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Abstract

Objective: We used the lateral fluid percussion injury (LFPI) model of moderate-
to-severe traumatic brain injury (TBI) to identify early plasma biomarkers pre-
dicting injury, early post-traumatic seizures or neuromotor functional recovery
(neuroscores), considering the effect of levetiracetam, which is commonly given
after severe TBL.

Methods: Adult male Sprague-Dawley rats underwent left parietal LFPI, re-
ceived levetiracetam (200 mg/kg bolus, 200 mg/kg/day subcutaneously for 7 days
[7d]) or vehicle post-LFPI, and were continuously video-EEG recorded (n=14/
group). Sham (craniotomy only, n = 6), and naive controls (n = 10) were also used.
Neuroscores and plasma collection were done at 2d or 7d post-LFPI or equivalent
timepoints in sham/naive. Plasma protein biomarker levels were determined by
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reverse phase protein microarray and classified according to injury severity (LFPI
vs. sham/control), levetiracetam treatment, early seizures, and 2d-to-7d neuro-
score recovery, using machine learning.

Results: Low 2d plasma levels of Thr**'-phosphorylated tau protein (pTAU-
Thr**") and S100B combined (ROC AUC =0.7790) predicted prior craniotomy
surgery (diagnostic biomarker). Levetiracetam-treated LFPI rats were differenti-
ated from vehicle treated by the 2d-HMGBI1, 2d-pTAU-Thr**', and 2d-UCHL1
plasma levels combined (ROC AUC =0.9394) (pharmacodynamic biomarker).
Levetiracetam prevented the seizure effects on two biomarkers that pre-
dicted early seizures only among vehicle-treated LFPI rats: pTAU-Thr**! (ROC
AUC=1) and UCHL1 (ROC AUC=0.8333) (prognostic biomarker of early sei-
zures among vehicle-treated LFPI rats). Levetiracetam-resistant early seizures
were predicted by high 2d-IFNy plasma levels (ROC AUC=0.8750) (response
biomarker). 2d-to-7d neuroscore recovery was best predicted by higher 2d-S100B,
lower 2d-HMGBI1, and 2d-to-7d increase in HMGBI or decrease in TNF (P < 0.05)
(prognostic biomarkers).

Significance: Antiseizure medications and early seizures need to be considered
in the interpretation of early post-traumatic biomarkers.

KEYWORDS

traumatic brain injury

1 | INTRODUCTION

Traumatic brain injury (TBI) is a major risk factor
for acquired epilepsy (post-traumatic epilepsy: PTE).
Approximately 25% (16%-50%) of individuals with severe
TBI develop PTE."* Severe TBIs cause significant tissue
damage, bleeding, neuronal and glial death, as well as ax-
onal, vascular, and metabolic abnormalities.>® During the
acute post-TBI period, post-traumatic seizures may occur
in 18%-30% of patients with severe TBI who are under EEG
rnonitoring.7'10 Early post-traumatic seizures, that is, those
occurring within a week from TBI, are associated with in-
creased rates of admission and length of stay in intensive
care units, ventilation, hospital length of stay, and dis-
charge to inpatient rehabilitation rather than home, and
carry a higher risk for PTE*'" or for developing hippocam-
pal atrophy.® The Quality Standards Subcommittee of the
American Academy of Neurology recommends the use of
prophylactic antiseizure medications (ASMs) during the
first week after severe TBL.'* One of the commonly used
ASMs is levetiracetam (LEV),"*"” which has gained popu-
larity due to the lack of significant drug interactions and
good tolerability profile. However, there is no robust evi-
dence for antiepileptogenic effects of LEV or other ASMs
on PTE in humans.'>!*%

inflammation, lateral fluid percussion injury, levetiracetam, neuromotor recovery, tau,

Key points

« Thelateral fluid percussion injury (LFPI) model
of moderate to severe brain trauma was used to
identify early plasma protein biomarkers.

« Early seizures and levetiracetam (LEV) affect
the predictive value of early post-traumatic
plasma protein biomarkers.

« Prior craniotomy is best predicted by low phos-
phorylated TAU (pTAU-Thr**!) and S100B
plasma levels, 2days after craniotomy in LFPI
rats.

« LEV prevented the seizure effects on plasma
pTAU-Thr**! and UCHLI. High 2d-IFNy plasma
levels predicted LEV-resistant early seizures.

« Neuromotor recovery was predicted by S100B,
HMGBI, TNF.

Biomarkers, for example, blood-based protein markers,
magnetic resonance imaging (MRI), or electroencepha-
lography (EEG), have been sought to provide molecular,
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anatomical, physiological, or functional information on
the extent and/or progression of injury or epileptogenesis.®
Clinical evidence for genetic factors,?' ™ contribution of TBI
severity,"* early EEG epileptiform activities® or seizures,
including nonconvulsive ones,*’ in modifying risk for post-
traumatic seizures and PTE has been published. The search
for biomarkers has also produced candidates that when ob-
tained during the first hours after head trauma may predict
intracranial injury and hemorrhage or long-term outcomes
(Glial Fibrillary Acidic Protein [GFAP] and Ubiquitin C-
Terminal Hydrolase [UCHL1])** or 6-12month TBI out-
comes (calcium binding protein S100B, neuron-specific
enolase [NSE], GFAP, UCHL1),”’ or recovery (TAU protein,
neurofilament L [NFL]).?

Among the models of TBI/PTE, the lateral fluid per-
cussion injury (LFPI) model of moderate/severe TBI man-
ifests spontaneous convulsive or nonconvulsive seizures
(25%-50% between 6 and 12months post-TBI) and is com-
monly used to study PTE.***! In the preclinical Project 2
of the Epilepsy Bioinformatics Study for Antiepileptogenic
Therapy (EpiBioS4Rx), we selected the LFPI model of severe
TBI to explore candidate therapy targets and treatments but
also identify blood-based biomarkers for TBI and PTE. We
used reverse phase protein microarray (RPPM) because it
enabled us to study 12 biomarkers using small volumes of
plasma. In this study, we used machine learning methods
to identify the optimal early timepoints and plasma bio-
marker panels within the first week from TBI that predict
injury, early seizure occurrence, and neuromotor system
functional recovery assessed with the composite neuro-
scores in rats with severe LFPI. Comparison was done with
naive controls, equivalent to “healthy controls” often used
in comparing protein biomarkers in clinical studies, as well
as sham rats, to control for the effect of craniotomy, anesthe-
sia, and analgesia which may also affect plasma biomarkers.
Furthermore, we explored whether prophylactic use of LEV
alters the levels of these biomarker panels, which would be
important when comparing biomarker data from clinical
trials where most of the patients with severe TBI are on pro-
phylactic ASMs, such as LEV.

2 | MATERIALS AND METHODS

2.1 | Study design, animals

This was a prospective, vehicle-controlled, randomized
study; outcome assessments and protein biomarker analyses
were done blinded to group allocation. Adult male Sprague
Dawley rats were received between 9 and 10weeks of age
(Taconic Biosciences) and were individually housed in a
12h light/12h dark cycle (lights on from 07:00 to 19:00h), in
a controlled environment (temperature 20-22°C; humidity

30%-70%). Pellet food (Laboratoryrodentdiet 5001—Labdiet)
and water were provided ad libitum. At 11weeks of age,
rats were randomized into 3 induction groups subjected
to either lateral fluid percussion injury (LFPI) (n=28), or
sham craniotomy (n=6) or naive controls (n=10) which
did not undergo any surgical procedures. All procedures
were approved by the Einstein Institutional Animal Care
and Use Committee (protocol #20170107). Procedures and
experiments were in accordance with the guidelines of the
American Association for the Accreditation of Laboratory
Animal Care, National Institutes of Health Guide for the
Care and Use of Laboratory Animals and Animal Research:
Reporting of in Vivo Experiment guidelines.

2.2 | Craniotomy and LFPI induction

Rats received buprenorphine 0.05mg/kg subcutaneously
(SC), (Henry Schein) after isoflurane anesthesia induction.
LFPI and shams underwent a 5mm left parietal craniotomy
under isoflurane anesthesia (5% induction, 1.5%-2.5% main-
tenance, in 100% oxygen) with manual trephination (center
coordinates: —4.5 mm posterior to bregma [AP], 3mm left of
midline [ML]), under continuous pulse oximetry and tem-
perature control.** The female end of an 18G Luer lock nee-
dle adapter (3.5-4mm internal diameter) was fixed over the
edges of the craniotomy with 3M Vetbond tissue adhesive
(n-butyl cyanoacrylate, 3M Animal products) and acrylic
cement (Jet denture repair, Lang Dental Mfg Co Inc). The
craniotomy hub was filled with sterile saline and anesthe-
sia was discontinued. When the first toe pinch response was
documented, LFPI rats were connected to the fluid percus-
sion injury (FPI) device (AmScien Fluid Percussion Device
model FP 302) through the Luer lock and were subjected
to a ~3atm pressure pulse.******> Shams underwent the
same procedures as LFPI, but no pressure pulse was given.
Measurements of acute injury severity included: (a) time
to first visible respiration (apnea time), (b) time to first toe
pinch reflex (pain response), (c) time to first self-righting
behavior (SRT), from the time when pressure pulse was de-
livered (LFPI), or shams were connected to the FPI device.*

2.3 | Neuromotor system function
assessment (neuroscore test)

A composite neuroscore value was assigned to each sham
and LFPI rat using contraflexion, lateral pulsion and angle
board tests***” at baseline (before surgery), 2days (2d), and
7d post-craniotomy/LFPI. The composite neuroscore scale
ranged from 0 to 28, with 0 indicating no response (maximal
impairment) and 28 normal responses. Contraflexion test
(score 0-4 for each of the forelimbs) consisted in having the
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rat gently lifted by its tail and strength and position of fore-
limbs forward extension was assessed. Hindlimb flexion test
(score 0-4 for each of the hindlimbs) consisted in having the
rat gently pulled back from its tail while eyes were covered.
Strength and position of hindlimbs were then assessed.
Lateral pulsion test (score 0-4 for each side) assessed the
strength of resistance of the rat as it was pushed sideways
using a wooden ruler. In the angleboard test (score 0-4) an
inclined board covered with vertically grooved rubber mat
was used as platform where the animal was placed on ei-
ther facing up, facing to the left or right for at least 5sec-
onds without support. The angle of the board was gradually
increased by 2.5° from 40° until the animal could no longer
stand on the platform; the maximal angle where balance
was maintained was recorded in baseline. Post-surgery, the
test started at an angle equal to “maximal angle at baseline
testing —10°” and a point was deducted from the score for
each 2.5° reduction in the angle. Neuromotor score tests
were done by a blinded experimenter.

2.4 | Treatments

Levetiracetam (LEV) (HY-B0106, MedChem Express)
was dissolved in 0.9% sterile saline. ALZET 2ML1 os-
motic pumps (Durect Corporation) were filled with LEV
(200mg/kg/day, subcutaneous) or vehicle solution and
kept at 37°C overnight for priming before implantation,
as recommended by the manufacturer. LFPI rats received
200mg/kg of LEV (LFPI-LEV200, n = 14) or vehicle (LFPI-
LEVO0, n=14) intraperitoneally (i.p.) immediately after
injury. An hour later, LFPI rats underwent subcutaneous
(SC) placement of an ALZET 2ML1 minipump under iso-
flurane anesthesia ~1cm posterior to the shoulder blade.
Blood collection from the lateral tail vein was done under
isoflurane anesthesia at 2d and 7d, prior to minipump re-
moval (7d post-implantation). Equivalent timepoints were
used for sham and naive control rats.

2.5 | EEG electrode placement

Electrode implantation was done under isoflurane anesthe-
sia (5% induction, 1.5%-2% maintenance) immediately after
minipump placement in LFPI rats to monitor for seizures
and the effects of LEV. Six stainless steel epidural screw elec-
trodes (EM/12/120, Plastics One) were placed in burr holes
at the following coordinates: left and right prefrontal (Fp1,
Fp2) +1.5mm anterior to bregma (AP), ML £2.5mm; left and
right central (C3, C4) —1.72mm AP, ML +2.5mm; left and
right occipital (01, 02) —7.56 mm AP, ML +2.5mm. Ground
and reference screw electrodes were placed over the cer-
ebellum. In addition, two bipolar tungsten microelectrodes

Epilepsia Open™ 589
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(EM12 T/5-2TW/SP, 1mm distance among tips Plastics
One) were implanted into the anterior hippocampus, tar-
geting CA1, and dentate gyrus (coordinate of longest tip:
AP —3mm, ML 1.4mm left of midline, dorsoventral [DV]
—3.6mm from brain surface) and anterior or posterior per-
ilesional cortices layers II and VI (anterior: AP —1.72mm,
ML 4 mm left, DV —1.8 mm, or posterior: AP —7.56 mm, ML
4mm left, DV —1.8mm). Rats were randomized to receive
the hippocampal and one of the cortical microelectrodes.

2.6 | Video-EEG (VEEG)
acquisition and monitoring

Immediately after electrode implantation, rats were con-
nected to the VEEG system and monitored continuously.
EEG was acquired using high-density Digital Lynx SX, using
Cheetah 6.4.1 software (Neuralynx) at a sampling rate of
2kHz sampling rate, and low-/high-frequency filters set at
0.1Hz and 500 Hz respectively. Video was recorded in gray
scale on 640480 pixels resolution using an infrared light
for dark periods. Seizures were evolving patterns consisting
of rhythmic spikes above baseline activity that rapidly pro-
gressed into high amplitude rhythmic spikes, spike-wave or
polyspike-wave complexes, and eventually regressed into
arrhythmic spike-waves with decreasing amplitude lasting
>10seconds. Bursts of spike-wave discharges were not in-
cluded in this analysis as they are commonly seen in rats.”®**

2.7 | Blood collection and plasma
preparation

Blood samples were collected at 2d and 7d post-surgery,
or equivalent timepoints for naive rats through lateral tail
vein puncture under isoflurane anesthesia (induction 5%
for 1min, maintenance 2.5%), centrifuged at 1300g for
10min at 4°C, plasma was separated, aliquoted, and stored
in Protein LoBind microcentrifuge tubes (#022431064,
Thermo Fisher Scientific) at —80°C until analysis. Plasma
samples were checked for hemoglobin using spectropho-
tometry (Nanodrop, Thermo Fisher Scientific); samples
with absorbance greater than 0.25 at 414 nm, indicative of
hemolysis, were excluded.*

2.8 | Protein biomarker analyses
using RPPM

Plasma samples were analyzed by using the RPPM, a high
sensitivity, high-throughput proteomics platform according
to established procedures (see Appendix S1 for details).* >
Denatured samples were serially diluted in a 1:2 manner
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(5-step) and printed onto nitrocellulose film slides by using
an Quanterix 2470 Arrayer. Slides were dried and blocked
with Azure Protein-Free Blocking Buffer and incubated
with primary antibodies overnight (8-12h) at 4°C (see
Table 1 for antibodies and dilution details). After wash-
ing, slides were incubated with biotinylated secondary an-
tibodies (1:100000 dilution), followed by tyramide-based
signal amplification. Slides were scanned in an Innopsys
InnoScan 710-IR scanner for XDR (extended dynamic
range) signal acquisition at 785nm. Fluorescence data
were imported into a Microsoft Excel-based bioinformat-
ics program, and net intensity vs. dilution was plotted on
a log,-log, scale. The total amount of antigen is determined
by the Y-axis intercept or Y-cept (i.e., by extrapolating the
regression line to zero). Here, we express the Y-cept values
as log,-transformed Y-cept values, which correspond to the
total net intensity of the undiluted plasma sample.

2.9 | Measurement of plasma LEV levels
(University of Minnesota)

Plasma LEV was extracted from plasma and analyzed
using liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis as described in.! The standard
concentrations were linear from 1 to 1000 mg/L. Relative
standard deviation (SD) for replicate measurements in
plasma samples was <5%.

2.10 | Statistical analysis (severity
assessments and neuroscore, biomarkers)

D’Agostino and Pearson tests were used to test distribu-
tion normality. T-tests were used to compare variables

TABLE 1

Elevated levels indicate

Neuron and glia damage/injury

Axon damage/injury

Abbreviation (full name)

UCHLI1 (Ubiquitin C-Terminal Hydrolase)
GFAP (Glial Fibrillary Acidic Protein)

TAU (Microtubule-associated protein TAU)

that were normally distributed while Mann-Whitney
test (for two groups) or Kruskal-Wallis test (for >3
groups) were used to compare variables that were not
normally distributed. Differences in the mean protein
plasma biomarker levels were analyzed with linear
mixed model considering repeated measures when
changes across time were studied (JMP Pro 16, SAS in-
stitute). Post hoc pairwise comparisons were done with
Tukey's HSD and also Student's t-test for exploring dif-
ferences. Linear discriminant analysis (LDA) was used
to distinguish between groups within the 12 biomarkers
using leave-one-out cross-validation. Penalized logistic
regression with the Lasso penalty was also used to se-
lect biomarkers that were more important to the group-
ings whereas coefficients for variables with minimal
contribution may be set as zero. Logistic regression was
used on these selected biomarkers and the area under
the receiver operating characteristic curve (ROC AUC)
was computed. These analyses were conducted for the
following comparisons: LFPI injury status (LFPI vs. no
LFPI), LEV treatment [LFPI-LEV200 vs. LFPI-LEVO]
(treatment exposure), early seizure status (yes vs. no)
among all LFPI rats, early seizure status (yes vs. no)
among LFPI-LEV200 rats, early seizure status (yes vs.
no) among LFPI-LEVO rats, and composite neuroscores
(severe injury <18 vs. not >18) and were repeated for
the following data from 2d alone, 7d alone, both days
and changes from 2d to 7d. Penalized linear regression
with Lasso penalty was used to analyze biomarkers as-
sociated with continuous composite neuroscore val-
ues. The biomarkers with non-zero coefficients were
selected and underwent linear regression to obtain a
P-value. These machine learning analyses were done
using R version 4.0.3.>* Statistical significance was set
as P<0.05.

List of primary antibodies, indications, commercial sources, and dilutions.

Source, catalogue number, dilution
Cell Signaling Technology, 11 896; 1:100
Abcam, ab7260; 1:1000

Abcam, ab64193; 1:20

Cell injury, death, activation of
immune response to damage
(Damage Associated Molecular
Patterns: DAMPs)

Inflammation

pTAU-Thr**! (Phosphorylated TAU at Thr**')
NFL (Neurofilament light)

HMGBI (High mobility group box protein 1)
Hsp70 (Heat shock protein 70kD)

S100B (calcium-binding protein)

IL-1p (Interleukin 1 beta)
IL-6 (Interleukin 6)
TNF (tumor necrosis factor)

IFN-y (interferon gamma)

Sigma Aldrich, SAB4504563; 1:100
ProteinTech, 12998-1-AP, 1:100
Abcam, ab79823; 1:100

Abcam, ab194360; 1:100

Abcam, ab52642, 1:100

Abcam, ab2105; 1:50

Protein Tech, 21 865-1-AP; 1:200
Abcam, ab6671; 1:100

Abcam, ab133566; 1:50
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3 | RESULTS
3.1 | Anesthesia duration, injury, and
severity measures, composite neuroscores

Isoflurane anesthesia during the craniotomy lasted for
30.57 £ 5.17seconds, with O, saturation>98% (Figure 1).
There were no significant differences in FPI pulse pres-
sure, the resultant apnea, time to pain response or SRT
between LFPI-LEVO and LFPI-LEV200 rats (¢-test compar-
isons). Both LFPI groups (n = 14 each) had significant pro-
longation of SRT compared to sham (n=6) (LFPI-LEVO
vs. sham P=0.0054; LFPI-LEV200 vs. sham P=0.0016,
Dunn's test). Composite neuroscores were impaired in
both LFPI groups at 2d compared to baseline and sham
and partially improved at 7d, without any differences be-
tween LFPI-LEVO and LFPI-LEV200.

3.2 | Effect of hemolysis on protein
biomarker levels

We did not find significant correlation between protein
levels and Abs,,,, except for pTAU-Thr**' (Figure S1). No
significant differences were found in Abs,,, across groups
[F3.709)=1.33, P=0.27] or timepoints [F;1,=0.75,
P=0.389] using linear mixed model analyses with re-
peated measures.

3.3 | Plasma protein biomarkers of
LFPI and craniotomy

Reverse phase protein microarray results are presented in
Table 2. Using linear mixed model analyses, 6 biomark-
ers were identified as candidate LFPI biomarkers, with
altered protein levels at 2d post-LFPI: UCHL1 and GFAP
levels were higher than in sham, and IFNy, pTAU-Thrm,
S100B, and HMGBI1 levels were all lower than in naive

(Figure 2). The pTAU-Thr**'/TAU ratio was lower in LFPI
vs. naive rats. Sham rats with craniotomy only had lower
pTAU-Thr**! and S100B plasma levels at 2d and higher IL-
1B plasma levels at 7d compared to naive rats.

3.4 | LEV treatment effects on
plasma biomarkers

LFPI-LEV200 had lower UCHL1 levels and higher pTAU-
Thr**', IFNy, HMGBI, and NFL plasma levels at 2d, and
higher IL-18 and HMGBI plasma levels at 7d (Figure 2).
Specifically, LEV treatment abolished the LFPI-related dif-
ferences in UCHL1 plasma levels from the sham rats and
in plasma HMGBI and IFNy levels from naive controls at
2d. LEV treatment did not affect GFAP plasma levels in
LFPI rats, which were still elevated compared to sham.
LEV was not sufficient to restore plasma pTAU-Thr**! or
S100B levels, or pTAU-ThI'23 L)TAU ratio to naive control
levels. On the other hand, LFPI-LEV200 rats had reduced
HSP70 levels compared to naive, even though HSP70 was
not affected by LFPL.

At 7d post-LFPI, fewer group differences in biomarker
values were noted than at 2d, and LFPI-LEVO rats had
reduced IL-18 and pTAU-Thr**'/pTAU levels compared
to sham and lower HMGBI levels than naive rats. LFPI-
LEV200 had similar IL-1f§ plasma levels to sham rats and
both LFPI-LEV200 and sham had elevated IL-1§ plasma
levels compared to naive rats. LFPI-LEV200 rats also had
lower pTAU-Thr**'/TAU plasma levels than sham.

All comparisons that reached statistical significance
with Tukey HSD tests in Figure 2 had power >80%.

3.5 | Linear discriminant analysis
(LDA) of plasma biomarkers

We used LDA to explore the predictive accuracy of bio-
marker panels that emerged from the linear mixed model

FIGURE 1

LFPI induction conditions and injury severity assessments. (A) Injury induction conditions and early outcomes in LFPI-

LEVO, LFPI-LEV200, and sham groups. No difference was found between LFPI-LEV0 and LFPI-LEV200 in any of the parameters observed
after injury except for SRT which was significantly shorter in the sham groups compared to LFPI-LEVO or LFPI-LEV200 groups (*P <0.05

vs. sham). (B) Composite neuroscores in LFPI-LEV0, LFPI-LEV200, and sham rats at baseline (BL), 2d, and 7d show significant group and

time-dependent differences, as demonstrated in C. (C) P values for each comparison between group and timepoint, determined by Tukey

HSD post hoc analyses, using linear mixed model with repeated measures. Both LFPI groups have significant differences from sham at every

post-LFPI timepoint. Both LFPI groups show significant deterioration in composite neuroscores at each post-LFPI timepoint vs. BL, partial

improvement from 2d to 7d, and no significant differences between LFPI-LEV and LFPI-LEV200. Sham show mild impairment of composite
neuroscores post-craniotomy but this is not statistically significant. Atm, atmospheres; BL, baseline; d, days; LEV200, levetiracetam 200 mg/

kg bolus followed by 200 mg/kg/day treated LFPI rats; LFPI, lateral fluid percussion injury; LFPI-LEVO, vehicle-treated LFPI rats; SD, standard
deviation; s, seconds; SRT, self-righting time. (D) Electrographic early seizure in an LFPI rat, focal onset (left cortical) to bilateral. Sampling rate
2kHz; low frequency filter 0.1 Hz; high frequency filter 500 Hz. Fp1/Fp2: left and right frontal; C3/C4: left and right central; 01/02: left and
right occipital; PoCx1/PoCx2: left posterior cortical microelectrodes; Hippol/Hippo2: left hippocampal microelectrodes; Ref: right cerebellar
reference (epidural screw electrode); ground: left cerebellar epidural screw electrode. Recording was done with the Neuralynx system.
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(A) Angle Pressure (atm) = Apnea (sec) Pain (sec) SRT (sec)
LEVO LEV200 LEVO LEV200 LEVO LEV200 LEVO LEV200 SHAM LEVO LEV200
Mean 21.46  20.73 3.01 3.13 20.64 21.21 289.9 222.1  377.3 2235*% 2378*
SD 13 1.35 0.18 0.2 12.67 11.85 234.3 69.37 182 791.8 881.1
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BL I <0.0001  <0.0001 1/<0.0001  |<0.0001 1 02463 05544
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analyses for LFPI status and LEV treatment. We excluded ~ 3.5.1 | Biomarkers of LFPI

the pTAU-Thr**!/TAU ratio from LDA given that the
value range of this ratio was very different from the 12 Using LDA on the 2d panel of the 12 biomarkers, we dif-
protein biomarkers. ferentiated LFPI from no LFPI groups with an accuracy
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TABLE 2 Plasma protein biomarker expression by RPPM in LFPI, sham, and naive rats

Group
Timepoint
Abs (414nm)

n

Mean

SD
UCHL1

n

Mean

SD
GFAP

Mean
SD
pTAU-Thr231
n
Mean
SD
S100B
n
Mean
SD
IL-18

Mean
SD
1L-6

Mean
SD
IFNy

Mean
SD
HMGBI1

Mean
SD
TAU

Mean
SD
HSP70

LFPI-LEV0

2d 7d
14 13
0.12 0.12
0.04 0.05
12 12
10.96 9.41
291 2.68
14 13
14.10 14.40
1.15 0.97
14 13
13.29 14.00
1.08 1.64
14 13
10.25 11.66
2.24 245
14 13
19.35 20.97
5.58 1.03
14 13
16.44 16.70
2.09 0.97
13 12
13.13 14.35
2.65 1.20
14 13
13.78 14.33
1.32 1.53
14 13
16.07 17.01
1.65 1.39
14 13

LFPI-LEV200

2d

14
0.11
0.03

11
6.16
4.00

14
13.84
1.14

14
14.17
0.89

14
9.63
1.77

14
21.17
1.77

14
16.92
0.78

14
15.28
1.32

14
15.76
1.19

14

16.25

1.69

14

7d

14
0.14
0.05

14
8.76
3.38

14
14.07
1.09

14
14.26
1.02

14
10.69
2.62

14
21.80
1.02

14
17.33
1.59

14
15.19
3.48

14
16.28
1.42

14

17.02

1.67

14

Epilepsia Open™

Naive

2d 7d
10 9
0.14 0.14
0.04 0.03
10 9
7.88 8.03
4.70 4.55
10 9
13.56 13.82
0.81 0.91
10 9
15.37 14.71
0.93 1.62
10 9
12.15 10.41
1.15 2.86
10 9
20.48 20.65
1.82 0.73
10 9
16.27 17.19
0.54 1.22
10 9
15.11 14.65
1.26 1.02
10 9
15.19 15.58
1.66 1.11
10 9
15.35 15.78
1.31 1.62
10 9

593
Sham
2d 7d
6 6
0.14 0.14
0.03 0.04
6 4
7.04 10.38
1.62 4.97
6 6
12.81 13.49
0.65 0.91
6 6
13.69 14.08
0.93 1.25
6 6
10.01 10.31
1.86 1.25
6 6
20.38 22.06
1.78 0.75
6 6
16.84 17.32
0.95 1.03
6 6
13.96 14.00
0.59 0.91
6 6
14.18 14.78
0.81 1.26
6 6
15.10 15.55
0.75 1.19
6 6

(Continues)
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TABLE 2 (Continued)

Group LFPI-LEV0 LFPI-LEV200 Naive Sham

Timepoint 2d 7d 2d 7d 2d 7d 2d 7d
Mean 14.10 13.87 12.73 14.07 14.63 14.48 13.81 13.82
SD 2.09 2.33 2.57 2.89 2.19 1.31 2.07 0.75

pTAU-Thr231/TAU
n 14 13 14 14 10 9 6 6
Mean 0.83 0.83 0.88 0.84 1.01 0.94 0.91 0.91
SD 0.10 0.10 0.10 0.07 0.10 0.15 0.06 0.11

NFL
n 14 12 14 14 9 10 6 6
Mean 13.59 13.85 15.68 14.24 13.98 13.89 14.01 13.62
SD 0.82 0.75 2.15 1.19 0.90 1.77 0.71 0.90

TNF
n 14 13 14 14 10 10 6 6
Mean 12.87 12.59 13.16 12.69 13.29 13.13 13.27 12.66
SD 0.89 1.16 0.48 0.75 0.70 0.58 0.50 0.68

Note: The protein level of each marker is expressed as the log2-transformed Y-cept derived from the RPPM assay and is a measure of the total net intensity of
the biomarker in the undiluted plasma sample.

Abbreviations: Abs(414nm), absorbance at 414 nm (hemoglobin) to assess hemolysis; d, day; GFAP, glial fibrillary acidic protein; HMGB1, high mobility group
box protein 1; HSP70, heat shock protein 70 kD; IFNy, interferon y; IL-1@, Interleukin 1f3; IL-6, Interleukin-6; LFPI-LEVO, vehicle-treated LFPI rats; LFPI-
LEV200, levetiracetam 200 mg/kg bolus i.p. followed by 200 mg/kg/day treated LFPI rats; NFL, neurofilament light chain; pTAU-Thr**', phosphorylated TAU
at Thr®!; RPPM, reverse phase protein microarray; S100B, calcium binding protein S100B; SD, standard deviation; TAU, microtubule-associated protein; TNF,

tumor necrosis factor; UCHLI, ubiquitin C-terminal hydrolase.

of 74%. However, when we included only the 6 biomark-
ers that emerged from the linear mixed model analyses
as altered by LFPI, namely UCHL1, GFAP, pTAU-Thr*",
S100B, IFNy, HMGBI, the LFPI group was differentiated
from the no LFPI groups with excellent accuracy of 81%.

3.5.2 | Biomarkers of LEV treatment

Linear discriminant analysis on the 2d panel of 12 bio-
markers predicted LFPI-LEV200 from LFPI-LEVO with a
modest predictive accuracy of 68%, suggesting that addi-
tional factors or biomarkers need to be considered.

3.6 | Effects of early post-TBI seizures
on plasma biomarker levels of LFPI-
LEV200 and LFPI-LEV0

The vEEG analyses during the first post-TBI week revealed
that 50% (10/20 rats) of the LFPI-LEVO rats had early sei-
zures vs. 38% of the LFPI-LEV200 (8/21 rats) (P=0.5063,
Pearson's chi-square test), which occurred the first 2d
post-LFPI (Figure 3). An example of an early seizure is
shown in Figure 1D.

Biomarker data from LFPI rats were therefore analyzed
according to early seizure presence in LEV (n=14) or
vehicle-treated LFPI rats (n=14), which were randomly
selected and had acceptable Abs,,. Early post-TBI sei-
zures were associated with lower 2d plasma pTAU-Thr**!
levels and pTAU-Thr**'/TAU ratio and higher 2d-UCHL1
plasma levels, but only in LFPI-LEVO rats, suggesting that
LEV treatment counteracted the effects of seizures on
plasma pTAU-Thr**! and UCHLI1 levels. The seizure effect
on 2d-pTAU-Thr**' and 2d-UCHL1 levels was transient
and not seen at 7d. In contrast, early seizures in the LFPI-
LEV200 group were associated with elevated 2d-IFNy
plasma levels, suggesting that 2d-IFNy may be a marker of
LEV-resistant early seizures.

LFPI-LEV200 rats had higher plasma 2d-HMGB1
and 2d-NFL levels than LFPI-LEVO rats, irrespective of
whether they had early seizures or not; the increase in 2d-
HMGBI plasma levels persisted until 7d only in LFPI rats
with early seizures, whereas the LEV-associated increase
in 2d-NFL levels was transient.

The power for all comparisons that reached signifi-
cance with Tukey HSD test in Figure 3 was greater than
80% except for two comparisons. The comparison of 2d-
IFNy in LFPI-LEV200 with seizures (LFPI-LEV200-Sz) vs.
2d-LFPI-LEV200 without seizures (LFPI-LEV200-No Sz)
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had power of 78.4% with sample sizes of 5 and 8. To reach
the power of 80%, we would need to have sample sizes of 8
and 8. The power for the comparison of 2d-HMGB1 LFPI-
LEV200-Sz vs. 2d-LFPI-LEV0-Sz was 79.2% with sample
sizes of 5 and 5. To reach the power of 80%, we will need
to have sample sizes of 6 and 6.

3.7 | Selection of best predictive
biomarkers using penalized logistic
regression models with the Lasso penalty

To select the most predictive biomarkers for LFPI, LEV
treatment, early seizures, and composite neuroscore
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FIGURE 2

Plasma protein biomarker levels in LFPI-LEVO, LFPI-LEV200, sham, and naive control rats at 2d or 7d post-craniotomy/

LFPI and equivalent timepoints in controls. (A) Plasma levels of the biomarkers expressed as log2-transformed Y-cept values, representing
total biomarker signal intensity of undiluted plasma sample. (B) Summary of significant pairwise differences in plasma biomarker levels.
The matrices depict significant pairwise differences of LFPI-LEV0, LFPI-LEV200 or sham vs. the rest of the groups from the same day (2d
or 7d), using the pairwise Student's ¢-test results (P <0.05). “Higher” (red boxes) or “lower” (blue boxes) values indicate higher or lower
levels respectively in the reference group (left columns, i.e., LFPI-LEVO0 or LFPI-LEV200, or Sham in each table) vs. the comparator group
indicated in each column, during the same timepoint. Statistical comparisons were done by linear mixed model analyses, considering
repeated measures. Pairwise comparisons were done with Tukey HSD (red arrows indicate P <0.05) and for exploratory purpose with
Student ¢-tests (blue arrows indicate P <0.05). d, days; GFAP, glial fibrillary acidic protein; HMGBI, high mobility group box protein 1;
HSP70, heat shock protein 70 kD; IFNy, interferon y; IL-18, Interleukin 1{3; IL-6, Interleukin-6; LFPI-LEVO, vehicle-treated LFPI rats; LFPI-
LEV200, levetiracetam 200 mg/kg bolus i.p. followed by 200 mg/kg/day treated LFPI rats; NFL, neurofilament light chain; pTAU-Thr**',
phosphorylated TAU at Thr**'; S100B, calcium-binding protein S100B; TAU, microtubule-associated protein; TNF, tumor necrosis factor;

UCHLI, ubiquitin C-terminal hydrolase.

recovery, we used penalized logistic regression with the
Lasso penalty (Figures 4 and 5).

3.71 | Best biomarkers predicting LFPI and/
or craniotomy

Comparison of LFPI vs. no LFPI (control or sham) yielded
as best predictors low 2d-pTAU-Thr**! (Lasso coefficient
—0.2775; ROC AUC=0.7277) and 2d-S100B (Lasso coef-
ficient —0.1129; ROC AUC =0.7143) plasma levels alone
or in combination (ROC AUC =0.7790). However, these
two biomarkers did not differ significantly between LFPI
and Sham (Figure 2) and differentiated equally well the
LFPI from naive controls and the Sham from naive con-
trols (Figure 5), suggesting that these are biomarkers of
Sham craniotomy rather than biomarkers of LFPI or in-
jury severity. No biomarker of LFPI status emerged at 7d.

3.7.2 | Best biomarkers predicting
LEV treatment

More biomarkers predicted LEV treatment at 7d (high
IL-6, HMGBI, IL-18 and UCHLI1, and low GFAP) than
at 2d. The selected 2d biomarkers of LEV treatment in-
cluded high 2d-HMGB1 (ROC AUC 0.8485) or 2d-pTAU-
Thr**' (ROC AUC=0.8333) and low 2d-UCHL1 (ROC
AUC=0.8182). The use of combined 2d-pTAU-Thr23l, 2d-
HMGBI, and 2d-UCHL1 data yielded an excellent ROC
AUC=0.9394.

3.7.3 | Best biomarkers predicting
early seizures

Considering all LFPI rats, the following biomarkers were
selected as best predictors of early seizures, by order of

magnitude of their coefficient: low 2d-pTAU-Thr**!, and
elevated 2d-IFNy, 2d-HMGBI1, 2d-UCHL1, 2d-TAU, 2d-
TNF. However, the biomarker panels predicting early
seizures differed depending on LEV treatment. Among
LFPI-LEVO rats, low 2d-pTAU-Thr**! (ROC AUC =1) and
high 2d-UCHL1 (ROC AUC =0.833) were most predictive
of early seizures. In contrast, early seizures in the pres-
ence of LEV (LFPI-LEV200 rats) were best predicted by
high plasma 2d-IFNy levels (ROC AUC =0.875), suggest-
ing that this may be a biomarker of LEV-resistant early
seizures. No biomarker of early seizures emerged from the
7d data.

3.7.4 | Best biomarkers for neuromotor
(composite neuroscore) functional recovery
from 2d to 7d post-LFPI

Using penalized linear regression with Lasso penalty, the
biomarkers that emerged as best predictors of neuromotor
functional recovery, based on non-zero coefficients, were:
high 2d-S100B, low 2d-HMGBI, high 2d-TNF, 2d-to-7d
change in TNF (reduction at 7d), HMGBI (increase at 7d),
and GFAP (increase at 7d). However, linear regression fit
using only this subset of selected biomarkers confirmed a
significant predictive value for the 2d-S100B (P=0.009), 2d-
HMGB1 (P=0.026), (7d-2d)-HBGB1 (P=0.001), and (7d-2d)-
TNF (P=0.02), whereas 2d-TNF had borderline significance
(P=0.053) and (7d-2d)-GFAP was not significant (P=0.185).
Figure 6 illustrates the summary of the 2d biomarker results.

3.8 | 2d-NFL plasma levels are
higher in LFPI-LEV200 rats with long
apnea durations

We further investigated whether the duration of an-
esthesia or the injury severity, as assessed by the early
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outcome assessments (apnea, SRT, time to first pain re-
sponse) contributed to the apparent changes in plasma
biomarker levels in LFPI rats and as a function of LEV
treatment (Figure 7). The only significant correlation was
a positive correlation between 2d-NFL plasma levels and
apnea durations (P=0.032), which was selectively seen in
the LFPI-LEV200 rats (P=0.001) and not in LFPI-LEVO.
LFPI-LEV200 rats with longer apneas (>20seconds) had
higher 2d-NFL levels than those with shorter apnea times
(P=0.02); however, this was not observed in LFPI-LEV0

[Open rcces

rats. These data suggest that LEV treatment of LFPI rats
may have enhanced the impact of injuries with long apnea
times on the 2d-NFL plasma levels.

3.9 | Correlations between plasma
biomarker levels 2d post-LFPI

We looked at possible correlations between plasma bio-
markers at 2d post-LFPI, the timepoint when most of
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FIGURE 3 Effects of early post-LFPI seizures and LEV upon protein biomarkers in LFPI rats. (A) Plasma levels of the biomarkers
expressed as log,-transformed Y-cept values, representing total biomarker signal intensity of undiluted plasma sample, in LFPI-LEVO (LEVO
in the graphs) and LFPI-LEV200 (LEV200 in the graphs) rats with (Sz) or without seizures (No Sz) at 2d or 7d post-LFPL. (B) Summary of
the significant pairwise differences in plasma biomarker levels observed in the mixed model analyses with repeated measures shown in

panel A. “Higher” (red boxes) or “lower” (blue boxes) indicate higher or lower levels respectively in the reference group [left columns of
each table, i.e., LFPI-LEV0 with seizures (LFPI-LEVO, Sz), or LFPI-LEV200 with seizures (LFPI-LEV200, Sz), or LFPI-LEV0 without seizures
(LFPI-LEVO, No Sz)] vs. the comparator group indicated in each column of the matrix, during the same timepoint. Early seizures and LEV
treatment significantly alter plasma levels of several biomarkers, including pTAU-Thr**', pTAU-Thr**'/TAU, UCHL1, IFNy, HMGBI1, NFL.
The presence of early seizures is associated with lower levels of 2d-pTAU-Thr**! and 2d-pTAU-Thr**'/TAU only in LFPI rats that were not
treated with LEV, but this effect is transient and not seen at 7d. LFPI-LEVO rats with early seizures have higher levels of UCHL1 at 2d than
LFPI-LEV200 rats with or without seizures. On the other hand, the presence of early seizures in LFPI-LEV200 rats is marked by higher
2d-IFNy plasma levels than in LFPI-LEVO or LFPI rats without early seizures. LFPI-LEV200 rats have higher HMGB1 plasma levels at both
2d and 7d, regardless of early seizure presence. LFPI-LEV200 rats have higher NFL plasma levels at 2d but not at 7d, regardless of early
seizure presence. Significant pairwise differences after linear mixed model analyses and post hoc Tukey HSD (red arrows) or Student's ¢-test
(blue arrows). d, days; GFAP, glial fibrillary acidic protein; HMGB1, high mobility group box protein 1; HSP70, heat shock protein 70 kD;
IFNy, interferon y; IL-1 §, Interleukin 1f; IL-6, Interleukin-6; LFPI-LEVO, vehicle-treated LFPI rats; LFPI-LEV200, levetiracetam 200 mg/kg
bolus i.p. followed by 200 mg/kg/day treated LFPI rats; NFL, neurofilament light chain; pTAU-Thr**', phosphorylated TAU at Thr**!; S100B,
calcium-binding protein S100B; Sz, early seizures; TAU, microtubule-associated protein; TNF, tumor necrosis factor; UCHL1, ubiquitin C-

terminal hydrolase.

the biomarker changes were noted (Figure S2). Positive
correlations were seen between biomarkers indicating
(a) axonal injury (NFL, TAU), (b) inflammation (IFNy,
IL-1B) (c) axonal injury (TAU or pTAU-Thr** or NFL),
and inflammation (IFNy or HMGBL1), or (d) cell and glial
injury (HSP70 and GFAP), (e) inflammation (IL-1f3), and
glial injury (GFAP). Negative correlations were seen be-
tween biomarkers of (a) cell injury (S100B, UCHL1) and
inflammation (IL-183, IFNy), or () inflammation (IL6
with IFNy).

In the presence of LEV, most of these correlations were
preserved or new ones emerged (e.g., NFL or pTAU-Thr**!
or TNF with HMGB1, GFAP with pTAU-Thr**! or IL-1f,
pTAU-Thr**! with S100B). In contrast, in LFPI-LEVO rats,
most of these correlations were lost, suggesting that LEV
treatment may promote the coregulation of plasma bio-
markers. Similar analyses as a function of early seizure
status did not yield any consistent patterns of coregulation
of plasma biomarker levels.

3.10 | Plasma levels of levetiracetam
Plasma levels of LEV were determined in a subset of rats.
LEV plasma concentration was 25.89 +5.94 ug/mL at 2d
and 19.56 + 5.91 ug/mL at 1 week.

4 | DISCUSSION

Using machine learning, we identified panels of plasma
biomarkers that offer excellent prediction alone or in tan-
dem for LEV treatment (2d-pTAU-Thr**', 2d-HMGBI,
2d-UCHLI1), recent early seizures (2d-pTAU-Thr**' and

2d-UCHL1 in LFPI-LEVO; 2d-IFNy in LFPI-LEV200),
craniotomy surgery (2d-pTAU-Thr**!, 2d-S100B), and
neuromotor recovery [(7d-2d)-HMGBI, (7d-2d)-TNF, 2d-
S100B] during the first post-TBI week. Prophylactic LEV
treatment may fully or partially modify certain plasma
biomarkers of early post-traumatic seizures (2d-UCHLI,
2d-pTAU-Thr231) or increase others (2d-HMGBI).
However, several plasma biomarkers altered by injury
or craniotomy surgery (2d-GFAP, 2d-S100B) were not al-
tered by LEV, whereas plasma 2d-NFL levels were specifi-
cally higher in LEV-treated LFPI rats and associated with
longer apneas. Our findings highlight the importance of
incorporating factors that are commonly encountered in
the clinical setting (prophylactic antiseizure medications,
seizures, injury severity) when interpreting early post-TBI
biomarkers.

Although several biomarkers were altered at 2d be-
tween LFPI and controls and/or sham rats (Figure 2),
penalized regression with LASSO penalty selected 2d-
pTAU-Thr**! and 2d-S100B plasma levels as strong pre-
dictors of injury after comparing LFPI with controls and
sham rats. However, further analyses suggested that
2d-pTAU-Thr**' and 2d-S100B plasma levels tracked the
craniotomy surgery rather than the LFPI (Figure 5A).
Among the LFPI rats, we also found that high 2d-S100B
plasma levels also correlated with better neuromotor
functional recovery. Among the peri-operative factors,
recent isoflurane anesthesia, as used in our study, may
result in low plasma S100B levels in rabbits 3d after
embolic stroke,’® as well as in patients who underwent
bladder cancer resection surgery.>* The effects of isoflu-
rane on plasma pTAU-Thr**' are unknown. Craniotomy
may also produce mild pathologies in the brain,>® as
also shown here by the mild impairment of neuroscores
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(A) &S LASSO COEFFICIENTS _(2d biomarkers) LASSO COEFFICIENTS _(7d biomarkers)
biomarkers Early seizures Early selzures:
2d All LFPI LEVO only LEV200 only AlI LFPI LEVO only LEV200 only
pTau-Thr231 -0.2775 0.0627 -0.9560 -2.2666 0.0000
Tau 0.0000 0.0000 0.0573 0.0000 0.0000 Tau 0.0000 0.0000 0.0000 0.0000 0.0000
NFL 0.0000 0.0000 0.0000 0.0000 0.0000 NFL 0.0000 0.0000 0.0000 0.0000 0.0000
HSP70 0.0000 0.0000 0.0000 0.0000 0.0000 HSP70 0.0000 0.0000 0.0000 0.0000 0.0000
UCHL1 0.0000 -0.0565 0.0764 0.4367 0.0000 UCHL1 0.0000 0.1445 0.0000 0.0000 0.0000
GFAP 0.0000 0.0000 0.0000 0.0000 0.0000 GFAP 0.0000 -0.1950 0.0000 0.0000 0.0000
$1008 -0.1129 0.0000 0.0000 0.0000 0.0000 $100B 0.0000 0.0000 0.0000 0.0000 0.0000
IL-18 0.0000 0.0000 0.0000 -0.6726 0.0000 IL-1B 0.0000 0.8684 0.0000 0.0000 0.0000
IL-6 0.0000 0.0000 0.0000 0.0000 0.0000 IL-6 0.0000 0.9754 0.0000 0.0000 0.0000
IFNy 0.0000 0.0000 0.4954 0.0000 0.1934 IFNy 0.0000 0.0000 0.0000 0.0000 0.0000
TNF 0.0000 0.0000 0.0206 0.0000 0.0000 TNF 0.0000 0.0000 0.0000 0.0000 0.0000
HMGB1 0.0000 0.1901 0.1830 0.0000 0.0000 HMGB1 0.0000 0.9623 0.0000 0.0000 0.0000
(B) = LASSO COEFFICIENTS e e A e
biomarkers Neuroscore recovery from 2d to 7d K 5
2d biomarkers 7d biomarkers 7d-2d biomarkers H |g h er b lomar ke rva I ues
:T’“'""m ggggg ggggg ggggg mean greater probability for
au . X |
NFL 0.0000 0.0000 0.0000 LFPI/LEV/ea rIy selzures
HSP70 0.0000 0.0000 0.0000 Or neuroscore recove ry
UCHL1 0.0000 0.0000 0.0000
GFAP 0.0000 0.0000 0.1372
$100B £ 3 0.2832 0.0000 0.0000 Negative coefﬁcients:
IL-18 0.0000 0.0000 0.0000 :
IL-6 0.0000 0.0000 0.0000 Lower biomarker values
'T:‘FV gggg:’ ggggg - 3‘3’222 mean greater probability for
HMGB1 *  -0.0451 00000 % 03993 LFPI/LEV/early seizures

% ) ] Or neuroscore recovery
: p<0.05, linear regression

FIGURE 4 Selection of the most predictive biomarkers with the penalized logistic regression with the Lasso penalty. (A) LASSO
coefficients of 2d and 7d biomarkers predicting LFPI, LEV treatment or early seizures considering all LFPI rats combined, LFPI-LEVO

only, or LFPI-LEV200 only. The 2d biomarkers offer better prediction for LFPI status or early seizures whereas both 2d and 7d biomarkers
were predictive of LEV treatment. (B) LASSO coefficients of 2d, 7d, or change from 2d to 7d plasma biomarkers predicting neuromotor
functional recovery based on composite neuroscore improvement from 2d to 7d. Better neuromotor functional recovery (i.e., composite
neuroscore improvement) from 2d to 7d is predicted by higher S100B and lower HMGB1 plasma levels at 2d post-LFPI and increase in
HMGBI1 and decrease in TNF plasma levels from 2d to 7d. Although 2d-TNFa and (7d-2d)-GFAP plasma levels had non-zero predictive
coefficients, further linear regression showed borderline (P=0.053) statistical significance for 2d-TNF and no significance for (7d-2d)-GFAP
(P=0.185). d, days; GFAP, glial fibrillary acidic protein; HMGBI1, high mobility group box protein 1; HSP70, heat shock protein 70 kD; IFNy,
interferon y; IL-1B, Interleukin 1(3; IL-6, Interleukin-6; LFPI-LEVO, vehicle-treated LFPI rats; LFPI-LEV200, levetiracetam 200 mg/kg bolus
i.p. followed by 200 mg/kg/day treated LFPI rats; NFL, neurofilament light chain; pTAU-Thr**!, phosphorylated TAU at Thr**'; S100B,
calcium binding protein S100B; TAU, microtubule-associated protein; TNF, tumor necrosis factor; UCHL1, ubiquitin C-terminal hydrolase.

in Sham rats (Figure 1). Increased expression of pTAU
forms has been reported in the brain of patients with
TBI or chronic traumatic encephalopathy, in animal
models of TBI following time-, region-, and phosphory-
lation site-specific patterns, but also in other neurologi-
cal conditions, including dementias or epilepsy.”>¢"*
Elevated blood-based exosomal pTAU levels have been
reported in veterans with remote history of TBI and
cognitive impairment,” combat-related repetitive mild
TBL® or in acute TBI patients, particularly those with
severe TBI and intracranial lesions.”” Our data on the
astroglial marker S100B also appears at odds with the lit-
erature; however, our study was done at 2d, rather than

the first 6 hours from acute injury, when elevated serum
or plasma S100B levels suggest high risk for intracranial
lesions, poor outcome after TBI, and blood brain bar-
rier impairment, whereas low initial levels suggest mild
TBI and better functional recovery.”** Serum/plasma
S100B exhibits high sensitivity but relatively low speci-
ficity as a biomarker of TBI, partially due to extracranial
sources of S100B, such as muscle.®*% The existing clin-
ical studies however do not always demonstrate serum
S100B increases after TBL.°*®” In a CENTER-TBI study
of 65 TBI patients, SI00B was not among the serum bio-
markers that predicted CNS injury in patients with mod-
erate to severe TBI (P=0.093), or unrecorded Glasgow
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FIGURE 5 ROC curves of
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(pharmacodynamic biomarkers). (C) ROC
curves for biomarkers predicting early
seizures among LFPI-LEVO (prognostic
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(prognostic or response biomarkers). The
ROC AUC values (in parentheses) of the
selected biomarkers are presented under
each ROC. Biomarkers are color matched
to the corresponding biomarker's ROC
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coma scale (P=0.512), or the overall cohort (P=1) and
the observed trends in serum S100B levels were either
increase or decrease or no change, respectively.®’ In ani-
mal models of TBI, S100B was increased peripherally at
earlier timepoints in lungs (<12 hours in®®), serum (CCI
rat model, 1 day but not at 3-28 days in®) or plasma (pig-
let scaled cortical impact, 5-7days to 4 months).”” The
estimated short half-life of S100B may contribute to the
early but transient increase in S100B, mostly reflecting
de novo release.®®”"">

Interestingly, the biomarkers of early seizures were dif-
ferent in LEV- vs. vehicle-treated LFPI rats. In LFPI-LEVO
rats, early post-TBI seizures were predicted by lower 2d-
pTAU-Thr**! and higher 2d-UCHLI plasma levels, both of
which are reversed by LEV. High plasma 2d-pTAU-Thr**!
levels were an excellent marker of LEV treatment (ROC
AUC=0.8333; pharmacodynamic biomarker) whereas
low 2d-pTAU-Thr**' plasma levels track early seizures in
the LFPI-LEVO rats (ROC AUC=1) but not in the LFPI-
LEV200 rats, possibly serving as a prognostic biomarker
of LEV-responsive early seizures. The impact of seizures
upon peripheral pTAU levels was not investigated. The
mechanism through which early post-LFPI seizures are
associated with lower plasma 2d-pTAU-Thr**! levels is

0.25 0.5 0.75 1
ROC Curve (Area)
IFNy (0.8750)

unclear. It may reflect pathological trapping of pTAU in
the brain of animals with seizures or modulation of the
blood brain barrier permeability, or plasma clearance, or
may be due to technical reasons, such as specificity of an-
tibodies for the various pTAU forms and method of blood
collection and processing. Furthermore, the contribution
of release from peripheral sources of pTAU cannot be ex-
cluded, given that TAU proteins exist in lymphocytes or
peripheral tissues.”*”*

High-plasma HMGB1 levels differentiated LEV-
treated rats with (2d, 7d) or without (2d) early seizures
from vehicle treated (pharmacodynamic biomarker). We
did not find any association of HMGBI1 levels with LFPI
status. The literature reports variable effects of LFPI on
plasma HMGBI1 levels, including increased post-LFPI
levels” 7% or no change.77’78 In humans, elevated plasma
HMGBI1 levels after TBI predicted poor 1lyear out-
comes and mortality.”’ The prior TBI studies have not
addressed the role of various treatments, such as LEV,
or early seizures, as done in our study. Seizures may re-
sult in increased HMGBI1 plasma levels during the first
postictal hours in humans,go’81 and in rats 4d after sta-
tus epilepticus.® Interestingly, in a cohort of adults with
drug-resistant temporal lobe epilepsy, plasma HMGB1
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FIGURE 6 Plasma protein biomarkers of LFPI injury, early seizures, LEV treatment, and neuromotor functional recovery in the LFPI
model, at 2d post-LFPIL. LFPI injury is predicted by low pTAU-Thr**' and S100B plasma levels. Early seizures are predicted by high UCHL1
and low pTAU-Thr**! plasma levels in LFPI-LEVO rats and by high IFNy plasma levels in LEV-treated LFPI rats, suggesting that high IFNy
plasma levels may serve as marker of early seizures despite LEV treatment, and therefore of LEV resistance. The effects of LEV treatment
are predicted by high HMGBI1 plasma levels and full or partial normalization of UCHL1 and pTAU-Thr**' plasma levels. LEV treatment of
LFPI rats is also associated with high NFL plasma levels, positively correlating with the duration of post-LFPI apnea. Neuromotor functional
recovery (i.e., composite neuroscore improvement) from 2d to 7d is predicted by higher S100B and lower HMGB1 plasma levels at 2d post-
LFPI Red arrows indicate increase and gray arrows decrease of a biomarker plasma levels under a specific condition. Biomarkers in yellow
boxes have emerged as best predictors in penalized logistic regression with the Lasso penalty. GFAP, glial fibrillary acidic protein; HMGBI1:

High mobility group box protein 1; IENy, interferon y; NFL, neurofilament light chain; pTAU-Thr**, phosphorylated TAU at Thr**'; S100B,
calcium binding protein S100B; UCHL1, Ubiquitin C-Terminal Hydrolase.

LFPI-LEVO LFPI-LEV200
(A) NFL-2D = 13.61 - 0.000989"X NFL-2D = 12.91 + 0.1401*X (B)
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FIGURE 7 Plasma NFL levels at 2d post-TBI are higher in LFPI-LEV200 rats with longer apnea times. (A) Plasma 2d-NFL levels
correlate positively with apnea duration in LFPI-LEV200 rats (P=0.001) but not in LFPI-LEVO (P=0.959). Linear regression plots for the
two groups are shown in this panel. (B). Plasma 2d-NFL levels are higher in LFPI-LEV200 rats with apneas longer than 20s (P=0.02, Exact
test, Wilcoxon/Kruskal-Wallis test). ANOVA yielded significant effects for LEV treatment (F=13.818, P=0.001), apnea >20s (F=38.032,
P=0.009), and the interaction of LEV treatment and apnea >20s (F=6.211, P=0.02). LFPI-LEVO, vehicle-treated LFPI rats; LFPI-LEV200,
levetiracetam 200 mg/kg bolus i.p. followed by 200 mg/kg/day treated LFPI rats; NFL, neurofilament light chain.

levels were lower than controls and were not affected  plasma IL-1f levels, the literature also presents exam-

by seizure severity.*® In our setting, LFPI or early sei-  ples where plasma IL-18 levels, are not elevated after
zures did not alter plasma HMGBI1 levels. Similarly,  brain trauma®®’ or may be elevated in some but not all
LEV treatment was associated with elevated plasma 7d-  patients with severe TBI.*®

IL-1f levels, but there was no significant effect of early In contrast, early seizures despite LEV treatment,

seizures or LFPI on plasma IL-1f8 levels. Although sei-  i.e., LEV-resistant early seizures, are predicted by high
zures® and TBI® have been associated with elevated  plasma 2d-IFNy levels (response biomarker). Seizures may
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transiently increase serum biomarkers in humans includ-
ing TAU, NFL, GFAP, and UCHL1 but this effect is not
universal.*** The short half-life of some of these bio-
markers (e.g., TAU or UCHLI in humans)®® may limit the
sensitivity of detection of such early postictal or post-TBI
increases in their levels when biomarkers are assayed at
times more distant to the seizures. The LEV binding site,
SV2A, is also expressed in peripheral tissues, including
lymphocytes,”! which may release IFNy, but the exact ef-
fects of LEV on IFNYy release in the setting of seizures have
not been investigated.

LEV increased selected plasma biomarkers (e.g., 2d-
HMGB1) in rats with or without early seizures, or partially
(2d-pTAU-Thr231) or fully (2d-UCHL1) reversed the effects
of early seizures upon others. Some of these LEV effects
could be considered as partial modification of biomarkers
of TBI and associated conditions, such as seizures, since
the modified biomarkers emerged as promising biomark-
ers of LFPI and/or early seizures in our model. However,
LEV was not able to reverse all the biomarker changes de-
tected after LFPI or early seizures, for example, 2d-GFAP,
2d-S100B, 2d-IFNy, whereas LEV treatment increased
plasma 2d-NFL levels in LFPI rats, regardless of the pres-
ence of early seizures. LEV was a promising ASM in the
Operation Brain Trauma Therapy (OBTT) studies, leading
to reduction in hemispheric tissue loss, improvement in
visuospatial learning (in the FPI and CCI models; but not
in the penetrating ballistic-like brain injury [PBBI| model)
and balance (CCI; but not in FPI or PBBI).”* We did not
see, any beneficial effect of LEV on composite neuroscore
assessments. Although it has been reported that LEV may
prevent the development of spontaneous epileptiform ac-
tivity post-TBI in ex vivo cortical slice experiments,” there
is no evidence of PTE prevention by LEV in animal mod-
els of PTE in vivo.'®"

The LEV effects in LFPI rats could be due to either di-
rect or indirect pharmacological effects of LEV or through
modulation of seizures, although its antiseizure effects
were not sufficient to reduce the incidence of early sei-
zures in our study. The plasma LEV levels were within the
range of the reference or therapeutic plasma LEV levels
seen in clinical studies.”**> Mechanistically, the reversal
of early post-TBI seizure effects on plasma biomarkers
(e.g., pTAU-Thr231, UCHL1) by LEV could be attributed
to inhibition of activity-dependent synaptic transmission,
both inhibitory and excitatory,”® through binding to SV2A,
a synaptic vesicle protein involved in activity-dependent
release of neurotransmitters. SV2A reduction may also in-
crease TAU and certain pTAU forms (i.e., pTAU-Ser>>®),”’
suggesting that LEV might also directly regulate pTAU,
which merits further investigation. In the OBTT, LEV
did not alter plasma UCHL1 levels 4-24 hr after trauma,
in any of the 3 models [FPI, CCI, PBBI|.*> However, the

OBTT studies did not report potential interference of early
seizures on the LEV effects upon the plasma biomark-
ers; our findings suggested rather that LEV inhibits the
seizure-induced increase in 2d-UCHL1. We did not see
any significant effect of LEV upon plasma GFAP levels,
similar to a previous study in the central fluid percussion
micro-pig model of mild TBL*® However, LEV reduced
serum GFAP levels within 24hrs in the CCI and PBBI
models.” Additionally, LEV has been reported to have
anti-inflammatory or anti-oxidant effects, preventing
blood brain barrier dysfunction, which may contribute to
antiseizure effects.” ' We did not find any LEV-related
changes in other cytokines, such as IL-6, IL-18, TNF in
LEV-treated LFPI rats at 2d or 7d post-LFPI. Chronic treat-
ment with LEV also did not affect blood cytokines (IL-6,
IL-1B8, TNF) in human patients.'®

Levetiracetam-treated LFPI rats had higher plasma
2d-NFL levels compared to vehicle-treated LFPI rats as
well as naive and controls, whereas vehicle-treated LFPI
rats showed similar 2d-NFL levels to sham or naive con-
trols. We observed a positive correlation of 2d-NFL with
longer apnea durations, a marker of injury severity, but
only in LEV-treated rats. There was no impact of LEV
treatment on other measures of severity, such as neuro-
scores to suggest worse outcomes, within the timeframe
of this experiment. Serum NFL levels have also been pro-
posed to be a biomarker of seizure-related neuronal injury
in patients with status epilepticus, however, in our anal-
yses, the higher NFL plasma levels in LFPI-LEV200 rats
were independent of early seizures. In the OBTT, LEV re-
duced the plasma levels of phosphorylated neurofilament
heavy chain (pNF-H) in three models of TBI (controlled
cortical impact, parasagittal fluid percussion, penetrating
ballistics-like brain injury), in which pNF-H had been pro-
posed as a biomarker of traumatic axonal injury in TBL'*
The effects on NFL were not examined in that study.
Overall, our findings strongly suggest that plasma protein
biomarkers of injury severity may be modulated by med-
ications that are commonly given in patients with severe
TBI, making it important to adopt experimental condi-
tions that resemble the clinical environment.

Elevated NFL levels have been used as a biomarker of
TBI severity in humans'®**® and in animal models"” "%
and have also been proposed to predict progression to
brain atrophy and traumatic axonal injury.'*'?’ In a 1-year
prospective study of 207 patients with mild TBI, plasma
GFAP and TAU were increased acutely but NFL was only
increased at 2weeks and 3 months post-TBL'*! In veterans
with remote history of TBI, blood exosomal NFL levels
were increased only in those with cognitive impairment,
regardless of prior TBL.* Interestingly, elevation of serum
NFL was not observed in a systematic review of military-
related concussions, including blast injuries without acute
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neurological dysfunction. This underlines how critical it
is to take into account the biomechanical forces and the
primary injury mechanism and the heterogeneity of TBI
and also suggests that additional factors control serum
NFL levels."" In further support of the heterogeneity in
biomarker trajectories in TBI patients, the CARE study
demonstrated clustering of individuals with or without
significant blood NFL increase post-TBL'?* NFL is not
specific for TBI and elevated plasma or serum levels have
been reported in other central or peripheral neurological
conditions with neuroaxonal injury, which highlight the
importance of considering same-subject baselines and tra-
jectories of plasma biomarker levels after TBI but also sup-
port the value of using panels of biomarkers to improve
predictive value and interpretation.'%%

We also identified candidate biomarkers predicting
neuromotor functional recovery at 7d after LFPI, which
included markers of inflammatory response [(7d-2d)-
HMGBI, 2d-HMGBI, and 2d-TNF] or of astroglial in-
jury and blood brain barrier permeability [(7d-2d)-GFAP,
2d-S100B] (prognostic biomarkers). Interestingly, S100B
which predicted neuromotor recovery in our study was
also included in the panel of biomarkers that best pre-
dicted outcome in humans, as determined by the Glasgow
outcome scale, that is, S100B, GFAP, UCHLL, and TAU.%!
Elevated plasma GFAP levels have been associated with
higher risk for intracranial lesions after TBI and in some
studies with outcomes.’'** In our study, we found el-
evated plasma 2d-GFAP levels in LFPI rats compared to
sham rats, even though the difference from naive rats was
not significant.

Sham rats exhibited mild impairments in 2d and 7d
neuromotor function compared to baseline, as well as se-
lected plasma biomarker changes compared to naive rats,
that followed the trends seen in LFPI rats: decreased 2d-
pTAU-Thr**' and 2d-S100B. These are consistent with re-
ports of mild pathological changes in the brain of sham
rats that undergo craniotomy.”

Limitations of our study include the inclusion of only
two timepoints of assessment (2d, 7d) which may not
be sensitive in detecting earlier acute post-TBI changes,
particularly of biomarkers with short half-lives, such as
S100B, TAU, or UCHLI, or in tracking the trajectory of
changes. It should be taken into account that numerous
known and also unknown factors affect plasma levels
of protein biomarkers."” Our ongoing multicenter lon-
gitudinal biomarker studies from the EpiBioS4Rx pre-
clinical project 2, will further test the relevance of these
biomarkers across centers, including comparisons with
same-subject baseline and more detailed trajectories
across time and correlation with histological changes in
the brain and long-term outcomes. A further limitation is
that biomarker levels derived with the RPPM method are
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expressed as values relative to controls, rather than plasma
concentrations. The use of RPPM was however necessary
in this exploratory study because, unlike the available clin-
ical assays, it enabled us to study dozens of biomarkers on
the same small volume rat plasma samples.

In summary, using machine learning, we report several
plasma biomarkers that predict alone or in tandem the
craniotomy (2d-pTAU-Thr231, 2d-S100B, diagnostic bio-
markers), LEV-responsive early seizures (2d-pTAU-Thr23 Y
2d-UCHLI, prognostic biomarkers of early seizures among
vehicle-treated LFPI rats) or LEV response (2d-HMGBI,
pharmacodynamic biomarker), LEV-resistant early sei-
zures (2d-IFNy, response biomarker) or neuromotor
functional recovery (HMGB1, TNF, S100B, prognostic bio-
markers). Although our study is a preclinical exploratory
study and further validation of the biomarker data needs
to be done, it carries a strong translational message for the
design of future preclinical and clinical biomarker studies
for TBI. Our data underline the importance of consider-
ing the presence of early seizures as well as of treatments
given during the early post-TBI period, such as LEV, in
addition to injury severity and timepoint of assessment
that are commonly used, when evaluating the predictive
value of biomarkers, as these have pronounced effects on
plasma biomarker levels. Furthermore, the heterogeneity
of TBI presentations and its reflection on the peripheral
biomarkers underlines the value of studying combina-
tions of biomarkers to improve the predictive accuracy.
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