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Abstract 30 

Epilepsy after pediatric traumatic brain injury (TBI) is associated with poor quality of life. This 31 

study aimed to characterize post-traumatic epilepsy in a mouse model of pediatric brain injury, and 32 

to evaluate the role of interleukin-1 (IL-1) signaling as a target for pharmacological intervention. 33 

Male mice received a controlled cortical impact or sham surgery at postnatal day 21, approximating 34 

a toddler-aged child. Mice were treated acutely with an IL-1 receptor antagonist (IL-1Ra; 100 35 

mg/kg s.c.) or vehicle. Spontaneous and evoked seizures were evaluated from video-EEG 36 

recordings. Behavioral assays tested for functional outcomes, post-mortem analyses assessed 37 

neuropathology, and brain atrophy was detected by ex vivo magnetic resonance imaging. At 2 38 

weeks and 3 months post-injury, TBI mice showed an elevated seizure response to the convulsant 39 

pentylenetetrazol compared to sham mice, associated with abnormal hippocampal mossy fiber 40 

sprouting. A robust increase in IL-1β and IL-1 receptor were detected after TBI. IL-1Ra treatment 41 

reduced seizure susceptibility 2 weeks after TBI compared to vehicle, and a reduction in 42 

hippocampal astrogliosis. In a chronic study, IL-1Ra-TBI mice showed improved spatial memory at 43 

4 months post-injury. At 5 months, most TBI mice exhibited spontaneous seizures during a 7 day 44 

video-EEG recording period. At 6 months, IL-1Ra-TBI mice had fewer evoked seizures compared 45 

to vehicle controls, coinciding with greater preservation of cortical tissue. Findings demonstrate this 46 

model's utility to delineate mechanisms underlying epileptogenesis after pediatric brain injury, and 47 

provide evidence of IL-1 signaling as a mediator of post-traumatic astrogliosis and seizure 48 

susceptibility.                49 

 50 
  51 
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Significance Statement 52 

Epilepsy is a common cause of morbidity after traumatic brain injury in early childhood. However, 53 

a limited understanding of how epilepsy develops, particularly in the immature brain, likely 54 

contributes to the lack of efficacious treatments. In this preclinical study, we first demonstrate that a 55 

mouse model of traumatic injury to the pediatric brain reproduces many neuropathological and 56 

seizure-like hallmarks characteristic of epilepsy. Secondly, we demonstrate that targeting the acute 57 

inflammatory response reduces cognitive impairments, the degree of neuropathology, and seizure 58 

susceptibility, after pediatric brain injury in mice. These findings provide evidence that 59 

inflammatory cytokine signaling is a key process underlying epilepsy development after an 60 

acquired brain insult, which represents a feasible therapeutic target to improve quality of life for 61 

survivors.  62 

  63 
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Introduction 64 

Post-traumatic epilepsy (PTE) is a common cause of morbidity after pediatric traumatic brain injury 65 

(pTBI). Defined as the occurrence of two or more unprovoked seizures more than one week 66 

following TBI (Annegers et al., 1980), PTE has a reported incidence of 10-20%, with a higher risk 67 

associated with increased injury severity (up to 35% for severe TBI) (Ates et al., 2006), and a 68 

younger age at insult (greatest <2 years of age) (Ates et al., 2006; Arndt et al., 2013). PTE in the 69 

pediatric population is associated with worse functional and cognitive outcomes (Barlow et al., 70 

2000; Arndt et al., 2013). PTE is often resistant to medical management, and no efficacious anti-71 

epileptogenic therapy to prevent its development has been identified (Barlow et al., 2000).  72 

Current understanding of the biological mechanisms underlying epileptogenesis, or the process by 73 

which epilepsy is acquired after a brain insult, is based primarily on TBI models in adult animals, 74 

despite evidence that seizure susceptibility differs between the immature and adult brain, with 75 

developmental changes during early life favoring neuronal excitability (Nardou et al., 2013). 76 

Several putative mechanisms of PTE have been proposed, including alterations in 77 

neurotransmission, hippocampal cell loss, mossy fiber sprouting, altered calcium-mediated second 78 

messenger activity, and neuroinflammation (Hunt et al., 2013). An improved understanding of these 79 

mechanisms, particularly in the context of a young brain that is still maturing, may be critical to 80 

preventing PTE and improving the outcomes of children with TBI.  81 

Increasing evidence from patient studies and experimental models implicates inflammatory 82 

cytokine signaling in seizure induction and propagation via both direct and indirect mechanisms 83 

(Webster et al., 2017). In the immature brain, which shows particular vulnerability to 84 

neuroinflammation (Potts et al., 2006), even a modest or sub-threshold inflammatory response can 85 

alter long-term susceptibility to seizures (Galic et al., 2008). Interleukin-1 beta (IL-1β), a classically 86 

pro-inflammatory mediator of acute pathogenesis after injury (Brough et al., 2011), has been 87 

reported to initiate and exacerbate seizure activity in experimental models of epilepsy (Vezzani et 88 
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al., 1999; Vezzani et al., 2000; Dube et al., 2005). Conversely, preventing IL-1β biosynthesis or 89 

blocking signaling via the IL-1R1 receptor can ameliorate seizure severity and incidence (Vezzani 90 

et al., 2000; Maroso et al., 2011). To date, however, the potential role of IL-1 signaling in seizure 91 

activity after a traumatic insult has not been explored.   92 

One factor that contributes to our limited understanding of PTE mechanisms is a lack of age-93 

appropriate, clinically relevant experimental models (Pitkanen et al., 2009). We have established a 94 

reproducible model of unilateral traumatic injury to the mouse brain at post-natal day 21, that 95 

results in progressive neurodegeneration and behavioral deficits representative of TBI in toddler-96 

aged children (Pullela et al., 2006; Semple et al., 2014). In this study, we first applied the pTBI 97 

model to evaluate the effect of early-life brain injury on seizure susceptibility and epilepsy-98 

associated neuropathology over time. Secondly, to determine whether IL-1 signaling is an 99 

underlying mechanism involved in post-traumatic epileptogenesis, we administered a clinically-100 

available IL-1R antagonist acutely after pTBI, and examined seizure susceptibility and 101 

neurodegeneration across a time course. Together, our findings confirm persistent hyperexcitability 102 

after early life brain injury, and provide evidence of IL-1 signaling as a mediator of post-traumatic 103 

epileptogenesis.   104 

 105 

Materials and Methods 106 

Experiments were conducted at either the University of California San Francisco (UCSF), USA 107 

(Figure 1-4) or the University of Melbourne (UoM), Australia (Figure 5-8), according to the NIH 108 

and Australian Guidelines for the Care and Use of Laboratory Animals, with approval from 109 

Institutional Animal Care and Use Committees (#AN084572 and #15-016). Analyses were 110 

conducted blinded to injury and treatment group. Group allocation was concealed by a third party 111 

following randomization at surgery using a random number generator.  112 
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Animal model  113 

C57Bl/6J mice were purchased from the The Jackson Laboratory (Sacramento, CA, USA), or the 114 

Animal Resource Centre (Perth, WA, Australia). Animals were group-housed in individually-115 

ventilated cages, and maintained under a 12:12 h light/dark cycle with ad libitum access to food and 116 

water. The controlled cortical impact model of TBI was performed at postnatal day (p)21 (+/- 1 day; 117 

~ 10 g) in male mice as previously described (Pullela et al., 2006; Semple et al., 2014). Pups were 118 

weaned and anesthetized with 1.25% 2,2,2-tribromoethanol in saline (‘Avertin’; Sigma Aldrich), 119 

i.p. at 0.02 mL/g body weight (at UCSF; Figure 1-4), or 1.5 % isoflurane via a nose cone 120 

throughout surgery (at UoM, Figure 5-8). Injury parameters were 4.5 m/s velocity, 1.73 mm depth 121 

and 150 ms duration ('severe') or 4.0 m/s, 1.2 mm depth and 150 ms duration ('moderate'). Sham-122 

operated mice underwent identical surgical procedures, without receiving the impact.  123 

rIL-1Ra administration 124 

The human recombinant IL-1R antagonist (rIL-1Ra), commercially available as Kineret® 125 

(Anakinra; Amgen), was received as a stock solution of 100 mg/0.67 mL and diluted to 10 mg/mL 126 

in sterile saline for s.c. injection. For the sub-acute study, conducted at UCSF, 100 mg/kg rIL-1ra 127 

(or sterile saline as the vehicle) was administered at 2, 8 and 24 h post-injury (Figure 3A). This 128 

dosage is known to penetrate the rodent BBB (Greenhalgh et al., 2010), afford neuroprotection in 129 

models of CNS damage (McCann et al., 2016), and show safety in adult TBI patients (Helmy et al., 130 

2014). For the chronic study, conducted at UoM, a bolus of 100 mg/kg rIL-1ra or vehicle was 131 

administered at 2 h post-injury (Figure 5A). In addition, a primed ALZET® osmotic mini-pump 132 

loaded with rIL-1Ra or vehicle was implanted s.c. at the shoulder during surgery, to provide 133 

continuous release of 100 mg/kg/day for 7 day. Mice were then briefly anesthetized for explantation 134 

of the pump, and  drug delivery confirmed by quantification of residual fluid. 135 

PTZ seizure induction 136 
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The pro-convulsant pentylenetetrazol (PTZ; Sigma Aldrich) was administered to induce evoked 137 

seizures, at doses of 30-50 mg/kg depending on age/time post-injury as determined from pilot and 138 

published studies (Nehlig and Pereira de Vasconcelos, 1996; Bao et al., 2011). At these doses, 139 

sham-operated mice typically showed minor, sub-convulsive behaviors. Individual mice were 140 

placed into a standard cage and responses were video-recorded using a side-mounted camera. Based 141 

upon the Racine score (Racine, 1972) and previous adaptations (Cole et al., 2000; Luttjohann et al., 142 

2009), a modified 'Seizure Severity Score' was employed to most accurately capture the overall 143 

PTZ response, where 0 = no response; 1 = behavioral arrest; loss of posture; 2 = isolated, focal 144 

twitches; 3 = forelimb clonus and head nodding; 4 = rearing; 5 = generalized convulsions (loss of 145 

posture, rearing and falling); 6 = repeated and/or extended generalized seizures; 7 = status 146 

epilepticus resulting in death. The latency to demonstrate key behaviors were also calculated from 147 

the time of PTZ injection. Group sizes were n=7-10 mice/group for sub-acute experiments (2 weeks 148 

post-injury), and  n=8-13/group  for the chronic experiment (6 months post-injury),.   149 

Gene Expression  150 

Fresh dissected brain samples (n=4-6/group) were homogenized for RNA extraction using the 151 

Purelink RNA Mini Kit (Invitrogen), and prepared for real-time quantitative PCR using a 152 

StepOnePlus™ Real-Time PCR System (Applied Biosystems) as previously described (Frugier et 153 

al., 2010). Taqman® gene expression assays were used to detect 18S (Hs99999901_s1), Il1r1 (IL-154 

1R1; Mm00434237_m1), Gfap (GFAP; Mm01253033_m1), and Vim (vimentin; 155 

Mm01333430_m1). Relative gene expression was determined by the 2ΔΔCT method and 156 

normalized to 18S. 157 

Protein Analysis 158 

Serum was obtained by centrifugation of blood samples collected by cardiac puncture from a subset 159 

of terminally-anesthetized mice, and fresh dissected brain tissue was snap frozen (n=4-6/group). IL-160 

1β levels in serum, ipsilateral cortex and hippocampal tissue were determined using a mouse IL-1β 161 
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Quantikine enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems Inc.) as per the 162 

manufacturer's instructions. Western blots were performed using antibodies against GFAP 163 

(polyclonal rabbit, DAKO #Z0334 at 1:5000) or the internal control GAPDH (mouse monoclonal, 164 

Abcam #ab8245 at 1:10,000) (Semple et al., 2014). 165 

Immunofluorescence 166 

Following transcardial perfusion with 4% paraformaldehyde, brains were cryosectioned for 167 

collection of serial coronal sections (40 μm). Mossy fiber sprouting was detected by the zinc 168 

transporter protein ZnT3 (polyclonal anti-rabbit, Synaptic Systems #197003; 1:1000), double-169 

labeled with NeuN (mouse monoclonal; Millipore #MAB377; 1:1000) and the nuclear counter-stain 170 

DAPI, followed by the application of secondary antibodies (Cy3 goat ant-rabbit IgG, Jackson 171 

Laboratory #111-165-144, 1:500; and AF488 goat anti-mouse IgG, Invitrogen #A11029, 1:500). 172 

The astroglial response was evaluated by immunofluorescence for GFAP (rabbit polyclonal, DAKO 173 

#Z0334, 1:1000), followed by secondary antibody detection (FITC goat anti-rabbit IgG, Jackson 174 

ImmunoResearch #111-095-003, 1:1000) and a DAPI counter-stain (n=9-10/group). The microglial 175 

response was evaluated by immunofluorescence for Iba-1 (goat polyclonal, Abcam #ab5076, 176 

1:750), followed by secondary antibody detection (AF488 donkey anti-goat IgG, Life Technologies 177 

#A-11055, 1:200) and a DAPI counter-stain. Images were captured at 20x magnification (5 178 

sections/brain), then calibrated and thresholded using Metamorph v7.7.11.0 for quantification of 179 

fluorescent intensity in key regions of interest. Percentage GFAP or Iba-1 density was defined as 180 

(threshold pixel intensity / total pixel intensity)*100, and expressed as fold change from 181 

contralateral vehicle-treated samples.  182 

Behavior 183 

Behavioral testing was conducted in the Florey Institute animal facility in allocated mouse rooms, 184 

staggered over 4 cohorts (final n=11/sham group and n=18/TBI group). Mice were separated into 185 

individual cages 3-5 days prior to testing. An accelerating rotarod (Ugo Basile) assessed general 186 
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motor function, coordination and motor learning, in 4 trials/day across 2 consecutive days (Semple 187 

et al., 2014). General locomotor activity was evaluated in a 30 minute period in individual Activity 188 

Monitor cells (MedAssociates Inc.) (Semple et al., 2016). Anxiety-like behavior was evaluated 189 

using an Elevated Plus Maze (Semple et al., 2016). Spatial learning and memory was assessed in 190 

the MWM (Semple et al., 2014), comprised of 6 trials/day for 6 consecutive days. During days 1-2, 191 

the platform was raised above the water surface, clearly labeled with a flag (‘visible platform’), and 192 

rotated to different quadrants. During days 3-6 (‘hidden platform’), the platform was hidden just 193 

below the water surface and maintained in a constant location, requiring the use of external spatial 194 

cues to locate it. On day 7, a 60 sec ‘probe trial’ assessed spatial memory retention as the time spent 195 

in the target quadrant (where the platform was previously located). 196 

24/7 Video-EEG recording 197 

Implantation of extradural EEG electrodes were performed under isoflurane anesthesia (Bolkvadze 198 

and Pitkanen, 2012). A three-channel stainless steel electrode system connected to a plastic pedestal 199 

(Plastics One Inc.) was fixed to the skull by dental acrylic cement and stabilized by an extradural 200 

screw (Figure 7A). Two mice died during implantation and one mouse was excluded due to 201 

dislodgement of electrodes prior to EEG recording (final n=11/sham group and n=15-19/TBI 202 

group). Seizure-like behaviors were recorded by a side-mounted video camera accompanied by an 203 

infrared light. 204 

For analysis, entire digital files were reviewed and manually annotated in Profusion EEG software 205 

(Compumedics Limited v.5.0). An electrographic event ('EEG seizure') was defined as a high-206 

amplitude (at least 3x baseline) rhythmic discharge, frequency > 5 Hz and lasting longer than 5 sec, 207 

that clearly represented an evolving, oscillatory and atypical EEG pattern (Ziyatdinova et al., 2011; 208 

Bolkvadze and Pitkanen, 2012; Van Nieuwenhuyse et al., 2015; Liu et al., 2016). All events 209 

quantified from EEG were associated with a simultaneous behavioral event. For spontaneous 210 

events, the average number of seizures per day as well as average seizure duration were quantified. 211 
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The response to PTZ (at 6 months) were scored according to the modified Seizure Severity Score as 212 

described earlier. A random selection of observed epileptiform events were independently reviewed 213 

by an experienced epileptologist (T.J.O'B) for verification. Inter and intra-scorer consistency of 214 

PTZ-evoked events was verified by two independent investigators, and variation found to be <6%.  215 

Neuroimaging 216 

At 6 months post-injury, a subset of mice underwent ex vivo magnetic resonance imaging (MRI) 217 

(n=8-13/group). Mice were transcardially perfused within 1 h of PTZ and the collected brains post-218 

fixed in 4% paraformaldehyde overnight, rinsed, and embedded in 3% agar. MRI was performed on 219 

a 4.7 Tesla Avance III scanner with a cryogenically cooled surface coil (Bruker Biospec) (Shultz et 220 

al., 2013). T2-weighted images were acquired using a 3D RARE sequence with the parameters: 221 

TR=2,000 ms; RARE factor=8, TE=60 ms; FOV=15.4×15.4×7.68 mm3; matrix size=192×192×96; 222 

and isotropic spatial resolution=60×60×60 μm3. DWI was acquired using an echo planar imaging 223 

sequence with the parameters: TR=11,000 ms; TE=69 ms; shots=3; FOV=17.28×17.28 mm2; 224 

matrix size=96×96; spatial resolution=180×180 μm2; and slice thickness=180 μm. Diffusion 225 

weighting was performed in 81 non-collinear directions with diffusion duration (δ)=8 ms; diffusion 226 

gradient separation (Δ)=15 ms; and b-values=1,000, 3,000, 5,000 and 7,000 s/mm2.  227 

Analysis was performed on T2-weighted images using ITK-SNAP software 228 

(http://www.itksnap.org) (Shultz et al., 2013). Regions of interest were outlined on 18 coronal 229 

slices, and volumetric measurements were confined to the dorsal hemispheres containing the 230 

impacted region (Semple et al., 2014). For diffusion-weighted imaging, a region-of-interest analysis 231 

evaluated fractional anisotropy in the corpus callosum, and template images for each group were 232 

generated then combined using mrtrix (http://www.mrtrix.org/) for track-based spatial statistics. 233 

Voxel-wise analyses were performed with 5000 permutations, family-wise error correction, and 234 

threshold-free cluster enhancement.  235 

Experimental Design and Statistical Analysis  236 
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Sample sizes were calculated from preliminary and published data (Semple et al., 2014; Liu et al., 237 

2016) to achieve 60% power with a significance level of 0.05. Statistical analyses were performed 238 

using GraphPad Prism 6.07 or SPSS v.21. ANOVAs were used to compare 2 or more normally-239 

distributed groups or factors (e.g. injury, treatment) followed by a priori post-hoc analyses 240 

(specifically, to compare vehicle-TBI versus IL-1Ra-TBI groups), with time as a repeated measure 241 

where appropriate (e.g. for Morris Water Maze data). Results are expressed as mean ± sem. Data 242 

that were not normally distributed (e.g. Seizure Severity Scores and EEG data) were analyzed by 243 

non-parametric tests (Mann-Whitney or Kruskal-Wallis) and presented as dot plots with median 244 

values compared. Two-tailed Fisher's exact tests evaluated the percentage of animals exhibiting a 245 

particular phenotype (e.g. seizure).  246 

 247 

Results 248 

Pediatric TBI leads to increased seizure susceptibility and mossy fiber sprouting 249 

TBI and sham mice were challenged with PTZ to evaluate seizure susceptibility. At 2 weeks post-250 

injury, TBI mice exhibited a more severe response compared to sham controls (Mann-Whitney test, 251 

U=3.5 p<0.0001; Figure 1A). TBI mice also showed more rapid progression to a myoclonic jerk 252 

(106 vs. 193 sec; Mann-Whitney U=20, p=0.02), and precipitation to a generalized convulsive 253 

seizure (289 vs. 600 sec; U=7, p<0.01). 100% of TBI mice displayed a generalized seizure within 254 

the 10 min observation period, versus 20% of shams (Fisher's exact test, p<0.01). At 3 months, TBI 255 

mice again showed a more severe response compared to age-matched sham controls (Mann-256 

Whitney test, U=10.5 p=0.03; Figure 1B). In addition, TBI mice developed generalized convulsions 257 

more rapidly compared to sham (268 vs. 600 sec; U=7 p=0.04), and showed an increased likelihood 258 

of exhibiting this behavior (86% vs. 38%; p=0.04).   259 
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Mossy fiber sprouting is a pathological hallmark of abnormal hippocampal connectivity associated 260 

with epileptogenesis (Santhakumar et al., 2005). Intense ZnT3 staining of mossy fiber terminals 261 

was restricted to the stratum lucidum of the CA3 and hilus of all brains at 2 weeks post-injury/sham 262 

(Figure 1C). At 3 months, however, all TBI brains presented with aberrant ZnT3 immunoreactivity 263 

in the ipsilateral hippocampus, extending through the granule cell layer into the inner molecular 264 

layer (Figure 1D, E). The highest density of abnormal sprouting was observed at the lesion 265 

epicenter.  266 

Acute inflammatory response after pediatric TBI 267 

Based on evidence implicating inflammatory cytokines in the process of epileptogenesis (Webster 268 

et al., 2017), we next characterized the IL-1 response after pTBI. IL-1β protein levels were robustly 269 

elevated in the injured cortex, peaking from 4 h until 4 days (F9,29=1.01, p<0.0001; post-hoc 270 

p<0.01; Figure 2A). Similarly, IL-1β was elevated in the injured hippocampus, exhibiting a 271 

biphasic response to peak at 8 h and 7 days (F9,29=3.41, p<0.0001; post-hoc p<0.01; Figure 2C). IL-272 

1β was detected in serum at days 1-2 after pTBI compared to sham controls (F7,23=3.52, p<0.0001, 273 

post-hoc p<0.05; Figure 2B). Expression of the Il-1r1 receptor, quantified by qPCR, was robustly 274 

elevated in the cortex at 1 day post-injury (t8=6.05, p<0.001; Figure 2D). Lastly, we confirmed 275 

concurrent astroglial activation at 1 day post-injury, as an increase in GFAP protein by Western blot 276 

in both the cortex (t6=3.25, p<0.05) and hippocampus (t6=3.31, p<0.05) (Figure 2E-F). 277 

rIL-1Ra reduces sub-acute seizure susceptibility after pTBI 278 

We next administered rIL-1Ra across an acute time course post-injury corresponding to elevated 279 

IL-1β levels (Figure 3A). After 2 weeks, mice were challenged with PTZ. rIL-1Ra-TBI mice 280 

showed lower Seizure Severity Scores compared to vehicle-TBI mice (Mann-Whitney test, p=0.01; 281 

Figure 3B). Eighty-six percent of vehicle-TBI mice developed a generalized convulsive seizure 282 

within 10 min, compared to 53% of rIL-1Ra-TBI mice (Fisher's exact test, p=0.10). rIL-1Ra-TBI 283 

mice also showed a trend towards increased latency to first myoclonic jerk (143 vs. 132 sec) and a 284 
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generalized convulsive seizure (579 vs. 282 sec; p>0.05). We replicated this finding in a model of 285 

moderate TBI severity (Figure 3C), after which rIL-1Ra-TBI mice again showed reduced Seizure 286 

Severity Scores compared to vehicle-TBI mice (p<0.01; Figure 3D), as well as an increased latency 287 

to first myoclonic jerk (94 vs. 73 sec; p<0.05) and generalized convulsive seizure (234 vs. 112 sec; 288 

p<0.05). The effect of rIL-1Ra on seizure susceptibility was dependent upon acute post-injury 289 

administration, as treatment at 2 weeks post-injury, one hour prior to the PTZ challenge, failed to 290 

influence seizure severity (p>0.05, Figure 3E-F).  291 

rIL-1Ra attenuates sub-acute hippocampal astrogliosis after pTBI  292 

As IL-1β has known effects on astrocyte activation (John et al., 2004), and astrocytes have been 293 

implicated in neuronal excitability and seizures (Ortinski et al., 2010; Robel et al., 2015), we 294 

examined the effect of rIL-1Ra on astrocyte activation after pTBI. Robust GFAP+ 295 

immunofluorescence was evident at 2 weeks, particularly in the ipsilateral hippocampus (Figure 296 

4A). Quantification of fluorescence confirmed a significant increase in the ipsilateral DG hilus, 297 

CA1 and CA2/3 of vehicle-TBI mice, which was considerably reduced in rIL-1Ra-TBI mice in the 298 

hilus (2-way RM ANOVA injury*drug interaction F1,17=5.04 p=0.04; post-hoc p<0.01) and CA1 299 

(injury*drug interaction F1,17=8.76, p<0.01; post-hoc p<0.001; Figure 4B-D). In contrast, while the 300 

degree of Iba-1+ microglial staining in the DG hilus ipsilateral to the injury was significantly 301 

elevated compared to the contralateral side (2-way RM ANOVA effect of hemisphere F1,13=82.64 302 

p<0.0001), rIL-1Ra treatment did not influence this (effect of drug F1,13=0.05 p=0.83; 303 

hemisphere*drug interaction F1,13=0.03, p=0.86). 304 

Astrogliosis observed at the protein level was reflected by gene expression - Gfap mRNA was 305 

robustly upregulated at 1 day post-injury (F2,12=28.06, p<0.0001), more so in vehicle-TBI compared 306 

to rIL-1Ra-TBI mice (Figure 4E). In the hippocampus, only vehicle-TBI mice showed a significant 307 

elevation in Gfap expression at 1 day compared to sham controls (F2,12=5.04 p=0.03; post-hoc 308 

p<0.05). By 14 days, hippocampal Gfap mRNA levels had returned to baseline, but remained 309 
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elevated above sham in vehicle-TBI mice (F2,12=4.46 p=0.04; post-hoc p<0.05). Vimentin (Vim), 310 

another marker of glial activation, was similarly upregulated at 1 day in vehicle-TBI mice, with an 311 

attenuated response in rIL-1Ra-TBI mice (cortex: F2,12=17.45 p<0.01; hippocampus: F2,12=6.50 312 

p=0.01; Figure 4F). 313 

rIL-1Ra attenuates chronic cognitive deficits  314 

We next conducted a chronic time course experiment to evaluate acute rIL-1Ra treatment on long-315 

term post-injury outcomes (Figure 5A). Functional outcomes were assessed at adulthood (3 months 316 

post-injury). On days 1-2 of the MWM all groups showed equivalent ability to locate a visible 317 

platform (three-way RM ANOVA, within-subjects effect of time, F1,51=199.94, p<0.0001; Figure 318 

5B). On days 3-6 (Figure 5C; hidden platform), all groups again showed an overall improvement 319 

with time (three-way RM ANOVA, F1,51=30.35, p<0.0001). There was also no difference between 320 

groups in terms of the learning rate, calculated as the difference between escape latency on day 3 321 

versus day 6, normalized to performance on day 3 (2-way ANOVA effect of injury F1,51=0.15 322 

p=0.71; effect of treatment F1,51=0.001 p=0.98; injury*treatment interaction F1,51=1.30 p=0.26). 323 

However, direct comparison of vehicle-TBI and rIL-1Ra-TBI mice across the hidden sessions 324 

revealed a trend towards an effect of treatment (three-way RM ANOVA, F1,32=3.37, p=0.08). A 325 

spatial memory deficit was detected specifically in vehicle-TBI mice compared to their sham 326 

controls (2-way RM ANOVA F1,27=6.64, p=0.02). In contrast, rIL-1Ra-TBI mice did not exhibit an 327 

injury deficit (F1,24=0.20, p=0.66). This was confirmed in the probe trial on day 7 (Figure 5D), 328 

when vehicle-TBI mice spent less time in the target quadrant compared to sham controls (effect of 329 

injury, F1,55=4.57, p=0.04; post-hoc p<0.05). In contrast, rIL-1Ra-TBI mice did not exhibit a deficit 330 

compared to sham controls (post-hoc, p>0.05).  331 

 332 

Consistent with previous studies (Pullela et al., 2006; Semple et al., 2014), pTBI resulted in general 333 

hyperactivity at adulthood (2-way ANOVA effect of injury F1,53=6.93, p=0.01). However, rIL-1Ra 334 

did not influence this behavior (Figure 5E). All mice showed improvement in rotarod performance 335 
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over time (2-way ANOVA effect of time F1,53=22.92, p<0.0001), independent of both injury or 336 

treatment (Figure 5F). Finally, in the Elevated Plus Maze, all groups spent similar time in the open 337 

arms (Figure 5G).  338 

Spontaneous seizures at 4-5 months post-injury 339 

Following behavioral testing, mice underwent 7 days of video-EEG monitoring to evaluate 340 

spontaneous seizure activity. The majority of TBI mice (>87%) displayed at least one generalized 341 

motor seizure during this period, compared to >10% of shams (Fisher's exact test, p=0.57; Figure 342 

6A-C). The average number of seizures per day was greater in TBI mice compared to shams 343 

(Kruskal-Wallis test p<0.0001), and tended to be higher for vehicle-TBI mice (1 seizure/day) 344 

compared to rIL-1Ra-TBI mice (0.5 seizures/day); however, this did not reach statistical 345 

significance (Figure 6D). Average seizure duration did not differ between vehicle-TBI and rIL-1Ra-346 

TBI mice (Figure 6E). Similarly, seizure severity was not affected by rIL-1Ra treatment (Mann-347 

Whitney U=137,  p=0.85; median seizure score of 3.9 and 4.0 for vehicle-TBI and rIL-1Ra-TBI 348 

mice, respectively).   349 

rIL-1Ra reduces the chronic evoked seizure response  350 

At 6 months post-injury, PTZ was administered to evaluate chronic seizure susceptibility (Figure 351 

7A). 58% percent of vehicle-TBI mice exhibited a PTZ-evoked convulsive seizure, versus 21% of 352 

IL-1Ra-TBI mice (Fisher’s exact test, p=0.07; Figure 7B). Quantification of EEG seizures revealed 353 

an increase in vehicle-TBI mice compared to vehicle-sham mice specifically (Kruskal-Wallis test 354 

p<0.01; post-hoc p<0.01; Figure 7C). The average duration of EEG seizures was also longer in 355 

vehicle-TBI mice compared to shams (post-hoc p<0.01), which was not the case for rIL-1Ra-TBI 356 

mice (p>0.05; Figure 7D). The overall Seizure Severity Score (Figure 7E) revealed a significant 357 

effect of injury (F1,50=4.96, p=0.03) and a treatment*injury interaction (F1,50=4.65, p=0.04),with 358 

post-hoc analysis finding an elevation only in vehicle-TBI mice compared to IL-1Ra-TBI mice 359 
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(p<0.01), in line with the EEG seizure data indicating a protective effect of rIL-1Ra treatment on 360 

chronic seizure susceptibility. 361 

rIL-1Ra partially rescues chronic neuropathology after pediatric TBI   362 

By 6 months, pronounced tissue deformation and volumetric loss was evident in all TBI mice, 363 

particularly in the ipsilateral cortex (2-way ANOVA F1,28=5.98, p=0.02; Figure 8A). A priori  post-364 

hoc analyses indicated that vehicle-TBI mice had a smaller cortex volume compared to vehicle-365 

sham mice (p<0.05), whereas rIL-1Ra-TBI were not significantly different to their sham controls 366 

(p>0.05; Figure 8B). Neither injury nor drug treatment affected the volume of the ipsilateral 367 

hippocampus (Figure 8C), contralateral hippocampus or contralateral cortex (not shown).   368 

Track-based spatial statistics analysis of diffusion-weighted imaging revealed an overall effect of 369 

injury but not drug treatment on fractional anisotropy, a measure of white matter integrity. 370 

Decreased fractional anisotropy in TBI brains was most evident in the ipsilateral corpus callosum 371 

between ~Bregma 0.7 mm to -3.8 mm, extending into the contralateral hemisphere, and ipsilateral 372 

internal capsule (p<0.05; Figure 8D). Region-of-interest analysis confirmed an overall reduction in 373 

fractional anisotropy in TBI brains compared to sham, in both the ipsilateral (2-way ANOVA 374 

F1,33=33.99, p<0.0001) and contralateral corpus callosum (F1,33=12.48, p<0.01; Fig. 8E-F). 375 

Treatment with rIL-1Ra did not influence these measures (p>0.05).  376 

IL-1R antagonism attenuates chronic hippocampal astrogliosis after pTBI  377 

Following ex vivo neuroimaging, brains were processed to evaluate the effect of rIL-1Ra on chronic 378 

glial reactivity in the hippocampus. Immunofluorescence for GFAP was elevated in the ipsilateral 379 

DG hilus compared to the contralateral hilus (2-way ANOVA, F1,24=4.45, p=0.05), and an overall 380 

effect of treatment (F1,24=4.31, p<0.05), suggesting that rIL-1Ra treatment attenuated chronic 381 

astrogliosis (Figure 8G-H). In contrast, Iba-1 reactivity was no longer elevated in the ipsilateral 382 

compared to contralateral hemisphere at this time, nor affected by rIL-1Ra treatment (2-way 383 



 

17 
 

ANOVA effect of hemisphere F1,24=0.37 p=0.55; effect of drug F1,24=0.65 p=0.43; 384 

hemisphere*drug interaction F1,24=0.01 p=0.97). 385 

 386 

Discussion 387 

The development of novel anti-epileptic therapeutics for PTE is, in part, predicated upon the use of 388 

age appropriate, well characterized, and clinically relevant animal models. In this study, we first 389 

characterized the neuropathological and seizure-like hallmarks of PTE in a mouse model of TBI to 390 

the pediatric brain, which reproduces many of the risk factors associated with PTE clinically (e.g. 391 

early age, severity, hemorrhage) (Hahn et al., 1988; Annegers and Conan, 2000). Compared to 392 

sham-operated controls, pTBI mice exhibited multiple features that have been associated with 393 

epileptogenesis from studies with post-mortem patient tissue and experimental models of adult 394 

PTE, including robust astrogliosis and increased susceptibility to spontaneous and evoked seizures. 395 

Of note, at 3 months post-injury, we found evidence of aberrant mossy fiber sprouting in the 396 

ipsilateral hippocampus of pTBI mice. Sprouting represents long-term structural reorganization in 397 

the dentate gyrus, via the appearance of new recurrent excitatory circuitry which may contribute to 398 

hippocampal hyperexcitability (Santhakumar et al., 2005), and has been reported in the DG of 399 

epilepsy patients with a history of head trauma (Jeub et al., 1999), in human temporal lobe epilepsy 400 

(Sutula et al., 1989; Babb, 1997), and in epileptic experimental animals (Tauck and Nadler, 1985; 401 

Babb, 1997). Consistent with our findings, mossy fiber sprouting in adult models of experimental 402 

TBI has been reported to develop over weeks after injury, and is associated with an increase in 403 

epileptiform activity (Hunt et al., 2009; Hunt et al., 2010).  404 

Spontaneous and evoked seizures after pTBI 405 

In adult TBI rodent models, the reported incidence of spontaneous seizures up to 9 months post-406 

injury has varied from 9-50% (Hunt et al., 2009; Hunt et al., 2010; Bolkvadze and Pitkanen, 2012; 407 
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Shultz et al., 2013), with seizures being fairly infrequent (~0.3 seizures/day), consistent with what is 408 

seen in patients with PTE (Pitkanen et al., 2009). The only other preclinical study to examine 409 

seizures in a pediatric population evaluated a small group of rats 4-11 months following controlled 410 

cortical impact at p17 (n=8), observing spontaneous seizures in 1 rat and abnormal EEG discharges 411 

in 7/8 rats (Statler et al., 2009). In the current study, at 4-5 months post-injury, we observed on 412 

average 0.5-1 seizure/day and at least 1 seizure within a 7 day period in 95% of vehicle-TBI mice. 413 

It is unclear whether this high incidence and frequency is due to the age at injury, model severity, or 414 

other factors such as species or strain, and we seek to replicate this finding in ongoing and future 415 

studies.  416 

Administration of PTZ, a non-competitive antagonist of the GABAA receptor, triggers the well-417 

characterized, progressive development of limbic seizures, culminating in generalized tonic-clonic 418 

seizures depending upon the dosage used (Cole et al., 2000). Here, we considered the response to 419 

PTZ as an indicator of network excitability, whereby an increased response implicates a primed 420 

neuronal environment with a reduced threshold for seizure activity (Loscher and Nolting, 1991). 421 

While the clinical relevance of increased susceptibility to a pro-convulsant remains controversial, 422 

several models of adult TBI and temporal lobe epilepsy have demonstrated a link between 423 

hyperexcitability in a PTZ test and the development of spontaneous seizures (Blanco et al., 2009; 424 

Rattka et al., 2011; Bolkvadze and Pitkanen, 2012). An increased PTZ response was evident in 425 

young brain-injured mice compared to shams as early as 2 weeks post-injury, suggesting that 426 

epileptogenesis is already underway at this time, and persists to at least 6 months post-injury. This 427 

finding builds upon previous data from adult TBI models (Bolkvadze and Pitkanen, 2012; Huusko 428 

et al., 2015), and is in alignment with the hypothesis that an early increase in neuronal excitability 429 

signifies an environment primed for the development of PTE.  430 

IL-1R signaling mediates post-traumatic seizure susceptibility  431 



 

19 
 

Whether immune signaling plays a role in post-traumatic alterations in network excitability has 432 

been largely theoretical to date. A robust IL-1 response was evident after pTBI, including 433 

upregulation of IL-1β in the injured brain and serum. The latter increase in serum was temporally 434 

delayed, suggesting a predominantly cerebral source of the cytokine. Based upon evidence that IL-435 

1β can initiate and exacerbate seizure activity in experimental models of epilepsy (Vezzani et al., 436 

1999; Vezzani et al., 2000; Dube et al., 2005), and blockage of  IL-1β biosynthesis or signaling via 437 

the receptor IL-1R ameliorates seizure severity/incidence (Vezzani et al., 2000; Maroso et al., 438 

2011), we evaluated the effect of a commercially-available rIL-1Ra on chronic seizures, 439 

neuropathology and functional outcomes after pTBI.  440 

Our findings demonstrate that acute rIL-1Ra reduces the PTZ-evoked seizure response compared to 441 

vehicle treatment, both sub-acutely (2 weeks) and more chronically post-injury (3 and 6 months). 442 

Importantly, this anti-seizure effect was replicated across two independent cohorts under moderate 443 

and severe injury parameters. Secondly, the effect of rIL-1Ra was dependent upon acute post-injury 444 

administration to presumably prevent acute cytokine signaling, as treatment at 2 weeks, just prior to 445 

the PTZ challenge, failed to modify seizure severity. This finding is consistent with the hypothesis 446 

that acute inflammation response can alter long-term susceptibility of the brain to seizure activity 447 

(Galic et al., 2008).  448 

The influence of rIL-1Ra on PTZ-evoked seizures, however, failed to translate into a hypothesized 449 

reduction in the percentage of mice to develop spontaneous seizures, although there was a non-450 

significant trend towards a reduced seizure frequency in rIL-1Ra-TBI compared to vehicle-TBI 451 

mice. Together, these findings support a role for IL-1β/IL-1R in neuronal excitability after pTBI, 452 

suggesting that inflammatory signaling is a key process underlying post-traumatic epileptogenesis; 453 

however, additional mechanisms are evidently involved in the initiation of spontaneous epileptic 454 

seizures long-term.   455 
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It remains unclear from our findings whether IL-1 has a direct or indirect effect on 456 

neurotransmission to modulate neuronal excitability. Almost all CNS cells express IL-1 receptors 457 

and components of the signaling pathways, and therefore can respond to IL-1β and IL-1α. For 458 

example, a direct interaction between IL-1R and NMDA receptors to modulate excitatory receptor 459 

structure and function has been proposed (Viviani et al., 2003). In addition, IL-1β acts via astrocytic 460 

IL-1R to promote glial activation, proliferation and further cytokine release (Pinteaux et al., 2009). 461 

Reactive astrocytes have recently been implicated in the modulation of neuronal excitability and 462 

promotion of epileptogenesis (Ortinski et al., 2010; Robel et al., 2015; Webster et al., 2017). 463 

Indeed, hippocampal sclerosis involving the loss of pyramidal neurons, interneurons and 464 

astrogliosis is one of the most common pathologies associated with increased network excitability 465 

in both temporal lobe epilepsy and PTE. Our findings, that rIL-1Ra treatment reduces markers of 466 

hippocampal astrocyte activation (Gfap and Vim), but not microglial activation, concurrent with a 467 

reduction in seizure susceptibility during the sub-acute post-injury period, implicates post-traumatic 468 

astrocytosis as an indirect mechanism by which IL-1R mediates neuronal hyperexcitability 469 

underlying the observed effects on PTZ-evoked seizures.  470 

IL-1R as a broad neuroprotectant?  471 

Targeting IL-1R signaling in the acutely injured brain was postulated to have a broad 472 

neuroprotective effect, based on an abundance of experimental studies implicating IL-1β in 473 

leukocyte infiltration, BBB damage and cell death in models of ischemic stroke and TBI (Pinteaux 474 

et al., 2009; Brough et al., 2011). For example, antibody-mediated neutralization of IL-1β has been 475 

reported to yield neuroprotection against cognitive deficits after focal or diffuse experimental TBI 476 

in adult rodents (Clausen et al., 2009; Clausen et al., 2011; Ekmark-Lewen et al., 2016). A recent 477 

meta-analysis of preclinical studies in stroke confirmed the high biological plausibility of 478 

peripherally-administered rIL-1Ra as a novel therapeutic agent in the injured brain (McCann et al., 479 

2016). However, few studies to date have considered the long-term consequences of IL-1 signaling, 480 

nor had the IL-1 response after injury to the pediatric brain been characterized. Here, we found that 481 
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acute treatment with rIL-1Ra was effective at reducing cognitive impairments, the degree of cortical 482 

loss, and astrogliosis, alongside a reduction in evoked seizure susceptibility. In contrast, rIL-1Ra 483 

did not appear to influence the degree of white matter damage, nor rescue injury-induced 484 

hyperactivity. Together, these findings support IL-1 signaling as a mediator of long-term 485 

pathogenesis and outcomes after early life injury.   486 

Conclusion  487 

There is an urgent need for novel therapeutic agents to prevent and slow the development of 488 

epileptogenesis after pTBI, with scientific progress hindered in part due to our poor understanding 489 

of the pathological mechanisms that underlie PTE. In this study, we first demonstrated that pTBI in 490 

the young mouse results in a heightened response to evoked seizures as well as many of the 491 

neuropathological hallmarks previously associated with epilepsy in both patients and adult animals. 492 

This model therefore provides a suitable paradigm to elucidate potential mechanisms of post-493 

traumatic epileptogenesis in the pediatric injured brain. Pharmacological targeting of IL-1Ra 494 

represents a feasible therapeutic approach to reduce chronic morbidity for survivors of pTBI, 495 

although optimization or complementary application of another therapeutic agent may be needed to 496 

maximize neuroprotection, and prevent the onset of spontaneous seizures chronically.  497 

 498 
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 651 

Figure Legends 652 

Figure 1: Enhanced susceptibility to evoked seizures and epilepsy-like changes in ion 653 

transporter expression and axonal sprouting after pTBI. Following TBI or sham at p21, mice 654 
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were administered PTZ at either (A) 2 weeks (50 mg/kg i.p.) or (B) 3 months (35 mg/kg i.p.) to 655 

evaluate seizure susceptibility (Mann-Whitney tests, *p<0.05,***p<0.001; n=7-10/group). 656 

Immunofluorescence staining for ZnT3 mossy fibers, NeuN+ neurons and DAPI+ nuclei in the 657 

injured hippocampus revealed abnormal mossy fiber sprouting at 3 months post-injury (arrows; D 658 

and E) but not at 2 weeks (C). n=7-10/group. Scale bar = 200 μm (C, D) and 100 μm (E).         659 

 660 

Figure 2: IL-1 response after pTBI. IL-1β protein was detected by ELISA across a time course 661 

after pTBI, in the ipsilateral cortex (A), hippocampus (C) and serum (B) (one-way ANOVA with 662 

Dunnett's post-hoc). Quantitative PCR revealed a significant increase in Il-1r1 receptor in the cortex 663 

(D) at 1 day post-injury, with a trend in the hippocampus (p=0.09). GFAP, an indicator of astrocyte 664 

activation detected by Western blot (E), was also elevated at 1 day post-injury compared to sham 665 

controls, in both the injured cortex and hippocampus (F). *p<0.05; **p<0.01; ***p<0.001; n=4-666 

6/group. 667 

 668 

Figure 3: rIL-1Ra treatment reduces sub-acute seizure severity after pTBI. Mice underwent 669 

severe (A, B) or moderate (C, D) TBI at p21, then received either rIL-1Ra (100 mg/kg s.c.) or saline 670 

vehicle at 2, 8 and 24 h post-injury, followed by a PTZ challenge at 2 weeks. Alternatively, rIL-1Ra 671 

was administered 1 h prior to PTZ (E, F). After both severe and moderate TBI followed by acute 672 

drug administration (B, D), but not after delayed administration (F), rIL-1Ra treatment reduced 673 

seizure severity compared to vehicle treatment. Red dotted line indicates the median sham score 674 

(from Fig. 1A). n=7-15/group; Mann-Whitney tests, *p<0.05, **p<0.01.  675 

 676 

Figure 4: rIL-1Ra treatment attenuates sub-acute astrogliosis after pTBI. Quantification of 677 

GFAP+ reactivity from immuno-fluorescent labeling with DAPI (A) at 2 weeks post-injury, 678 

revealed a robust increase in astrogliosis in the ipsilateral DG hilus (B; 2-way RM ANOVA 679 

injury*drug interaction F1,17=5.04 p=0.04; post-hoc p<0.01) and CA1 (C; injury*drug interaction 680 

F1,17=8.76, p<0.01; post-hoc p<0.001) of vehicle-TBI mice, which was attenuated in rIL-1Ra-TBI 681 
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mice. n=9-10/group,  2-way ANOVAs; scale bar = 200 μm; region of interest indicated by dotted 682 

white line in A. This was reflected by changes in gene expression of astrocyte markers Gfap (E) and 683 

Vim (F), which were robustly elevated at 1 day after injury in the cortex (Gfap: F2,12=28.06, 684 

p<0.0001; Vim: F2,12=17.45 p<0.01) and hippocampus (Gfap: F2,12=5.04 p=0.03; post-hoc p<0.05; 685 

Vim: F2,12=6.50 p=0.01) . n=5/group; *p<0.01, **p<0.01, ***p<0.001. 686 

 687 

Figure 5: rIL-1Ra treatment attenuates chronic cognitive deficits after pTBI. Mice received 688 

either rIL-1Ra or vehicle treatment for 7 days following pTBI or sham surgery, and underwent 689 

behavioral assessment at 3 months (A). All mice were able to locate a visible platform in the MWM 690 

(B; three-way RM ANOVA, within-subjects effect of time, F1,51=199.94, p<0.0001). In the hidden 691 

platform trials (C), all groups again showed an overall improvement with time (3-way RM ANOVA 692 

F1,51=30.35, p<0.0001). Direct comparison of vehicle-TBI and rIL-1Ra-TBI mice revealed a trend 693 

towards an effect of treatment (F1,32=3.37, p=0.08). However, only vehicle-TBI mice showed a 694 

increased latency to locate a hidden platform during subsequent trial days compared to sham 695 

controls (2-way RM ANOVA F1,27=6.64, p=0.02). On day 7 of the task, the probe trial revealed an 696 

overall effect of injury (F1,55=4.57, p=0.04), with a priori post-hoc analysis revealing that only 697 

vehicle-TBI mice spent less time in the target quadrant compared to their sham controls (p<0.05), 698 

indicating a spatial memory deficit which was absent in rIL-1Ra-TBI mice (D). Brain-injured mice 699 

showed locomotor hyperactivity compared to sham controls, which was not influenced by rIL-1Ra 700 

treatment (E; 2-way ANOVA effect of injury F1,53=6.93, p=0.01). All mice showed equivalent 701 

ability on an accelerating rotarod (F; 2-way ANOVA effect of time F1,53=22.92, p<0.0001) and the 702 

Elevated Plus Maze (G). n=11/group (sham) and 18/group (TBI). *p<0.05, ***p<0.001.       703 

 704 

Figure 6: A high incidence of spontaneous seizures at 4-5 months after pTBI was not affected 705 

by acute rIL-1Ra treatment. EEG electrodes were implanted over the contralateral hemisphere 706 

(A). Following a recovery period, mice underwent continuous video-EEG monitoring. The 707 

percentage of mice who displayed at least 1 spontaneous seizure during a 7 day period was 708 
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quantified (B), revealing late post-traumatic seizures in a majority of TBI mice. Three example 709 

events from vehicle-TBI mice are illustrated (C). Number of seizures per day was quantified (D), 710 

and found to be higher in TBI mice compared to sham (Kruskal-Wallis test p<0.0001). The mean 711 

difference in seizures/day between vehicle-TBI and rIL-1Ra-TBI mice did not reach statistical 712 

significance (Dunn's multiple comparisons n.s.). Average seizure duration were also quantified (E). 713 

n=11/group (sham) and n=15-19/group (TBI).   714 

 715 

Figure 7: Acute rIL-1Ra treatment reduces the chronic evoked seizure response. PTZ results 716 

in a stereotypical pattern of brief, abnormal epileptiform events paired with isolated myoclonic 717 

contractions (A, black arrows), which was observed in some mice to culminate in a generalized 718 

convulsive seizure (black bar). 58% percent of vehicle-TBI mice exhibited an evoked seizure in 719 

response to PTZ, compared to only 21% of IL-1Ra-TBI mice (B; Fisher’s exact test, p=0.07). 720 

Quantification of EEG seizures (C) revealed an increase in vehicle-TBI mice but not in rIL-1Ra-721 

TBI mice compared to their respective sham controls (Kruskal-Wallis test p<0.01; post-hoc 722 

p<0.01), but no increase in rIL-1Ra-TBI mice compared to their sham controls. Average seizure 723 

duration (D) was similarly increased specifically in vehicle-TBI mice compared to sham controls 724 

(p<0.01). The overall Seizure Severity Score (E) revealed a significant effect of injury (F1,50=4.96, 725 

p=0.03) and a treatment*injury interaction (F1,50=4.65, p=0.04), with post-hoc analysis finding an 726 

elevation only in vehicle-TBI mice compared to IL-1Ra-TBI mice (p<0.01). n=11/group (sham) and 727 

15-19/group (TBI); *p<0.05, **p<0.01.  728 

 729 

Figure 8: Chronic neuropathology after pTBI. Volumetric analysis of the dorsal cortex and 730 

hippocampus at 6 months post-surgery by T2-weighted MRI (A) revealed a significant reduction in 731 

the ipsilateral cortex of vehicle-TBI mice compared to their sham controls (B; 2-way ANOVA 732 

F1,28=5.98, p=0.02). Hippocampal volume was unaffected by TBI or drug treatment (C). Track-733 

based spatial statistics analysis of diffusion-weighted imaging demonstrated a significant reduction 734 

in fractional anisotropy values in TBI samples compared to sham controls in several brain regions 735 
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(D, p<0.05, color bar indicates p-value). Region of interest quantification of ipsilateral and 736 

contralateral corpus callosum fractional anisotropy values similarly detected a reduction in TBI 737 

mice (E: 2-way ANOVA F1,33=33.99, p<0.0001, and F: F1,33=12.48, p<0.01), independent of rIL-738 

1Ra treatment. GFAP immunofluorescence staining in the ipsilateral hippocampus (G-H) suggested 739 

a persistent elevation of hippocampal astrogliosis in vehicle-TBI mice at this time (2-way ANOVA, 740 

F1,24=4.45, p=0.05 effect of hemisphere; F1,24=4.31, p<0.05 effect of treatment). n=8-13/group, 741 

*p<0.05, **p<0.01, ****p<0.0001.   742 

 743 
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