accompaniment of limbic
seizures. Studies aimed at determining causality are complicated by
the myriad cellular and molecular alterations occurring concurrent
with axon sprouting, several of which may also contribute to the
development of seizures after brain injury. Synaptic reorganization in
other damaged structures such as CA1, amygdala, and neocortex could
additionally contribute to seizure development after injury but are
more difficult to detect. For example, increases in synaptic connec-
tions and excitability of CA1 pyramidal cells have been reported after
focal injury (i.e. CCI and weight drop), are also seen in TLE models, and
could further contribute to seizures (Smith and Dudek, 2001; 2002;
Scheff et al., 2005; Griesemer and Mautes, 2007). Moreover, Buck-
master and Dudek (1997b) reported no direct association between
seizure frequency and the degree of mossy fiber sprouting after
kainate-treatment. In the present study sprouting was more prevalent
at 42–71 d versus 7 d after severe CCI injury, suggesting progressive
development of new excitatory connections in the dentate gyrus.
However, mice were not monitored for seizures at the earlier time
points, and the relationship between structural damage, axon
sprouting, and seizure development was beyond the scope of this
study. Further investigations using continuous EEG in combination
with cellular techniques that compare animal models with variable
levels of mossy fiber sprouting (i.e., TBI, status epilepticus, etc.) may
provide insight into any causal relationships between axon sprouting,
epileptogenesis, and the onset of limbic seizures.

Increased synaptic inhibition after CCI

Reduced PPR has been repeatedly demonstrated in the dentate
gyrus of epileptic patients and animal models of TLE (Tuff et al., 1983;
Buckmaster and Dudek, 1997a; Swanson et al., 1998). One view is that
mossy fiber sprouting after an epileptogenic insult plays a restorative
role by enhancing excitatory synaptic input onto GABAergic inter-
neurons in the hilus (Sloviter,1991,1992). However, other studies have
demonstrated decreased inhibitory input onto granule cells that is
possibly related to the loss of GABAergic interneurons in epileptic
animals (Buckmaster and Dudek, 1997a; Kobayashi and Buckmaster,
2003). Previous reports of paired-pulse data in rats after TBI have been
conflicting. Reeves et al. (1997) reported reduced PPR in the ipsilateral
dentate gyrus at early IPIs (20 ms–100 ms) up to 15 d post-FPI in vivo.
Other studies have suggested no change or even increased PPR weeks
tomonths after TBI (Lowenstein et al., 1992; Golarai et al., 2001). In the
present study, PPR at all IPIs from ipsilateral and contralateral slices
without mossy fiber sprouting was similar to controls. We found that
PPR was selectively reduced at earlier (20 ms and 40 ms) but not later
(80 ms and 160 ms) IPIs in slices with mossy fiber sprouting (Timm
scoresN1) after injury. This is an interesting finding that suggests a
long-term increase in synaptic inhibition after TBI associated with
mossy fiber reorganization. Previous studies of posttraumatic hyper-
excitability have not differentiated between slices with and without
sprouting. Perforant path stimulation did not consistently evoke
paired pulse inhibition at low IPIs (i.e., 20 ms) in control slices as is
commonly observed. However, other reports demonstrated paired-
pulse facilitation in control slices at low IPIs (Kirby et al., 1995; Hirota
and Roth, 1997). Differences in stimulation frequency, intensity,
interpulse interval, time post-injury, ACSF composition, and/or animal
model could all contribute to discrepancies among studies. Moreover,
variations in stimulus parameters have been reported to have
inconsistent effects on paired-pulse inhibition, particularly at high
stimulation frequencies and/or intensities (Waldbaum and Dudek,
2005, 2007). In the present study all experimental conditions
remained constant; control data were obtained alongside data from
injured animals, and different slices from injured animals were
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treated identically within an experiment. Field-potential experiments
are limited in that perforant path stimulation is not a direct measure
of GABA-mediated inhibition. We found that interval-specific changes
in PPR was associated with mossy fiber sprouting, consistent with the
hypothesis that sprouting may increase synaptic inhibition in these
slices, but it remains possible that other injury-induced changes of
dentate gyrus networks could produce similar effects. Alternative
interpretations of our paired-pulse data could include the possibility
of a presynaptic effect such that transmitter release probability is
altered, inhibitory cells may sustain damage and undergo functional
changes as a result of TBI, and/or hilar mossy cells may be driving
synaptic inhibition in the injured mice. Future experiments that use
cellular approaches to assess excitatory and inhibitory drive onto both
granule cells and GABAergic interneurons may better clarify the effect
of TBI on recurrent inhibition in the dentate gyrus. Regardless, our
data suggest an interval-specific and selective reduction of PPR in
slices containing mossy fiber sprouting after TBI.

Epileptiform activity after CCI

Numerous in vitro studies have suggested that mossy fiber
reorganization contributes to epileptiform activity and seizures by
forming a positive-feedback network among granule cells (Cronin and
Dudek, 1988; Molnar and Nadler, 1999; Lynch and Sutula, 2000;
Buckmaster et al., 2002; Scharfman et al., 2003; Winokur et al., 2004).
Our data are consistent with this view. An increased susceptibility to
spontaneous and evoked epileptiform activity in the ipsilateral
dentate gyrus of slices with mossy fiber sprouting were revealed in
the presence of Mg2+-free ACSF containing PTX. These epileptiform
discharges were not observed in slices from injured or control animals
that did not display mossy fiber sprouting. Spontaneous positive shifts
in slices from controls and negative field shifts in slices from kainate
treated rats and reeler mutant mice during disinhibition have
previously been described (Wuarin and Dudek, 1996; Buckmaster
and Dudek, 1997a; Patrylo et al., 2006). Hilar stimulation evoked
prolonged negative-going field-potential shifts and secondary popu-
lation spikes in slices with robust levels of sprouting and multiple
population spikes inmany but not all slices withmoremoderate levels
of mossy fiber sprouting. These responses are qualitatively similar to
those observed in animal models of TLE (Tauck and Nadler, 1985;
Cronin et al., 1992;Wuarin and Dudek, 1996; Patrylo and Dudek, 1998;
Winokur et al., 2004). Multiple population spikes were observed in a
small percentage of ipsilateral and contralateral slices that did not
have robust mossy fiber sprouting. This may indicate that mossy fiber
reorganization is not solely responsible for the enhanced excitability
in some slices. However, one obvious limitation to electrical stimula-
tion is that cell bodies and other axons of passage can be activated
concurrent with mossy fibers making it an indirect measurement of
synaptic connectivity. The possibility that neurons in the hilus (e.g.,
excitatory mossy cells) play a role in the increased excitability
observed in our preparation cannot be excluded. Caged glutamate
microstimulation (Molnar and Nadler,1999;Wuarin and Dudek, 2001;
Winokur et al., 2004) or dual intracellular recordings (Scharfman et al.,
2003) could provide a more direct assessment of synaptic connections
between granule cells after CCI. Even so, our data indicate that mossy
fiber reorganization in slices from injured animals is associated with
increased susceptibility for epileptiform activity.

Additional comparisons between CCI and other experimental models of
TBI-induced epilepsy

Distinct strengths and limitations exist with any experimental
model. Currently, FPI and weight drop are the most widely used
trauma models that have also been adapted as models of posttrau-
matic hyperexcitability. CCI offers potential advantages over these
other models. Perhaps the most important advantage is that CCI has
been adapted to mice (Smith et al., 1995; Sullivan et al., 1999), rats
(Dixon et al., 1991; Scheff et al., 1997), and even larger animals such as
sheep (Anderson et al., 2003). To date, studies of TBI-induced epilepsy
using FPI and weight drop have been nearly exclusively performed in
rats. The ability to perform CCI in mice provides an invaluable
experimental tool for studying the contribution of genetic background
in PTE development. CCI produces a consistent and reproducible focal
injury in each animal, and mechanical parameters (i.e., injury velocity,
depth, and tissue deformation) are easily managed. There is
minimized risk for inaccuracy or secondary “rebound” injury as can
be seen with other focal TBI models (i.e., weight drop). On the other
hand, lateral FPI produces a mixed focal and diffuse injury making it
impossible to determine the contribution of each injury type to
epileptogenesis. A more focused and consistent injury produced in CCI
may have behavioral and/or functional implications. One common-
ality among the abovementioned TBI models is that all produce a
degree of focal injury. This suggests that focal injury may play a more
critical role in epileptogenesis than diffuse injury. Thus, the highly
focal lesion produced by CCI may reflect a more relevant aspect of PTE.
A potential limitation of the CCI model is that increasing injury
severity does not achieve increased mortality; this contradicts clinical
observations. Severity of lateral FPI must be increased such that
mortality rate is ∼50% in order to induce TLE in rats (Kharatishvili
et al., 2006). Mortality after severe FPI may be due to disproportionate
injury to the brainstem and/or the more diffuse nature of the model.
Weight drop is another highly focal model of severe TBI after which
nearly all animals have been similarly reported to survive (Griesemer
and Mautes, 2007). Therefore, the injury-induced sequence of events
leading to mortality may be different from those leading to TLE.

In conclusion, CCI reproduced key behavioral, anatomical, and
functional features common to human PTE and TLE in mice.
Development of specific hippocampal pathology often associated
with TLE development occurred at earlier time points than described
in some other TBI models. Therefore, CCI not only provides a useful
model of TBI but is also effective in inducing PTE in mice.
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