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Abstract

Mechanisms initiated by traumatic brain injury (TBI), leading to the development of
progressive secondary injury are poorly understood. MicroRNAs (miRNAs) have a proposed
role in orchestrating the post-injury aftermath as a single miRNA can control the expression
of several genes. We hypothesized that the post-injury level of circulating brain-enriched
miR-124-3p explains the extent of post-TBI cortical lesion. Three separate cohorts of adult
male Sprague-Dawley rats (total n=57) were injured with lateral fluid-percussion—induced
TBI. The miR-124-3p levels were measured in whole blood and/or plasma in cohorts 1 and
2 before TBl as well as at 2 d, 7 d, 2 months or 3 months post-TBI. The third cohort (22/57)
was imaged with T2-weighted magnetic resonance imaging (MRI) at 2 months post-TBI to
guantify cortical lesion area and perilesional T2-enhancement volume. Our data shows that
miR-124-3p levels were elevated at 2 d post-TBI in both blood (FC 4.63, p<0.01) and plasma
(FC 1.39, p<0.05) as compared to controls. Receiver operating curve (ROC) analysis
indicated that plasma miR-124-3p level of 34 copies/ul or higher differentiated TBI animals
from controls [area under curve (AUC) 0.815, p<0.05]. The data was validated in the third
cohort (FC 1.68, p<0.05). T2-weighted MRI revealed inter-animal differences in cortical
lesion area. Linear regression analysis revealed that higher the plasma miR-124-3p level at
2 d post-TBI, larger the lesion area at chronic time point (R?=0.327, p<0.01). Our findings
indicate that the extent of lateral fluid-percussion injury-induced chronic cortical pathology
associated with the acutely elevated plasma miR-124-3p level.
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Abbreviations

Ainfi, area of T2 enhancement; AIP, agranular insular cortex, posterior area; Aul, primary
auditory cortex; AUC, area under curve; AuD, secondary auditory cortex, dorsal area; AuV,
secondary auditory cortex, ventral area; BL, baseline; Ct, cycle threshold; CXcontra, Volume
of contralateral cortex; CXipsi, volume of ipsilateral cortex; d, days; ddPCR, droplet digital
polymerase chain reaction; DI, dysgranular insular cortex; Ect, ectorhinal cortex; FPI, fluid
percussion injury; Gl, granular insular cortex; Hc, hippocampus; LPtA, lateral parietal
association cortex; mo, months; MRI, magnetic resonance imaging; NISSL, Nissl| staining;
PRh, perirhinal cortex; PtPD, parietal cortex, posterior area, dorsal part; PtPR, parietal
cortex, posterior area, rostral part; rf, rhinal fissure; RT-qgPCR, reverse transcriptase
qguantitative polymerase chain reaction; S, sham-operated control; S1, primary
somatosensory cortex; S1BF, primary somatosensory cortex, barrel field; S1ULp, primary
somatosensory cortex, upper lip region; S2, secondary somatosensory cortex; sham, sham-
operated control rat; T, TBI-induced animal; TBI, traumatic brain injury; TeA V1, primary
visual cortex; Tha, thalamus; V, lateral ventricle; VIF, variance inflation factor, V1, primary
visual cortex; V1B, primary visual cortex, binocular area; V1M, primary visual cortex,

monocular area; V2L, secondary visual cortex, lateral area.



Introduction

Each year, 2.5 million individuals in Europe and the USA experience traumatic brain injury
(TBI) (Taylor et al.,2017; Synnot et al., 2015). Over 40% of TBI patients report morbidities
at the 1-y follow-up (Kersel et al., 2001). The severity and type of post-TBI neurologic and
psychiatric morbidities relate to the location and severity of the primary and secondary injury
in the brain (McAllister, 2011). Therapeutic approaches to improve recovery rely on
alleviation of the secondary injury within a post-injury critical time window (Bayr et al., 2003,
Bigler , 2001). Prediction of the severity of a secondary injury in a given subject, however,
has been little investigated. Prognostic biomarkers that would pinpoint those individuals at
highest risk of a large secondary brain injury would help to stratify subjects into those with
the greatest need for tissue-preserving and recovery-enhancing therapies.

Secondary brain injury is the result of a symphony of activities of multiple molecular
networks that lead to various cellular pathologies, including apoptosis, neuroinflammation,
and mitochondrial dysfunction (Bramlett et al., 2015). MicroRNAs (miRNAS) are a class of
small non-coding RNAs (~22 nt long) that regulate the expression of hundreds of messenger
RNAs at the post-transcriptional level through messenger RNA degradation or translational
repression (Bartel, 2004). Apart from cellular miRNAs, extracellular circulating miRNAs are
observed in several body fluids such as serum, plasma, urine, and cerebrospinal fluid
(Weber et al., 2010). Recently, miRNAs have emerged as diagnostic biomarkers for several
diseases including cancer, cardiovascular disorders, and metabolic diseases, and
potentially also brain diseases (Wang et al., 2016).

miR-124 is one of the most abundant and highly conserved miRNAs in the human and
rodent brain (Lagos-Quintana et al., 2002; Sempere et al., 2004). Expression of miR-124 is
considered crucial for normal neuronal differentiation and development (Visvanathan et al.,
2007; Cheng et al., 2009; Akerblom et al., 2012). Brain expression of miR-124 is also
regulated in pathologic conditions with neuronal plasticity, including epileptogenesis after
brain injury and glioma growth (Bot et al., 2013; Peng et al., 2013; Chen et al., 2015).

Several studies have reported the presence of miR-124 in the plasma after brain insults.
For example, upregulated plasma levels of miR-124 are reported as early as 6 to 24 h after
middle cerebral artery occlusion in rats (Laterza et al., 2009; Weng et al., 2011). Particularly,
acute elevation in circulating miR-124 levels and its positive correlation with infarct volume
has been observed in stroke studies (Sgrensen et al., 2017). Recent studies demonstrated

that elevated serum and plasma miR-124 levels correlate with the functional impairment



score and infarct volume and predict 3-month mortality after ischemic stroke in humans (Ji
et al., 2016; Rainer et al., 2016).

The proposed presence of miR-124 in the exosomal fractions of human serum and
plasma suggests its stability in the circulation (Huang et al., 2013; Ji et al., 2016). Further,
no platelet or erythrocytic origin of miR-124 has been reported in plasma, which reduces the
likelihood of false positive data related merely to sampling.

Based on these previous findings, we hypothesized that the post-TBI plasma miR-124-
3p expression profile signals the magnitude of TBI-induced brain injury. We induced a lateral
fluid-percussion injury (FPI) in adult rats, determined the cortical lesion volume and
perilesional inflammation at 2 months post-TBI, and measured blood and plasma miR-124-
3p levels at different post-TBI time-points. Our data shows that lateral FPI results in an acute
elevation in blood and plasma miR-124-3p levels at 2 d post-TBI. Further, higher the plasma
miR-124-3p level at the acute time, greater is the cortical lesion area developed at the

chronic 2 months post-TBI time.



Materials and Methods
Animals

Animal numbers and study design are summarized in Fig. 1. Three separate cohorts of
adult male Sprague-Dawley rats were used (cohort 1: n=30, body weight 337-384 g at the
time of injury, Harlan Laboratories S.r.l., Horst, Netherlands; cohort 2: n=16, 381-425 g,
Harlan Laboratories S.r.l., Udine, Italy; cohort 3: n=51, 347-425 g; Harlan Laboratories S.r.l.,
Udine, Italy). The initial body weight of the rats did not differ between cohorts (p>0.05). Rats
were housed in a controlled environment (temperature 22 + 1°C; humidity 50-60%; lights on
from 07:00 to 19:00 h). Water and pellet food were provided ad libitum.

Follow-up of animal well-being. To minimize suffering and distress, overall well-being
of the rat and its motor activity, eating and drinking, and the growth of teeth were observed
daily. If an animal showed signs of pain (e.g., weight loss, abnormal movement or posture,
excessive grooming), it was treated with carprofen (Rimadyl®, 5 mg/kg, once per day for 3
days, Zoetis Finland Oy). Rats that were subjected to lateral fluid-percussion injury (FPI)
received soft food and water from a serving dish placed on the floor of the cage until they
were able to eat normal food (2-3 days). The weight was monitored 1 week before induction
of TBI, on the day of surgery, daily for 7 d post-TBI, and thereafter, once per week for up to
9 weeks.

Pre-set humane end point. If the post-injury weight loss was more than 30%, the rat had
to be euthanized using 4% isoflurane anesthesia followed by decapitation. None of the
animals met this criterion.

TBl-related mortality. Based on previous experience with the model, we expected
<10% anesthesia-related mortality, and 20-30% acute post-impact mortality (within 72 h) at
impact level 3.3 atm (see Results).

All animal procedures, including acute mortality and humane end point, were approved
by the Animal Ethics Committee of the Provincial Government of Southern Finland, and
carried out in accordance with the guidelines of the European Community Council Directives
2010/63/EU.

Induction of TBI with lateral fluid-percussion

Rats were subjected to lateral fluid-percussion (FPI) -induced TBI (cohort 1: 17 rats,
cohort 2: 10 rats, cohort 3: 30 rats) as described previously (Mcintosh et al., 1989;
Kharatishvili et al., 2006]). Briefly, the animals were anesthetized by intraperitoneal injection

(6 ml/kg body weight) of a mixture containing sodium pentobarbital (58 mg/kg), magnesium

6



sulfate (127.2 mg/kg), propylene glycol (42.8%), and absolute ethanol (11.6%), and placed
in a Kopf stereotactic frame (David Kopf Instruments, Tujunga, CA, USA). The anesthetic
cocktail used in cohort 1 also contained 60 mg/kg chloral hydrate, but it was removed from
the later experiments (cohorts 2 and 3), as its use was no longer permitted in our renewed
animal license. A midline scalp incision was made, and the underlying periosteum removed.
A circular craniectomy (diameter 5 mm) was performed with a trephine over the left
hemisphere midway between lambda and bregma, with the lateral edge of the craniectomy
adjacent to the lateral ridge. A modified Luer—lock cap was placed and sealed into the
craniectomy site, cemented onto the skull (Selectaplus CN, Dentsply DeTRey GmbH,
Dreieich, Germany) and filled with saline. At 90 min after injection of the anesthetics, the
animals were connected to the fluid-percussion device (AmScien Instruments, Richmond,
VA, USA) through the male Luer—lock fitting, and brain injury was induced (cohort 1 and
cohort 3: 3.3 £ 0.01 atm, cohort 2: 3.2 + 0.02 atm). Time in apnea and occurrence of acute
post-impact seizure-like behavior was monitored. Sham-operated experimental controls
(cohort 1: 13 rats, cohort 2: 6 rats, cohort 3: 14 rats) received anesthesia and all surgical
procedures without lateral FPI. Cohort 3 also included 7 naive animals that did not undergo

any surgical procedures.

Sampling of whole blood, plasma, and brain tissue

Whole blood sampling with cardiac puncture. Cohort 1 served as a discovery cohort
to analyze if the brain-enriched miR-124-3p level is detectable in circulation post-TBI.
Analysis in this cohort was performed with whole blood. Whole blood was sampled at 2 d (7
TBI, 6 sham) and 2 months (9 TBI, 6 sham) post-TBI. After anesthetizing the rats with the
anesthesia cocktail described above, an 18G needle (Terumo Neolus, Terumo Europe N.V.,
Leuven, Belgium) was placed into the left cardiac ventricle, and 3 ml of blood was drawn
into a syringe and transferred to Ks EDTA-tubes (tri-potassium ethylenediaminetetraacetic
acid, BD Biosciences, Franklin Lakes, NJ). Blood samples were snap-frozen in liquid
nitrogen and stored at -70°C until processed.

Plasma sampling from the tail vein. Tail vein plasma was sampled at 7 d before TBI
(baseline), 2 d, 7 d and 3 months post-TBI according to principles of 3Rs
(www.nc3rs.org.uk/rat-tail-vein-non-surgical) (cohort 2: 10 TBI, 6 sham; cohort 3: 22 TBI, 14
sham, 7 naive). Cohort 2 served as the first validation cohort to confirm the elevated blood
post-TBI miR-124-3p levels in plasma samples. Briefly, rats were anesthetized in 4.5%

isoflurane in an induction chamber. The anesthesia was maintained through a nose mask
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during the procedure. After positive findings in cohort 2, we extended the analysis to plasma
samples collected from cohort 3.

In cohorts 2 and 3, blood (~500 pl) was drawn from the lateral tail vein into Microtainer K2
EDTA-tubes (di-potassium ethylenediaminetetraacetic acid, Microtainer, BD Biosciences,
Franklin Lakes, NJ) using a 25G butterfly needle (Surflo Winged infusion set, Terumo
Europe N.V., Leuven, Belgium). Samples were centrifuged at 1300g (Centrifuge 5417R,
Eppendorf Biotools, CA) at +4°C for 10 min, pipetted into Protein LoBind tubes (Eppendorf
LoBind, Eppendorf AG, Hamburg, Germany) in 50-ul aliquots, frozen in dry ice, and stored
at -70°C until processed.

Sampling of brain tissue. Rats were anesthetized with 4% isoflurane and their brains
were quickly removed. Brains from cohort 3 were immersion-fixed in buffered 10% formalin
and cryoprotected in 20% glycerol in potassium phosphate buffered saline (pH 7.4).
Samples were stored at -70°C until processed. At the time of processing, brains were
sectioned (1-in-6 series of coronal sections, 30 um) with a sliding microtome (Leica SM
2000, Leica Microsystems Nussloch GmbH, Nussloch, Germany). The first series was
stored in 10% buffered formalin at room temperature until Nissl staining. The remaining
sections were stored in cryoprotectant solution (30% ethylene glycol, 25% glycerol on 0.05

M sodium phosphate buffer, pH 7.4) until further processed.

Extraction of total RNA from whole blood and plasma

Whole blood. Total RNA was extracted from 200 pl of 2 d or 2 months post-TBI blood
using a miRNeasy Serum/Plasma Kit (Qiagen, Hilden, Germany; miRNeasy Serum/Plasma
Handbook 02/2012; http://www.qgiagen.com/us/). Briefly, blood cells were lysed with QIAzol
Lysis Reagent. Total RNA (including small RNAs approximately = 18nt) was extracted with
chloroform and washed with ethanol. The RNA was bound to a RNeasy MinElute column
and eluted with RNase-free water. After extraction, the eluent containing the RNA was
diluted to 1:300.

Plasma. Total RNA was extracted from 50 pul of tail-vein plasma using the Exigon
miRCURY™ RNA isolation kit — biofluids (#300112, Exiqon, Vedbaek, Denmark). In cohort
2, RNA extraction was performed for all four time points (baseline, 2 d, 7 d and 3 months
post-TBI). In cohort 3, RNA extraction was only performed for baseline and 2 d post-TBI
samples. According to the protocol, the starting material was centrifuged at 3000g for 5 min
to pellet any debris or insoluble cellular components. Each sample was then topped up with

nuclease-free water to a final volume of 200 pl and mixed with 60 ul of the lysis solution
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buffer. To enhance the isolation of low abundance miRNAs, 1 ug of MS2 carrier RNA
(#10165948001, Roche Diagnostics GmbH, Mannheim, Germany) was added to each
sample of cohorts 2 and 3. In cohort 2, 1 pl of the Exigon RNA spike-in template mixture
(#203203, Exigon, Vedbaek, Denmark) was also added to each sample. The spike-in
template was designed as a mix of three spike-ins, UniSp2, UniSp4, and UniSp5, such that
UniSp2 was present at a concentration 100-fold higher than that of UniSp4, and UniSp4 was
present at a concentration 100-fold higher than that of UniSp5. UniSp4 was subsequently
chosen for polymerase chain reaction (PCR) amplification to monitor the efficiency of the
RNA isolation step. In both cohorts, RNA was then extracted according to the manufacturer’s
instructions, with final elution in 25 pl of nuclease-free water to obtain a concentrated eluate
of small RNAs, while larger RNAs were retained in the column. For long-term storage,
purified RNA samples were kept at -70°C. All centrifugations were performed at room
temperature. The optional proteinase K treatment was omitted in both cohorts. In cohort 3,

synthetic spike-ins were not added.

Reverse transcription of RNA to cDNA
Reverse transcription (RT) of total RNA in whole blood samples using TagMan
chemistry

Total RNA was translated to complimentary DNA (cDNA) with a TagMan miRNA Reverse
Transcriptase Kit  (#4366596, Applied Biosystems, Foster  City, CA,
http://www.appliedbiosystems.com), according to the manufacturer’s instructions. The
sample (15 pl) was prepared by mixing 7 pl of RT master mix with 5 pl of RNA solution (10
ng RNA in 5 pl nuclease-free water) and 3 pl of 5x-RT primer for miR-124-3p (mmu-miR-
124-3p, #001182, Applied Biosystems). Then, RT was performed using a T100™ Thermal
Cycler (Bio-Rad Laboratories Inc, Hercules, CA, USA) as follows: 16°C for 30 min, 42°C for
30 min, 85°C for 5 min and 4°C thereafter. Samples were stored at -20°C until further
processed. U6 snRNA (snRNA U6, #001973, Applied Biosystems) was used as an

endogenous control.

RT of total RNA in plasma using TagMan and Exigon chemistries

For RT of the synthetic spike-in UniSp4 that was added during RNA isolation to samples
from cohort 2, we used the Exiqgon miRCURY LNA™ Universal RT microRNA PCR protocol
(Universal cDNA synthesis kit 1l, 8-64 reactions, #203301, Exigon). The cDNA synthesis

master mix was prepared according to the protocol guidelines using 5x reaction buffer, RT
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enzyme mix, and nuclease-free water. A 1-pl aliquot of the UniSp6 synthetic RNA spike-in
was added to each reaction to monitor the efficiency of the RT step. RT was performed with
the following thermal cycling conditions: incubation for 60 min at 42°C, heat-inactivation of
the reverse transcriptase for 5 min at 95°C, followed by immediate cooling to 4°C, and
storage at -20°C.

RT for plasma miR-124-3p in cohorts 2 and 3 was performed using the TagMan
chemistry as for cohort 1, except that we used undiluted RNA eluate. Because hemolysis
and release of miRNAs from blood cells can severely impair the detection of circulating
MiRNA biomarkers, RT of miR-23a (#000399, Applied Biosystems) and miR-451 (#001141,
Applied Biosystems) was performed for samples in cohort 3 to calculate the hemolysis
coefficient. Thermal cycling conditions were the same as for cohort 1 (T100™ Thermal
Cycler, Bio-Rad Laboratories Inc). The cDNA samples thus obtained were stored at -20°C

until further processed.

Analysis of copy number for circulating miR-124-3p with RT-qPCR and droplet digital
PCR
RT-gPCR of miR-124-3p in whole blood

The miR-124-3p levels in whole blood sampled at 2 d or 2 months post-TBI was
determined with RT-qPCR using the TagMan Small RNA Assays protocol (Applied
Biosystems, http://www.appliedbiosystems.com). Briefly, TagMan Small RNA Assay (20x,
mmu-miR-124-3p, #001182, UAAGGCACGCGGUGAAUGCC, Applied Biosystems, or

SnRNA ue, #001973,
GTGCTCGCTTCGGCAGCACATATACTAAAATTGGAACGATACAGAGAAGATTAGCATG
GCCCCTGCGCAAGGATGACACGCAAATTCGTGAAGCGTTCCATATTTT, Applied

Biosystems) was mixed with 1.33 ul of RT product, TagMan Universal PCR Master Mix Il
with no UNG, and nuclease-free water (Ambion,_AM9938, Thermo Fisher Scientific,
Waltham, MA, USA) according to manufacturer’s instructions. RT-gPCR was run using
StepOnePlus™ Real-Time PCR System (Software v2.1, Applied Biosystems) with a
standard program: 50°C for 2 min, 95°C for 10 min followed by 40 cycles (15 s each) at
95°C, and finally, at 60°C for 60 s. C: values were normalized relative to ShRNA U6 with the
formula 2-2Ct (Carvalho-Caspar et al., 2005; Hata et al., 2008; Maru et al. 2009; Song et al.,
2012). U6 is detected in blood cells (Yan et al., 2016) and small circulating vesicles
(Savelyeva et al., 2017) and was thus used to normalize the miR-124-3p level in the whole

blood. Because U6 has been deemed unsuitable for normalizing miRNA RT-qPCR data
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from circulating biofluids like serum and plasma (Xiang M et al., 2014; Tang et al., 2015), it

was not analyzed in cohorts 2 and 3.

RT-gPCR of miR-124-3p in plasma

TagMan chemistry was applied for RT-gPCR amplification of miR-124-3p in plasma
samples as described for whole blood (cohort 2: baseline, 2 d, 7 d and 3 months post-TBI;
cohort 3: baseline and 2 d post-TBI). For amplification of the synthetic spike-ins UniSp4
(from the RNA isolation step) and UniSp6 (from the RT step), the miRCURY LNA™
Universal RT microRNA PCR system was used (EXILENT SYBR® Green master mix,
#203403, Exiqon). For this, the cDNA samples from Exigon protocol were diluted to 40x in
nuclease-free water. Because the Exigon PCR Master Mix does not contain the passive
reference dye, 0.2 ul of ROX (Invitrogen, Life Technologies, Carlsbad, CA, USA) per PCR
replicate was also added to each of the diluted cDNA samples prior to PCR amplification.
All amplifications were performed in triplicate. The 10-pl PCR reaction mixture was designed
according to the protocol guidelines, and RT-qPCR amplification followed by melting curve
analysis was then performed in the StepOnePlus™ Real-Time PCR system (Applied
Biosystems). The thermal cycling conditions for RT-gPCR were as follows: polymerase
activation/denaturation at 95°C for 10 min, followed by 40 amplification cycles at 95°C for
10 s, 60°C for 1 min (ramp rate 1.6°C/s).

Droplet digital PCR of miR-124-3p in plasma

For cohort 2, absolute quantification of the plasma miR-124-3p copy number was also
performed with droplet digital PCR (ddPCR), for 2 d post-TBI samples. For this, 1.33 pl of
undiluted cDNA template from the TagMan RT reaction (same samples as above) was
added to a 20-ul reaction mixture containing 10 ul Bio-Rad 2x ddPCR supermix for probes
(#186-3010, Bio-Rad, CA USA), 1 ul 20x miR-124-3p PCR primer, and 7.67 ul nuclease-
free water. The 20-ul reaction mixtures were loaded in disposable droplet generator
cartridges (#186-4008, DG8™ Cartridges for QX100™/QX200™ Droplet Generator, Bio-
Rad, Germany) along with 70 pl of droplet generation oil for probes (#186-3005, Droplet
generation oil for probes, Bio-Rad, CA, USA). The cartridges were then covered with
gaskets (#186-3009, Droplet Generator DG8™ Gaskets, Bio-Rad, CA, USA) and placed in
the droplet generator (#186-3001, Bio-Rad QX100™ Droplet Generator, Solna, Sweden) to
create oil-emulsion droplets. Once the droplets were generated, they were transferred to 96-

well PCR plates (Twin. tec PCR plate 96, semi-skirted, colorless, Hamburg, Germany)
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sealed, thermal cycled (96-well PTC-200 thermal cycler, MJ Research), and quantified at
the end-point in the droplet reader (#186-3001, Bio-Rad QX100™ Droplet Reader, Solna,
Sweden) using QuantaSoft software (v1.7, Product code: 186-4011, Bio-Rad, CA, USA).
The thermal cycling conditions for ddPCR were as follows: polymerase
activation/denaturation at 95°C for 10 min, followed by 40 amplification cycles at 95°C for
15 s and 60°C for 1 min, with a final inactivation step at 98°C for 10 min. Because clusters
of positive droplets appeared only above the amplitude threshold of 6000, the level was set
to this value for all ddPCR runs to minimize false positives. For each sample, the reaction
was performed in duplicate, and the sum of miR-124-3p copies/20-ul PCR reaction from the
two replicates was calculated. From this, miR-124-3p copies/ul of original plasma used for
RNA extraction was estimated and this parameter (miR-124-3p copies/ul plasma) was used

for data representation in the figures.

Normalization of plasma miR-124-3p RT-gPCR data

As no generally accepted endogenous control is available, we normalized cohort 2
plasma miR-124-3p RT-qPCR levels to the synthetic spike-in UniSp4.

For normalization of miR-124-3p levels in cohort 3 samples (n=43), we made an effort to
identify a suitable endogenous normalization control using the R-based NormFinder
approach ((Tang et al., 2015), user guide: http://moma.dk/files/newDocOldStab_v5.pdf).
NormFinder identified the stability value for miR-23a to be 0.31 (input to NormFinder= mean
Ct of miR-23a in three technical replicates for each biologic sample), which was less than
the arbitrary cut-off value, usually set at 0.4 (Tian et al., 2015). Consequently, miR-23a was
selected as an endogenous control, and normalization of plasma miR-124-3p levels in
cohort 3 was performed using the formula 2-2¢t (Carvalho-Caspar et al., 2005; Hata et al.,
2008; Maru et al. 2009; Song et al., 2012). Since baseline levels of plasma miR-124-3p were
not different between the sham and the TBI groups in both cohorts 2 and 3; we further
normalized the plasma miR-124-3p levels in each animal by dividing the 2 d miR-124-3p
levels by the baseline level (2-2Ct D)} 2-ACt (BL)) This resulted in a relative value that was
independent of the UniSp4 or miR-23a based normalization methodology. Plasma miR-124-
3p levels were comparable in naive and sham-operated animals in cohort 3 (p>0.05), and
consequently, data from these groups was combined and referred to as controls in further

analyses.
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Quantification of hemolysis

TagMan chemistry was used for RT-gPCR amplification of plasma hemolysis markers,
miR-23a and miR-451 (see above) (Blondal et al., 2013; Shah et al., 2016). The hemolysis
coefficient (cohort 3) was calculated as AC: (miR-23a - miR-451) (Blondal et al., 2013; Shah
et al., 2016). A sample was included in the study if ACt <5.

Magnetic resonance imaging
T2-weighted MRI

To assess the lesion location and extent (including the width) of the perilesional
inflammatory rim, T2-weighted magnetic resonance imaging (MRI) was performed at 2
months post-TBI in cohort 3 (22 TBI animals), using a 7 T Bruker Pharmascan MRI scanner
equipped with a volume transmitter coil and surface receiver coil combo. Animals were
anesthetized with isoflurane (4% for induction and 2% for maintenance during imaging) and
positioned in a stereotactic holder. T2-weighted images were acquired with fast spin-echo
from 25 slices (field of view (FOV) =30 mm x 30 mm, matrix slice thickness=1 mm, TR=4000
ms, TE=40 ms).

Analysis of MRl images

Location and area of cortical lesion. To assess the location and extent of the lesion
area, we prepared 2-dimensional cortical unfolded maps using 1-mm-thick coronal MRI
slices as described previously (Ndode-Ekane et al., 2017). The coordinates were
determined based on the rat brain atlas by Paxinos and Watson (Paxinos et al., 2007). The
unfolded maps were generated using the web-based software UnfoldedMap
(http://unfoldedmap.org/, Andrade et al., 2018).

Volume of the remaining cortex and perilesional T2 enhancement. The analysis of
MRI slices revealed substantial variability in the extent of the cortical lesion between the
animals at 2 months post-TBI (Fig. 2A). Moreover, the distribution of the enhanced T2-
weighted signal appeared unevenly distributed along the rostrocaudal extent of the cortical
lesion. To assess the lesion heterogeneity in more detail, we measured the area of T2-
weighted signal enhancement in the ipsilateral (perilesional) cortex, indicating an
inflammatory response (Ainfi) (Fig. 2B), at anteroposterior (AP) levels -2 to -7 mm from the
bregma (according to rat brain atlas of Paxinos and Watson (Paxinos et al., 2007). The area

of the ROIs was calculated from each section using an open source graphical tool for Matlab
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(available: aedes.uef.fi). The volume of each ROI was calculated by a Cavalieri estimation
as follows:

V(Cx) = ZS5(Cx) = t * a(s)
where 2S(Cx)= the total number of cortical sections analyzed, t=section thickness (1 mm),
and a(s)=the area of ROI (mm?)( Gundersen et al., 1988a; Gundersen et al., 1988b; Schmitz
et al., 2005).

Histologic analysis of tissue

To further characterize the lesion pathology, with focus on perilesional inflammation as
suggested by signal enhancement in T2w MRI, we performed Nissl staining (see Huusko et
al., 2013).

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics 25.0 (IBM Corp., Armonk,
NY, USA). Data was visualized with GraphPad Prism version 8.0.2 (GraphPad Software,
San Diego, California USA). Datasets were analyzed using the non-parametric Kruskal-
Wallis ANOVA test followed by post hoc analysis with the Mann-Whitney U test. To explore
relationships between the measured parameters, a multiple linear regression analysis was
performed followed by a simple linear regression. A receiver operating characteristic (ROC)
test was performed to investigate the sensitivity and specificity of miR-124-3p level as a
prognostic biomarker for TBI lesion severity. A P-value less than 0.05 was considered

statistically significant.
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Results
Impact severity, mortality, duration of post-impact apnea, and occurrence of acute

post-impact seizures

The animal numbers, sampling times, and follow-up mortality are summarized in Fig. 1.

Cohort 1. Impact severity was 3.3 = 0.02 atm. Acute post-TBI mortality (<72 h) was 6%
(1/17). In the sham-operated group, one rat died from an unknown cause during the surgery.
The mean post-impact apnea time was 21 + 2.6 s. Post-impact seizure-like behaviors were
observed in 29% (5/17) of TBI animals.

Cohort 2. Impact severity was 3.2 = 0.02 atm. Acute post-TBI mortality was 0% (p>0.05
as compared with cohort 1). The mean post-impact apnea time was 23 + 2.1 s (p>0.05 as
compared to cohort 1). Post-impact seizure-like behaviors were observed in 13% (2/16) of
TBI animals (p>0.05 as compared to cohort 1).

Cohort 3. Impact severity was 3.3 + 0.02 atm. Acute post-TBI mortality was 27% (8/30)
(p>0.05 as compared with cohorts 1 or 2). The mean post-impact apnea time was 38 + 3.6
s (p>0.05 as compared with cohorts 1 or 2). Post-impact seizure-like behaviors were
observed in 30% (9/30) of TBI animals (p>0.05 as compared with cohorts 1 or 2).

Blood miR-124-3p levels are increased at 2 d post-TBI

At 2 d post-TBI, blood miR-124-3p levels (cohort 1) in the TBI group were 4.63-fold higher
than in the sham-operated experimental controls and 6.92-fold higher than in the 2 months
post-TBI group (p<0.01, Fig. 3A). At 2 months post-TBI, miR-124-3p levels in the TBI group
were slightly lower than in sham-operated controls (FC 0.67, p>0.05). The ROC analysis
indicated that the whole blood miR-124-3p levels (hormalized to U6) higher than 0.02 at the
2-d time-point differentiated TBI rats from sham-operated controls with 86% sensitivity and
92% specificity [area under curve (AUC) 0.881, p<0.01] (Fig. 3B).

Copy number of plasma miR-124-3p distinguishes TBI rats from controls

As cardiac blood is not a useful route of blood sampling for biomarker studies, we
replicated the analysis by assessing plasma sampled from the tail vein in cohort 2. First, to
identify the temporal expression pattern of miR-124-3p in plasma, we performed RT-gPCR
analysis at baseline, 2 d, 7 d and 3 months post-TBI. The data was normalized to the
synthetic spike-in UniSp4. Similar to the U6-normalized whole blood analysis in cohort 1,
cohort 2 also revealed an elevation in plasma miR-124-3p levels at 2 d post-TBI. A 1.63-fold

increase in plasma miR-124-3p level was observed in the 2 d post-TBI animals in
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comparison to sham-operated controls from the same time point (p<0.05). In addition, the 2
d post-TBI animals also had elevated plasma miR-124-3p in comparison to their own
baseline (FC 2.24, p<0.01) or 7 d post-TBI (FC 2.59, p<0.01) levels. By 7 d post-TBI, the
plasma miR-124-3p level in the injured animals returned to baseline level (7 d post-TBI vs.
baseline: FC 0.86, p>0.05; 3 months post-TBI vs. baseline: FC 1.27, p>0.05 (Fig. 3C).

Next, to perform an absolute quantification of plasma miR-124-3p copy number at 2 d
post-TBI, we used ddPCR. The ddPCR analysis in cohort 2 indicated that at 2 d post-TBI,
the absolute copy number of plasma miR-124-3p in injured animals was 139% of that in
sham-operated controls (44.804 = 11.66 vs. 32.195 + 9.95 p<0.05; Fig. 3D). ROC analysis
indicated that a plasma miR-124-3p copy number =34/ul (Fig. 3D, dashed line) distinguishes
injured animals from controls with 89% sensitivity and 67% specificity (AUC 0.815, p<0.05;
Fig. 3E). Moreover, the absolute copy number of miR-124-3p in ddPCR analysis correlated
with the UniSp4-normalized RT-gPCR data from the same samples, (R?=0.764, p<0.01, Fig.
3F). This confirmed that normalizing plasma miR-124-3p RT-qPCR data to the exogenous
synthetic spike-in UniSp4 was acceptable, if endogenous normalization controls were not
available. Further, both RT-gPCR and ddPCR methodologies reliably detected an increase
in the plasma miR-124-3p levels after TBI. Based on these data, plasma RT-gPCR analysis
of miR-124-3p levels in cohort 3 was done only at baseline and at 2 d post-TBI.

In cohort 3, hemolysis coefficient of the plasma samples was measured using the AC:
(miR-23a - miR-451) method. None of the samples were detected as hemolyzed with this
approach, as the hemolysis coefficient was <5 in all samples (Supplementary tables S1-
S3).

Pattern of cortical atrophy and extent of perilesional inflammation indicate that lateral
FPI causes varied cortical pathologies

MRI analysis of perilesional cortical pathology. Analysis of T2-weighted MRI images
was performed from 22 TBI rats (cohort 3) that survived the 2 months post-TBI follow-up.
Analysis of cortical lesion in coronal MRI images revealed varying types of cortical
pathologies. Some animals showed the presence of a large cortical cavity (Fig. 4A) filled
with cerebrospinal fluid (Fig. 4C), and little or no perilesional T2-enhancement (i.e., edema
and inflammatory tissue), while others had a small cortical cavity (Fig. 4B) and a wide T2-

enhanced perilesional inflammatory rim (Fig. 4D). Unfolded maps of two extreme cases are
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presented in Figure 4A-B. The localization of lesion in the different cytoarchitectonic
subfields is described in Supplementary table S4.

Nissl staining (Fig. 4E-F) revealed differences between the animals in the magnitude of
cortical neurodegeneration and distortion in the laminar cytoarchitecture in the region
corresponding to the cortical T2-enhancement (Fig. 4C-D).

The exact time delay between the TBI impact and the 2 d post-injury plasma sampling
was also calculated in this cohort (mean 45+1.4 h, range 43-47 h). There was no correlation
between the delay and the miR-124-3p levels (Fig. 4H).

Plasma miR-124-3p level at 2 d post-TBI explains the extent of lesion area

The validation cohort (cohort 3) successfully replicated the elevated plasma miR-124-3p
level at 2 d post-TBlI as compared to controls when the data was normalized to the
endogenous control miR-23a. To compare normalized miR-124-3p levels between cohorts
2 and 3 (normalized to exogenous and endogenous controls, respectively), the 2-d miR-
124-3p levels were divided by the baseline level of the same animal (2-4Ct (2D)] 2-ACt (BL)),
Importantly, elevation in plasma miR-124-3p level at 2 d post-TBI in the validation cohort 3
tolerated the double-normalization approach (FC 1.68, p<0.05 as compared to controls, Fig.
4G). ROC analysis indicated that the normalized plasma miR-124-3p level of 1.43
distinguished injured animals from controls with 86% sensitivity and 52% specificity (AUC
0.728, p<0.05) (Fig. 4l).

In cohort 3, we also assessed the effect of different variables, in addition to plasma miR-
124-3p on the evolution of cortical pathology. For this, we first calculated a multiple linear
regression to explain the chronic lesion area based on plasma miR-124-3p level at 2 d post-
TBI, perilesional T2-enhancement, impact pressure, duration of post-injury apnea, animal
weight at the time of injury and animal weight at 2 d post-TBI. This six variable model
explained the lesion area with R? of 0.485, which was not significant owing to the number of
independent variables [F(6, 14) = 2.194, p > 0.05, R? = 0.485](Table 1 A,B). The level of
plasma miR-124-3p at 2 d post-TBI was the only parameter that had a statistically significant
linear relation to the lesion area and thus improved the prediction model, p<0.05 (Table 1
C).

We performed a simple linear regression analysis to provide further insight about the
relationship between the plasma miR-124-3p level at 2 d post-TBI and the cortical lesion

area at 2 months post-TBI. A linear relationship was observed, indicating that higher the
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acute plasma miR-124-3p level, larger the cortical lesion at 2 months post-TBI (R?=0.327,

p<0.01, Fig. 4J, Table 2 A-C).

Table 1. Summary of multiple linear regression analysis used to explain chronic lesion area

from plasma miR-124-3p at 2 d post-TBI, perilesional T2-enhancement, impact pressure,

duration of post-injury apnea, animal weight at the time of injury, and animal weight at 2 d

post-TBI.

A

Model Summary

Change Statistics

Std. Error R

R Adjusted R of the

Square

F

Sig. F Durbin-

R  Square Square Estimate Change Change df1 df2 Change Watson
0.696 0.485 0.264 6.970 0485 2.194 6 14 0.106 2.026
B
ANOVA
Model Sum of Squares df Mean Square F Sig.
Regression 639.498 6 106.583 2.194 .106
Residual 680.095 14 48.578
Total 1319.593 20
C
Coefficients
Unstandardized Standardized
Coefficients Coefficients Collinearity Statistics
Std.
Model B Error Beta t Sig. Tolerance VIF
(Constant)  -31.746 111.383 -0.285 0.780
Plasma miR-
124-3p atday2 2.684 1.110 0.496 2.419 0.030 0.876 1.142
T2 -0.885 0.556 -0.327 -1.592 0.134 0.873 1.145
Hit pressure 7.077 31.196 0.046 0.227 0.824 0.903 1.108
Apnea -0.036 0.078 -0.090 -0.454 0.657 0.925 1.081
Weight day 0 0.214 0.205 0.599 1.042 0.315 0.112 8.959
Weightday 2  -0.164 0.207 -0.461 -0.791 0.442 0.108 9.255
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Table 2. Summary of simple linear regression analysis used to explain the cortical lesion

area at 2 months post-TBI by measuring the plasma miR-124-3p levels at 2 d post-TBI.

A
Model Summary
Change Statistics
Std. Error R
R Adjusted R ofthe  Square F Sig. F Durbin-
R Square Square Estimate Change Change df1 df2 Change Watson
0.571 0.327 0.291 6.839 0.327 9.215 1 19 0.007 2.354
B
ANOVA
Model Sum of Squares  df Mean Square F Sig.
Regression 430.980 1 430.980 9.215 0.007
Residual 888.614 19 46.769
Total 1319.593 20
C
Coefficients
Unstandardized Standardized
Coefficients Coefficients Collinearity Statistics
Std.
Model B Error Beta t Sig. Tolerance VIF
Lesion area
(Constant) 11.008 3.106 3.544 0.002 1.000
Plasma miR-
124-3p atday2 3.093 1.019 0.571 3.036 0.007 1 1.000
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Discussion

We tested the hypothesis that the extent of cortical damage after TBI can be explained
by circulating brain-enriched miR-124-3p levels. We had two major findings. First, miR-124-
3p levels were elevated in both whole cardiac blood and tail vein plasma of rats with TBI, at
2 d post-injury. Second, higher the plasma miR-124-3p level at 2 d post-TBI, greater is the
cortical lesion area at 2 months post-TBI.

Lateral FPI induced variable chronic cortical pathology

We present evidence that lateral FPI in adult rats leads to variable progression of the
cortical pathologies over the course of 2 months, despite a similar impact type, force, and
location. Some rats show massive degeneration of the ipsilateral cortex and mild
perilesional T2-enhancement at 2 months post-TBI, suggesting a narrow perilesional
inflammatory rim. The rest of the animals exhibited a smaller focal lesion but a wider T2
signal enhancement perilesionally, suggesting long-lasting perilesional inflammation.
Development of these pathologies have been consistently observed in our lateral FPI model.
We are currently investigating the molecular mechanisms that may explain the variability in
the lesion pathology (Ndode-Ekane et al., 2018; Huttunen et al., 2018).

Several previous studies revealed that the development of secondary brain damage after
TBI can occur weeks to many months or even years in experimental models and humans
(Smith et al., 1997; Johnson et al., 2013; Ramlackhansing et al., 2011). Identification of the
course and characteristics of the pathologies in individual subjects after a given impact type
has, however remained unexplored, both in animal models and humans with TBI. Based on
our data, variability in injury parameters did not explain the variability in the evolution of
lesion endophenotype. Interestingly, recent evidence suggests that factors like the stress
level of the animal can have a remarkable effect on post-injury outcome (Becker et al., 2015).
The contribution of exposomal factors to TBI outcome in individual animals needs to be
further explored.

Some studies suggest that the cortical lesion endophenotype can affect the functional
outcome in humans. For example, the degree of completeness of glial scarring around
cortical iron deposits after a cortical contusion as detected by increased T2 signal in MRI is
associated with the development of post-traumatic epilepsy (Messori et al., 2005). Further,
the magnitude of blood-brain-barrier damage detected with gadolinium-enhanced MRI
rather than cortical lesion size is associated with post-traumatic epilepsy (Tomkins et al.,

2008). Identification of prognostic biomarkers that would associate with the evolution of the
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tissue pathology would not only help to stratify patient populations with the greatest need for

treatment, but also facilitate the selection of treatment targets.

Circulating miR-124-3p is a prognostic biomarker for the evolution of the cortical
pathology

Human studies aimed at identifying miRNAs as predictive and/or prognostic biomarkers
for disease mechanisms often implement a multi-cohort study design (Takahashi et al.,
2015; Pedroza-Torres et al., 2016, Devaux et al., 2016). A discovery cohort is used to identify
MiRNAs altered in a particular pathological condition. A validation cohort is then used to
replicate the data and confirm the biomarker value of the selected candidates (Takahashi et
al., 2015; Pedroza-Torres et al., 2016, Devaux et al., 2016).

Consistent with human biomarker discovery studies, we performed a multi-cohort
analysis to validate miR-124-3p as a biomarker for TBI and progression of the cortical
pathology. First, we demonstrated elevated miR-124-3p levels in whole blood and plasma
at 2 d post-TBI in two animal cohorts. We then validated the findings by demonstrating
increased plasma miR-124-3p levels at 2 d post-TBI in an independent validation cohort.
Importantly, the results were comparable in cardiac whole blood and tail vein plasma. We
also showed in the validation cohort that higher plasma miR-124-3p levels at 2 d post-TBI
explained the development of a larger chronic cortical lesion area at 2 months post-TBI. In
addition to the magnitude of cortical tissue loss, another characteristic of the cortical lesion
is the presence of perilesional T2 signal enhancement, indicating tissue edema and
inflammation (Van Putten et al., 2005; Wang et al., 2017). Our data indicate that the
chronically developed lesion area exhibits a linear relationship with the acute circulating
plasma miR-124-3p level, but not with the T2-enhancement. In addition, none of the other
parameters measured in this study, such as the impact pressure, duration of post-injury
apnea, weight at the time of injury, or weight at 2 d post-TBI could explain the chronic lesion
area development.

miR-124-3p is a brain-enriched miRNA (Mishima et al., 2007; Lagos-Quintana et al.,
2002) expressed primarily in neurons (Smirnova et al., 2005). As TBI causes disruption of
brain tissue and leakage from the blood-brain barrier, as well as increased permeability of
the blood-brain barrier (Baskaya et al., 1997; Li et al., 2016), we propose that increased
plasma miR-124-3p levels at 2 d TBI indicate massive ongoing neurodegeneration. We

consider that elevated plasma miR-124-3p levels at 2 d post-TBI could be used as a
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prognostic biomarker for the evolution of large cortical lesion, and consequently, applied for
stratification of animals for neuroprotective treatment trials.

However, it should be noted that increased post-injury plasma miR-124 levels as a
biomarker for neurodegeneration is not TBI-specific. In stroke models, acute elevation in
circulating miR-124 levels has often been observed, for instance, at 6-48 h post-stroke
(Laterza et al., 2009; Weng et al., 2011; Leung et al., 2014; Rainer et al., 2016). Furthermore,
Leung et al. (Leung et al., 2014) showed that miR-124 can be used as biomarker to
differentiate hemorrhagic and ischemic stroke patients at 6 h post-stroke. In addition, serum
exosomal miR-124 levels can be used as a biomarker for acute ischemic stroke, with the
miR-124 levels positively correlating with infarct volume (Ji et al., 2016). A recent study from
CSF analysis of patients with acute ischemic stroke has revealed elevated miR-124-3p
particularly in patients with infarct size > 2 cm?® (Sgrensen et al., 2017).

Thus, our findings indicate that the expression pattern of circulating miR-124-3p in
response to brain injury is similar in TBI and stroke, with higher circulating miR-124-3p levels
associating with greater perilesional tissue damage.

Methodological considerations

The mortality rate in our study involving three separate study cohorts ranged from 0-27%.
Based on our previous experience, we expected a 20-30% mortality at the impact atm levels
used (about 3.2 atm). However, the acute TBI-induced mortality (death in <72 hr) in the
whole group of 57 injured rats included in the present study was only 16% (9/57). In
particular, the 15 two cohorts with low number of injured animals (17 and 10, respectively)
had low mortality rates (6% and 0%, respectively). In other multi-cohort studies performed
in our laboratory, involving >100 rats per study (about 15-20 rats per cohort), we have also
observed a cohort-dependent variability in mortality, even though the injuries were
performed by the same very experienced technician (Nissinen et al., 2017 : 323 TBI animals,
13 cohorts, total mortality 20%, inter-cohort variability in mortality 7-42%; Mitchell et al.,
2008: 214 TBI animals, 8 cohorts, total mortality 15%, inter-cohort variability in mortality O-
30%). Most importantly, the mortality in our 3™ cohort that was used for validation of plasma
miR-124-3p data from cohorts 1 and 2, and for the identification of the cortical pathologies
was as expected (27%). This data strengthens the reproducibility of our observations, as
miR-124-3p at acute post-TBI phase were elevated independent of the cohort-specific

differences in mortality.
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The anesthesia cocktail used in our cohorts 2 and 3 for plasma sampling also slightly
differed from the cohort 1, since chloral hydrate was omitted based on the license
instructions. However, all three cohorts demonstrated the miR-124-3p peak in circulation at
2 d post-TBI, indicating that the miRNA tolerates experimental variability, and the acute
elevation of the miRNA level in plasma is not influenced by the anesthesia composition.

Synthetic miRNAs added to ex vivo plasma become rapidly degraded by endogenous
RNases, whereas endogenous circulating miRNAs, such as plasma miR-124-3p sustain
temperature-related changes and long-term storage at room temperature, (Chen et al.,
2008; Vickers et al., 2011). This raises a question, how brain-derived miR-124-3p can still
be detected in the circulation at 2 d post-TBI? The prevailing hypothesis is that the circulating
MiRNAs are protected by their encapsulation into extracellular vesicles or by binding to
proteins (Mitchell et al., 2008) or high-density lipoprotein particles (Lunavat et al., 2015).
This is supported by studies in humans showing that miR-124-3p is found in plasma
exosomes (Huang et al., 2013); although there is evidence that in rats circulating miR-124
is bound to proteins rather than extracellular vesicles (Karttunen et al., 2019).

The identification of reliable circulating miRNA biomarkers is also susceptible to
methodologic artifacts involved during serum/plasma sampling. For example, the release of
mMiRNAs from blood cells during serum/plasma isolation can affect quantitative analysis.
Previously, Shah et al. (Shah et al., 2016) compared several methods for detecting
hemolysis in human serum samples, including visual inspection, measurement of
hemoglobin absorbance by spectrophotometry at 414 nm, measurement of hemoglobin
using a Coulter®AcT diff™Analyzer, and the ratio of red blood cell-enriched miR-451 to a
reference miRNA, miR-23a. They found that the miR-451/miR-23a ratio was the most
sensitive indicator of hemolysis. Blondal et al. (2013) found that a AC: value = 5 for miR-
451/miR-23a ratio indicates possible erythrocyte miRNA contamination, and a AC: of 27
indicates a high risk of hemolysis. Based on analysis of the miR-451/miR-23a ratio and AC:
(miR-23a - miR-451), none of our cohort 3 samples were hemolysed, excluding its
contribution to the measured plasma miR-124-3p levels.

Identification of reliable circulating miRNA biomarkers is complicated due to the lack of
suitable endogenous controls. In our study, absolute copy numbers of plasma miR-124-3p
as well as exogenous, endogenous and baseline normalization methods consistently
revealed elevation in post-TBI miR-124-3p levels in the whole blood and plasma samples,

indicating no implicit bias due to the different normalization strategies.
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Thus, the most important finding from our study was that miR-124-3p levels increased in
all three independent animal cohorts after TBI, regardless of: (i) whether we analyzed
cardiac whole blood or tail vein plasma, and (ii) the experimental variabilities involved.
Moreover, the miRNA level was particularly higher in the animals with large lesion area at 2
d post-TBI in comparison to the animals with small lesion area.

Our findings indicate that lateral FPI leads to the development of cortical pathologies that
differ in the chronic lesion area. Further, plasma level of the brain enriched miR-124-3p is
elevated at 2 d post-TBI, and this acute elevation associates linearly with the extent of the
chronic loss of cortical tissue. We propose that analysis of plasma miR-124-3p levels

provides a non-invasive prognostic biomarker for the evolution of the cortical pathology.
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Figure Legends

Fig. 1. Flow-chart of the study. (A) A flow chart showing the number of animals and acute
(<72 h) mortality in the three cohorts of rats with sham-operation or lateral fluid-percussion
(FPI) induced traumatic brain injury (TBI). Cohort 1: a discovery cohort to assess miR-124-
3p in whole blood. Cohort 2: a discovery cohort used to assess miR-124-3p in plasma at
different post-TBI time points. Cohort 3: a validation cohort to confirm the elevation in plasma
miR-124-3p and assess its association with chronic development of cortical lesion. (B) Study
design showing the timing of blood sampling and duration of follow-up. Abbreviations: d,
days; ddPCR, droplet digital PCR; FPI, fluid percussion injury; MRI, magnetic resonance
imaging; NISSL, Nissl staining; RT-gPCR, reverse transcriptase quantitative polymerase

chain reaction; sham, sham-operated control rat.

Fig. 2. Regions of interest used to calculate cortical volumes. (A) Vertical lines placed
on the sagittal Nissl-stained section show the rostrocaudal extent of the brain; 1-mm coronal
MRI slices were used to measure the volume of the remaining cortex and perilesional
inflammatory rim. (B) A coronal T2-weighted MRI slice showing the outlines of the regions
of interests. Abbreviations: Aini, area of T2 enhancement, suggesting edema and ongoing
inflammatory response; CXcontra, Volume of contralateral cortex; CXipsi, volume of ipsilateral
cortex; Hc, hippocampus; rf, rhinal fissure; Tha, thalamus; TBI, traumatic brain injury; V,

lateral ventricle. Scale bar, 2 mm.

Fig. 3. Increased circulating miR-124-3p levels at 2 d post-injury differentiate TBI rats
from controls. (A) At 2 d post-TBI, RT-qPCR analysis indicated an increase in cardiac
blood miR-124-3p levels (cohort 1) as compared to that in controls (FC 4.63, p<0.01) or TBI
animals at 2 months post-injury (FC 6.92, p<0.01). At 2 months post-TBI, injured animals
did not differ from controls (FC 0.67, p>0.05). (B) ROC analysis indicated that at 2 d post-
TBI, cardiac whole blood miR-124-3p is a sensitive and specific diagnostic biomarker for TBI
(AUC 0.881, p<0.01). (C) RT-gPCR analysis from tail vein plasma (cohort 2) revealed a
similar peak in miR-124-3p levels at 2 d post-TBI in comparison to sham-operated controls,
normalizing to baseline by 7 d post-TBI (2 d TBI vs. sham: FC 1.63, p<0.05; 2 d TBI vs.
baseline TBI: FC 2.24, p<0.01; 2d TBI vs. 7 d TBI: FC 2.59, p<0.01). (D) DdPCR analysis
at 2 d post-TBI (cohort 2) conformed with the RT-qPCR finding, indicating a 1.39-fold
increase in tail vein plasma miR-124-3p level in the TBI rats in comparison to sham-operated

controls (p<0.05). The dashed line indicates the threshold plasma miR-124-3p concentration
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(34 miR-124-3p copies/ul plasma) required to distinguish TBI animals from controls with
89% sensitivity and 67% specificity. (E) ROC analysis from plasma ddPCR indicated that at
2 d post-TBI, tail vein plasma miR-124-3p is also a sensitive and specific diagnostic
biomarker for TBI (AUC 0.815, p<0.05). (F) Linear regression analysis for tail vein plasma
miR-124-3p copy number measured in cohort 2 with ddPCR with the corresponding RT-
gPCR measurements from the same samples indicated that both RT-qgPCR and ddPCR can
be reliably used to quantify its plasma levels (R>=0.764, p<0.01). Abbreviations: AUC, area
under curve; BL, baseline; Ct, cycle threshold, d, days; ddPCR, droplet digital polymerase
chain reaction; mo, months; RT-gPCR, reverse transcriptase quantitative polymerase chain
reaction; S, sham-operated control; T, TBI-induced animal. One TBI animal was excluded
from cohort 2 due to a high standard deviation between technical replicates in ddPCR

analysis).

Fig. 4. Representative examples of lesion extent and perilesional inflammation at two
months after lateral fluid-percussion injury. Unfolded cortical maps and coronal T2-
weighted magnetic resonance images (MRI) from representative rats with a large cortical
cavity (A, C) or a small focal cortical lesion (B, D). Blue shading indicates the cortical lesion.
(E-F) Nissl stained sections showing cytoarchitectonics of the cortical areas of perilesional
T2-enhancement in cases shown in panels C-D. (G) Similar to cohort 2, tail vein plasma
miR-124-3p was upregulated (FC 1.68, p<0.05) at 2 d post-TBI in MRI cohort (cohort 3), (H)
A 43-47 hour variability in sampling time did not affect the miR-124-3p levels. (I) The ROC
analysis indicated that at 2 d post-TBI, plasma miR-124-3p is a sensitive and specific
diagnostic biomarker for TBI (AUC 0.728, p<0.05). A simple linear regression was calculated

to explain lesion area based on tail vein plasma miR-124. (J) A significant regression was

found with R® of 0.327 (p<0.01). Abbreviations: AUC, area under curve; BL, baseline; Ct,
cycle threshold, D, days; nissl, Nissl staining; TBI, traumatic brain injury. Scale bar in panel
E equals 200 um. One TBI animal was excluded from cohort 3 due to a high standard

deviation between technical replicates in RT-gPCR analysis.
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Highlights
e Evolution of cortical pathology after lateral fluid-percussion injury is variable
e Characteristics of primary impact do not explain variability in the evolution of cortical
pathology

e Plasma miR-124-3p level presents a prognostic biomarker for the evolution of
cortical pathology
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