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Epilepsy after pediatric traumatic brain injury (TBI) is associated with poor quality of life. This study aimed to characterize post-
traumatic epilepsy in a mouse model of pediatric brain injury, and to evaluate the role of interleukin-1 (IL-1) signaling as a target for
pharmacological intervention. Male mice received a controlled cortical impact or sham surgery at postnatal day 21, approximating a
toddler-aged child. Mice were treated acutely with an IL-1 receptor antagonist (IL-1Ra; 100 mg/kg, s.c.) or vehicle. Spontaneous and
evoked seizures were evaluated from video-EEG recordings. Behavioral assays tested for functional outcomes, postmortem analyses
assessed neuropathology, and brain atrophy was detected by ex vivo magnetic resonance imaging. At 2 weeks and 3 months post-injury,
TBI mice showed an elevated seizure response to the convulsant pentylenetetrazol compared with sham mice, associated with abnormal
hippocampal mossy fiber sprouting. A robust increase in IL-1� and IL-1 receptor were detected after TBI. IL-1Ra treatment reduced
seizure susceptibility 2 weeks after TBI compared with vehicle, and a reduction in hippocampal astrogliosis. In a chronic study, IL-1Ra-
TBI mice showed improved spatial memory at 4 months post-injury. At 5 months, most TBI mice exhibited spontaneous seizures during
a 7 d video-EEG recording period. At 6 months, IL-1Ra-TBI mice had fewer evoked seizures compared with vehicle controls, coinciding
with greater preservation of cortical tissue. Findings demonstrate this model’s utility to delineate mechanisms underlying epilep-
togenesis after pediatric brain injury, and provide evidence of IL-1 signaling as a mediator of post-traumatic astrogliosis and
seizure susceptibility.
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Introduction
Post-traumatic epilepsy (PTE) is a common cause of morbidity
after pediatric traumatic brain injury (pTBI). Defined as the oc-

currence of two or more unprovoked seizures �1 week following
TBI (Annegers et al., 1980), PTE has a reported incidence of
10 –20%, with a higher risk associated with increased injury se-
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Significance Statement

Epilepsy is a common cause of morbidity after traumatic brain injury in early childhood. However, a limited understanding of how
epilepsy develops, particularly in the immature brain, likely contributes to the lack of efficacious treatments. In this preclinical
study, we first demonstrate that a mouse model of traumatic injury to the pediatric brain reproduces many neuropathological and
seizure-like hallmarks characteristic of epilepsy. Second, we demonstrate that targeting the acute inflammatory response reduces
cognitive impairments, the degree of neuropathology, and seizure susceptibility, after pediatric brain injury in mice. These
findings provide evidence that inflammatory cytokine signaling is a key process underlying epilepsy development after an ac-
quired brain insult, which represents a feasible therapeutic target to improve quality of life for survivors.
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verity (up to 35% for severe TBI; Ates et al., 2006), and a younger
age at insult (greatest �2 years of age; Ates et al., 2006; Arndt et
al., 2013). PTE in the pediatric population is associated with
worse functional and cognitive outcomes (Barlow et al., 2000;
Arndt et al., 2013). PTE is often resistant to medical management,
and no efficacious anti-epileptogenic therapy to prevent its de-
velopment has been identified (Barlow et al., 2000).

Current understanding of the biological mechanisms under-
lying epileptogenesis, or the process by which epilepsy is acquired
after a brain insult, is based primarily on TBI models in adult ani-
mals, despite evidence that seizure susceptibility differs between the
immature and adult brain, with developmental changes during
early life favoring neuronal excitability (Nardou et al., 2013).
Several putative mechanisms of PTE have been proposed, includ-
ing alterations in neurotransmission, hippocampal cell loss,
mossy fiber sprouting, altered calcium-mediated second messen-
ger activity, and neuroinflammation (Hunt et al., 2013). An im-
proved understanding of these mechanisms, particularly in the
context of a young brain that is still maturing, may be critical to
preventing PTE and improving the outcomes of children with
TBI.

Increasing evidence from patient studies and experimental
models implicates inflammatory cytokine signaling in seizure in-
duction and propagation via both direct and indirect mecha-
nisms (Webster et al., 2017). In the immature brain, which shows
particular vulnerability to neuroinflammation (Potts et al., 2006),
even a modest or subthreshold inflammatory response can alter
long-term susceptibility to seizures (Galic et al., 2008). Interleukin-1
� (IL-1�), a classically proinflammatory mediator of acute patho-
genesis after injury (Brough et al., 2011), has been reported to
initiate and exacerbate seizure activity in experimental models of
epilepsy (Vezzani et al., 1999, 2000; Dubé et al., 2005). Con-
versely, preventing IL-1� biosynthesis or blocking signaling via
the IL-1R1 receptor can ameliorate seizure severity and incidence
(Vezzani et al., 2000; Maroso et al., 2011). To date, however, the
potential role of IL-1 signaling in seizure activity after a traumatic
insult has not been explored.

One factor that contributes to our limited understanding of
PTE mechanisms is a lack of age-appropriate, clinically relevant
experimental models (Pitkänen et al., 2009). We have established
a reproducible model of unilateral traumatic injury to the mouse
brain at postnatal day (P)21, that results in progressive neurode-
generation and behavioral deficits representative of TBI in
toddler-aged children (Pullela et al., 2006; Semple et al., 2015). In
this study, we first applied the pTBI model to evaluate the effect of
early-life brain injury on seizure susceptibility and epilepsy-
associated neuropathology over time. Second, to determine
whether IL-1 signaling is an underlying mechanism involved
in post-traumatic epileptogenesis, we administered a clinically
available IL-1R antagonist acutely after pTBI, and examined
seizure susceptibility and neurodegeneration across a time
course. Together, our findings confirm persistent hyperexcit-
ability after early-life brain injury, and provide evidence of
IL-1 signaling as a mediator of post-traumatic epileptogenesis.

Materials and Methods
Experiments were conducted at either the University of California San
Francisco (UCSF; see Figs. 1–4) or the University of Melbourne (UoM),
Australia (see Figs. 5–8), according to the NIH and Australian guidelines
for the care and use of laboratory animals, with approval from Institu-
tional Animal Care and Use Committees (no. AN084572 and 15-016).
Analyses were conducted blinded to injury and treatment group. Group
allocation was concealed by a third party following randomization at
surgery using a random number generator.

Animal model. C57BL/6J mice were purchased from the The Jackson
Laboratory, or the Animal Resource Centre. Animals were group-housed
in individually ventilated cages, and maintained under a 12 h light/dark
cycle with ad libitum access to food and water. The controlled cortical
impact model of TBI was performed at P21 (�1 d; �10 g) in male mice
as previously described (Pullela et al., 2006; Semple et al., 2015). Pups
were weaned and anesthetized with 1.25% 2,2,2-tribromoethanol in sa-
line (Avertin, Sigma-Aldrich), intraperitoneally at 0.02 ml/g body weight
(at UCSF; see Figs. 1–4), or 1.5% isoflurane via a nose cone throughout
surgery (at UoM; see Figs. 5–8). Injury parameters were 4.5 m/s velocity,
1.73 mm depth, and 150 ms duration (“severe”) or 4.0 m/s, 1.2 mm
depth, and 150 ms duration (“moderate”). Sham-operated mice under-
went identical surgical procedures, without receiving the impact.

rIL-1Ra administration. The human recombinant IL-1R antagonist
(rIL-1Ra), commercially available as Kineret (Anakinra, Amgen), was
received as a stock solution of 100 mg/0.67 ml and diluted to 10 mg/ml in
sterile saline for subcutaneous injection. For the subacute study, con-
ducted at UCSF, 100 mg/kg rIL-1ra (or sterile saline as the vehicle) was
administered at 2, 8, and 24 h post-injury (see Fig. 3A). This dosage is
known to penetrate the rodent BBB (Greenhalgh et al., 2010), afford
neuroprotection in models of CNS damage (McCann et al., 2016), and
show safety in adult TBI patients (Helmy et al., 2014). For the chronic
study, conducted at UoM, a bolus of 100 mg/kg rIL-1ra or vehicle was
administered at 2 h post-injury (see Fig. 5A). In addition, a primed
ALZET osmotic mini-pump loaded with rIL-1Ra or vehicle was im-
planted subcutaneously at the shoulder during surgery, to provide
continuous release of 100 mg/kg/d for 7 d. Mice were then briefly anes-
thetized for explantation of the pump, and drug delivery confirmed by
quantification of residual fluid.

PTZ seizure induction. The proconvulsant pentylenetetrazol (PTZ;
Sigma-Aldrich) was administered to induce evoked seizures, at doses of
30 –50 mg/kg depending on age/time post-injury as determined from
pilot and published studies (Nehlig and Pereira de Vasconcelos, 1996;
Bao et al., 2011). At these doses, sham-operated mice typically showed
minor, subconvulsive behaviors. Individual mice were placed into a stan-
dard cage and responses were video-recorded using a side-mounted
camera. Based upon the Racine score (Racine, 1972) and previous adap-
tations (Cole et al., 2000; Lüttjohann et al., 2009), a modified “Seizure
Severity Score” was used to most accurately capture the overall PTZ
response, where 0 � no response; 1 � behavioral arrest; loss of posture;
2 � isolated, focal twitches; 3 � forelimb clonus and head nodding; 4 �
rearing; 5 � generalized convulsions (loss of posture, rearing and fall-
ing); 6 � repeated and/or extended generalized seizures; and 7 � status
epilepticus resulting in death. The latency to demonstrate key behav-
iors were also calculated from the time of PTZ injection. Group sizes
were n � 7–10 mice/group for subacute experiments (2 weeks post-
injury), and n � 8 –13/group for the chronic experiment (6 months
post-injury).

Gene expression. Fresh dissected brain samples (n � 4 – 6/group) were
homogenized for RNA extraction using the Purelink RNA Mini Kit
(Invitrogen), and prepared for real-time quantitative PCR using a
StepOnePlus Real-Time PCR System (Applied Biosystems) as previously
described (Frugier et al., 2010). TaqMan gene expression assays were
used to detect 18S (Hs99999901_s1), Il1r1 (IL-1R1; Mm00434237_m1),
Gfap (GFAP; Mm01253033_m1), and Vim (vimentin; Mm01333430_m1).
Relative gene expression was determined by the 2��CT method and
normalized to 18S.

Protein analysis. Serum was obtained by centrifugation of blood sam-
ples collected by cardiac puncture from a subset of terminally anesthe-
tized mice, and fresh dissected brain tissue was snap frozen (n � 4 – 6/
group). IL-1� levels in serum, ipsilateral cortex, and hippocampal tissue
were determined using a mouse IL-1� Quantikine ELISA kit (R&D
Systems) per the manufacturer’s instructions. Western blots were per-
formed using antibodies against GFAP (polyclonal rabbit, DAKO, Z0334;
1:5000) or the internal control GAPDH (mouse monoclonal, Abcam,
ab8245; 1:10,000; Semple et al., 2015).

Immunofluorescence. Following transcardial perfusion with 4% para-
formaldehyde, brains were cryosectioned for collection of serial coronal
sections (40 �m). Mossy fiber sprouting was detected by the zinc trans-
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porter protein ZnT3 (polyclonal anti-rabbit, Synaptic Systems, 197003;
1:1000), double-labeled with NeuN (mouse monoclonal; Millipore,
MAB377; 1:1000) and the nuclear counterstain DAPI, followed by the
application of secondary antibodies (Cy3 goat ant-rabbit IgG, The Jack-
son Laboratory, 111-165-144; 1:500; and AF488 goat anti-mouse IgG,
Invitrogen, A11029; 1:500). The astroglial response was evaluated by
immunofluorescence for GFAP (rabbit polyclonal, DAKO, Z0334;
1:1000), followed by secondary antibody detection (FITC goat anti-
rabbit IgG, Jackson ImmunoResearch, 111-095-003; 1:1000) and a DAPI
counterstain (n � 9 –10/group). The microglial response was evaluated
by immunofluorescence for Iba-1 (goat polyclonal, Abcam, ab5076;
1:750), followed by secondary antibody detection (AF488 donkey anti-
goat IgG, Life Technologies, A-11055; 1:200), and a DAPI counterstain.
Images were captured at 20� magnification (5 sections/brain), then cal-
ibrated and thresholded using MetaMorph v7.7.11.0 for quantification
of fluorescent intensity in key regions of interest. Percentage GFAP or
Iba-1 density was defined as (threshold pixel intensity/total pixel inten-
sity) � 100, and expressed as fold-change from contralateral vehicle-
treated samples.

Behavior. Behavioral testing was conducted in the Florey Institute an-
imal facility in allocated mouse rooms, staggered over four cohorts (final
n � 11/sham group and n � 18/TBI group). Mice were separated into
individual cages 3–5 d before testing. An accelerating rotarod (Ugo
Basile) assessed general motor function, coordination and motor learn-
ing, in four trials/d across 2 consecutive days (Semple et al., 2015). Gen-
eral locomotor activity was evaluated in a 30 min period in individual
Activity Monitor cells (Med Associates; Semple et al., 2017). Anxiety-like
behavior was evaluated using an elevated plus maze (Semple et al., 2017).
Spatial learning and memory was assessed in the Morris water maze
(MWM; Semple et al., 2015), comprised of six trials/d for 6 consecutive
days. During days 1–2, the platform was raised above the water surface,
clearly labeled with a flag (“visible platform”), and rotated to different
quadrants. During days 3– 6 (“hidden platform”), the platform was hid-
den just below the water surface and maintained in a constant location,
requiring the use of external spatial cues to locate it. On day 7, a 60 s
“probe trial” assessed spatial memory retention as the time spent in the
target quadrant (where the platform was previously located).

24/7 video-EEG recording. Implantation of extradural EEG electrodes
were performed under isoflurane anesthesia (Bolkvadze and Pitkänen,
2012). A three-channel stainless steel electrode system connected to a
plastic pedestal (Plastics One) was fixed to the skull by dental acrylic
cement and stabilized by an extradural screw (see Fig. 7A). Two mice died
during implantation and one mouse was excluded due to dislodgement
of electrodes before EEG recording (final n � 11/sham group and n �
15–19/TBI group). Seizure-like behaviors were recorded by a side-
mounted video camera accompanied by an infrared light.

For analysis, entire digital files were reviewed and manually annotated
in Profusion EEG software (Compumedics v.5.0). An electrographic
event (“EEG seizure”) was defined as a high-amplitude (at least 3� base-
line) rhythmic discharge, frequency �5 Hz and lasting longer than 5 s,
that clearly represented an evolving, oscillatory, and atypical EEG pattern
(Ziyatdinova et al., 2011; Bolkvadze and Pitkänen, 2012; Van Nieuwen-
huyse et al., 2015; Liu et al., 2016). All events quantified from EEG were
associated with a simultaneous behavioral event. For spontaneous
events, the average number of seizures per day as well as average
seizure duration were quantified. The responses to PTZ (at 6 months)
were scored according to the modified Seizure Severity Score as de-
scribed earlier. A random selection of observed epileptiform events
were independently reviewed by an experienced epileptologist (T.J.O.)
for verification. Inter- and intra-scorer consistency of PTZ-evoked
events was verified by two independent investigators, and variation
found to be �6%.

Neuroimaging. At 6 months post-injury, a subset of mice underwent
ex vivo magnetic resonance imaging (MRI; n � 8 –13/group). Mice were
transcardially perfused within 1 h of PTZ and the collected brains post-
fixed in 4% paraformaldehyde overnight, rinsed, and embedded in 3%
agar. MRI was performed on a 4.7 Tesla Avance III scanner with a cryo-
genically cooled surface coil (Bruker Biospec; Shultz et al., 2013). T2-
weighted images were acquired using a 3D RARE sequence with the

parameters: TR � 2000 ms; RARE factor � 8, TE � 60 ms; FOV � 15.4 �
15.4 � 7.68 mm 3; matrix size � 192 � 192 � 96; and isotropic spatial
resolution � 60 � 60 � 60 �m 3. Diffusion weighted imaging was ac-
quired using an echoplanar imaging sequence with the parameters: TR �
11,000 ms; TE � 69 ms; shots � 3; FOV � 17.28 � 17.28 mm 2; matrix
size � 96 � 96; spatial resolution � 180 � 180 �m 2; and slice thick-
ness � 180 �m. Diffusion weighting was performed in 81 non-collinear
directions with diffusion duration (�) � 8 ms; diffusion gradient sepa-
ration (�) � 15 ms; and b values � 1000, 3000, 5000, and 7000 s/mm 2.

Analysis was performed on T2-weighted images using ITK-SNAP soft-
ware (http://www.itksnap.org; Shultz et al., 2013). Regions of interest
were outlined on 18 coronal slices, and volumetric measurements were
confined to the dorsal hemispheres containing the impacted region
(Semple et al., 2015). For diffusion-weighted imaging, a region-of-
interest analysis evaluated fractional anisotropy in the corpus callosum,
and template images for each group were generated then combined using
mrtrix (http://www.mrtrix.org/) for track-based spatial statistics. Voxel-
wise analyses were performed with 5000 permutations, familywise error
correction, and threshold-free cluster enhancement.

Experimental design and statistical analysis. Sample sizes were calcu-
lated from preliminary and published data (Semple et al., 2015; Liu et al.,
2016) to achieve 60% power with a significance level of 0.05. Statistical
analyses were performed using GraphPad Prism 6.07 or SPSS v.21.
ANOVAs were used to compare two or more normally-distributed
groups or factors (e.g., injury, treatment) followed by a priori post hoc
analyses (specifically, to compare vehicle-TBI versus IL-1Ra-TBI groups),
with time as a repeated measure where appropriate (e.g., for MWM
data). Results are expressed as mean � SEM. Data that were not normally
distributed (e.g., Seizure Severity Scores and EEG data) were analyzed by
nonparametric tests (Mann–Whitney or Kruskal–Wallis) and presented
as dot plots with median values compared. Two-tailed Fisher’s exact tests
evaluated the percentage of animals exhibiting a particular phenotype
(e.g., seizure).

Results
Pediatric TBI leads to increased seizure susceptibility and
mossy fiber sprouting
TBI and sham mice were challenged with PTZ to evaluate seizure
susceptibility. At 2 weeks post-injury, TBI mice exhibited a more
severe response compared with sham controls (Mann–Whitney
test, U � 3.5, p � 0.0001; Fig. 1A). TBI mice also showed more
rapid progression to a myoclonic jerk (106 vs 193 s; Mann–Whitney
U � 20, p � 0.02), and precipitation to a generalized convulsive
seizure (289 vs 600 s; U � 7, p � 0.01). 100% of TBI mice dis-
played a generalized seizure within the 10 min observation period
versus 20% of shams (Fisher’s exact test, p � 0.01). At 3 months,
TBI mice again showed a more severe response compared with
age-matched sham controls (Mann–Whitney test, U � 10.5, p �
0.03; Fig. 1B). In addition, TBI mice developed generalized con-
vulsions more rapidly compared with sham (268 vs 600 s; U � 7,
p � 0.04), and showed an increased likelihood of exhibiting this
behavior (86% vs 38%; p � 0.04).

Mossy fiber sprouting is a pathological hallmark of abnormal
hippocampal connectivity associated with epileptogenesis (San-
thakumar et al., 2005). Intense ZnT3 staining of mossy fiber ter-
minals was restricted to the stratum lucidum of the CA3 and hilus
of all brains at 2 weeks post-injury/sham (Fig. 1C). At 3 months,
however, all TBI brains presented with aberrant ZnT3 immuno-
reactivity in the ipsilateral hippocampus, extending through the
granule cell layer into the inner molecular layer (Fig. 1D,E). The
highest density of abnormal sprouting was observed at the lesion
epicenter.

Acute inflammatory response after pediatric TBI
Based on evidence implicating inflammatory cytokines in the
process of epileptogenesis (Webster et al., 2017), we next charac-
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terized the IL-1 response after pTBI. IL-1� protein levels were
robustly elevated in the injured cortex, peaking from 4 h until 4 d
(F(9,29) � 1.01, p � 0.0001; post hoc, p � 0.01; Fig. 2A). Similarly,
IL-1� was elevated in the injured hippocampus, exhibiting a bi-
phasic response to peak at 8 h and 7 d (F(9,29) � 3.41, p � 0.0001;
post hoc, p � 0.01; Fig. 2C). IL-1� was detected in serum at days
1–2 after pTBI compared with sham controls (F(7,23) � 3.52, p �
0.0001, post hoc, p � 0.05; Fig. 2B). Expression of the Il-1r1 re-
ceptor, quantified by qPCR, was robustly elevated in the cortex at
1 d post-injury (t(8) � 6.05, p � 0.001; Fig. 2D). Last, we con-
firmed concurrent astroglial activation at 1 d post-injury, as an
increase in GFAP protein by Western blot in both the cortex
(t(6) � 3.25, p � 0.05) and hippocampus (t(6) � 3.31, p � 0.05;
Fig. 2 E, F ).

rIL-1Ra reduces subacute seizure susceptibility after pTBI
We next administered rIL-1Ra across an acute time course post-
injury corresponding to elevated IL-1� levels (Fig. 3A). After 2

weeks, mice were challenged with PTZ. rIL-1Ra-TBI mice showed
lower Seizure Severity Scores compared with vehicle-TBI mice
(Mann–Whitney test, p � 0.01; Fig. 3B). Eighty-six percent of
vehicle-TBI mice developed a generalized convulsive seizure
within 10 min, compared with 53% of rIL-1Ra-TBI mice (Fish-
er’s exact test, p � 0.10). rIL-1Ra-TBI mice also showed a trend
toward increased latency to first myoclonic jerk (143 vs 132 s) and
a generalized convulsive seizure (579 vs 282 s; p � 0.05). We
replicated this finding in a model of moderate TBI severity (Fig.
3C), after which rIL-1Ra-TBI mice again showed reduced Seizure
Severity Scores compared with vehicle-TBI mice (p � 0.01; Fig.
3D), as well as an increased latency to first myoclonic jerk (94 vs
73 s; p � 0.05) and generalized convulsive seizure (234 vs 112 s;
p � 0.05). The effect of rIL-1Ra on seizure susceptibility was
dependent upon acute post-injury administration, as treatment
at 2 weeks post-injury, 1 h before the PTZ challenge, failed to
influence seizure severity (p � 0.05, Fig. 3E,F).

Figure 1. Enhanced susceptibility to evoked seizures and epilepsy-like changes in axonal sprouting after pTBI. Following TBI or sham at P21, mice were administered PTZ at either (A) 2 weeks (50
mg/kg, i.p.) or (B) 3 months (35 mg/kg, i.p.) to evaluate seizure susceptibility (Mann–Whitney tests, *p � 0.05,***p � 0.001; n � 7–10/group). Immunofluorescence staining for ZnT3 mossy
fibers, NeuN	 neurons, and DAPI	 nuclei in the injured hippocampus revealed abnormal mossy fiber sprouting at 3 months post-injury (D and E, arrows) but not at 2 weeks (C). n � 7–10/group.
Scale bars: C, D, 200 �m; E, 100 �m.
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rIL-1Ra attenuates subacute hippocampal astrogliosis
after pTBI
As IL-1� has known effects on astrocyte activation (John et al.,
2004), and astrocytes have been implicated in neuronal excitabil-
ity and seizures (Ortinski et al., 2010; Robel et al., 2015), we
examined the effect of rIL-1Ra on astrocyte activation after pTBI.
Robust GFAP	 immunofluorescence was evident at 2 weeks,
particularly in the ipsilateral hippocampus (Fig. 4A). Quantifica-
tion of fluorescence confirmed a significant increase in the ipsi-
lateral DG hilus, CA1 and CA2/3 of vehicle-TBI mice, which was
considerably reduced in rIL-1Ra-TBI mice in the hilus (two-way
RM ANOVA injury � drug interaction: F(1,17) � 5.04, p � 0.04;
post hoc, p � 0.01) and CA1 (injury � drug interaction: F(1,17) �
8.76, p � 0.01; post hoc, p � 0.001; Fig. 4B–D). In contrast,
whereas the degree of Iba-1	 microglial staining in the DG hilus
ipsilateral to the injury was significantly elevated compared with
the contralateral side (two-way RM ANOVA effect of hemi-
sphere: F(1,13) � 82.64, p � 0.0001), rIL-1Ra treatment did not
influence this (effect of drug: F(1,13) � 0.05, p � 0.83; hemi-
sphere � drug interaction: F(1,13) � 0.03, p � 0.86).

Astrogliosis observed at the protein level was reflected by gene
expression, Gfap. mRNA was robustly upregulated at 1 d post-
injury (F(2,12) � 28.06, p � 0.0001), more so in vehicle-TBI com-
pared with rIL-1Ra-TBI mice (Fig. 4E). In the hippocampus, only
vehicle-TBI mice showed a significant elevation in Gfap expres-
sion at 1 d compared with sham controls (F(2,12) � 5.04, p � 0.03;
post hoc, p � 0.05). By 14 d, hippocampal Gfap mRNA levels had
returned to baseline, but remained elevated above sham in
vehicle-TBI mice (F(2,12) � 4.46, p � 0.04; post hoc, p � 0.05).
Vimentin (Vim), another marker of glial activation, was similarly
upregulated at 1 d in vehicle-TBI mice, with an attenuated re-
sponse in rIL-1Ra-TBI mice (cortex: F(2,12) � 17.45, p � 0.01;
hippocampus: F(2,12) � 6.50, p � 0.01; Fig. 4F).

rIL-1Ra attenuates chronic cognitive deficits
We next conducted a chronic time course experiment to evaluate
acute rIL-1Ra treatment on long-term post-injury outcomes (Fig.
5A). Functional outcomes were assessed at adulthood (3 months
post-injury). On days 1–2 of the MWM all groups showed equiv-
alent ability to locate a visible platform (three-way RM ANOVA,

Figure 2. IL-1 response after pTBI. IL-1� protein was detected by ELISA across a time course after pTBI, in the ipsilateral cortex (A), hippocampus (C), and serum (B; one-way ANOVA with
Dunnett’s post hoc). Quantitative PCR revealed a significant increase in Il-1r1 receptor in the cortex (D) at 1 d post-injury, with a trend in the hippocampus ( p � 0.09). GFAP, an indicator of astrocyte
activation detected by Western blot (E), was also elevated at 1 d post-injury compared with sham controls, in both the injured cortex and hippocampus (F ). *p � 0.05, **p � 0.01, ***p � 0.001;
n � 4 – 6/group.
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within-subjects effect of time: F(1,51) � 199.94, p � 0.0001; Fig.
5B). On days 3– 6 (Fig. 5C; hidden platform), all groups again
showed an overall improvement with time (three-way RM
ANOVA: F(1,51) � 30.35, p � 0.0001). There was also no differ-
ence between groups in terms of the learning rate, calculated as
the difference between escape latency on day 3 versus day 6, nor-
malized to performance on day 3 (two-way ANOVA effect of
injury: F(1,51) � 0.15, p � 0.71; effect of treatment: F(1,51) � 0.001,
p � 0.98; injury � treatment interaction: F(1,51) � 1.30, p � 0.26).
However, direct comparison of vehicle-TBI and rIL-1Ra-TBI
mice across the hidden sessions revealed a trend toward an effect
of treatment (three-way RM ANOVA: F(1,32) � 3.37, p � 0.08). A
spatial memory deficit was detected specifically in vehicle-TBI
mice compared with their sham controls (two-way RM ANOVA:
F(1,27) � 6.64, p � 0.02). In contrast, rIL-1Ra-TBI mice did not
exhibit an injury deficit (F(1,24) � 0.20, p � 0.66). This was con-
firmed in the probe trial on day 7 (Fig. 5D), when vehicle-TBI
mice spent less time in the target quadrant compared with sham

controls (effect of injury: F(1,55) � 4.57, p � 0.04; post hoc, p �
0.05). In contrast, rIL-1Ra-TBI mice did not exhibit a deficit
compared with sham controls (post hoc, p � 0.05).

Consistent with previous studies (Pullela et al., 2006; Semple
et al., 2015), pTBI resulted in general hyperactivity at adulthood
(two-way ANOVA effect of injury: F(1,53) � 6.93, p � 0.01). How-
ever, rIL-1Ra did not influence this behavior (Fig. 5E). All mice
showed improvement in rotarod performance over time (two-way
ANOVA effect of time: F(1,53) � 22.92, p � 0.0001), independent of
both injury or treatment (Fig. 5F). Finally, in the elevated plus maze,
all groups spent similar time in the open arms (Fig. 5G).

Spontaneous seizures at 4 –5 months post-injury
Following behavioral testing, mice underwent 7 d of video-EEG
monitoring to evaluate spontaneous seizure activity. The major-
ity of TBI mice (�87%) displayed at least one generalized motor
seizure during this period, compared with �10% of shams (Fisher’s
exact test, p � 0.57; Fig. 6A–C). The average number of seizures

Figure 3. rIL-1Ra treatment reduces subacute seizure severity after pTBI. Mice underwent severe (A, B) or moderate (C, D) TBI at P21, then received either rIL-1Ra (100 mg/kg, s.c.) or saline
vehicle at 2, 8, and 24 h post-injury, followed by a PTZ challenge at 2 weeks. Alternatively, rIL-1Ra was administered 1 h before PTZ (E, F ). After both severe and moderate TBI followed by acute drug
administration (B, D), but not after delayed administration (F ), rIL-1Ra treatment reduced seizure severity compared with vehicle treatment. Red dotted line indicates the median sham score (from
Fig. 1A). n � 7–15/group; Mann–Whitney tests, *p � 0.05, **p � 0.01.
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per day was greater in TBI mice compared with shams (Kruskal–
Wallis test, p � 0.0001), and tended to be higher for vehicle-TBI
mice (1 seizure/d) compared with rIL-1Ra-TBI mice (0.5 sei-
zures/d); however, this did not reach statistical significance (Fig.
6D). Average seizure duration did not differ between vehicle-TBI
and rIL-1Ra-TBI mice (Fig. 6E). Similarly, seizure severity was
not affected by rIL-1Ra treatment (Mann–Whitney U � 137, p �
0.85; median seizure score of 3.9 and 4.0 for vehicle-TBI and
rIL-1Ra-TBI mice, respectively).

rIL-1Ra reduces the chronic evoked seizure response
At 6 months post-injury, PTZ was administered to evaluate
chronic seizure susceptibility (Fig. 7A). Fifty-eight percent of
vehicle-TBI mice exhibited a PTZ-evoked convulsive seizure,

versus 21% of IL-1Ra-TBI mice (Fisher’s exact test, p � 0.07; Fig.
7B). Quantification of EEG seizures revealed an increase in
vehicle-TBI mice compared with vehicle-sham mice specifically
(Kruskal–Wallis test, p � 0.01; post hoc, p � 0.01; Fig. 7C). The
average duration of EEG seizures was also longer in vehicle-TBI
mice compared with shams (post hoc, p � 0.01), which was not
the case for rIL-1Ra-TBI mice (p � 0.05; Fig. 7D). The overall
Seizure Severity Score (Fig. 7E) revealed a significant effect of
injury (F(1,50) � 4.96, p � 0.03) and a treatment � injury inter-
action (F(1,50) � 4.65, p � 0.04),with post hoc analysis finding an
elevation only in vehicle-TBI mice compared with IL-1Ra-TBI
mice (p � 0.01), in line with the EEG seizure data indicating a
protective effect of rIL-1Ra treatment on chronic seizure
susceptibility.

Figure 4. rIL-1Ra treatment attenuates subacute astrogliosis after pTBI. Quantification of GFAP	 reactivity from immunofluorescent labeling with DAPI (A) at 2 weeks post-injury, revealed a
robust increase in astrogliosis in the ipsilateral DG hilus (B; two-way RM ANOVA injury � drug interaction: F(1,17) � 5.04, p � 0.04; post hoc, p � 0.01) and CA1 (C; injury � drug interaction:
F(1,17) � 8.76, p � 0.01; post hoc, p � 0.001) of vehicle-TBI mice, which was attenuated in rIL-1Ra-TBI mice. n � 9 –10/group. Scale bar, 200 �m. Region-of-interest indicated by dotted white
line in A. This was reflected by changes in gene expression of astrocyte markers Gfap (E) and Vim (F ), which were robustly elevated at 1 d after injury in the cortex (Gfap: F(2,12) � 28.06, p � 0.0001;
Vim: F(2,12) � 17.45, p � 0.01) and hippocampus (Gfap: F(2,12) � 5.04, p � 0.03; post hoc, p � 0.05; Vim: F(2,12) � 6.50, p � 0.01). n � 5/group; *p � 0.01, **p � 0.01, ***p � 0.001.
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rIL-1Ra partially rescues chronic neuropathology after
pediatric TBI
By 6 months, pronounced tissue deformation and volumetric loss
was evident in all TBI mice, particularly in the ipsilateral cortex (two-
way ANOVA: F(1,28) � 5.98, p � 0.02; Fig. 8A). A priori post hoc
analyses indicated that vehicle-TBI mice had a smaller cortex volume
compared with vehicle-sham mice (p � 0.05), whereas rIL-1Ra-TBI
were not significantly different to their sham controls (p � 0.05; Fig.
8B). Neither injury nor drug treatment affected the volume of the
ipsilateral hippocampus (Fig. 8C), contralateral hippocampus or
contralateral cortex (data not shown).

Track-based spatial statistics analysis of diffusion-weighted im-
aging revealed an overall effect of injury but not drug treatment on
fractional anisotropy, a measure of white matter integrity. Decreased
fractional anisotropy in TBI brains was most evident in the ipsilateral
corpus callosum between �bregma 0.7 mm to 
3.8 mm, extending
into the contralateral hemisphere, and ipsilateral internal capsule
(p � 0.05; Fig. 8D). Region-of-interest analysis confirmed an overall
reduction in fractional anisotropy in TBI brains compared with
sham, in both the ipsilateral (two-way ANOVA: F(1,33) � 33.99, p �
0.0001) and contralateral corpus callosum (F(1,33) � 12.48, p � 0.01;
Fig. 8E,F). Treatment with rIL-1Ra did not influence these
measures ( p � 0.05).

IL-1R antagonism attenuates chronic hippocampal
astrogliosis after pTBI
Following ex vivo neuroimaging, brains were processed to evalu-
ate the effect of rIL-1Ra on chronic glial reactivity in the hip-

pocampus. Immunofluorescence for GFAP was elevated in the
ipsilateral DG hilus compared with the contralateral hilus (two-
way ANOVA: F(1,24) � 4.45, p � 0.05), and an overall effect of
treatment (F(1,24) � 4.31, p � 0.05), suggesting that rIL-1Ra treat-
ment attenuated chronic astrogliosis (Fig. 8G,H). In contrast,
Iba-1 reactivity was no longer elevated in the ipsilateral compared
with contralateral hemisphere at this time, nor affected by rIL-1Ra
treatment (two-way ANOVA, effect of hemisphere: F(1,24) � 0.37,
p � 0.55; effect of drug: F(1,24) � 0.65, p � 0.43; hemisphere �
drug interaction: F(1,24) � 0.01, p � 0.97).

Discussion
The development of novel anti-epileptic therapeutics for PTE is,
in part, predicated upon the use of age appropriate, well charac-
terized, and clinically relevant animal models. In this study, we
first characterized the neuropathological and seizure-like hall-
marks of PTE in a mouse model of TBI to the pediatric brain,
which reproduces many of the risk factors associated with PTE
clinically (e.g., early age, severity, hemorrhage; Hahn et al., 1988;
Annegers and Coan, 2000). Compared with sham-operated
controls, pTBI mice exhibited multiple features that have been
associated with epileptogenesis from studies with postmortem
patient tissue and experimental models of adult PTE, including
robust astrogliosis and increased susceptibility to spontaneous
and evoked seizures. Of note, at 3 months post-injury, we found
evidence of aberrant mossy fiber sprouting in the ipsilateral hip-
pocampus of pTBI mice. Sprouting represents long-term struc-
tural reorganization in the dentate gyrus, via the appearance of

Figure 5. rIL-1Ra treatment attenuates chronic cognitive deficits after pTBI. Mice received either rIL-1Ra or vehicle treatment for 7 d following pTBI or sham surgery, and underwent behavioral
assessment at 3 months (A). All mice were able to locate a visible platform in the MWM (B; three-way RM ANOVA, within-subjects effect of time: F(1,51) �199.94, p�0.0001). In the hidden platform
trials (C), all groups again showed an overall improvement with time (F(1,51) � 30.35, p � 0.0001). Direct comparison of vehicle-TBI and rIL-1Ra-TBI mice revealed a trend toward an effect of
treatment (two-way RM ANOVA, F(1,32) � 3.37, p � 0.08). However, only vehicle-TBI mice showed a increased latency to locate a hidden platform during subsequent trial days compared with sham
controls (F(1,27) � 6.64, p � 0.02). On day 7 of the task, the probe trial revealed an overall effect of injury (F(1,55) � 4.57, p � 0.04), with a priori post hoc analysis revealing that only vehicle-TBI
mice spent less time in the target quadrant compared with their sham controls ( p � 0.05), indicating a spatial memory deficit which was absent in rIL-1Ra-TBI mice (D). Brain-injured mice showed
locomotor hyperactivity compared with sham controls, which was not influenced by rIL-1Ra treatment (E; two-way ANOVA, effect of injury: F(1,53) � 6.93, p � 0.01). All mice showed
equivalent ability on an accelerating rotarod (F; two-way ANOVA, effect of time: F(1,53) � 22.92, p � 0.0001) and the elevated plus maze (G). n � 11/group (sham) and 18/group (TBI);
*p � 0.05, ***p � 0.001.
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new recurrent excitatory circuitry which may contribute to hip-
pocampal hyperexcitability (Santhakumar et al., 2005), and has
been reported in the DG of epilepsy patients with a history of
head trauma (Jeub et al., 1999), in human temporal lobe epilepsy
(Sutula et al., 1989; Babb, 1997), and in epileptic experimental
animals (Tauck and Nadler, 1985; Babb, 1997). Consistent with
our findings, mossy fiber sprouting in adult models of experi-
mental TBI has been reported to develop over weeks after injury,
and is associated with an increase in epileptiform activity (Hunt
et al., 2009, 2010).

Spontaneous and evoked seizures after pTBI
In adult TBI rodent models, the reported incidence of spontane-
ous seizures up to 9 months post-injury has varied from 9 to 50%
(Hunt et al., 2009, 2010; Bolkvadze and Pitkänen, 2012; Shultz et
al., 2013), with seizures being fairly infrequent (�0.3 seizures/d),
consistent with what is seen in patients with PTE (Pitkänen et al.,
2009). The only other preclinical study to examine seizures in a
pediatric population evaluated a small group of rats 4 –11 months
following controlled cortical impact at P17 (n � 8), observing
spontaneous seizures in 1 rat and abnormal EEG discharges in 7/8

Figure 6. A high incidence of spontaneous seizures at 4 –5 months after pTBI was not affected by acute rIL-1Ra treatment. EEG electrodes were implanted over the contralateral hemisphere (A).
Following a recovery period, mice underwent continuous video-EEG monitoring. The percentage of mice who displayed at least 1 spontaneous seizure during a 7 d period was quantified (B),
revealing late post-traumatic seizures in a majority of TBI mice. Three example events from vehicle-TBI mice are illustrated (C). Number of seizures per day was quantified (D), and found to be higher
in TBI mice compared with sham (Kruskal–Wallis test, p�0.0001). The mean difference in seizures/d between vehicle-TBI and rIL-1Ra-TBI mice did not reach statistical significance (Dunn’s multiple
comparisons, n.s.). Average seizure duration was also quantified (E). n � 11/group (sham) and n � 15–19/group (TBI).
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rats (Statler et al., 2009). In the current study, at 4 –5 months
post-injury, we observed on average 0.5–1 seizure/d and at least 1
seizure within a 7 d period in 95% of vehicle-TBI mice. It is
unclear whether this high incidence and frequency is due to the
age at injury, model severity, or other factors such as species or
strain, and we seek to replicate this finding in ongoing and future
studies.

Administration of PTZ, a noncompetitive antagonist of the
GABAA receptor, triggers the well characterized, progressive
development of limbic seizures, culminating in generalized
tonic-clonic seizures depending upon the dosage used (Cole et
al., 2000). Here, we considered the response to PTZ as an indica-
tor of network excitability, whereby an increased response impli-
cates a primed neuronal environment with a reduced threshold
for seizure activity (Löscher and Nolting, 1991). Although the
clinical relevance of increased susceptibility to a proconvulsant
remains controversial, several models of adult TBI and temporal
lobe epilepsy have demonstrated a link between hyperexcitability

in a PTZ test and the development of spontaneous seizures
(Blanco et al., 2009; Rattka et al., 2011; Bolkvadze and Pitkänen,
2012). An increased PTZ response was evident in young brain-
injured mice compared with shams as early as 2 weeks post-
injury, suggesting that epileptogenesis is already underway at
this time, and persists to at least 6 months post-injury. This
finding builds upon previous data from adult TBI models
(Bolkvadze and Pitkänen, 2012; Huusko et al., 2015), and is in
alignment with the hypothesis that an early increase in neuro-
nal excitability signifies an environment primed for the devel-
opment of PTE.

IL-1R signaling mediates post-traumatic
seizure susceptibility
Whether immune signaling plays a role in post-traumatic altera-
tions in network excitability has been largely theoretical to date. A
robust IL-1 response was evident after pTBI, including upregula-
tion of IL-1� in the injured brain and serum. The latter increase

Figure 7. Acute rIL-1Ra treatment reduces the chronic evoked seizure response. PTZ results in a stereotypical pattern of brief, abnormal epileptiform events paired with isolated myoclonic
contractions (A, black arrows), which was observed in some mice to culminate in a generalized convulsive seizure (black bracket). Fifty-eight percent of vehicle-TBI mice exhibited an evoked seizure
in response to PTZ, compared with only 21% of IL-1Ra-TBI mice (B; Fisher’s exact test, p � 0.07). Quantification of EEG seizures (C) revealed an increase in vehicle-TBI mice but not in rIL-1Ra-TBI mice
compared with their respective sham controls (Kruskal–Wallis test, p � 0.01; post hoc, p � 0.01), but no increase in rIL-1Ra-TBI mice compared with their sham controls. Average seizure duration
(D) was similarly increased specifically in vehicle-TBI mice compared with sham controls ( p � 0.01). The overall Seizure Severity Score (E) revealed a significant effect of injury (F(1,50) � 4.96, p �
0.03) and a treatment � injury interaction (F(1,50) � 4.65, p � 0.04), with post hoc analysis finding an elevation only in vehicle-TBI mice compared with IL-1Ra-TBI mice ( p � 0.01). n � 11/group
(sham) and 15–19/group (TBI); *p � 0.05, **p � 0.01.
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Figure 8. Chronic neuropathology after pTBI. Volumetric analysis of the dorsal cortex and hippocampus at 6 months postsurgery by T2-weighted MRI (A) revealed a significant reduction in the
ipsilateral cortex of vehicle-TBI mice compared with their sham controls (B; two-way ANOVA: F(1,28) � 5.98, p � 0.02). Hippocampal volume was unaffected by TBI or drug treatment (C).
Track-based spatial statistics analysis of diffusion-weighted imaging demonstrated a significant reduction in fractional anisotropy values in TBI samples compared with sham controls in several brain
regions (D; p � 0.05, color bar indicates p value). Region-of-interest quantification of ipsilateral and contralateral corpus callosum fractional anisotropy values similarly detected a reduction in TBI
mice (E; two-way ANOVA: F(1,33) �33.99, p � 0.0001, and F; F(1,33) � 12.48, p � 0.01), independent of rIL-1Ra treatment. GFAP immunofluorescence staining in the ipsilateral hippocampus
(G, H ) suggested a persistent elevation of hippocampal astrogliosis in vehicle-TBI mice at this time (two-way ANOVA: F(1,24) � 4.45, p � 0.05, effect of hemisphere; F(1,24) � 4.31, p � 0.05, effect
of treatment). n � 8 –13/group; *p � 0.05, **p � 0.01, ****p � 0.0001.
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in serum was temporally delayed, suggesting a predominantly
cerebral source of the cytokine. Based upon evidence that IL-1�
can initiate and exacerbate seizure activity in experimental mod-
els of epilepsy (Vezzani et al., 1999, ., 2000; Dubé et al., 2005), and
blockage of IL-1� biosynthesis or signaling via the receptor IL-1R
ameliorates seizure severity/incidence (Vezzani et al., 2000; Ma-
roso et al., 2011), we evaluated the effect of a commercially avail-
able rIL-1Ra on chronic seizures, neuropathology and functional
outcomes after pTBI.

Our findings demonstrate that acute rIL-1Ra reduces the
PTZ-evoked seizure response compared with vehicle treatment,
both subacutely (2 weeks) and more chronically post-injury
(3 and 6 months). Importantly, this anti-seizure effect was repli-
cated across two independent cohorts under moderate and severe
injury parameters. Second, the effect of rIL-1Ra was dependent
upon acute post-injury administration to presumably prevent
acute cytokine signaling, as treatment at 2 weeks, just before the
PTZ challenge, failed to modify seizure severity. This finding is
consistent with the hypothesis that acute inflammation response
can alter long-term susceptibility of the brain to seizure activity
(Galic et al., 2008).

The influence of rIL-1Ra on PTZ-evoked seizures, however,
failed to translate into a hypothesized reduction in the percentage
of mice to develop spontaneous seizures, although there was a
nonsignificant trend toward a reduced seizure frequency in rIL-
1Ra-TBI compared with vehicle-TBI mice. Together, these find-
ings support a role for IL-1�/IL-1R in neuronal excitability after
pTBI, suggesting that inflammatory signaling is a key process
underlying post-traumatic epileptogenesis; however, additional
mechanisms are evidently involved in the initiation of spontane-
ous epileptic seizures long-term.

It remains unclear from our findings whether IL-1 has a direct
or indirect effect on neurotransmission to modulate neuronal
excitability. Almost all CNS cells express IL-1 receptors and com-
ponents of the signaling pathways, and therefore can respond to
IL-1� and IL-1�. For example, a direct interaction between IL-1R
and NMDA receptors to modulate excitatory receptor structure
and function has been proposed (Viviani et al., 2003). In addi-
tion, IL-1� acts via astrocytic IL-1R to promote glial activation,
proliferation and further cytokine release (Pinteaux et al., 2009).
Reactive astrocytes have recently been implicated in the modula-
tion of neuronal excitability and promotion of epileptogenesis
(Ortinski et al., 2010; Robel et al., 2015; Webster et al., 2017).
Indeed, hippocampal sclerosis involving the loss of pyramidal
neurons, interneurons, and astrogliosis is one of the most com-
mon pathologies associated with increased network excitability
in both temporal lobe epilepsy and PTE. Our findings, that rIL-
1Ra treatment reduces markers of hippocampal astrocyte activa-
tion (Gfap and Vim), but not microglial activation, concurrent
with a reduction in seizure susceptibility during the subacute
post-injury period, implicates post-traumatic astrocytosis as
an indirect mechanism by which IL-1R mediates neuronal
hyperexcitability underlying the observed effects on PTZ-
evoked seizures.

IL-1R as a broad neuroprotectant?
Targeting IL-1R signaling in the acutely injured brain was postu-
lated to have a broad neuroprotective effect, based on an abun-
dance of experimental studies implicating IL-1� in leukocyte
infiltration, BBB damage and cell death in models of ischemic
stroke and TBI (Pinteaux et al., 2009; Brough et al., 2011). For
example, antibody-mediated neutralization of IL-1� has been
reported to yield neuroprotection against cognitive deficits after

focal or diffuse experimental TBI in adult rodents (Clausen et al.,
2009, 2011; Ekmark-Lewén et al., 2016). A recent meta-analysis
of preclinical studies in stroke confirmed the high biological
plausibility of peripherally administered rIL-1Ra as a novel
therapeutic agent in the injured brain (McCann et al., 2016).
However, few studies to date have considered the long-term con-
sequences of IL-1 signaling, nor had the IL-1 response after injury
to the pediatric brain been characterized. Here, we found that
acute treatment with rIL-1Ra was effective at reducing cognitive
impairments, the degree of cortical loss, and astrogliosis, along-
side a reduction in evoked seizure susceptibility. In contrast,
rIL-1Ra did not appear to influence the degree of white matter
damage, nor rescue injury-induced hyperactivity. Together, these
findings support IL-1 signaling as a mediator of long-term patho-
genesis and outcomes after early-life injury.

Conclusion
There is an urgent need for novel therapeutic agents to prevent
and slow the development of epileptogenesis after pTBI, with
scientific progress hindered in part due to our poor understand-
ing of the pathological mechanisms that underlie PTE. In this
study, we first demonstrated that pTBI in the young mouse re-
sults in a heightened response to evoked seizures as well as many
of the neuropathological hallmarks previously associated with
epilepsy in both patients and adult animals. This model therefore
provides a suitable paradigm to elucidate potential mechanisms
of post-traumatic epileptogenesis in the pediatric injured brain.
Pharmacological targeting of IL-1Ra represents a feasible ther-
apeutic approach to reduce chronic morbidity for survivors of
pTBI, although optimization or complementary application
of another therapeutic agent may be needed to maximize neu-
roprotection, and prevent the onset of spontaneous seizures
chronically.
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