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ABSTRACT  

Traumatic brain injury (TBI) is a disturbance in brain function caused by an 
external force, which is suffered globally by 60–70 million people each 
year. More than half of patients with moderate-to-severe TBI experience 
long-term disabilities, and even in mild TBI, more than 15% of patients 
display symptoms that have still not resolved 1 year after their injury. In 
addition, TBI patients are at an increased risk of post-traumatic epilepsy 
(PTE), which is a seizure disorder that can develop months or even years 
after the TBI. The PTE risk increases with the severity of the injury; it is 
around 2% for mild, 4% for moderate, and 17% for severe TBI. There are 
currently no treatments which can either prevent or minimize the 
epileptogenic process. The search for new antiepileptogenic treatments is 
hindered by the lack of biomarkers to identify those patients with a high 
PTE risk. Due to the low incidence and long latency period of PTE, 
preclinical and clinical treatment trials are currently very laborious and 
expensive. For this reason, reliable biomarkers of epileptogenesis could be 
used to enrich the number of patients at an increased PTE risk to be 
recruited into treatment trials. 
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This thesis aimed to identify circulating molecular biomarkers to allow 
the evaluation of the severity of the brain injury as well as the prediction of 
the development of post-traumatic epileptogenesis. Previous 
investigations have detected alterations in the levels of circulating 
microRNAs (miRNAs) and proteins both in TBI and in epilepsy, indicating 
that they may represent a potential source for PTE biomarkers. The 
miRNAs in the blood circulation are associated with extracellular vesicles 
(EVs), lipoproteins and carrier proteins. First, it was investigated whether a 
precipitation-based EV isolation method could be used to isolate EVs from 
a small volume of rat plasma to obtain EV-associated miRNAs for further 
analysis. Next, TBI-induced alterations in the plasma miRNA profile were 
investigated in a preclinical model of PTE, in which 25% of injured rats 
developed PTE during a 6-month follow-up. The relationship was examined 
between the post-injury miRNA profile with the cortical lesion severity and 
post-traumatic epileptogenesis. Finally, the levels of neurofilament light 
chain (NF-L), a marker of axonal injury, were explored in TBI rat plasma, 
and the ability of NF-L levels to predict structural and functional outcome 
in rats after TBI was investigated. 

In the first study, an analysis of the isolated EVs revealed that 
lipoproteins and other plasma proteins, including their miRNA cargo, were 
co-precipitated during the procedure. Since the EV yield was low and the 
EV pellet contained both EV-associated and protein-associated miRNAs, the 
precipitation method was found to be unsuitable for our subsequent 
studies and therefore, the second study investigated total plasma miRNAs. 
It was found that elevated levels of 7 circulating miRNAs (miR-9a-3p, miR-
124-3p, miR-323-3p, miR-434-3p, miR-136-3p, miR-132-3p, and miR-212-3p) 
distinguished the TBI rats from sham-operated and naïve controls 2 days 
after the injury. Further, 6 out of the 7 miRNAs distinguished the sham 
group from naïve controls. Higher expression levels of the circulating 
miRNAs were correlated with a larger cortical lesion area, but the miRNA 
profile did not differentiate between rats with or without PTE. In the third 
study, increased levels of plasma NF-L 2 days after injury distinguished TBI 
rats from sham-operated controls and baseline samples. Further, the NF-L 
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levels differentiated sham-operated rats from baseline samples, indicating 
NF-L as sensitive marker for a mild injury. Acutely increased plasma NF-L 
levels were associated with a larger cortical lesion area, but they did not 
predict somatomotor recovery, cognitive impairment, or PTE development.  

In conclusion, the miRNA profile or NF-L levels were not able to predict 
post-traumatic epileptogenesis. On the other hand, acutely increased 
amounts of plasma miRNAs and NF-L were demonstrated to be sensitive 
markers of brain injury, and higher miRNA and NF-L levels were associated 
with a worse structural outcome in the cortex of the TBI rats. Importantly, 
circulating miR-323-3p and miR-212-3p have not been previously 
investigated after a TBI, and very little information is available about miR-
132-3p, warranting further validation in patients with TBI. 

 
 

Keywords: biomarker, epilepsy, epileptogenesis, extracellular vesicles, 
microRNA, neurofilament, plasma, traumatic brain injury 
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epileptogeneesille aivovamman prekliinisessä mallissa 
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TIIVISTELMÄ 

Traumaattinen aivovamma on ulkoisen voiman aiheuttama muutos aivojen 
toiminnassa, ja sen saa maailmanlaajuisesti vuosittain 60−70 miljoonaa 
ihmistä. Yli puolet keskivaikean tai vaikean aivovamman saaneista 
potilaista kärsii pitkäaikaisista toiminnanvajauksista, ja yli 15 %:lla lievän 
aivovamman saaneista potilaista on jälkioireita, jotka eivät parane vuoden 
sisällä vammasta. Lisäksi aivovammapotilailla on kohonnut riski sairastua 
posttraumaattiseen epilepsiaan (PTE), joka voi kehittyä kuukausia tai jopa 
vuosia aivovamman jälkeen. PTE:n riski kasvaa aivovamman 
vakavuusasteen mukaan, ja on noin 2 % lievässä, 4 % keskivaikeassa ja 17 
% vaikeassa aivovammassa. PTE:n kehittymiseen johtavan prosessin, 
epileptogeneesin, ehkäisyyn tai minimointiin ei tällä hetkellä ole olemassa 
hoitokeinoja. Uusien hoitojen kehittäminen on vaikeaa, koska ei ole 
olemassa biomarkkereita, joiden avulla voitaisiin tunnistaa potilaat, joilla 
on kohonnut epilepsiariski. PTE:n matalan ilmaantuvuuden ja pitkän 
latenssiajan vuoksi prekliiniset ja kliiniset lääketutkimukset ovat tällä 
hetkellä erittäin työläitä ja kalliita. Epileptogeneesin tunnistavien 
biomarkkereiden avulla voitaisiin tunnistaa korkean epilepsiariskin potilaat 
ja kasvattaa heidän määräänsä lääketutkimuksissa. 
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Tämän väitöskirjatutkimuksen tavoitteena oli tunnistaa verenkierrosta 
molekulaarisia biomarkkereita, joiden avulla voitaisiin arvioida aivovaurion 
vakavuutta ja ennustaa PTE:n kehittymistä. Aiemmissa tutkimuksissa on 
havaittu, että sekä aivovamma että epilepsia aiheuttavat muutoksia 
mikroRNA:iden ja proteiinien tasoissa verenkierrossa, joten ne ovat 
lupaavia lähteitä uusille PTE:n biomarkkereille. MikroRNA:t kiertävät 
veressä solunulkoisten vesikkelien ja kuljettajaproteiinien mukana. 
Väitöskirjan ensimmäisessä osatyössä tutkittiin saostukseen perustuvan 
vesikkelien eristysmenetelmän soveltuvuutta vesikkelien eristämiseen 
pienestä määrästä rotan plasmaa. Tarkoituksena oli eristää verenkierrosta 
vesikkeleitä niiden kuljettamien mikro-RNA:iden tutkimusta varten. 
Toisessa osatyössä tutkittiin aivovamman aiheuttamia muutoksia veren 
mikro-RNA-profiilissa PTE:n prekliinisessä mallissa, jossa 25 % koe-eläiminä 
käytetyistä rotista sairastui epilepsiaan puolen vuoden seurantajakson 
aikana. Tutkimus selvitti veriplasman mikroRNA-profiilin yhteyttä 
aivokuoren vaurion laajuuteen ja aivovamman jälkeiseen 
epileptogeneesiin. Väitöskirjan viimeisessä osatyössä tutkittiin 
hermosolujen aksonivauriosta kertovan proteiinin, neurofilamentin 
kevytketjun (NF-L:n), pitoisuuksia rotan veriplasmassa aivovamman 
jälkeen. Tutkimus selvitti, ennustavatko NF-L-proteiinin tasot plasmassa 
aivovamman rakenteellista ja toiminnallista lopputulosta aivovamman 
saaneissa rotissa. 

Rotan plasmasta saostamalla eristettyjen solunulkoisten vesikkelien 
karakterisointi paljasti, että menetelmä saosti vesikkelien lisäksi 
lipoproteiineja ja muita plasman proteiineja. Koska vesikkelien määrä oli 
pieni ja näyte sisälsi vesikkelien kuljettamien mikroRNA:iden lisäksi myös 
proteiinien kuljettamia mikroRNA:ita, menetelmä ei ollut sopiva 
myöhempiin tutkimuksiimme. Tämän vuoksi toisessa osatyössä tutkittiin 
vesikkelien sisältämien miRNA:iden sijaan kaikkia plasman mikroRNA:ita. 
Tutkimuksessa havaittiin, että seitsemän mikroRNA:n (miR-9a-3p, miR-124-
3p, miR-323-3p, miR-434-3p, miR-136-3p, miR-132-3p ja miR-212-3p) 
kohonneet arvot plasmassa erottivat aivovamman saaneet rotat 
verrokkiryhmistä 2 päivää vaurion jälkeen. Lisäksi kuusi seitsemästä 
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tutkitusta mikroRNA:sta erotti kirurgisen verrokkiryhmän ryhmästä, jolle ei 
tehty toimenpiteitä. Plasman mikroRNA:iden kohonneet arvot 2 päivää 
aivovamman jälkeen korreloivat laajemman aivokuoren vaurion kanssa, 
mutta mikroRNA-tasot eivät erottaneet epilepsiaan sairastuneita rottia 
niistä, joille ei kehittynyt epilepsiaa. Kolmannessa osatyössä havaittiin, että 
NF-L-proteiinin kohonneet arvot plasmassa 2 pv aivovamman jälkeen 
erottivat aivovamman saaneet rotat sekä kirurgisesta verrokkiryhmästä 
että ennen vammaa otetuista näytteistä. Lisäksi veren NF-L-arvot erottivat 
kirurgisen verrokkiryhmän ennen toimenpidettä otetuista näytteistä, mikä 
osoitti NF-L:n olevan herkkä mittari lievälle vauriolle. Akuutisti kohonneet 
plasman NF-L-arvot korreloivat laajemman aivokuoren vaurion kanssa, 
mutta ne eivät ennustaneet somatomotorista toipumista, kognitiivisia 
häiriöitä tai PTE:n kehittymistä. 

Tutkimuksen loppupäätelmä on, että aivovamman seurauksena 
kohonneet mikroRNA:t ja NF-L-proteiinin tasot verenkierrossa eivät 
ennustaneet epilepsian kehittymistä. Tutkimuksessa kuitenkin havaittiin, 
että akuutisti kohonneet mikroRNA:t ja NF-L verenkierrossa ovat herkkiä 
aivovamman merkkiaineita, ja korkeammat mikroRNA- ja NF-L-tasot 
aivovamman saaneissa rotissa ennustavat huonompaa aivokuoren 
rakenteellista lopputulosta vamman jälkeen. Veressä kiertäviä miR-323-
3p:tä ja miR-212-3p:tä ei ole aiemmin tutkittu aivovamman jälkeen, ja miR-
132-3p:sta on vain vähän aikaisempaa tietoa, joten niitä on syytä tutkia 
lisää tulevaisuudessa aivovammapotilailta kerätyillä näytteillä. 
 
Avainsanat: aivovamma, biomarkkeri, epilepsia, epileptogeneesi, 
mikroRNA, neurofilamentti, plasma, solunulkoiset vesikkelit 
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1 INTRODUCTION 

Traumatic brain injury (TBI) is a neurological disorder that is caused by an 
external force impacting on the brain (Menon et al., 2010), which is 
commonly caused by falls and traffic accidents (Maas et al., 2022). Many 
TBI survivors suffer from long-term consequences such as physical 
limitations, cognitive deficits, headaches, and emotional dysfunctions 
(Dixon, 2017). Post-traumatic epilepsy (PTE) is one of the major 
consequences of TBI; it develops in from 2% up to 17% of patients with TBI 
depending on the injury severity (Annegers et al., 1998). PTE is a result of a 
chronic process called epileptogenesis in which the TBI-induced changes in 
the brain network lead to increased seizure susceptibility (Pitkänen et al., 
2015). Currently, there are no treatments that can prevent or minimize the 
epileptogenic process (Klein & Tyrlikova, 2020). Due to the low incidence 
rate of PTE and its long latency period, treatment trials for potential 
antiepileptogenic drug candidates are difficult and very expensive (Engel et 
al., 2013; Klein & Tyrlikova, 2020). For this reason, biomarkers that could 
predict PTE are urgently needed, as they could be used to stratify study 
subjects into different PTE risk groups, making preclinical and clinical trials 
more cost-effective. In addition, PTE biomarkers could help to identify 
those patients that require closer monitoring, and aid in the choice of the 
most appropriate treatment option. 

TBI investigators have described alterations in the microRNA (miRNA) 
and protein signatures in cerebrospinal fluid (CSF) and blood circulation, 
indicating that miRNAs and proteins may represent potential brain injury 
biomarkers (Pitkänen et al., 2021). For example, an assay of a brain-
enriched protein S100B from a blood sample is already being used in the 
clinic in the initial evaluation of the injury severity in patients with mTBI 
(Undén et al., 2013). In contrast, no miRNA biomarkers of TBI have yet been 
developed for clinical use. MiRNAs are small non-coding RNAs that regulate 
gene expression by binding to target mRNAs (Lee et al., 1993). Circulating 
miRNAs are protected from degradation due to their association with 
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carrier proteins and extracellular vesicles (EVs), which are small 
membrane-bound vesicles secreted by cells (Colombo et al., 2014). Their 
protection by carrier proteins and EVs means that circulating miRNAs are 
rather stable which is a clear advantage over proteins if they are to be used 
as biomarkers (Mitchell et al., 2008; Balakathiresan et al., 2015). In addition 
to the situation in TBI, alterations in circulating proteins and miRNAs have 
also been reported in epilepsy patients (see review by Pitkänen et al., 
2021). Whether circulating brain-derived miRNAs or proteins can predict 
the development of PTE, however, has not been investigated. 

This study aims to identify circulating miRNA and protein biomarkers 
that can be used to evaluate injury severity and predict post-traumatic 
epileptogenesis, using a recognized animal model of human PTE. In the 
first study, a commercial precipitation-based EV isolation kit was tested as 
a method to capture circulating EVs from a small volume of rat plasma for 
subsequent analysis of EV-associated miRNAs. In the second study, small 
RNA sequencing was used to reveal miRNA alterations in the plasma of 
lateral fluid percussion injury (FPI)-induced TBI rats at 2 d and 9 d after 
injury, to identify potential miRNA biomarkers for the evaluation of injury 
severity and prediction of post-traumatic epileptogenesis. The rats 
underwent a 6 months’ long follow-up that included a 1-month video-
electroencephalography (video-EEG) monitoring to detect PTE. In the third 
study, levels of a protein marker of axonal injury, neurofilament light chain 
(NF-L), were measured with single molecule array (SIMOA) in rat plasma at 
2 d, 9 d and 6 months after TBI. Correlation analyses were conducted to 
investigate the relation of plasma NF-L levels with structural and functional 
outcome after TBI, including PTE. 
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2 REVIEW OF THE LITERATURE 

2.1 TRAUMATIC BRAIN INJURY AND POST-TRAUMATIC EPILEPSY 

2.1.1 Traumatic brain injury 

The position statement by Menon et al. (2010) defined TBI as “an alteration 
in brain function, or other evidence of brain pathology, caused by an 
external force”. The estimated global incidence of TBI is around 60−70 
million people per year (Dewan et al., 2019), and the cost of TBI to the 
global economy has been estimated to be around 400 billion US dollars 
each year (Maas et al., 2022). In Finland, the incidence rate of hospitalized 
TBI among the working-age population (16−69 years of age) is 69/100,000 
overall (Posti et al., 2022). The incidence rate is more than twice as high in 
men (94/100,000) than in women (44/100,000). Globally, the most common 
causes of TBI include falls and traffic accidents (Maas et al., 2022). In 
addition, TBIs are caused by violence, conflicts, and activities that have an 
increased risk of head impact, such as contact sports. 

By using the Glasgow Coma Scale (GCS), TBI can be classified as mild 
(GCS 13−15), moderate (GCS 9−12), or severe (GCS 3−8) (Teasdale et al., 
2014). Most TBIs, 70−90%, are mild (Cassidy et al., 2004), however, mild TBI 
can still cause physical symptoms such as headaches and dizziness, and 
deficits in cognitive functions (Daneshvar et al., 2011; McInnes et al., 2017). 
In most cases, the functional deficits become resolved within 3 months to 1 
year from the injury (Carroll et al., 2004). On the other hand, a significant 
minority of people with mTBI experience persistent symptoms, such as 
cognitive impairment, that last > 1 year after the injury (McInnes et al., 
2017; Machamer et al., 2022). In moderate to severe TBI, the mortality of 
hospitalized patients is around 10−30% (Wilson et al., 2017; Jochems et al., 
2021; Niemeyer et al., 2022; Raj et al., 2022). In addition, more than 50% of 
moderate-to-severe TBI survivors suffer from long-term functional 
disabilities (Whitnall et al., 2006; McCrea et al., 2021). Furthermore, even 
mild TBI increases the risk of neurodegenerative diseases, such as chronic 
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traumatic encephalopathy (McKee et al., 2013), Parkinson’s disease 
(Gardner et al., 2018), and post-traumatic epilepsy (PTE) (Annegers et al., 
1998). Moreover, repetitive mild TBIs are a health concern especially in 
contact sports such as ice-hockey, soccer, and American football 
(Senaratne et al., 2022). For instance, recent studies have detected an 
increased risk of neurodegenerative disease in former professional soccer 
players (Mackay et al., 2019; Russell et al., 2021), which have led to 
proposals to reduce head impacts in soccer among children. 

 
2.1.2 Pathophysiology of TBI 

TBI is caused by primary and secondary injury mechanisms (Figure 1). The 
primary injury consists of the direct consequences of the external forces 
impacting the brain, such as axonal shearing and stretching (Dixon, 2017; 
Kaur & Sharma, 2018). Further, the initial injury may damage the blood 
vessels in the brain, causing hemorrhage. The initial impact may also lead 
to a rupture of the blood-brain barrier (BBB), allowing the recruitment of 
blood-borne immune cells to reach the injured site (Kumar & Loane, 2012). 
The secondary injury refers to events that occur in response to the primary 
injury hours to days after the initial injury, such as excitotoxicity, 
mitochondrial dysfunction, oxidative stress, inflammation, axon 
degeneration, and apoptotic cell death (Kaur and Sharma, 2018; Jarrahi et 
al., 2020). In some cases, the primary injury can be mitigated by preventive 
actions, for example by wearing a helmet in sports that are known to have 
an elevated TBI risk (Maas et al., 2022). However, so far, there are no 
neuroprotective treatments available for TBI that could stop the injury’s 
progression (Kaur and Sharma, 2018). There is a clear unmet clinical need 
to develop new therapeutic strategies for TBI i.e., treatments that could 
block or mitigate the secondary injury mechanisms (Loane and Faden, 
2010; Jarrahi et al., 2020). 
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Figure 1. Primary and secondary injury mechanisms of TBI. 
 
2.1.3 Post-traumatic epilepsy 

TBI is a major cause of epilepsy, as it is responsible for 10−20% of 
symptomatic epilepsies and around 5% of all epilepsies (Herman, 2002; 
Agrawal et al., 2006). Post-traumatic epilepsy (PTE) is defined as the 
occurrence of spontaneous late seizures >1 week after TBI (Christensen, 
2015). The risk of PTE increases with the severity of the TBI. The 30-year 
cumulative incidence rate for PTE is around 2% for mild TBI, 4% for 
moderate TBI, and 17% for severe TBI (Annegers et al., 1998). The time 
from injury to the appearance of the first spontaneous seizure varies from 
weeks or months, even to years (Annegers et al., 1998; Englander et al., 
2003; Yu et al., 2021). Englander et al. (2003) reported that 80% of patients 
with TBI that developed PTE within 2 years from injury experienced the first 
seizure ≤ 1 year after the injury. According to Yu and colleagues (2021), the 
latency to the first spontaneous late seizure was ≤ 1 year in 46% of patients 
with PTE, whereas around 13% of patients experienced the first seizure >10 
years after the injury. Seizures recurrence is common after the appearance 
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of the first seizure; most of the patients that experience a late seizure 
(82%) suffer a second seizure within 1 year from the injury (Haltiner et al., 
1997). 
 
2.1.4 Epileptogenesis after TBI 

Epileptogenesis is a process in which the brain tissue develops the 
capability to generate spontaneous seizures, resulting in the development 
of an epileptic condition, and/or progression of established epilepsy 
(Pitkänen, 2010). Neuropathological events of TBI, such as inflammation, 
breakdown of the BBB, epigenetic alterations, and reorganization of neural 
circuits have been associated with the progression of post-traumatic 
epileptogenesis (Golub & Reddy, 2022). For instance, the presence of 
inflammation increases the levels of cytokines such as interleukin-1β (IL-
1β), which exerts excitatory effects on the neurons (Vezzani et al., 2011). 
Furthermore, the increased permeability of the BBB due to the initial injury 
or subsequent inflammation permits the leakage of serum albumin from 
the bloodstream into the brain parenchyma, contributing to excitatory 
synaptogenesis (Weissberg et al., 2015). Epigenetic alterations refer to 
several changes for example, histone modifications, DNA methylation or 
changes in the regulation of gene expression caused by miRNAs (Younus 
and Reddy, 2017; Golub and Reddy, 2022). Alterations in miRNA expression 
in the brain tissue have been detected both in TBI and epilepsy (Di Pietro et 
al., 2018; Brennan and Henshall, 2020; Kumar, 2023), however, the role of 
miRNAs in post-traumatic epileptogenesis is still a mystery. In summary, 
the TBI-induced pathological mechanisms result in neuronal losses and a 
reorganization of neuronal connections, which lead to changes in 
excitatory and inhibitory circuits (Hunt et al., 2013; Golub and Reddy, 2022). 
For instance, in the dentate gyrus of the hippocampus, TBI was reported to 
induce a loss of inhibitory interneurons (Pitkänen et al., 2019; Klein and 
Tyrlikova, 2020). 
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2.1.5 Animal models of PTE 

Animal models of PTE have been developed to investigate the mechanisms 
underpinning post-traumatic epileptogenesis and to test potential anti-
epileptogenic treatments. Similar to human PTE, the experimental animals 
develop recurrent spontaneous seizures after a latency period following 
the injury (Ostergard et al., 2016). A fluid percussion injury (FPI) and a 
controlled cortical impact (CCI) have been the two most commonly 
exploited PTE models (Ostergard et al., 2016; Santana-Gomez et al., 2021), 
with either rats or mice as the experimental animals. 

FPI model. In FPI, a small craniotomy is performed under general 
anesthesia to expose the dura, after which the animal is connected to a 
fluid-percussion device that consists of a saline-filled tube and a pendulum 
(see review Ostergard et al., 2016). As the mallet of the pendulum hits the 
other end of the saline-filled tube, it triggers a fluid pulse that travels 
through the tube and induces an injury on the brain of the animal 
connected to the device. The severity of the injury can be modified by 
changing the height from which the pendulum is released. In lateral FPI 
(LFPI), the craniotomy is performed laterally to the parietal bone to mimic a 
rotational force vector (McIntosh et al., 1989). LFPI induces a focal cortical 
contusion and diffuse subcortical neuronal injury, which also includes 
damage in the hippocampus and thalamus, and in this respect, it models 
human TBI without a skull fracture (Xiong et al., 2013). At the pressure 
pulse of ≥ 3 atmospheres (atm), which causes severe TBI, the mortality of 
rats is around 30% (Kharatishvili et al., 2006). Around one in every four of 
the surviving rats will develop PTE within 6 months and 50% within 1 year 
from the injury. Other comorbidities associated with the LFPI model 
include impairments in cognitive and sensorimotor functions (Pitkänen et 
al., 2009). 

CCI model. In CCI, the dura is exposed by performing a small craniotomy 
under general anesthesia, after which the dura is struck directly by a 
pneumatic or electromagnetic impactor (Lighthall, 1988; Ostergard et al., 
2016). The method was initially developed for ferrets (Lighthall, 1988) but 
has since been adapted for rats and mice (Dixon et al., 1991; Smith et al., 
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1995). The severity of the injury can be modified by adjusting the depth of 
the impactor. The CCI models a penetrating brain injury and while it 
induces mostly a focal cortical injury (Ostergard et al., 2016), signs of 
neurodegeneration have also been observed in the hippocampus (Hall et 
al., 2005). In contrast to the FPI model, the CCI model has a very low 
mortality (Osier & Dixon, 2016). The percentage of mice that develop late 
spontaneous seizures after CCI-induced TBI has been reported to vary 
from 9% to 20% at an injury depth of 0.5 mm (Hunt et al., 2009; Bolkvadze 
and Pitkänen, 2012) and from 36% to 50% at an injury depth of ≥ 1.0 mm 
(Hunt et al., 2009; Guo et al., 2013; Brady et al., 2019). With rats, late 
seizures have been reported in about one in every five animals (Kelly et al., 
2015). As with FPI, the CCI-induced injury causes impairments in cognitive 
and sensorimotor functions of the animals (Fox et al., 1998; Washington et 
al., 2012). 

 
2.1.6 Definition of biomarkers 

The BEST (Biomarkers, EndpointS, and other Tools) Resource defines a 
biomarker as “a defined characteristic that is measured as an indicator of 
normal biological processes, pathogenic processes, or biological responses 
to an exposure or intervention, including therapeutic interventions” (FDA-
NIH Biomarker Working Group, 2016). The characteristic can be molecular, 
histologic, radiographic, or physiologic. According to the BEST Resource, 
there are 7 biomarker categories: susceptibility/risk biomarker, diagnostic 
biomarker, monitoring biomarker, prognostic biomarker, predictive 
biomarker, response biomarker, and safety biomarker. For example, a 
prognostic biomarker is a biomarker that can be used to evaluate the 
probability of a clinical event or disease progression, such as the 
development of PTE after TBI. In contrast, a response biomarker is a 
biomarker that can be used to identify biological response to a treatment, 
for example, a reduction in epileptiform activity in the EEG after 
administration of anti-seizure medication. 
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2.1.7 Biomarkers for epileptogenesis 

Since only a small percentage of patients with TBI develop PTE and the 
latency period may be months or even years, antiepileptogenic treatment 
studies would need to recruit such a large patient cohort with a long 
follow-up duration that they are too laborious and expensive to carry out 
(Engel et al., 2013; Klein and Tyrlikova, 2020). Even in preclinical models of 
PTE, only a minority of the animals develop spontaneous seizures 
(Kharatishvili and Pitkänen, 2010; Golub and Reddy, 2022). Therefore, there 
is a high demand to discover prognostic biomarkers that could be used to 
stratify subjects at the highest PTE risk into different groups in preclinical 
and clinical studies, as this would be beneficial in the development of 
antiepileptogenic treatments (Pitkänen et al., 2021). 

Several investigators have searched for imaging, electrographic, genetic, 
and molecular biomarkers which could predict epileptogenesis after TBI 
(Pitkänen et al., 2021; Golub and Reddy, 2022). With respect to imaging 
biomarkers of post-traumatic epileptogenesis, there are a few preclinical 
reports describing parameters detected in the analysis of brain magnetic 
resonance imaging (MRI) scans that do seem to be indicative of an elevated 
seizure susceptibility (Pitkänen & Immonen, 2014) or an increased 
probability of PTE after LFP-induced TBI (Manninen et al., 2021). 
Electrographic biomarkers refer to abnormal patterns evident in an EEG 
analysis. There are studies indicating that electrographic findings such as 
an increased occurrence of high-frequency oscillations (Reid et al., 2016) 
and the length of sleep spindles (Andrade et al., 2017) may be associated 
with epileptogenesis after LFPI. Genetic biomarkers refer to DNA 
sequences that are associated with disease susceptibility (Pitkänen et al., 
2021; Golub and Reddy, 2022). Clinical studies have identified several 
genes, such as the glutamate transporter encoding SLC1A3, in which a 
single nucleotide polymorphism leads to an increased risk of the individual 
developing post-traumatic seizures (Kumar et al., 2019; Pitkänen et al., 
2021). Molecular biomarkers refer to factors such as proteins and miRNAs 
that can be measured in biological samples such as blood, CSF, or a tissue 
biopsy (Golub and Reddy, 2022). Currently, no molecular biomarkers have 
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been discovered for PTE. Blood-based biomarkers of post-traumatic 
epileptogenesis would be especially useful, as blood sampling is minimally 
invasive and routinely performed in hospitals, allowing simple longitudinal 
monitoring. 

 

2.2 CIRCULATING miRNAs AS DISEASE BIOMARKERS 

2.2.1 miRNA biogenesis and function 

MicroRNAs are small non-coding RNAs with a length of around 22 
nucleotides, and they function in the post-transcriptional regulation of 
gene expression (Lee et al., 1993; Wightman et al., 1993). Currently, >2600 
mature miRNAs are known for humans, and >800 mature miRNAs have 
been detected in rats (Kozomara et al., 2019) (https://mirbase.org/, 
accessed on 5.10.2023). Most of the mammalian miRNAs (~50%) are 
located in the intergenic regions of the genome and are therefore 
transcribed independently of a host gene, whereas around 40% are located 
in introns and 10% within the exons of other genes (O’Carroll & Schaefer, 
2013). 

In the canonical miRNA biogenesis pathway (Figure 2), a primary miRNA 
(pri-miRNA) is first transcribed in the nucleus by RNA polymerase II (Lin & 
Gregory, 2015; O’Brien et al., 2018). Next, the pri-miRNA is processed into a 
precursor-miRNA (pre-miRNA) by a microprocessor complex that consists 
of ribonuclease III enzyme Drosha and RNA-binding protein DGCR8 (Denli 
et al., 2004). The pre-miRNA is exported from the nucleus to the cytoplasm 
by a complex formed by exportin 5 and RanGTP (Lund et al., 2004). In the 
cytoplasm, the pre-miRNA is further processed by RNAse III endonuclease 
Dicer, which cleaves the terminal loop, producing a mature miRNA duplex 
(Ketting et al., 2001). The miRNA duplex is incorporated into the Argonaute 
(Ago) protein. Next, either the 5p strand or the 3p strand, i.e., the strands 
originating from the 5’ end or the 3’ end of the pre-miRNA, remains with 
Ago as a guide miRNA while the other strand is discarded (Meijer et al., 
2014). In addition to the canonical miRNA biogenesis pathway, there are 
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also pathways that are independent of processing by Drosha/DGCR8 or 
Dicer (O’Brien et al., 2018; Shang et al., 2023). 

Together, the miRNA strand and the Ago protein form a miRNA-induced 
silencing complex (miRISC) that regulates gene expression by miRNA-
guided binding to the target mRNA, which blocks translation of the target 
mRNA and leads to mRNA degradation (Jonas & Izaurralde, 2015). One 
miRNA can regulate the expression of hundreds of proteins (Selbach et al., 
2008). The target specificity is defined by the miRNA “seed” region, i.e., the 
bases 2−8 of the miRNA, which are usually perfectly complementary to the 
sequence of the target mRNA (Lewis et al., 2003). The binding sites for 
miRNAs are typically located in the 3’ untranslated region of the target 
mRNA. In addition to transcription inhibition in the cytoplasm, miRNAs can 
also function as transcriptional regulators in the nucleus by binding to 
gene promoters or enhancers (Liu et al., 2018). Furthermore, some miRNAs 
are actively secreted out of cells (Mori et al., 2019). In vitro and in vivo 
studies have indicated that the secreted miRNAs are taken up by other 
cells, and they can affect gene expression in the recipient cell (Valadi et al., 
2007; Makarova et al., 2016). 

 
Figure 2. Canonical pathway of miRNA biogenesis. The figure is based on 
the figures in Lin & Gregory (2015) and O’Brien et al. (2018). 
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2.2.2 miRNAs as disease biomarkers 

Since the discovery of miRNAs around 30 years ago, numerous 
investigators have reported alterations in miRNA expression in different 
diseases, including neurodegenerative diseases and epilepsy (Paul et al., 
2018; Juźwik et al., 2019). In addition to tissues, alterations in miRNA 
expression in pathological conditions have been detected in blood and 
other biofluids (Juźwik et al., 2019), making biofluid miRNAs an attractive 
source for new disease biomarkers. Moreover, many miRNAs are 
specifically expressed in certain tissues. For example, miR-122 is 
considered as a liver-specific miRNA, whereas miR-124 and miR-9 are 
specifically expressed in the brain (Landgraf et al., 2007; Minami et al., 
2014; Ludwig et al., 2016; Bushel et al., 2018). Since in diseases of the 
central nervous system (CNS), a tissue biopsy is rarely possible, an analysis 
of brain-derived miRNAs in a biofluid such as blood could provide a 
minimally invasive method for aiding in disease diagnosis or for monitoring 
the progression of the disease. Multiple studies have investigated 
circulating miRNAs as potential biomarkers for CNS disorders (Sheinerman 
et al., 2013; Condrat et al., 2020; Pitkänen et al., 2021), however, none of 
them are yet in clinical use.  
 
2.2.3 miRNA carriers in blood 

MiRNAs are secreted from cells through two main routes: transport in 
extracellular vesicles (EVs) and transport in protein-miRNA complexes such 
as lipoproteins and Argonaute2 (Ago2) (Mori et al., 2019). MiRNAs can also 
leak from damaged or broken cells, a process which likely occurs in TBI. In 
blood, circulating miRNAs are associated with EVs (Hunter et al., 2008), 
lipoproteins (Vickers et al., 2011; Wagner et al., 2013), and Ago2 protein 
(Arroyo et al., 2011; Turchinovich et al., 2011) (Figure 3). The association of 
circulating miRNAs with the carriers protects them from degradation by 
ribonucleases and increases their stability; it has been demonstrated that 
plasma miRNA levels remain stable during multiple freeze-thaw cycles or a 
24-h incubation at room temperature (Mitchell et al., 2008). 
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Circulating miRNAs are not evenly distributed between the different 
carriers. Arroyo and colleagues analyzed 375 miRNAs in human serum and 
plasma and showed that most of the circulating miRNAs were vesicle-free, 
with only 15% being associated with EVs (Arroyo et al., 2011). In another 
study, only 11 out of 130 (~8%) miRNAs detected in human plasma were 
found to be mainly associated with carriers other than Ago2 (Geekiyanage 
et al., 2020). The distribution into different carriers varies between the 
miRNAs; some are predominantly associated with EVs, some are carried by 
both EVs and Ago2, and some are mainly associated with the Ago2 
complexes (Arroyo et al., 2011). In addition, the 3’ and 5’ strands of the 
same miRNA can have different carriers. For example, miR-142-3p 
associated mainly with EVs in rat plasma, whereas miR-142-5p was 
enriched in the protein fractions (Korotkov et al., 2020b). It has also been 
reported that circulating miRNAs are also carried by high-density 
lipoproteins (HDL), and to a lesser extent by low-density lipoproteins (LDL) 
(Vickers et al., 2011; Wagner et al., 2013) but the percentage of circulating 
miRNAs carried by lipoproteins is not known. Vickers and colleagues 
reported miR-223 as the most abundant HDL-bound miRNA, however, 
Wagner and colleagues found that HDL-bound miR-223 accounted for only 
~8% of all circulating miR-223. The distribution of individual miRNAs 
between the different carriers may also differ between the healthy and the 
disease states. For instance, it was claimed that the proportion of Ago2-
bound circulating miR-328-3p increased after an epileptic seizure in TLE 
patients (Raoof et al., 2018). 
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Figure 3. Secretion of extracellular miRNAs and their carriers. 
 
2.2.4 Extracellular vesicle associated miRNAs 

EVs are lipid bilayer-enclosed vesicles secreted by cells, and they are 
present in multiple biofluids including blood, CSF, urine, and saliva 
(Colombo et al., 2014; Yáñez-Mó et al., 2015). Based on their biogenesis 
pathway, EVs are traditionally classified into 3 classes, which are exosomes, 
microvesicles and apoptotic bodies (El Andaloussi et al., 2013) (Figure 3). 
Exosomes have a size of around 40−120 nm, and they are formed within 
the endosomal network. Exosomes are released from the cell when a 
multivesicular body fuses with the plasma membrane. In contrast, 
microvesicles (size 50−1000 nm) originate from the cell surface and are 
formed by an outward budding of the plasma membrane. The third class 
of EVs, apoptotic bodies, is formed by an outward budding of cell 
membrane of an apoptotic cell, and their size ranges from 500 to 2000 nm. 
Since there do not seem to be specific markers that could distinguish the 
EVs with different subcellular origins, the International Society for 
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Extracellular Vesicles (ISEV) recommends use of the generic term “EVs” 
(Théry et al., 2018). 

EVs function as transporters of biological information between different 
cells (Valadi et al., 2007; Colombo et al., 2014). In addition to cell-to-cell 
transport, EVs function in cellular clearance of unwanted proteins (Vidal, 
2019). The cargo of EVs consists of proteins, lipids, and multiple forms of 
RNA, such as mRNA, miRNA, and long non-coding RNA (Valadi et al., 2007; 
Kogure et al., 2013; Colombo et al., 2014; Yáñez-Mó et al., 2015). In the 
CNS, EVs are secreted by all kinds of cells, and they have important 
functions both in neurogenesis during early development and in the 
maintenance of normal functions of the mature brain (Schnatz et al., 2021). 
For example, miRNA transferred in the EVs secreted by neurons regulate 
the uptake of glutamate by astrocytes in the synaptic cleft (Morel et al., 
2013), whereas EVs secreted by astrocytes protect neurons from oxidative 
stress and promote neuronal survival (Upadhya et al., 2020). 

Many researchers have investigated the potential of EV-enriched 
miRNAs in blood and other body fluids as biomarkers for different 
diseases, including neurodegenerative diseases (Thompson et al., 2016). 
EVs can enter the systemic circulation from the CNS after crossing the BBB 
(Alvarez-Erviti et al., 2011; García-Romero et al., 2017; Shi et al., 2019). 
Other suggested routes for EV transport from the CNS include transport 
from the brain tissue to CSF through the choroid plexus, and transport 
from the brain to blood via the lymphatic system (Shi et al., 2019). 
Importantly, EVs have features that can improve the biomarker 
performance of EV-associated miRNAs compared to an analysis of the total 
miRNA pool (Guedes et al., 2020). First, it was postulated that cells actively 
sort miRNAs into EVs for secretion, whereas the secretion of Ago2-bound 
extracellular miRNAs has been considered as a more of a passive process 
that occurs during cell death or disruption of the plasma membrane 
(Turchinovich et al., 2012; Makarova et al., 2021). Therefore, EV-associated 
miRNAs may provide information from different cell populations compared 
with vesicle-free miRNAs, for example, healthy tissue vs. damaged tissue. 
Second, the proteins on the surface of the EVs reflect the identity of the 
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parental cell (Hallal et al., 2022), which enables the specific capture of EV 
subpopulations by immunoprecipitation methods and thereby offers a 
possibility to investigate the cargo of EVs originating from specific tissues 
or cells (Mustapic et al., 2017; Shi et al., 2019; Newman et al., 2022). 

So far, there are a few studies investigating various diseases that have 
found evidence of potential improved biomarker performance of EV-
miRNAs compared to protein-associated miRNAs or the total miRNA pool in 
the blood or CSF (Raoof et al., 2017; Sohn et al., 2015; Yang et al., 2017). Since 
different miRNAs have different carriers and their distribution between the 
carriers may change from the healthy to the disease state, it still needs to be 
clarified whether an analysis of EV-miRNAs improves diagnostic accuracy 
and most likely this will need to be determined on a case-by-case approach. 

It is also important to bear in mind that the EV isolation methods can 
affect the composition of the resulting EV population, as the methods only 
capture a subpopulation of the total EVs. For example, depending on the 
isolation method, the discriminating factor can be size, density, or the 
presence of a specific protein on the EV membrane (Konoshenko et al., 
2018). Importantly, it has been shown that the isolation of circulating EVs 
from plasma or serum with different methods does result in different 
miRNA profiles (Rekker et al., 2014; Tang et al., 2017; Buschmann et al., 
2018; Ding et al., 2018). 

 
2.2.5 Circulating miRNAs as TBI biomarkers 

There are multiple preclinical and clinical studies describing TBI-induced 
alterations in miRNA expression levels in blood, CSF, and saliva (Atif and 
Hicks, 2019; Toffolo et al., 2019; Huibregtse et al., 2021; Ghaith et al., 2022). 
A summary of published studies on miRNA levels in blood circulation after 
a TBI is presented in Table 1. As seen in the table, there is extensive 
variability in these studies where the levels of the miRNAs have changed. 
The variability may result from many factors such as differences in samples 
(serum vs. plasma), cause and severity of the injury, age of the patients, 
sampling time-point, sample processing, and miRNA analysis methods (e.g. 
miRNA sequencing, different miRNA arrays) (Di Pietro et al., 2018; Atif and 
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Hicks, 2019). The exact mechanisms leading to alterations in miRNA 
expression after TBI are not known, but they likely include the release of 
miRNAs from damaged neurons and the disrupted BBB, and if there has 
been an inflammatory response to the injury (Atif and Hicks, 2019; 
Korotkov et al., 2020b). 

Ideally, a clinically useful biofluid biomarker of TBI should 1) be rapidly 
and conveniently accessed, 2) show considerably elevated levels at the 
acute time-point after injury as compared to controls, 3) have a low 
background expression in a healthy control population, 4) be mainly 
derived from the injured brain rather than from other sources, 5) be 
related to the TBI severity defined by other diagnostic tools [GCS, 
computed tomography (CT), and MRI] (Wang et al., 2018). Furthermore, an 
ideal biomarker should be detectable with more than one assay, show a 
similar profile in more than one animal model of TBI, correlate with TBI 
outcome, and respond to therapeutic interventions (Wang et al., 2018). 
Although TBI studies have identified a few potential circulating miRNA 
biomarkers that meet several of the listed requirements, none has yet 
been translated into clinical use. 
 
Table 1. Circulating miRNA biomarkers of TBI. 

Species, 
sample 

Study design Alteration ROC AUC Reference 

human 
plasma 

patients with 
mTBI or sTBI vs. 

healthy 
controls or 

patients with 
orthopedic 

injury 

mTBI vs. HC: 
miR-16 ↑ 

miR-92a ↑ 
sTBI vs. HC: 

miR-16 ↓ 
miR-92a ↓ 
miR-765 ↑ 

mTBI vs. HC: 
miR-16: 0.82 

miR-92a: 0.78 
sTBI vs. HC: 
miR-16: 0.89 

miR-92a: 0.82 
miR-765: 0.86 

sTBI vs. OI: 
miR-16: 0.92 

miR-92a: 0.83 
miR-765: 0.79 

(Redell et al., 
2010) 
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rat 
serum 

rats with blast-
induced TBI vs. 

controls 

TBI vs. controls: 
miR-let-7i ↑ 

no ROC 
analysis 

(Balakathiresan 
et al., 2012) 

mouse 
serum 

mice with 
weight-drop-
induced mTBI 

vs. sham-
operated 
controls 

mTBI vs. 
controls: 

miR-376a ↑ 
miR-214 ↑ 

miR-199a-3p ↑ 

no ROC 
analysis 

(Sharma et al., 
2014) 

human 
serum 

patients with 
mild to severe 
TBI, orthopedic 
injury controls, 

and healthy 
controls 

TBI vs. HC: 
miR-195 ↑ 
miR-30d ↑ 
miR-451 ↑ 
miR-328 ↑ 
miR-92a ↑ 
miR-486 ↑ 

miR-505* ↑ 
miR-362 ↑ 
miR-151 ↑ 
miR-20a ↑ 

TBI vs. HC: 
miR-195: 0.81 

miR-30d: 
0.75 

miR-451: 0.82 
miR-328: 0.73 
miR-92a: 0.88 
miR-486: 0.81 

miR-505*: 
0.82 

miR-362: 0.79 
miR-151: 0.66 
miR-20a: 0.78 

(Bhomia et al., 
2016) 

human 
serum 

patients with 
TBI vs. healthy 

controls 

TBI vs. HC: 
miR-93 ↑ 

miR-191 ↑ 
miR-499 ↑ 

TBI vs. HC: 
miR-93: 1.00 

miR-191: 0.73 
miR-499: 0.80 
mTBI vs. HC: 
miR-93: 1.00 

miR-191: 0.74 
miR-499: 0.82 

(Yang et al., 
2016) 

human 
serum 

patients with 
extracranial 
injury (EC), 

patients with 
mTBI+EC, 

patients with 

mTBI+EC vs. 
others (≤ 1h): 

miR-425 ↓ 
miR-502 ↓ 

sTBI vs. others 
(≤ 1h): 

mTBI+EC vs. 
others (≤ 1h): 

miR-425: 
0.91−1.00 
miR-502: 
0.99−1.00 

(Di Pietro et al., 
2017) 



 

45 
 

sTBI+EC, and 
healthy 
controls 

miR-335 ↑ 
sTBI+EC vs. 

others (4−12h): 
miR-21 ↑ 

sTBI vs. 
others (≤ 1h: 

miR-335: 
0.78−0.99 

sTBI+EC vs. 
others 

(4−12h): 
miR-21: 

0.90−0.96 

human 
plasma 

patients with 
mild to severe 
TBI vs. healthy 

controls 

TBI vs. HC: 
miR-6867-5p ↑ 

miR-3665 ↑ 
miR-328-5p ↑ 

miR-762 ↑ 
miR-3195 ↑ 
miR-4669 ↑ 
miR-2861 ↑ 

TBI vs. HC: 
miR-6867: 

0.85 
miR-3665: 

0.88 
miR-328-5p: 

0.89 
miR-762: 0.92 

miR-3195: 
0.90 

miR-4669: 
0.91 

miR-2861: 
0.91 

mTBI vs. HC: 
miR-6867: 

0.77 
miR-3665: 

0.92 
miR-328-5p: 

0.86 
miR-762: 0.92 

miR-3195: 
0.86 

miR-4669: 
0.89 

miR-2861: 
0.90 

(Qin et al., 
2018) 
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mouse 
plasma 

mice with single 
or repeated 

blast-induced 
TBI vs. controls 

TBI vs. controls: 
miR-127 ↑ 

no ROC 
analysis 

(Sajja et al., 
2018) 

rat 
plasma 

weight-drop 
induced TBI 

rats vs. sham-
operated 
controls 

TBI vs. sham: 
miR-23b ↓ 

no ROC 
analysis 

(Sun et al., 
2018) 

human 
plasma 

patients with 
TBI vs. healthy 

controls 

TBI vs. HC: 
miR-23b ↓ 

no ROC 
analysis 

(Sun et al. 
2018) 

human 
serum 

athletes with 
sport-related 
concussion 
(baseline vs. 

post-
concussion) 

mTBI vs. 
baseline: 
miR-153 ↑ 

miR-223-3p ↑ 
miR-let-7a-5p ↑ 

no ROC 
analysis 

(Svingos et al., 
2019) 

human 
serum 

martial arts 
fighters pre-

fight vs. post-
fight 

pre-fight vs. 
post-fight: 

9 miRNAs ↑ 
5 miRNAs ↓ 

no ROC 
analysis 

(LaRocca et al., 
2019) 

human 
serum 

patients with 
sTBI, blood 

samples 
collected at 

different post-
injury time-

points 

12h vs. 2h: 
10 miRNAs ↑ 
3 miRNAs ↓ 
24h vs. 2h: 
8 miRNAs ↑ 
3 miRNAs ↓ 
48h vs. 2h: 
5 miRNAs ↑ 
1 miRNA ↓ 
72h vs. 2h: 
7 miRNAs↑ 
1 miRNA ↓ 

no ROC 
analysis 

(Ma et al., 
2019) 

human 
serum 

patients with 
mTBI or sTBI vs. 

TBI vs. HC: 
miR-103a-3p ↑ 

mTBI or sTBI 
vs. HC: 

(Yan et al., 
2019) 
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healthy 
controls 

miR-219a-5p ↑ 
miR-302d-3p ↑ 

miR-422a ↑ 
miR-518f-3p ↑ 
miR-520d-3p ↑ 

miR-627 ↑ 

miR-103a-3p: 
0.81−0.82 

miR-219a-5p: 
0.79−0.86 

miR-302d-3p: 
0.80−0.84 
miR-422a: 
0.80−0.83 

miR-518f-3p: 
0.75 

miR-520d-3p: 
0.85 

miR-627: 
0.79−0.80 

human 
serum 

patients with 
TBI vs. healthy 

controls 

TBI vs. HC: 
miR-219a-5p ↑ 

miR-9-5p ↑ 
miR-9-3p ↑ 
miR-137 ↑ 

miR-124-3p 
(n.s) ↑ 

miR-128-3p 
(n.s) ↑ 

TBI vs. HC: 
miR-219a-5p: 

0.89 
miR-9-5p: 

0.89 
miR-9-3p: 

0.78 
miR-137: 0.81 

(O’Connell et 
al., 2020b) 

human 
serum 

athletes pre-
season vs. post-
season vs. non-
athlete controls 

pre-season vs. 
post-season: 
miR-505* ↑ 

miR-362-3p ↑ 
miR-30d ↑ 
miR-92a ↑ 
miR-486 ↑ 
miR-195 ↑ 

concussed 
vs. non-

concussed: 
miR-505*: 

0.83 
miR-362-3p: 

0.75 
miR-30d: 

0.86 
miR-92a: 0.92 
miR-195: 0.92 

(Papa et al., 
2019) 

human 
serum 

patients with 
mTBI vs. 

mTBI vs. HC: 
miR-151 ↑ 

miR-362-3p ↑ 
no ROC 

(Polito et al., 
2020) 
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healthy 
controls 

miR-486 ↑ 
miR-499 ↑ 
miR-505 ↑ 
miR-381 ↑ 
miR-625 ↑ 
miR-638 ↑ 

human 
serum 

patients with 
isolated TBI, 
patients with 

polytrauma and 
sTBI, patients 

with 
polytrauma, 
and healthy 

controls 

TBI vs. HC: 
miR-423-3p ↑ 
miR-124-3p ↑ 

 

injury 
severity 

prediction: 
miR-423-3p: 

0.79 

(Schindler et 
al., 2020) 

rat 
plasma 

LFPI-induced 
TBI rats vs. 

sham-operated 
controls 

TBI vs. sham: 
miR-124-3p ↑ 

TBI vs. sham: 
miR-124-3p: 

0.73−0.88 
(multiple 
cohorts) 

(Vuokila et al., 
2020) 

human 
serum 

patients with 
TBI vs. 

uninjured 
controls 

TBI vs. HC: 
16 miRNAs ↑ 
7 miRNAs ↓ 

no ROC 
(Weisz et al., 

2020) 

rat 
plasma 

LFPI-induced 
mTBI or sTBI 

rats vs. sham-
operated 

controls and 
naive rats 

mTBI or sTBI vs. 
controls: 

miR-9-3p ↑ 
miR-136-3p ↑ 
miR-434-3p ↑ 

sham vs. 
naïve: 

miR-434: 0.90 
mTBI vs. 

sham: 
miR-9-3p: 

0.98 
miR-434-3p: 

0.71 
sTBI vs. 
mTBI: 

(Das Gupta et 
al., 2021) 



 

49 
 

miR-9-3p: 
1.00 

miR-434-3p: 
1.00 

miR-136-3p: 
0.91 

human 
plasma 

patients with 
mTBI or sTBI 

mTBI patients 
with high S100B 
vs. HC: miR-9-

3p ↑ 
miR-136-3p ↑ 

 

no ROC 
analysis 

(Das Gupta et 
al., 2021) 

human 
plasma 

recovered mTBI 
patients vs. 

non-recovered 
mTBI patients 

recovered vs. 
non-recovered 
mTBI patients: 

miR-32-5p ↑ 
miR-142-3p ↓ 
miR-223-3p ↓ 
miR-423-3p ↓ 

recovered vs. 
non-

recovered 
(7d): 

miR-32-5p: 
0.81 

miR-223-3p: 
0.85 

miR-423-3p: 
0.81 

recovered vs. 
non-

recovered 
(28d): 

miR-32-5p: 
0.67 

miR-142-3p: 
0.77 

miR-223-3p: 
0.69 

miR-423-3p: 
0.71 

(Mitra et al., 
2022) 

human 
plasma 

Australian 
football players 

before 

post-injury (6d, 
13d) vs. 

baseline: 

no ROC 
analysis 

(Shultz et al., 
2022) 
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concussion vs. 
after 

concussion 

miR-221 ↓ 
miR-27a ↓ 

 
EV-associated circulating miRNAs in TBI. In addition to total circulating 
miRNAs in blood, several investigators have identified TBI-induced 
alterations in circulating EV-associated miRNAs in preclinical models or in 
patients with TBI (see Table 2). In most instances, the EVs were isolated 
from human or rodent plasma by commercial membrane-based affinity-
binding columns (Devoto et al., 2020; Wang et al., 2020; Vorn et al., 2021) or 
precipitation-based methods (Ghai et al., 2020; Guedes et al., 2021), 
whereas one research group used density gradient ultracentrifugation 
(Puffer et al., 2021). In addition, Ko and colleagues developed a surface 
protein-based immunocapture approach to allow the specific capture of 
brain-derived EVs (Ko et al., 2018, 2020). They reported that an EV-miRNA 
panel identified from small RNA-sequencing of brain-derived (GluR2-
positive) plasma EVs was able to differentiate patients with TBI from 
controls with an AUC value of 0.84 (Ko et al., 2020), however, they did not 
validate their miRNA alterations by applying PCR methods. In addition, it 
was not investigated how well the biomarker performance of EV-miRNAs 
compared to the analysis of total circulating miRNAs. Importantly, it should 
be noted that many of the studies presented in the table have failed to 
fully characterize the isolated EVs, and even in those which have, they 
often did not control for possible co-isolation of other miRNA carriers, such 
as Ago2 or lipoproteins. 
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Table 2. Circulating EV-associated miRNA biomarkers of TBI. 

Species Injury Sample 
EV isolation and 
characterization 

Alteration Reference 

mouse, 
human 

mouse: 
blast TBI 
human: 

TBI 

plasma 

isolation: 
immunomagnetic 

capture of 
GluR1/GluR2-
positive EVs 

characterization: 
Western blot for 
EV markers (Alix, 

Tsg101, CD9) 
(mouse EVs only) 

TBI vs. sham 
(mouse): 

miR-129-5p ↑, 
miR-212-5p ↑, 

miR-9-5p ↑, 
miR-152-5p ↓, 

miR-21 ↓, 
miR-374b-5p 
↓, miR-664-3p 

↓ 
TBI patients 

vs. HC: 
miR-212-5p ↑, 

miR-9-5p ↑, 
miR-152-5p ↓ 

(Ko et al., 
2018) 

human 
single or 
repetitive 

mTBI 
plasma 

isolation: 
membrane-based 

affinity binding 
column 

(exoRNeasy 
Serum/Plasma 

Kit) 
characterization: 

no 
characterization 

described 

TBI vs. HC: 
16 miRNAs ↑, 

1 miRNA ↓ 
single vs. 
repetitive 

mTBI: 
13 miRNAs ↑, 
3 miRNAs ↓ 
repetitive 

mTBI vs. HC: 
↑ 

30 miRNAs ↑, 
2 miRNAs ↓ 

(Devoto et 
al., 2020) 

human 

blast-
related 
chronic 
mTBI 

plasma 

isolation: 
precipitation by 
Total Exosome 

Isolation Kit 
characterization: 

no 
characterization 

described 

war veterans 
with mTBI 

vs. HC: 
miR-139-5p ↓, 
miR-146a-5p 
↓, miR-21-5p 
↓, miR-143-3p 
↓, miR-192-5p 
↓, miR-203a-

3p ↓, miR-423-
5p ↓ 

(Ghai et 
al., 2020) 
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mouse, 
human 

mouse: 
blast or 

CCI-
induced 

TBI 
human: 

TBI 
(mainly 
mTBI) 

plasma 

isolation: 
immunomagnetic 
capture of GluR2-

positive EVs 
characterization: 

no 
characterization 

described 

TBI vs. sham 
(mouse): 

miR-488-3p ↑, 
miR-9-5p ↑, 
miR-219a.2-
3p ↑, miR-22-

5p ↓, miR-150-
5p ↓, miR-
669c-5p ↓, 

miR-6236 ↓, 
miR-351-3p ↓ 
miRNA panel: 

AUC 0.74 
TBI patients 

vs. HC: 
miR-206 ↑, 

miR-185-5p ↑, 
miR-203b-5p 
↓, miR-203a-

3p ↓ 
miRNA panel: 

AUC 0.84 

(Ko et al., 
2020) 

rat 

weight-
drop-

induced 
moTBI 

plasma 

isolation: 
membrane-based 

affinity binding 
column (exoEasy 

Maxi kit) 
characterization: 
Western blot for 

EV markers 
(CD63, HSP79), 

NTA, TEM 

TBI vs. sham: 
miR-124-3p ↑, 
miR-142-3p ↑, 
miR-374-5p ↑, 
miR-532-5p ↑, 
miR-29b-3p ↑, 
miR-106-5p ↑, 
miR-92a-3p ↑, 
miR-451-5p ↑, 
miR-145-3p ↓ 

(Wang et 
al., 2020) 

human 

mTBI 
patients 
with or 
without 

PTSD 

plasma 

isolation: 
precipitation by 

ExoQuick Plasma 
Prep and 
Exosome 

Precipitation Kit 
characterization: 

Analysis of EV 
marker TSG101 

by ELISA 

+mTBI/-PTSD 
vs. HC: 

miR-204-5p ↑, 
miR-372-3p ↑, 
miR-509-3-5p 
↑, miR-615-5p 
↑, miR-1277-

3p ↑, miR-139-
5p ↓ 

(Guedes et 
al., 2021) 
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+mTBI/+PTSD 
vs. HC: 

miR-3190-3p 
↑, miR-615-5p 
↑, miR-1185-
1-3p ↑, miR-
3196 ↑, miR-

372-3p ↑, miR-
139-5p ↓ 

+mTBI/+PTSD 
vs. +mTBI/-

PTSD: 
miR-374a-3p 

↓ 

human 
mTBI, 

moTBI, 
sTBI 

plasma 

isolation: 
density gradient 

UC 
characterization: 
Western blot for 

EV markers 
(CD63, CD9, Alix), 

NTA 

TBI patients 
vs. HC: 

miR-9a-3p ↑, 
miR-1-3p ↑, 

miR-143-3p ↑, 
miR-29a-3p ↑, 
miR-27a-3p ↑, 
miR-99a-5p ↑ 
miR-99b-5p ↑, 
miR-151b ↑, 

miR-328-3p ↑, 
miR-155-5p ↓, 
miR-30c-5p ↓ 

(Puffer et 
al., 2021) 

human 
chronic 
mTBI 

plasma 

isolation: 
membrane-based 

affinity binding 
column 

(exoRNeasy 
Serum/Plasma 

Kit) 
characterization: 

no 
characterization 

described 

chronic mTBI 
patients vs. 

HC: 
4 miRNAs ↑ 

21 miRNAs ↓ 

(Vorn et 
al., 2021) 
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2.2.6 Circulating miRNAs in epilepsy 

To date, no circulating miRNA biomarkers have been discovered for PTE. 
However, several investigators have reported alterations in miRNA 
expression in blood circulation in patients with epilepsy and preclinical 
models of epileptogenesis (Enright et al., 2018; Pitkänen et al., 2021). A 
summary of the published circulating miRNA studies with respect to 
epilepsy is presented in Table 3. 

One approach to search for potential PTE biomarkers is to identify those 
miRNAs that are dysregulated both in epilepsy and in TBI (Pitkänen et al., 
2021). In general, there has been little overlap between altered miRNAs in 
TBI and epilepsy. Interestingly, a recent systematic review on dysregulated 
miRNAs in human TBI and epilepsy identified 10 miRNAs (miR-27a, miR-
502, miR-130b, miR-9, miR-625, miR-660, miR-138, miR-21, miR-30a, miR-
1307) that were common to both diseases, hinting at their potential 
dysregulation in PTE (Kumar, 2023). It remains to be clarified whether the 
listed miRNAs could function as biomarkers for post-traumatic 
epileptogenesis. 

 
Table 3. Circulating miRNA biomarkers of epilepsy. 

Species 
Disease 

or model Sample Alteration Reference 

rat SE blood 
SE vs. controls: 

21 miRNAs ↑ 
10 miRNAs ↓ 

(Liu et al., 
2010) 

rat SE blood 
SE vs. controls: 

miR-34a ↑, miR-22 ↑, miR-125a 
↑, miR-21 ↓ 

(Hu et al., 
2011) 

rat TLE plasma 

SE vs. controls: 
miR-142-5p ↑ (24 h post-SE) 
miR-21-5p ↑ (1 w post-SE) 

miR-146a-3p ↑ (1 mo post-SE) 

(Gorter et 
al., 2014) 

rat TLE plasma 

SE vs. controls: 
early latency: 

miR-9a-3p ↑, miR-598-5p ↓ 
late latency: 

miR-300-3p ↓ 

(Roncon et 
al., 2015) 
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first seizure: 
miR-300-3p ↓ 

chronic time-point: 
miR-142-3p ↓ 

human 

drug-
resistant 
epilepsy 

(DRE) 

serum 

DRE vs. responsive epilepsy: 
miR-194-5p ↓, miR-301a-3p ↓, 
miR-30b-5p ↓, miR-342-5p ↓, 

miR-4446-3p ↓ 

(Wang et 
al., 2015a) 

human epilepsy serum 

epilepsy patients vs. controls: 
let-7d-5p ↑, miR-106b-5p ↑, 

miR-130a-3p ↑, miR-146a-5p ↑, 
miR-15a-5p ↓, miR-194-5p ↓ 

(Wang et 
al., 2015b) 

human epilepsy serum 
epilepsy patients vs. controls: 
miR-106b ↑, miR-146a ↑, miR-

301a ↑, miR-194-5p ↓ 

(An et al., 
2016) 

human mTLE plasma 
mTLE patients vs. surgical 

controls: 
miR-153 ↓ 

(Li et al., 
2016) 

human TLE plasma 
refractory TLE vs. controls: 

miR-129-2-3p ↑ 
(Sun et al., 

2016) 

human mTLE serum 

after seizure vs. before 
seizure: 

miR-143-3p ↑, miR-145-5p ↑, 
miR-365a-3p ↑, miR-532-3p ↑ 

(Surges et 
al., 2016) 

human TLE serum 
refractory TLE vs. controls: 

miR-4521 ↑ 
(Wang et 
al., 2016) 

human mTLE plasma 
mTLE patients vs. controls: 

miR-134 ↑ 
(Avansini et 

al., 2017) 

human epilepsy plasma 
new-onset epilepsy vs. 

controls: 
miR-134 ↑ 

(Wang et 
al., 2017) 

human mTLE plasma 
mTLE patients vs. surgical 

controls: 
miR-153 ↓ 

(Gong et al., 
2018) 

human 
TLE, GGE, 

FLE, SE 
plasma 

TLE patients vs. controls: 
miR-27a-3p ↓, miR-328-3p ↓ 
after seizure vs. baseline: 

miR-27a-3p ↓, miR-328-3p ↓ 
GGE vs. controls: 

miR-27a-3p ↓, miR-654-3p ↓ 

(Raoof et 
al., 2018) 

human mTLE-HS blood mTLE-HS patients vs. controls: 
(Antônio et 
al., 2019) 
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miR-145 ↑, miR-181c ↑, miR-
199a ↑, miR-1183 ↑ 

human 
pediatric 
epilepsy 

plasma 
children with epilepsy vs. 

controls: 
miR-146a ↑, miR-106b ↑ 

(Elnady et 
al., 2019) 

human epilepsy plasma 

refractory epilepsy vs. 
controls: 

miR-145-5p ↓ 
mTLE patients vs. controls: 

miR-145-5p ↓ 

(Shen et al., 
2019) 

mouse, 
rat, 

human 
TLE plasma 

rodent models: 
miR-93-5p ↑, miR-182-5p ↑, 

miR-142-5p ↑, miR-199a-3p ↑, 
miR-574-3p ↓ 

TLE patients vs. controls: 
miR-93-5p ↑, miR-199a-3p ↑, 

miR-574-3p ↓ 

(G. P. 
Brennan et 
al., 2020) 

mouse TLE SE 
SE vs. no SE 

miR-434-3p ↑, miR-133a-3p ↑ 
(M. Chen et 

al., 2020) 

human 
pediatric 
epilepsy 

serum 

children with epilepsy vs. 
controls: 

miR-34c-5p ↓ 
DRE vs. responsive epilepsy: 

miR-34c-5p ↓ 

(Fu et al., 
2020) 

human mTLE-HS serum 
mTLE-HS patients vs. controls: 

miR-328-3p ↑ 
(Ioriatti et 
al., 2020) 

human epilepsy serum 
DRE vs. responsive epilepsy: 

miR-134 ↑, miR-146a ↑ 
(Leontariti 

et al., 2020) 

human GGE serum 
GGE patients vs. controls: 

miR-146a ↑, miR-155 ↑ 

(Martins-
Ferreira et 
al., 2020) 

human TLE serum 

TLE patients vs. controls: 
miR-142 ↑, miR-146a ↑, miR-

223 ↑ 
DRE vs. responsive epilepsy: 

miR-142 ↑, miR-223 ↑ 

(De 
Benedittis 

et al., 2021) 

human mTLE-HS blood 
mTLE-HS patients vs. controls: 

miR-629-3p ↑, miR-1202 ↑, 
miR-1225-5p ↑ 

(Gattás et 
al., 2022) 

human epilepsy plasma 
epilepsy patients vs. controls: 

miR-146a ↑, miR-132 ↑ 
(Huang et 
al., 2022) 
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human 
pediatric 
epilepsy 

plasma 
EVs 

children with epilepsy vs. 
controls: 

miR-584-5p ↑, miR-342-5p ↑, 
miR-150-3p ↑, miR-125b-5p ↑ 

(Wang et 
al., 2022) 

rat SE plasma 
SE models (electrical, chemical, 

kindling) vs. sham controls: 
miR-429 ↑ 

(von Rüden 
et al., 2023) 

 
 

2.3 CIRCULATING PROTEINS AS DISEASE BIOMARKERS 

2.3.1 Circulating proteins as TBI biomarkers 

Several potential biofluid-based protein biomarkers have been discovered 
for TBI (Wang et al., 2018; Ghaith et al., 2022). They are linked to the 
pathophysiologic processes associated with TBI, such as neuronal injury, 
astrogliosis, and inflammation (Wang et al., 2018; Huibregtse et al., 2021). 
The possible uses of biofluid protein biomarkers of TBI have included an 
evaluation of injury severity, monitoring of disease progression, and a 
prediction of the disease outcome (Sharma & Laskowitz, 2012). The 
biomarker proteins are typically measured from CSF or blood, although, 
serum or plasma would be preferred over CSF especially in mild-to-
moderate TBI due to the convenience and good accessibility of blood 
(Wang et al., 2018). While many of the potential biomarker proteins are 
present in blood at very low concentrations, nonetheless, the development 
of very sensitive detection methods, such as single molecule array (SIMOA) 
(Rissin et al., 2010) has enabled the measurement of concentrations as low 
as < 1 pg/ml. A summary of published clinical studies on serum or plasma 
protein biomarkers of TBI is presented in Table 4. 

Neuronal biomarkers. The markers of neuronal injury include proteins 
such as ubiquitin C-terminal hydrolase L1 (UCH-L1), neuron-specific 
enolase (NSE), and neurofilament subunits (Wang et al., 2018; Huibregtse 
et al., 2021). UCH-L1 is a cytoplasmic enzyme that functions in the 
ubiquitination of proteins, and it is abundantly present in neurons (Bishop 
et al., 2016). Like UCH-L1, NSE is also a cytoplasmic enzyme specific to 
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neurons, and it is involved in the glycolytic energy metabolism in the brain 
(Isgrò et al., 2015). Neurofilaments are cytoskeletal proteins that provide 
structural support to axons and are involved in synapse formation; their 
major components include neurofilament light (NF-L), medium (NF-M), and 
heavy (NF-H) subunits (Gafson et al., 2020). An increase in the levels of 
UCH-L1 and NSE in biofluids indicate the presence of damage to the 
neuronal cell body, whereas increased levels of the neurofilament subunits 
reflect axonal damage (Wang et al., 2018). 

Of the neuronal markers, especially UCH-L1 has been widely examined 
in TBI, and multiple studies have indicated that UCH-L1 appears to be a 
sensitive marker of brain injury and as such, is useful in the initial 
assessment of injury severity and outcome prediction (Papa et al., 2012; 
Diaz-Arrastia et al., 2014; Posti et al., 2016; Welch et al., 2017; Bazarian et 
al., 2018; O’Connell et al., 2020a; Korley et al., 2022). In addition, during the 
past 10 years, the neurofilament subunits NF-L and pNF-H, a 
phosphorylated form of NF-H, have also emerged as potential biomarkers 
for TBI diagnostics (Al Nimer et al., 2015; Shahim et al., 2016, 2017; 
Shibahashi et al., 2016; Gill et al., 2018; Thelin et al., 2019). While the 
highest levels of UCH-L1 are evident in human blood during the first ≤ 12 h 
after TBI (Papa et al., 2016; Metzger et al., 2018), the peak concentrations 
for circulating NF-L and pNF-H in humans are observed around 10−14 days 
after the injury (Shahim et al., 2016; Otani et al., 2020), offering a later time-
point for biomarker analysis. Importantly, although the concentration peak 
is reached slowly, an increase in neurofilament levels in patients with TBI in 
comparison to controls can already be detected ≤ 24 h after the injury 
(Gatson et al., 2014; Shahim et al., 2016), meaning that neurofilaments can 
also function as acute injury biomarkers. 

Astroglial biomarkers. Astroglial injury marker proteins include glial 
fibrillary acidic protein (GFAP) and S100B (Wang et al., 2018; Ghaith et al., 
2022). GFAP is an intermediate filament protein that is a part of the 
cytoskeleton of astrocytes and is responsible for maintaining their 
mechanical strength (Yang & Wang, 2015), and high levels of circulating 
GFAP after TBI have been linked to a worse outcome (Pelinka et al., 2004; 
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Di Battista et al., 2015; Takala et al., 2016; T.N. Anderson et al., 2020; Thelin 
et al., 2019; Korley et al., 2022). S100B is a calcium-binding protein. An 
increase in the extracellular concentration of S100B triggers the pro-
inflammatory activation of astrocytes and microglia (Michetti et al., 2019). 
In contrast to GFAP, S100B is not exclusively expressed in astrocytes, as it 
has been also detected outside of the CNS, for example in adipocytes. 
Furthermore, S100B is not specific to TBI as its levels are also increased in 
the serum of trauma patients without head injuries (R.E. Anderson et al., 
2001). Nonetheless, circulating S100B concentrations have been 
demonstrated to be useful not only in the evaluation of injury severity but 
also in the prediction of TBI outcome (Pelinka et al., 2004; Di Battista et al., 
2015; Heidari et al., 2015; Çevik et al., 2019). 

Inflammation biomarkers. The markers of neuroinflammation include 
cytokines, such as IL-1β, IL-6, and TNF-α; these are agents that are secreted 
by activated microglia and immune cells in response to the TBI (Kumar & 
Loane, 2012; Huibregtse et al., 2021). While on one hand, circulating 
inflammatory biomarkers have shown some potential in injury detection 
and the prediction of TBI outcome (Stein et al., 2011; Raheja et al., 2016; 
Visser et al., 2022; Yue et al., 2023), on the other hand, circulating levels of 
inflammatory biomarkers are not specific to TBI as they can be increased in 
other diseases associated with cellular damage (Visser et al., 2022). 
Therefore, the optimal use of inflammatory biomarkers of TBI may be 
when they are assessed together with established markers of neuronal 
and astroglial injuries (Woodcock & Morganti-Kossmann, 2013; Visser et al., 
2022). 

 
Table 4. Circulating protein biomarkers of TBI. 

Study design Sample Time-point Alteration Reference 
TBI non-

survivors vs. TBI 
survivors 

serum 
< 12 h, 

12−108 h 
after injury 

GFAP ↑ 
S100B ↑ 

(Pelinka et al., 
2004) 

sTBI patients 
with poor 

outcome vs. 
serum 

≤ 6 h after 
injury 

Tau ↑ 
(Liliang et al., 

2010) 
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patients with 
good outcome 

patients with TBI 
vs. healthy 

controls, and TBI 
patients with 

positive CT vs. 
negative CT 

serum 
≤ 4 h after 

injury 

TBI patients vs. 
HC: 

UCH-L1 ↑ 
CT+ vs. CT-: 
UHC-L1 ↑ 

 

(Papa et al., 
2012) 

TBI patients with 
positive CT vs. 

negative CT 
plasma 

≤ 24 h after 
injury 

GFAP 
breakdown 
products ↑ 

(Okonkwo et 
al., 2013) 

patients with TBI 
vs. healthy 

controls 
serum 

≤ 24 h after 
injury 

UCH-L1 ↑ 
GFAP ↑ 

(Diaz-Arrastia 
et al., 2014) 

mTBI patients 
vs. healthy 

controls, mTBI 
patients with 

positive CT vs. 
negative CT 

serum 
1 d and 3 d 
after injury 

mTBI vs. HC: 
pNF-H ↑ 

CT+ vs. CT-: 
pNF-H ↑ 

(Gatson et al., 
2014) 

TBI non-
survivors vs. TBI 

survivors 
plasma 

≤ 24 h after 
injury 

TIMP-1 ↑ 
(Lorente et 
al., 2014) 

ice-hockey 
players before 

and after 
concussion 

plasma 
1 h, 12 h, 36 

h, 144 h after 
concussion 

T-tau ↑ 
(Shahim et al., 

2014) 

TBI patients with 
unfavorable vs. 

favorable 
outcome 

plasma 
6 h, 12 h, 24 
h after injury 

GFAP ↑ 
S100B ↑ 
MCP-1 ↑ 

(Di Battista et 
al., 2015) 

patients with TBI 
vs. patients 
without TBI 

serum 
≤ 24 h after 

injury 
BDNF ↓ 

(Korley et al., 
2016) 
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TBI patients with 
positive CT vs. 

negative CT 
plasma 

0 d, 1 d, 2 d, 
3 d, 7 d after 

injury 

UCH-L1 ↑ 
GFAP ↑ 

(Posti et al., 
2016) 

TBI patients with 
poor outcome 
vs. TBI patients 

with good 
outcome 

serum 
0 d, 7 d after 

admission 

at admission: 
NSE ↓ 
IL-6 ↓ 
at 7 d: 
GFAP ↑ 
IL-6 ↑ 

progesterone ↓ 

(Raheja et al., 
2016) 

sTBI patients vs. 
healthy controls 

serum 
0−12 d after 

injury 
NF-L ↑ 

(Shahim et al., 
2016) 

patients with 
sTBI vs. moTBI, 
patients with 

unfavorable vs. 
faborable 
outcome 

serum 
24 h, 72 h 

after injury 
pNF-H ↑ 

(Shibahashi et 
al., 2016) 

TBI patients with 
poor outcome 
vs. TBI patients 

with good 
outcome 

serum 
0 d, 1 d, 2 d, 
3 d, 7 d after 

admission 

UCH-L1 ↑ 
GFAP ↑ 

(Takala et al., 
2016) 

athletes with 
concussion vs. 

athletes without 
concussion vs. 

nonathlete 
controls 

plasma 
6 h, 24 h, 72 
h, 7 d after 
concussion 

concussed 
athletes vs. 

control athletes: 
Tau ↓ 

athletes vs. 
controls: 

Tau ↑ 

(Gill et al., 
2017) 

amateur boxers 
after bout vs. 
after rest vs. 

controls 

serum 

7−10 d after 
bout and 

after 3 mo 
rest 

boxers vs. 
controls: 

NF-L ↑ 

(Shahim et al., 
2017) 
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professional ice-
hockey players 

vs. controls 
serum 

1 h, 12 h, 36 
h, 144 h after 
concussion 

NF-L ↑ 
(Shahim et al., 

2017) 

TBI patients with 
positive CT vs. 

negative CT 
serum 

≤ 24 h after 
injury 

UCH-L1 ↑ 
GFAP ↑ 
S100B ↑ 

(Welch et al., 
2017) 

mTBI patients 
with positive CT 
vs. negative CT 

serum 
≤ 12 h after 

injury 
UCH-L1 ↑ 
GFAP ↑ 

(Bazarian et 
al., 2018) 

mTBI patients 
with positive CT 
vs. negative CT 

serum 
≤ 4 h after 

injury 

CT+ vs. CT-: 
GFAP ↑ 
S100B ↑ 
NRGN ↑ 

(Çevik et al., 
2019) 

patients with 
suspected mTBI 

vs. healthy 
controls 

plasma 
≤ 48 after 

injury 

UCH-L1 ↑ 
GFAP ↑ 
NF-L ↑ 
Tau ↑ 

(Gill et al., 
2018) 

patients with TBI 
vs. healthy 
controls, 

serum 
1 d, 2 d after 

injury 
ASC ↑ 

caspase-1 ↑ 
(Kerr et al., 

2018) 

TBI patients with 
unfavorable vs. 

favorable 
outcome 

serum 
≤ 2 weeks 

from injury 

S100B ↑ 
NSE ↑ 

GFAP ↑ 
UCH-L1 ↑ 

Tau ↑ 
NF-L ↑ 

(Thelin et al., 
2019) 

prediction of TBI 
outcome 

serum 
median 1.4 h 
after injury 

CT+ vs. CT-: 
UCH-L1 ↑ 
GFAP ↑ 

MAP-2 ↑ 

(T.N. 
Anderson et 

al., 2020) 

patients with TBI 
vs. 

neurologically 
normal controls 

serum 
≤ 24 h after 

injury 
NF-L ↑ 
Tau ↑ 

(O’Connell et 
al., 2020a) 

TBI patients with 
unfavorable vs. 

plasma 
≤ 24 h after 

injury 
UCH-L1 ↑ 
GFAP ↑ 

(Korley et al., 
2022) 
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favorable 
outcome, and 

non-survivors vs. 
survivors 

patients with TBI 
vs. healthy 

controls 
plasma 

≤ 24 h after 
injury 

IL-6 ↑ 
IL-10 ↑ 

HMGB-1 ↑ 
IL-4 ↑ 
IL-9 ↑ 
IL-5 ↑ 

IL-16 ↑ 
IL-1b ↑ 
IL-7 ↓ 

TARC ↓ 

(Yue et al., 
2023) 

 
2.3.2 Clinical use of circulating TBI biomarkers 

One of the major aims of TBI biomarker studies has been to develop 
diagnostic tools to permit an initial stratification of patients based on the 
severity of their injury. Several researchers have indicated that circulating 
protein biomarkers are able to distinguish between patients with a minor 
head injury who do not require brain imaging and patients that are likely to 
display abnormal findings in the CT scan (Heidari et al., 2015; Welch et al., 
2016). Consequently, in 2018, the U.S. Food and Drug Administration (FDA) 
approved the first blood test for the prediction of absence of intracranial 
injury in patients with mTBI. The test is based on the levels of circulating 
UCH-L1 and GFAP, which are upregulated in patients that have an 
intracranial injury detectable in a head CT scan (Bazarian et al., 2018). In 
addition to UCH-L1 and GFAP, acutely elevated levels of circulating S100B 
have also been shown to predict abnormal CT findings after mTBI (Heidari 
et al., 2015; Welch et al., 2016). Importantly, an analysis of serum S100B 
levels ≤ 6 h from injury when the clinician evaluates the need for a CT scan 
is recommended by the Scandinavian guidelines for initial management of 
mild head injuries (Undén et al., 2013). 
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Although circulating proteins have proven useful in the evaluation of the 
need for brain imaging in patients with mild TBI, there is still an unmet 
need for other biomarkers, for example for monitoring of disease 
progression and recovery, as well as the prediction of the outcome after 
the injury (Bogoslovsky et al., 2016). For instance, in the field of sports, 
biomarkers are needed to evaluate when a player who has sustained a 
concussion can safely return to play, as a prematurely early return 
increases his/her risk of further injury as well as long-term consequences 
such as chronic deficits in neurocognitive functions (Senaratne et al., 2022). 
Studies on circulating proteins in contact sports athletes have 
demonstrated that the levels of neuronal and astroglial injury markers are 
increased after a concussion (Shahim et al., 2014, 2017; McCrea et al., 
2020; Senaratne et al., 2022). For example, acute serum NF-L levels after a 
concussion distinguished between ice-hockey players with prolonged post-
concussive symptoms from rapidly recovering players, indicating that 
measurements of circulating NF-L may be potentially useful and aid in 
decision making (Shahim et al., 2017). 

Nonetheless, there is an urgent need for a molecular biomarker in 
which an increase or decrease of its levels in blood circulation would reflect 
the response to treatment. This kind of biomarker would be most 
beneficial both in preclinical and clinical trials that aim to develop 
treatments to improve the recovery after TBI (Bogoslovsky et al., 2016). 
Furthermore, prognostic biomarkers that could predict the long-term 
outcome of TBI would help in decision making to help the clinician choose 
the best therapeutic option and it would also be an advantage when 
performing a stratification of subjects being recruited into treatment trials 
(Korley et al., 2022). Several brain-derived circulating proteins, especially 
UCH-L1 and GFAP, have shown some promise in TBI outcome prediction 
(see Table 4), however, no prognostic circulating biomarkers are yet in 
clinical use. 
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2.3.3 Circulating proteins as biomarkers of epilepsy 

Several investigators have detected alterations in circulating proteins in 
patients suffering from epilepsy. A summary of the published clinical 
studies that have included a ROC analysis is presented in Table 5. As seen 
in the table, there is only a slight overlap with the TBI biomarkers used in 
the acute phase, however, a few studies on epilepsy patients have 
reported increased levels of circulating proteins such as UCH-L1, S100B, 
and cytokines indicating tissue damage and neuroinflammation caused by 
the seizures (Simani et al., 2020; Banote et al., 2022). Brain inflammation is 
also one of the pathological processes contributing to epileptogenesis 
(Vezzani et al., 2013; Webster et al., 2017). However, it has not been 
determined whether the injury and inflammatory biomarker proteins 
detected in blood circulation can predict the appearance of post-traumatic 
epileptogenesis. For example, in FPI-induced TBI rats, the epileptogenic 
focus was reported to develop at the perilesional cortex (Bragin et al., 
2016). Therefore, whether the circulating levels indicators of neuronal 
injury, such as NF-L, are related to the extent of the cortical lesion and the 
risk of PTE development, would be worthwhile investigating. Furthermore, 
in patients with TBI, it is well established that the risk of PTE increases with 
the severity of the injury (Annegers et al., 1998). Since several circulating 
proteins have been shown to reflect injury severity (see Table 4), the 
biomarker proteins of TBI can potentially aid in patient stratification into 
PTE risk groups. Due to the low incidence rate of PTE after TBI and the long 
latency period before the disease onset, the initial screening for potential 
epileptogenesis biomarkers is most feasible in preclinical models (Engel et 
al., 2013). After an initial screening in preclinical models, the potential 
biomarkers still need to be validated in humans before their translation 
into clinical use. 
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Table 5. Circulating protein biomarkers of epilepsy. 
Disease Sample Alteration ROC AUC Reference 

Drug-resistant 
epilepsy 

plasma 

Epilepsy 
patients vs. 

controls: 
sICAM5 ↓, IL-

12p70↓, IL-1β ↑, 
IL-2 ↑, IL-6 ↑, IL-

8 ↑, IFN-γ ↑ 

Epilepsy vs. 
controls: 

sICAM5: 0.87 
IL-6: 0.81 

TARC/sICAM5: 
1.00 

IL-6/sICAM5: 
0.90 

IL-8/sICAM5: 
0.88 

(Pollard et al., 
2012) 

Epilepsy 
(idiopathic, 

symptomatic, 
cryptogenic) 

serum 

Epilepsy 
patients vs. 

controls: 
No difference 
in BDNF levels 

Daily seizures 
vs. less frequent 

seizures: 
BDNF: 0.86 

(Hong et al., 
2014) 

Epilepsy 
(idiopathic, 

symptomatic, 
cryptogenic) 

serum 

Epilepsy 
patients vs. 

controls: 
MMP-3 ↓ 

Epilepsy vs. 
controls: 

Males < 20 y/o: 
0.56 

Females < 20 
y/o: 0.66 

Males 20−40 
y/o: 0.77 

Females 20−40 
y/o: 0.73 

Males > 40 y/o: 
0.64 

Females > 40 
y/o: 0.93 

(Wang et al., 
2016) 

Epilepsy (many 
diagnoses) 

plasma 

Epilepsy 
patients vs. 

controls: 
factor H ↑, TCC 

↑ 

Epilepsy vs. 
controls: 

Combination of 
complement 

analytes (C3, C4, 
Properdin, 

(Kopczynska 
et al., 2018) 
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factor H, C1 
inhibitor and 

clusterin): 0.80 

New-onset 
childhood 
epilepsy 

serum 

Epilepsy 
patients vs. 

controls: 
HMGB-1 ↑, IL-
1β ↑, S100B ↑, 

GFAP ↑ 

Prediction of 
seizure 

frequency: 
HMGB-1: 0.95 

IL-1β: 0.83 

(Zhu et al., 
2018) 

Focal seizures serum 

Patients with 
focal seizures 
vs. controls: 

S100B ↑ 

Prediction of 
focal seizure 

positivity: 
S100B: 0.96 

(Maiti et al., 
2018) 

Epilepsy serum 

Epileptic 
seizure (ES) vs. 

psychogenic 
nonepileptic 

seizures 
(PNES): 
GFAP ↑ 

ES vs. PNES: 
GFAP: 0.68 

(Simani et al., 
2018) 

Epilepsy serum 
ES vs. PNES: 

UCH-L1 ↑, 
S100B ↑ 

ES vs. PNES: 
UCH-L1: 0.68 
S100B: 0.59 

(Asadollahi 
& Simani, 

2019) 

Epilepsy plasma 

Epilepsy 
patients vs. 

patients with 
PNES: 

MCP-2 ↑, TNF-
R1 ↑, TRAIL ↓, 

ICAM-1 ↓ 

Epileptic 
seizures vs. 

PNES: 
Combination of 
MCP-2, TRAIL, 
ICAM-1 and 
TNF-R1: 0.94 

(Gledhill et al., 
2021) 

Temporal lobe 
epilepsy 

plasma 

TLE vs. 
controls: 

BDNF ↓, TNF-α 
↓ 

TLE vs. controls: 
BDNF: 0.98 
TNF-α: 0.90 

(Panina et al., 
2023) 
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3 AIMS OF THE STUDY 

The overall aim of this thesis study was to identify circulating miRNA and 
protein biomarkers to evaluate the severity of TBI and predict the 
development of epileptogenesis after TBI, by using a rat model in which 
the TBI was induced by lateral fluid percussion. 
 
The specific aims of this study were as follows: 

 
1. To evaluate the performance of a precipitation-based method in 

extraction of EV-specific circulating miRNAs from a small volume of 
rat plasma. 
 

2. To discover differentially expressed circulating miRNAs in rat 
plasma after TBI, and to investigate whether the altered miRNA 
profile can be used as a biomarker to assess the severity of cortical 
damage and to predict epileptogenesis after TBI. 

 
3. To investigate whether circulating NF-L levels act as a biomarker to 

predict the functional outcome (somatomotor recovery, cognitive 
decline, and epileptogenesis) as well as the evolution of cortical 
damage after TBI. 
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The hypotheses of this study were as follows: 

 
1. The precipitation-based EV isolation method can isolate circulating 

EVs from rat plasma for subsequent analysis of EV-associated 
miRNAs. 
 

2. Alterations in the levels of circulating miRNAs at acute time-point 
after TBI will present prognostic biomarkers for TBI and post-
traumatic epileptogenesis. 

 
3. Higher levels of circulating NF-L at an acute time-point after TBI will 

associate with a worse somatomotor recovery, impaired cognitive 
functions, a larger cortical lesion area, and an increased probability 
of PTE development.  
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4 MATERIALS AND METHODS 

Materials and methods used in this thesis are summarized in the following 
tables. The detailed descriptions of materials and methods can be found in 
the original publications (I–III). 

 

4.1 ANIMALS 

All studies in this thesis used adult male Sprague-Dawley rats which were 
housed in individual cages in a controlled environment (temperature 22 ± 1 
°C, humidity 50−60%) with 12-hour light/dark cycle (lights on 7:00−19:00) 
and ad libitum access to food and water. All animal procedures were 
approved by the Animal Ethics Committee of the Provincial Government of 
Southern Finland and performed in accordance with the guidelines of the 
European Community Council Directives 2010/63/EU. 

 
Table 6. An overview of the animal cohorts used in the studies included in 
this thesis. 

Study Number of animals used Animal groups 

I 5 Sprague-Dawley rats Naïve (n=5) 

II 
EPITARGET cohort: 150 

epilepsy-phenotyped Sprague-
Dawley rats 

Epilepsy-phenotyped rats (n=150): 
Naïve (n=13) 
Sham (n=23) 

TBI (n=114), including 29 TBI+ and 
85 TBI- 

miRNA discovery cohort (n=20) 
Sham (n=4*) 

TBI (n=16*), including 7 TBI+ and 9 
TBI- 

miRNA validation cohort (n=115): 
Naïve (n=8) 

Sham (n=17*) 
TBI (n=90*), including 21 TBI+ and 

69 TBI- 
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III 
Subcohort of the EPITARGET 
cohort: 34 Sprague-Dawley 

rats 

NF-L analysis cohort (n=34): 
Sham (n=8) 

TBI (n=26), including 13 TBI+ and 13 
TBI- 

* 2 samples from sham-operated and 5 samples from injured animals (2 TBI+, 3 
TBI-) were included both in the discovery and validation cohorts 

 
 

4.2 ANIMAL EXPERIMENTS 

Table 7. Summary of in vivo methods and experiments. 
Method / experiment Purpose Publication 

Lateral fluid-percussion 
injury (LFPI) 

Model severe TBI and 
epileptogenesis in rats 

II, III 

Blood collection 
Plasma samples for EV isolation 

and biomarker analyses 
I, II, III 

Video-EEG monitoring 
Diagnosis of post-traumatic 

epilepsy 
II, III 

Magnetic resonance imaging 
(MRI) 

Analysis of cortical lesion area 
after TBI 

II, III 

Composite neuroscore 
Evaluation of somatomotor 

recovery 
III 

Morris water-maze Evaluation of cognitive functions III 

Nissl staining and cortical 
unfolded maps 

Assessment of cortical lesion area 
and damage to different 

cytoarchitectonic cortical areas 
after TBI 

II, III 
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Figure 4. Timeline of the experiments conducted to EPITARGET animal 
cohort during the follow-up. 
 

4.2.1 TBI induction by lateral fluid-percussion injury 

TBI was induced to rats by lateral fluid-percussion injury (McIntosh et al., 
1989, Kharatishvili et al., 2006). Briefly, rats were anesthetized with an 
anesthesia cocktail (for details, see Lapinlampi et al., 2020) and placed in a 
Kopf stereotactic frame. The skull was exposed with a midline skin incision 
and the periosteum was extracted. The left temporal muscle was gently 
detached from the lateral ridge. A circular craniectomy (diameter 5 mm) 
was performed over the left parietal cortex midway between lambda and 
bregma (center coordinates: 4.5 mm posterior and 2.5 mm lateral from 
bregma). The dura was left intact. Next, a modified Luer-Lock cap was 
placed into the site of craniectomy, and its edges were sealed with tissue 
adhesive. The cap was covered with dental acrylate and filled with sterile 
saline. Finally, the rat was connected to the fluid-percussion device via the 
Luer-Lock fitting, and lateral FPI was induced at 90 min after administration 
of the anesthesia cocktail. The impact pressure (approximately 3.0 atm) 
was adjusted to produce severe TBI. Sham-operated controls underwent 
the same surgical procedures without TBI induction. 
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4.2.2 Video-EEG monitoring 

PTE was diagnosed by video-EEG. Electrode implantation for the video-EEG 
monitoring was conducted at 5 months after the TBI (D147). Rats were 
anesthetized and implanted with 3 skull electrodes. The 4-week continuous 
(24/7) video-EEG monitoring of the rats was started one week after 
electrode implantation (D154). Rats were defined as having epilepsy if ≥ 1 
unprovoked electrographic seizure was detected. The 
electroencephalographic seizure was defined as a high-amplitude rhythmic 
discharge that clearly represented an atypical EEG pattern that lasted > 10 
seconds (Kharatisvili et al., 2006). 

 

4.3 MOLECULAR BIOLOGY METHODS 

Table 8. Summary of molecular biology methods. 
Method Purpose Publication 

Extracellular vesicle 
precipitation by miRCURY 

Exosome Isolation Kit – 
Serum and Plasma 

Extraction of EVs from rat plasma I 

Size-exclusion 
chromatography (SEC) 

Separation of EV-enriched and 
protein-enriched fractions in rat 

plasma 
I 

Protein concentration 
assay 

Measurement of protein 
concentration 

I 

Small RNA extraction 
RNA for small RNA-sequencing, RT-

qPCR, and ddPCR 
I, II 

Nanoparticle Tracking 
Analysis (NTA) 

Measurement of particle 
concentration and size distribution 

I 

SDS-PAGE and Western 
blot 

Quality control of EV isolation I 

Scanning electron 
microscopy (SEM) 

Characterization of EVs isolated by 
precipitation method 

I 

Transmission electron 
microscopy (TEM) 

Characterization of EVs isolated by 
precipitation method or SEC 

I 

Droplet digital PCR 
(ddPCR) 

Measurement of the levels of 
specific miRNAs 

I, II 

Small RNA sequencing 
Expression profile of plasma 

miRNAs after TBI or sham-operation 
II 
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Reverse transcription 
qPCR (RT-qPCR) 

Measurement of the levels of 
specific miRNAs 

II 

Spectrometry by 
NanoDrop ND-1000 

Plasma quality control by measuring 
hemolysis 

II 

Qubit miRNA assay 
Measurement of small RNA 

concentration 
I, II 

Single Molecule Array 
(SIMOA) 

Measurement of plasma NF-L levels III 

 

4.4 BIOINFORMATICS METHODS 

Table 9. Summary of bioinformatics methods and software 
Method / software Purpose Publication 

RStudio and R 
Statistical analyses and preparation of 

graphs 
II, III 

DESeq2 R package 
Identification of differentially expressed 

miRNAs in small RNA sequencing 
II 

pROC R package 
Receiver operating characteristic (ROC) 

analysis 
II, III 

cutpointr R package 
Definition of an optimal cut-off value for 
different parameters to categorize study 

subjects 

II, III 

Machine learning 
Identification of differences in the miRNA 

expression pattern  
II 

Glmnet logistic 
regression 

Investigation of miRNAs for inclusion in 
an optimal biomarker panel 

II 

Ingenuity Pathway 
Analysis (IPA) 

Investigation of miRNA target genes and 
their function 

II 

GraphPad Prism 
Statistical analyses and preparation of 

graphs 
I, II, III 

 

4.5 STATISTICAL ANALYSIS 

Table 10. Summary of statistical analyses. 
Statistical test Purpose Publication 

Mann-Whitney U test 
Analysis of differences between groups 

(unpaired data) 
II, III 
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Wilcoxon matched-
pairs signed rank test 

Analysis of differences between groups 
(paired data) 

III 

Kruskal-Wallis test 
Comparison of variables, such as miRNA 

levels, between naïve, sham and TBI 
groups 

II 

Friedman test 
Evolution of NF-L levels and composite 
neuroscore in the same animals over 

different time points 
III 

Spearman correlation 
test 

Analysis of relationship between miRNA 
or NF-L levels and disease outcome 

parameters 
II, III 

ROC analysis 
Assessment of biomarker performance 

(sensitivity and specificity) 
II, III 
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5  RESULTS 

5.1 EVALUATION OF A COMMERCIAL PRECIPITATION-BASED 
METHOD IN THE ISOLATION OF EVs FROM RAT PLASMA FOR 
miRNA ANALYSIS (I) 

5.1.1 The precipitated EV pellet from rat plasma contained circulating 
lipoproteins and plasma proteins. 

First, the performance of a precipitation-based EV isolation kit was 
evaluated according to ISEV guidelines. EVs were isolated from 350 μl of rat 
trunk plasma by a commercial precipitation-based EV isolation kit. The size 
and concentration of particles in the resulting EV pellet were measured by 
Nanoparticle Tracking Analysis (NTA). NTA indicated that most of the 
particles were in the size range of 60–120 nm (I, Figure 1 B). The EV pellet 
was further analyzed by scanning electron microscopy (SEM), which 
revealed round particles that had a similar size range as observed with 
NTA. In addition to the approximately 100 nm particles, numerous smaller 
particles were evident in the background (I, Figure 1 A). 

The purity of EVs in the precipitated pellet was investigated by Western 
blot by comparing the EV pellet to the original plasma and the remaining 
supernatant. Antibodies against TSG101 (EV marker), ApoA1 (HDL marker) 
and albumin (marker of plasma protein contamination) were used. 
Western blotting revealed the presence of ApoA1 and albumin in the EV 
pellet. In contrast, the EV marker TSG101 was not detected in the plasma, 
EV pellet, or the remaining supernatant (I, Figure 1 D). 

To further investigate the morphology of the extracted particles and to 
differentiate between lipoproteins and EVs, another EV pellet extracted 
from 250 μl rat trunk plasma was imaged by transmission electron 
microscopy (TEM). In TEM, EVs typically display a cup-shaped morphology 
(van der Pol et al., 2012; Böing et al., 2014; Jeurissen et al., 2017; Rikkert et 
al., 2019), whereas lipoproteins remain round (Böing et al., 2014; Yuana et 
al., 2014), which makes it possible to distinguish between these particles. 
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TEM showed that the EV pellet contained mostly round particles, 
corresponding to lipoproteins, and a few cup-shaped particles, 
corresponding to EVs (I, Figure 2 A). Most particles had a size ranging from 
approximately 50 nm to 100 nm. In addition, TEM revealed the presence of 
a “dense smudge” that corresponded to aggregated proteins (Böing et al., 
2014). 

 
5.1.2 SEC separated particles and proteins into different fractions, but 

the EV fractions also contained lipoproteins. 

SEC was conducted on 250 μl rat trunk plasma to investigate the 
separation of particles and proteins into different fractions. Larger 
particles, such as EVs, were expected to elute in the earlier fractions 
whereas smaller particles, such as HDL and plasma proteins, were 
expected to elute in the later fractions (Boïng et al., 2014). 

A total of 25 fractions were collected during SEC. The highest particle 
concentrations were detected by NTA in the fractions 12−15, whereas the 
protein concentration peaked in fractions 18−20 (I, Figure 2 B). NTA 
showed a progressive decrease in the particle size from the earlier to later 
fractions (I, Figure 2 F–H). A Western blot analysis of the HDL marker 
ApoA1 in SEC fractions revealed an intensity profile similar to the particle 
concentration profile in NTA (I, Supplementary Fig. 3C). The strongest 
ApoA1 bands were detected in fractions 14−16. TEM analysis revealed that 
most of the particles observed in the pooled fractions 6−7, 8−10, and 12−13 
were round-shaped lipoproteins (I, Figure 2 C–E). In addition, a few 
particles with a cup-shaped morphology characteristic of EVs were found in 
fractions 6−7.  

 
5.1.3 The precipitation method excluded the majority of plasma 

proteins from the EV pellet. 

Next, we used SEC to compare the particle and protein concentration 
profile of the precipitated EV pellet to original plasma. EV precipitation was 
conducted with two 800-μl samples of rat trunk plasma, and the 
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precipitated EV pellets were further processed with SEC. The particle and 
protein concentrations in the resulting EV pellet SEC fractions (EV-SEC) 
were then compared with fractions from parallel 800-μl plasma samples 
that underwent only SEC (plasma-SEC) (I, Figure 3 A). A comparison of the 
protein concentration in the EV-SEC and plasma-SEC fractions showed that 
the precipitation method had removed 85% to 91% of the total plasma 
proteins (I, Figure 3 B). In contrast, the particle concentration profile was 
comparable between the fractions acquired with both methods, indicating 
that the precipitation method did not remove particles that were 
measurable with NTA. In plasma-SEC, the particle count peaked in fraction 
15, whereas in EV-SEC, the particle count peaked in fraction 16 (I, Figure 3 
C). 

 
5.1.4 The EV pellet acquired by the precipitation method contained 

both EV-enriched and vesicle-free miRNAs. 

Finally, we investigated differences in miRNA profiles between the EV-SEC 
fractions and plasma-SEC fractions. In plasma-SEC, the highest miRNA 
concentration was detected in fractions 18–21 (I, Figure 4 A), which were 
also the fractions with the highest protein concentration (I, Figure 3 B). In 
contrast, in EV-SEC, miRNAs were evenly distributed across the early and 
late fractions (I, Figure 4 A). The miRNA concentration in the EV-SEC 
fractions 16–21 was from 51% up to 70% of that in the corresponding 
plasma-SEC fractions. 

The presence of EV-enriched and vesicle-free miRNAs in the EV-SEC and 
plasma-SEC fractions was further investigated by ddPCR analysis of 4 
miRNAs: miR-142-3p, miR-124-3p, miR-23a, and miR-122. Of these, miR-
142-3p has been previously shown to elute mainly in the EV-enriched early 
fractions and in smaller quantities in the late protein fractions, whereas 
miR-23a and miR-122 elute mainly in the late protein fractions (Arroyo et 
al., 2011). The distribution of miR-124-3p in SEC fractions was previously 
unknown. The ddPCR analysis revealed the presence of miR-142-3p in the 
early fractions (f. 6−11) both in plasma-SEC and EV-SEC (I, Figure 4 B). The 
concentration of miR-142-3p in EV-SEC fractions 6−11 was only from 14% to 
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23% of that in plasma-SEC fractions, indicating a loss of the carrier of this 
miRNA during the precipitation procedure. In one of the plasma-SEC 
samples, there was also a smaller miR-142-3p peak in the protein fractions 
(f. 16−21). In contrast, miR-124-3p, miR-23a, and miR-122 peaked in the 
protein fractions (f. 16−23) not only in plasma-SEC but also in EV-SEC (I, 
Figure 4 C–E), indicating that the precipitated EV pellet contained vesicle-
free miRNAs. 

 

5.2 THE CIRCULATING miRNA PROFILE AT AN ACUTE TIME-
POINT AFTER TBI AS A BIOMARKER FOR POST-TRAUMATIC 
EPILEPTOGENESIS IN RATS (II) 

5.2.1 The plasma miRNA profile from small RNA-seq separated TBI 
rats from sham-operated controls at 2 days but not at 9 days 
after the TBI. 

Since the isolation of EVs from rat plasma for miRNA analysis was found 
unfeasible, an analysis of circulating miRNAs in TBI rats was conducted 
from total plasma. In order to identify potential circulating biomarker 
miRNAs capable of differentiating between the experimental groups, 
miRNAs in rat plasma were first investigated by small RNA-sequencing 
(RNA-seq). The small RNA-seq was conducted with a subset of the 
EPITARGET cohort (discovery cohort, see Table 6), which contained 
samples from 20 rats. RNA for small RNA-seq was extracted from 200 μl of 
plasma collected at 2 days (D2) and 9 days (D9) after the TBI (n=16) or the 
sham-operation (n=4). On D2, small RNA-seq detected a total of 565 
miRNAs in at least one sample, out of which 471 were common between 
sham and TBI rats (II, Figure 1 A). On D9, small RNA-seq detected a total of 
541 miRNAs in at least one sample, 377 of which were common between 
sham and TBI rats (II, Figure 1 B). On D2, the number of reads mapping to 
miRNAs did not differ between the groups. On D9, the number of mapped 
reads in the sham-operated control rats was only 17% of that in the TBI 
rats (II, Supplementary Fig. 1 A–B).  
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Principal component analysis (PCA) revealed that the plasma miRNA 
expression profile separated TBI from the sham group on D2 but not on D9 
(II, Fig. 1 E–F). Similarly, the heatmap analysis of miRNA expression profile 
in all samples achieved a separation between TBI and sham rats on D2 but 
not on D9 (II, Supplementary Fig. 3). Pairwise comparison heatmaps 
revealed a clear separation between sham and TBI groups on D2, but there 
was no separation on D9 (II, Supplementary Fig. 4 & Supplementary Fig. 
5). 

 
5.2.2 Circulating miRNA profile from small RNA sequencing on 2 d or 9 

d after TBI did not separate rats with or without PTE. 

The 16 animals in the TBI group consisted of 7 rats with epilepsy (TBI+) and 
9 rats without epilepsy (TBI-). PCA detected no separation between the 
TBI+ and TBI- groups on D2 or on D9 (II, Fig. 1 G–H). A heatmap analysis of 
all samples (II, Supplementary Fig. 3) or a pairwise comparison heatmaps 
(II, Supplementary Fig. 4 and 5) did not achieve a separation between 
TBI+ and TBI- groups on either D2 or D9. 

 
5.2.3 Differentially expressed plasma miRNAs were identified 

between the TBI and sham groups, but not between the TBI+ and 
TBI- groups. 

Differential expression analysis by DESeq2 was used to identify miRNAs 
that were either upregulated or downregulated between the different 
experiment groups. DESeq2 analysis detected 45 differentially expressed 
plasma miRNAs between the TBI and sham groups on D2 (28 upregulated, 
17 downregulated) (Supplementary Table 1). On D9, DESeq2 detected 17 
differentially expressed miRNAs (6 upregulated, 11 downregulated) 
(Supplementary Table 4). No differentially expressed miRNAs were 
detected between the TBI+ and TBI- groups on either D2 or D9. 

Logistic regression analysis for miRNA candidates differentiating sham 
and TBI groups yielded 30 miRNAs on D2, and 23/30 of these miRNAs were 
common with DESeq2 analysis (Supplementary Fig. 6). On D9, a logistic 
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regression analysis of sham and TBI groups yielded 29 miRNAs, however, 
none of them were common with DESeq2. Furthermore, the logistic 
regression analysis could not differentiate between the TBI+ and TBI- 
groups at either time-point. 

 
5.2.4 Upregulation of plasma miR-136-3p, miR-323-3p, miR-434-3p, and 

miR-9a-3p 2 d after TBI was validated by RT-qPCR. 

Selection of miRNAs for validation. Since a differential expression analysis 
did not identify any miRNAs which could distinguish the rats with epilepsy 
from their non-epileptic counterparts, a further analysis was conducted 
focusing on the miRNAs that had been found to be upregulated in TBI rats 
as compared to sham-operated controls. Furthermore, as the circulating 
miRNA profile from small RNA sequencing achieved a poor separation of 
TBI and sham groups on D9, the subsequent validation of the small RNA-
seq results focused on those miRNAs that were differentially expressed at 
the D2 time-point. A differentially expressed miRNA was selected for RT-
qPCR validation if it met the following criteria: i) an adequately large 
difference in the expression between TBI and sham groups (log2FC ≥ 1.0) ii) 
a low adjusted p-value, and iii) a sufficient abundance of the miRNA to 
allow detection by PCR methods (count per million reads, CPM ≥ 30). Based 
on the criteria, 3 miRNAs, miR-136-3p, miR-323-3p and miR-129-5p, were 
selected for technical validation by RT-qPCR. There were more miRNAs that 
met the criteria, but due to the limited amount of sample they were not 
included in the initial RT-qPCR validation. In addition to miR-136-3p, miR-
323-3p, and miR-129-5p, the RT-qPCR analysis was complemented with two 
other miRNAs, miR-434-3p and miR-9a-3p, which had earlier been 
observed to be strongly upregulated 2 d after TBI (Das Gupta et al., 2021) 
but were not detected in the small RNA-seq of the EPITARGET rats. The 
expression levels in RT-qPCR were normalized to the endogenous control 
miR-28-3p by the 2–ΔCt method. 

Validation of miRNAs by RT-qPCR. Validation by RT-qPCR was performed 
with different plasma aliquots from the same rats that were used in small 
RNA sequencing (discovery cohort: 4 sham, 16 TBI). Increased levels of miR-
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136-3p and miR-323-3p were validated in the TBI group in comparison to 
the sham group (p<0.05 for both), whereas the difference in miR-129-5p 
levels did not reach statistical significance (p>0.05). In addition, miR-434-3p 
and miR-9a-3p that were not detected by sequencing showed increased 
levels in the TBI group when compared to the sham group (p< 0.01 for miR-
434-3p, p<0.001 for miR-9a-3p) (II, Figure 2). No differences were detected 
in the levels of the 5 assessed miRNAs between rats with epilepsy (TBI+, 
n=7) and rats without epilepsy (TBI-, n=9) (p>0.05 for all). 

 

5.2.5 Analysis in the large EPITARGET animal cohort confirmed 7 
plasma miRNAs as injury biomarkers. 

Selection of miRNAs for ddPCR analysis. After the technical validation in 
the smaller discovery cohort, differentially expressed miRNAs were 
validated in the whole EPITARGET cohort (validation cohort, see Table 6). 
The validation in the larger cohort was performed by ddPCR, which is a 
more sensitive method than RT-qPCR. The selection criteria for candidate 
miRNAs for the ddPCR analysis in the validation cohort were the same as 
for the technical validation by RT-qPCR. In addition, the selected candidate 
miRNAs were brain-specific or brain-enriched in miRNA databases and in a 
literature search. Based on the selection criteria and preliminary 
experiments, a total of 7 upregulated miRNAs (miR-434-3p, miR-9a-3p, miR-
136-3p, miR-323-3p, miR-124-3p, miR-132-3p, and miR-212-3p) were 
selected for ddPCR validation. Preliminary experiments with ddPCR were 
also performed with miRNAs downregulated in the TBI group compared 
with the sham group (miR-455-5p, miR-140-3p, and miR-149-5p). Since the 
preliminary analysis by ddPCR did not detect differences in the levels of 
miR-455-5p, miR-140-3p, and miR-149-5p between the TBI and sham 
groups, downregulated miRNAs were not included in further analysis (II, 
Supplementary Fig. 7). 

ddPCR analysis. A total of 115 out of the 150 plasma samples available 
on D2 from the epilepsy-phenotyped rats in the EPITARGET cohort had 
sufficient volume and quality to be included into the ddPCR analysis. The 
validation cohort included 8 naïve, 17 sham, and 90 TBI rats (21 TBI+, 69 



 

84 
 

TBI-). The target miRNA expression levels were normalized to the 
endogenous control miR-28-3p (target copy number / miR-28-3p copy 
number). No correlation was detected between the plasma A414 value and 
the unnormalized miRNA expression levels of the 7 analyzed miRNAs 
(p>0.05 for all), indicating that hemolysis had not affected the miRNA 
expression levels. 

DdPCR showed increased levels of all 7 analyzed miRNAs in the TBI 
group as compared with naïve or sham-operated controls (p<0.001 for all) 
(II, Figure 3). In comparison to naïve controls, the largest increase in the 
TBI group was detected for miR-9a-3p (41.1-fold), followed by miR-124-3p 
(20.8-fold), miR-323-3p (30.6-fold), miR-434-3p (11.2-fold), miR-136-3p (10.6-
fold), miR-132-3p (3.1-fold), and miR-212-3p (2.4-fold). In the comparison 
between the TBI and sham groups, the largest increases were detected for 
miR-9a-3p (22-fold), followed by miR-124-3p (18.2-fold), miR-323-3p (7.3-
fold), miR-136-3p (4.4-fold), miR-434-3p (4.2-fold), miR-132-3p (2.2-fold), 
and miR-212-3p (1.5-fold). 

The levels of 6 out of 7 miRNAs were also increased in the sham-
operated group in comparison with the naïve group. The largest increase 
was observed for miR-323-3p (4.2-fold, p<0.01), followed by miR-9a-3p (3.4-
fold, p<0.05), miR-136-3p (2.9-fold, p<0.01), miR-434-3p (2.3-fold, p<0.001), 
miR-212-3p (1.6-fold, p<0.05), and miR-132-3p (1.4-fold, p<0.05). The levels 
of miR-124-3p did not differ between the naïve and sham groups (p>0.05). 

ROC analysis. ROC analysis was used to evaluate the performance of 
each miRNA to differentiate between the TBI, sham, and naïve groups, and 
to determine optimal cut-offs for the normalized miRNA expression levels. 
The summary of the AUCs, sensitivity, specificity, and optimal cut-off values 
is presented in II, Supplementary Table 7. All 7 investigated miRNAs 
separated TBI rats from naïve rats and sham-operated controls. In the 
separation of TBI rats from sham-operated controls, 6 miRNAs had AUC 
values ≥ 0.94 (p<0.001 for all), whereas miR-212-3p had AUC 0.76 (p<0.001). 
In the separation between TBI rats and naïve rats, all 7 miRNAs had AUC ≥ 
0.95 (p<0.001 for all). In the differentiation of sham-operated controls from 
naïve rats, all miRNAs except miR-124-3p (AUC 0.49, p>0.05) separated the 
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two groups with AUC values ranging from 0.76 (miR-9a-3p, p<0.05) to 0.96 
(miR-434-3p, p<0.001) (II, Figure 4). 

 

5.2.6 Plasma miRNAs at the acute time-point after TBI did not predict 
the epilepsy outcome. 

The group of 90 TBI rats analyzed by ddPCR included 21 rats with (TBI+) 
and 69 rats without epilepsy (TBI-). No differences in plasma miRNA levels 
at 2 d after TBI were detected between the two groups (II, Figure 5). 

To investigate whether the miRNA levels depended on the severity of 
epilepsy, the 21 rats in the TBI+ group were categorized according to their 
seizure frequency and the occurrence of seizure clusters. The 
categorization by seizure frequency was conducted by dividing the TBI+ 
rats into two groups according to the total number of seizures during the 
1-month video-EEG monitoring (≥ 3 seizures, n=15 vs. < 3 seizures, n=6). 
The categorization by seizure clusters was conducted by dividing the TBI+ 
rats into two groups according to whether they experienced seizure 
clusters (≥ 3 seizures within 24 hours) (clusters, n=8, no clusters, n=13). 
However, no differences in plasma miRNA expression levels were detected 
between the rats with many seizures and those animals with few seizures 
(p>0.05), or between the rats with seizure clusters or those without clusters 
(p>0.05) (II, Figure 6). The ROC analysis showed that none of the miRNAs 
differentiated between the TBI+ and TBI- groups, or the epilepsy severity 
groups (II, Figure 7). 

In addition, an elastic net regularized logistic regression (glmnet) was 
used to determine whether a set of miRNAs rather than an individual 
miRNA could separate TBI+ and TBI- rats, and the rats in different epilepsy 
severity groups. The glmnet analysis did not identify any combination of 
miRNAs which could differentiate TBI+ rats from their TBI- counterparts. 
Interestingly, glmnet analyses of epilepsy severity groups identified 
candidate miRNA sets capable of separating those rats with many seizures 
from those with few seizures, or rats with or without seizure clusters. 
However, the AUCs in all ROC analyses had large confidence intervals, and 
p>0.05 (II, Figure 8). 
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5.2.7  The expression levels of plasma miRNAs at the acute time-point 
after TBI correlated with the severity of the cortical lesion at 
different time points after TBI. 

To determine whether the levels of circulating miRNAs were related to the 
severity of the cortical injury after TBI, the correlation was estimated 
between miRNA levels on D2 and the severity of the cortical lesion at acute, 
subacute, and chronic time-points. 

First, data from an earlier T2 MRI analysis of the whole EPITARGET cohort 
(Manninen et al., 2020) was used to assess the correlation of D2 miRNA 
levels and the volume of cortical lesion on D2, D7 and D21 after the TBI. 
MRI data was available for all 90 TBI rats that were included in the ddPCR 
analysis. The correlation analysis showed that for 6 out of 7 miRNAs (all 
except miR-212-3p), the increased plasma miRNA levels were associated 
with a larger cortical lesion on both D2 and D7. In addition, levels of all 7 
miRNAs associated with a larger cortical lesion on D21. The strongest 
correlation coefficients at all time-points were observed for miR-124-3p (ρ 
= 0.522–0.582, p<0.001) and miR-9a-3p (ρ = 0.507–0.571, p<0.001), followed 
by miR-323-3p (ρ = 0.418–0.489, p<0.001), miR-132-3p (ρ = 0.433–0.463, 
p<0.001), miR-434-3p (ρ = 0.342–0.581, p<0.001), miR-136-3p (ρ = 0.287–
0.394, p<0.001), and miR-212-3p (ρ = 0.269 on D21, p<0.05) (II, Figure 9). 

Next, to investigate the correlation between miRNA levels on D2 and the 
cortical lesion area at a chronic time-point (D182) after TBI, unfolded 
cortical maps were created for all 90 TBI rats included in the ddPCR 
analysis. The correlation analysis showed that in 6 out of 7 miRNAs (all 
except miR-212-3p), increased plasma miRNA levels on D2 associated with 
a larger cortical lesion area on D182. The highest correlation coefficients 
were observed for miR-124-3p (ρ = 0.433, p<0.001) and miR-9a-3p (ρ = 
0.408, p<0.001), followed by miR-323-3p (ρ = 0.277, p<0.01), miR-434-3p (ρ 
= 0.248, p<0.05), miR-132-3p (ρ = 0.240, p<0.05), and miR-136-3p (ρ = 0.230, 
p<0.05) (II, Figure 10). 
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5.3 CIRCULATING NF-L AS A PROGNOSTIC BIOMARKER FOR THE 
STRUCTURAL AND FUNCTIONAL OUTCOME IN RATS AFTER 
TBI (III) 

5.3.1 Plasma NF-L levels increased after the LFP-induced TBI, and a 
slight elevation was observed even 6 months after TBI. 

The plasma NF-L study cohort included 34 rats (8 sham, 26 TBI) from the 
total of 137 rats (23 sham, 114 TBI) that completed the 6-month-long 
EPITARGET project. The temporal profile of NF-L protein in rat plasma after 
LFP-induced TBI was investigated by measuring NF-L levels in the TBI group 
by SIMOA 6 days before TBI (baseline), and on 2 d (D2), 9 d (D9), and at 6 
months after TBI (D176). In the sham group, NF-L levels were measured at 
baseline and on D2 after the sham-operation. 

On D2, the TBI group showed a 483-fold increase in the mean plasma 
NF-L levels in comparison with the baseline levels from the same rats, and 
a 21-fold increase compared with the sham-operated group (p<0.001 for 
both) (III, Figure 1). On D9, the plasma NF-L levels decreased on average to 
20% of that on D2 but remained 89-fold elevated when compared to 
baseline (p<0.001 for both). Plasma NF-L levels on D9 in the TBI group were 
4-fold higher than in sham-operated group on D2 (p<0.001). On D176, the 
plasma NF-L levels in the TBI group were still approximately 3-fold higher 
when compared with the baseline samples (p<0.001). The NF-L levels on 
D176 in the TBI group were only 13% of that in the sham-operated group 
on D2 (p<0.001). In the sham group, the mean plasma NF-L levels on D2 
were 25-fold higher than baseline levels (p<0.01). 

 
5.3.2 Plasma NF-L levels correlated with cortical lesion severity at 

acute and chronic time-points after TBI. 

A correlation analysis was performed to investigate whether plasma NF-L 
levels predicted the severity of the cortical lesion at both the acute and 
chronic time points. The analysis used data on the cortical lesion volumes 
on D2, D7 and D21 after the TBI or the sham-operation from the earlier 
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quantitative T2 MRI analysis of the EPITARGET cohort (Manninen et al., 
2020). In addition, unfolded cortical maps on D182 after TBI were used in 
the estimation of the correlation between NF-L levels and the severity of 
the cortical lesion at a chronic time-point. 

Quantitative T2 MRI data were available for all rats included in the NF-L 
analysis. The correlation analysis showed that the higher the plasma NF-L 
levels on D2 after TBI, the larger the cortical lesion volume as assessed by 
MRI on D2 (ρ = 0.401, p<0.05) (III, Figure 2). However, no correlation was 
detected between the D2 NF-L levels and the cortical lesion volume on D7 
or D21 (p>0.05). In addition, no correlation was evident between the D9 
NF-L levels and the cortical lesion volume on D7 or D21 (p>0.05).  

The correlation analysis of plasma NF-L levels and the lesion area in 
cortical unfolded maps indicated that the higher the plasma NF-L levels on 
D2 and D9, the larger the cortical lesion area on D182 (ρ = 0.437 for D2, ρ = 
0.393 for D9, p<0.05 for both). In contrast, plasma NF-L levels at the 
chronic time point (D176) did not correlate with the presence of a larger 
cortical lesion area on D182 (p>0.05). 

 
5.3.3 Circulating NF-L functioned as biomarker for TBI and sham-

operation. 

The performance of plasma NF-L levels to distinguish between the injury 
groups was evaluated by conducting an ROC analysis. Baseline samples 
from both TBI and sham-operated controls were used in the analysis as a 
naïve control group. The ROC analysis showed that on D2, a cut-off of 2291 
pg/ml differentiated TBI rats from naïve rats with 100% sensitivity and 
100% specificity (AUC 1.00, p<0.001) (III, Figure 3). On D9, a cut-off of 442 
pg/ml differentiated TBI rats from naïve rats with 100% sensitivity and 
100% specificity (AUC 1.00, p<0.001). Even on D176, a cut-off of 15.8 pg/ml 
differentiated TBI rats from naïve rats with 100% sensitivity and 97% 
specificity (AUC 0.999, p<0.001). In addition, the TBI group was perfectly 
separated from the sham-operated controls on D2 with a cut-off of 2201 
pg/ml (AUC 1.00, 100% sensitivity and 100% specificity, p<0.001). 
Interestingly, plasma NF-L levels also perfectly separated sham-operated 
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controls from the naïve group with a cut-off of 49.1 pg/ml (AUC 1.00, 100% 
sensitivity and 100% specificity, p<0.001). 

 
5.3.4 The plasma NF-L levels did not predict somatomotor recovery 

after TBI. 

The severity of somatomotor and vestibular deficits after the TBI was 
evaluated by the composite neuroscore test on D2, D6, and D14 after the 
TBI. The more severe the somatomotor impairment, the lower the 
neuroscore (the range of the scale was 0–28). In the sham-operated control 
group, the mean neuroscore slightly improved from 26.5 (D2) to 27.5 (D14) 
during the follow-up (p<0.01). In the TBI group, the mean neuroscore 
improved from 7.9 (D2) to 14.2 (D14) (p<0.001) (III, Figure 4 A). The 
correlation analysis showed that higher plasma NF-L levels on D2 were 
associated with a lower neuroscore on D2 (ρ = –0.480, p<0.05) (III, Figure 4 
C). However, no correlation was found between D2 NF-L levels and the 
neuroscore at subsequent time-points (p>0.05). 

Importantly, the rats subjected to TBI demonstrated extensive variation 
in the severity of somatomotor impairment at all post-injury time-points. 
The neuroscore range was 3.0–13.0 on D2, 7.0–19.7 on D6, and 9.7–22.7 on 
D14. An analysis of the overall recovery during the post-TBI follow-up 
showed that some rats experienced a notable improvement in their 
neuroscore from D2 to D14, whereas some rats demonstrated only a slight 
improvement (III, Figure 4 D). However, the correlation analysis revealed 
that the plasma NF-L levels at any investigated time point (D2, D9, D176) 
did not correlate with the recovery index (p>0.05). In addition, the ROC 
analysis indicated that plasma NF-L levels at any time point did not 
differentiate between the rats with a good somatomotor recovery from 
those experiencing a poor recovery. 
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5.3.5 The plasma NF-L levels did not predict the cognitive impairment 
after TBI. 

Morris water-maze data of the whole EPITARGET cohort (23 sham, 118 TBI) 
was used to identify the best parameter with which to differentiate 
between cognitively impaired (CI+) and non-impaired (CI-) rats. It was 
found that the latency to reach the platform on D37 after the TBI 
separated the TBI rats from sham-operated controls with 84% sensitivity 
and 100% specificity (AUC 0.94, p<0.001, cut-off 19.2 seconds) (III, Figure 5 
A). Next, the selected parameter and cut-off were used to categorize the 
rats with TBI in the whole EPITARGET cohort into CI+ and CI- groups. In the 
NF-L analysis cohort, 19/26 (73%) of rats with TBI were classified as CI+, and 
7/26 (27%) as CI-, which was comparable with the division in the whole 
EPITARGET cohort. 

Plasma NF-L levels did not differ between the CI+ and CI- rats at any 
time-point (p>0.05) (III, Supplementary Fig. 3 B). No correlation was 
detected between the NF-L levels on D2 and the latency to reach the 
platform on D37 after TBI (p>0.05) (III, Figure 5 B). ROC analysis showed 
that plasma NF-L levels on D2 after TBI did not distinguish the CI+ rats from 
their CI- counterparts (III, Figure 5 C). 

 
5.3.6 Plasma NF-L levels did not predict post-traumatic 

epileptogenesis. 

The 26 selected TBI rats included in the NF-L analysis consisted of 13 rats 
with epilepsy (TBI+) and 13 rats without epilepsy (TBI-). No differences in 
plasma NF-L levels were detected between the TBI+ and TBI- rats at any 
investigated time-point (p>0.05) (III, Figure 6 A). In addition, no differences 
in the evolution of plasma NF-L levels from D2 to D9, or from D9 to D176, 
were detected between the TBI+ and TBI- groups (p>0.05). No correlation 
was found between the total number of seizures and plasma NF-L levels at 
any time-point (p>0.05). In addition, NF-L levels did not differ between rats 
that experienced seizure clusters and those that did not (p>0.05). The ROC 
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analysis indicated that plasma NF-L levels did not distinguish between TBI+ 
and TBI- rats at any investigated time-point (III, Figure 6 B). 
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6 DISCUSSION 

The aim of this thesis was to find circulating miRNA and protein 
biomarkers for the evaluation of TBI severity and the prediction of PTE 
development by using a preclinical model of PTE in which TBI was induced 
in rats by lateral FPI, with vEEG being used to define the epilepsy 
phenotype. 

 

6.1 ISOLATION OF EVs BY THE PRECIPITATION METHOD CO-
PRECIPITATED PLASMA PROTEINS, LIPOPROTEINS, AND 
VESICLE-FREE miRNAs 

In the first part of this thesis, the aim was to find an EV extraction method 
suitable for subsequent studies which would make it possible to detect 
alterations in circulating EV-enriched miRNAs in a preclinical model of PTE. 
Therefore, the performance of a commercial precipitation-based kit in the 
isolation of circulating EVs from rat plasma was evaluated. 

 The EV precipitation method was selected because it has several 
qualities that make it appealing for biomarker studies. First, there are 
multiple commercial kits available, such as miRCURY Exosome Isolation kit 
(QIAGEN), Total Exosome Isolation (Invitrogen), and ExoQuick (System 
Biosciences), and their protocols are simple, not requiring expensive 
equipment, and they enable simultaneous processing of a large number of 
samples. Second, the precipitation protocols are fast (< 2 h) when 
compared to more time-consuming methods such as ultracentrifugation or 
density gradient centrifugation, which may last from 3 h up to around 20 h 
(Raposo et al., 1996; Van Deun et al., 2014). Third, the manufacturers of the 
precipitation kits claim that EV isolation will be successful from plasma 
samples as small as 100−300 μl. This was important here, as the volume of 
a blood sample that can be obtained from a rat is very limited, and a small 
starting volume enables longitudinal studies in which sampling could be 
conducted at several time-points. In contrast, the typical starting volume of 
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plasma in other EV isolation methods varies from ≥ 500 μl in size-exclusion 
chromatography (SEC) (Böing et al., 2014; Dong et al., 2020) to several 
milliliters in ultracentrifugation (Serrano-Pertierra et al., 2019; Dong et al., 
2020). 

EVs were isolated from naïve rat plasma by the precipitation-based 
miRCURY Exosome Isolation Kit. However, the characterization by Western 
blot revealed the presence of albumin and ApoA1 in the pellet, indicating 
co-precipitation of plasma proteins and lipoproteins. An analysis of the EV 
pellet by TEM confirmed that most of the observed particles corresponded 
to lipoproteins (Böing et al., 2014; Yuana et al., 2014; Karimi et al., 2018) 
whereas only a few EVs were detected. The small number of EVs and the 
observed contamination by lipoproteins and plasma proteins in the 
resulting sample raised two important questions, i.e. whether the 
precipitation method had succeeded in enriching EV-associated miRNAs 
from plasma, and whether the EV pellet also contained vesicle-free 
miRNAs. Previously, Arroyo et al. used SEC with human serum and plasma 
to investigate the distribution of circulating miRNAs in vesicular and non-
vesicular fractions. In our study, SEC was used to investigate the miRNA 
profile of the precipitated EV pellet (EV-SEC) and SEC fractions acquired 
directly from plasma (plasma-SEC). 

As expected, miR-142-3p, the miRNA that Arroyo et al. reported to be 
mainly EV-associated in humans, was detected mainly in the early SEC 
fractions both in EV-SEC and in plasma-SEC. The levels of miR-142-3p, 
however, were lower in EV-SEC than in plasma-SEC, suggesting that some 
of the EVs and their miRNA cargo had been lost during the precipitation 
process. Importantly, we detected two known Ago2-associated miRNAs, 
miR-23a and miR-122 (Arroyo et al., 2011), in the late SEC fractions both in 
EV-SEC and plasma-SEC. This indicated that although a protein 
concentration analysis showed that precipitation removed ~90% of total 
plasma proteins, the EV pellet still contained protein complexes that were 
carrying miRNAs. 

In addition to the known EV or protein-associated miRNAs, we 
investigated the distribution of miR-124-3p in rat plasma. The brain-
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enriched miR-124-3p was selected for the analysis, since an earlier study 
from our laboratory revealed that miR-124-3p was chronically 
downregulated after TBI in the perilesional cortex and dentate gyrus of rats 
and human patients (Vuokila et al., 2018). Furthermore, a subsequent 
study detected increased levels of miR-124-3p in rat plasma 2 d after TBI 
(Vuokila et al., 2020). In our study, the fractionation of rat plasma by SEC 
revealed that miR-124-3p peaked in the protein fractions, suggesting that 
at least in naïve rat plasma, miR-124-3p was mainly vesicle-free. 
Interestingly, several investigators have detected miR-124-3p to be 
associated with EVs. For example, one group found miR-124-3p as the third 
most common miRNA in serum exosomes obtained from healthy humans 
(Huang et al., 2013). Wang et al. (2020) reported a TBI-induced increase in 
miR-124-3p levels in rat plasma EVs 24 h after a weight-drop injury. 
Increased levels of miR-124 in serum exosomes were also found in patients 
with acute ischemic stroke (Ji et al., 2016), and in patients with glioblastoma 
(Santangelo et al., 2018). On the other hand, a recent study detected miR-
124 to be both vesicle-free and exosome-associated in plasma of lung 
cancer patients (Sanchez-Cabrero et al., 2023). However, since these 
studies used a precipitation method for EV isolation and none of them 
controlled for plasma protein or lipoprotein contamination, one must 
speculate whether the resulting EV products were not completely depleted 
of vesicle-free miRNAs. In addition, the distribution of circulating miRNAs in 
disease state may also differ from the healthy state. 

In summary, the precipitation method did not enrich EV-associated 
circulating miRNAs, with co-precipitation of plasma proteins and, 
consequently, vesicle-free miRNAs, being a major drawback. Incomplete 
depletion of circulating lipoproteins and proteins with a precipitation 
method has also been demonstrated in human plasma samples by other 
investigators (K. Brennan et al., 2020; Dong et al., 2020). Furthermore, 
similarly to our findings, these investigators had encountered difficulties in 
detecting EV marker proteins in the EVs isolated by precipitation methods, 
indicating a low EV yield that was confirmed by TEM imaging. 
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Since the polymer-based precipitation method seems unsuitable for EV 
isolation from blood, this raises the question, what other methods can be 
used to extract circulating EVs to achieve a reliable miRNA analysis? In this 
thesis, the SEC protocol of Boïng et al. (2014) was used to separate plasma 
EVs from proteins. However, SEC did not separate EVs from lipoproteins 
that had an overlapping size with the EVs. The co-isolation of lipoprotein 
particles with EVs in SEC has also been described in several other 
publications (Karimi et al., 2018; Brennan et al., 2020; Benayas et al., 2023). 
The purity of EVs can be improved by undertaking additional purification 
steps, for example, by conducting a density gradient UC before or after SEC 
(Karimi et al., 2018; Vergauwen et al., 2021). Another research group 
utilized density gradient UC followed by bind-elute chromatography to 
isolate high-purity EVs from rat plasma (Onódi et al., 2018). These studies 
required a minimal 2−6 ml volume of plasma, which is not feasible in 
longitudinal rat studies, as the maximal blood volume that can be collected 
from rats is around 1 ml per week (https://www.nc3rs.org.uk/3rs-
resources/blood-sampling/blood-sampling-rat, accessed on 27.11.2023). 
Another possible approach would be to selectively capture EVs from 
plasma by immunoaffinity purification techniques (He et al., 2014; Ko et al., 
2018). By using antibodies against tissue-specific membrane proteins, 
immunoaffinity methods may make it possible to achieve a selective 
capture of circulating EVs derived from different tissues, such as the brain 
(Mustapic et al., 2017; Sun et al., 2017; Ko et al., 2018). According to Ko and 
colleagues, the isolation of brain-derived EVs from mouse plasma by an 
immunocapture method resulted in an adequate RNA yield to permit 
analysis of EV-miRNAs by small RNA sequencing and RT-qPCR. On the other 
hand, one challenge associated with immunoaffinity methods is finding 
membrane proteins that are specific to the desired EV population. For 
instance, several investigators have used L1CAM protein as a marker for 
neuronal-derived EVs (Gomes & Witwer, 2022), but the presence of L1CAM 
in the EVs in plasma and CSF has been recently criticized (Norman et al., 
2021). 
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All in all, it is evident that the isolation of circulating EVs for miRNA 
analysis is challenging. In preclinical studies, EV isolation is further 
complicated by the limited sample volume. As our study demonstrates, 
whatever method is used for EV isolation, it is essential to conduct a 
thorough quality control for possible contaminants in order to avoid 
erroneous conclusions in the downstream analyses. Since the precipitation 
method was not suitable for our further studies and there were no 
alternative EV isolation methods available for small plasma volumes, the 
analysis of circulating miRNAs in rat plasma in the second part of this 
thesis was conducted from total plasma instead of from EVs. 
 

6.2 CIRCULATING miRNAs ARE MARKERS OF BRAIN INJURY AND 
PREDICT THE SEVERITY OF CORTICAL PATHOLOGY BUT NOT 
EPILEPTOGENESIS 

Currently, there are no biomarkers that could predict the development of 
PTE after TBI. The lack of prognostic biomarkers for PTE has hampered the 
development of anti-epileptogenic treatments, as there are no tools which 
could help to stratify the study subjects, pinpointing those that have the 
highest risk of PTE (Engel et al., 2013). In the second part of the thesis, the 
objective was to discover if there are circulating miRNA biomarkers that 
would be useful when assessing injury severity and predict post-traumatic 
epileptogenesis in a rat model of PTE. Since the extraction of EV-associated 
miRNAs from rat plasma had proved to be unfeasible, TBI-induced 
alterations in all circulating miRNAs were investigated. In this part of the 
project, we used the EPITARGET rat cohort, in which the animals 
underwent a 6-month follow-up including 1-month of continuous vEEG 
monitoring to determine PTE (for details, see Lapinlampi et al., 2020). 

As the small RNA-seq analysis of plasma samples did not identify any 
miRNAs which could distinguish the rats with or without PTE, a further 
analysis was conducted with the miRNAs that were upregulated in TBI rats 
in comparison to sham-operated controls. Based on the sequencing 
results, a literature review, and preliminary experiments, a total of 7 
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miRNAs (miR-9a-3p, miR-124-3p, miR-323-3p, miR-136-3p, miR-434-3p, miR-
132-3p, and miR-212-3p) were selected for ddPCR analysis in the whole 
EPITARGET cohort. The ddPCR analysis demonstrated an upregulation of all 
7 miRNAs in rat plasma at 2 d after TBI when compared with either sham-
operated or naïve controls. All 7 miRNAs distinguished TBI rats from both 
control groups with high AUCs, showing excellent performance as 
biomarkers for a brain injury. Further, differences in plasma miRNA levels 
between the sham-operated (craniotomy) and naïve rats were investigated. 
It has been previously shown that craniotomy can induce structural and 
functional damage in the brain (Cole et al., 2011) and alter the levels of 
circulating miRNAs (Das Gupta et al., 2021). We found that 6 out of 7 
analyzed miRNAs (all except miR-124-3p) separated sham-operated 
controls from naïve controls, indicating them as potential biomarkers for 
mild TBI. 

Of the miRNAs investigated in our study, the levels of miR-434-3p, miR-
9a-3p, miR-136-3p, and miR-124-3p have been previously reported both by 
our laboratory and others to be elevated in rat plasma at an acute time-
point after TBI (Vuokila et al., 2020; Wang et al., 2020; Das Gupta et al., 
2021). Upregulation of miR-434-3p has also been detected in mouse 
plasma after mild TBI (Sharma et al., 2014). In addition to preclinical 
studies, the miRNAs have been investigated in a few clinical studies. One 
study reported 4-fold and 3-fold increases in the levels of miR-9-3p and 
miR-124-3p levels in patient serum samples ≤ 24 h post-TBI (O’Connell et 
al., 2020b). There is another report of a slight elevation in circulating miR-
124-3p levels at 6 h after a severe TBI (Schindler et al., 2020). A previous 
study from our laboratory identified circulating miR-9-3p and miR-136-3p 
as potential biomarkers for mild TBI in rats (Das Gupta et al., 2021). In the 
same study, the upregulation of miR-9-3p, but not that of miR-136-3p, was 
validated in plasma samples from patients with severe TBI, but the number 
of samples was small. In contrast, miR-434-3p is rodent-specific and has 
not been detected in humans (Das Gupta et al., 2021). With respect to miR-
132-3p, one clinical study reported elevated serum miR-132-3p levels at 12 
h and 48 h post-TBI compared to the 2 h time-point (Ma et al., 2019). 
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Importantly, to the best of our knowledge, there are no prior clinical 
studies on circulating miR-323-3p and miR-212-3p after TBI, a situation 
warranting further validation in humans. 

Next, we investigated whether the circulating miRNA profile at acute 
time-point after TBI could be used to predict the progression of cortical 
pathology. The increased levels of 6 out of 7 miRNAs (all except miR-212-
3p) on D2 after TBI correlated with the development of a larger lesion 
volume in MRI during the first 3 weeks after injury. Furthermore, a 
histologic analysis revealed that the elevated circulating miRNA levels on 
D2 correlated with an enlarged cortical lesion area at 6 months after the 
TBI. In both the MRI and histological analyses, miR-124 and miR-9 
demonstrated the strongest correlation with cortical pathology. Increased 
plasma miR-124-3p levels have been reported to correlate with a larger 
cortical lesion area as detected with MRI also at 2 months after the TBI 
(Vuokila et al., 2020). In addition to being observed after a TBI, elevated 
blood miR-124 or miR-9 levels have been associated with a larger lesion or 
infarct volume and worse outcome in clinical stroke studies (Ji et al., 2016; 
Rainer et al., 2016). In contrast, one study reported that acute ischemic 
stroke patients with a larger infarct volume had decreased levels of miR-
124 and miR-9 in their serum (Liu et al., 2015). 

In the EPITARGET cohort, 25% of the TBI rats developed PTE during the 
6-month follow-up. Nonetheless, it was evident that small RNA sequencing 
of plasma samples collected either at 2 d or at 9 d after TBI did not identify 
differentially expressed miRNAs between the rats with (TBI+) or without 
epilepsy (TBI-). Since the risk of PTE increases with the severity of the injury 
(Annegers et al., 1998), it was investigated whether the 7 miRNAs that were 
upregulated in plasma at 2 d after the TBI could predict the development 
of PTE. Furthermore, TBI+ rats were divided into different groups based on 
the epilepsy severity (total number of seizures and presence of seizure 
clusters). However, none of the miRNAs distinguished the TBI+ and TBI- 
rats or the rats allocated to the different epilepsy severity groups. Next, we 
applied a glmnet analysis to assess whether a combination of the acutely 
upregulated miRNAs would be one way to improve the differentiation of 
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the groups, but no miRNA sets were identified capable of separating TBI+ 
from their TBI- counterparts. Interestingly, glmnet identified a set of 
miRNAs which could potentially identify rats in the epilepsy severity 
groups. Unfortunately, the number of animals per group was small, and 
the results did not reach statistical significance. The findings suggest that 
further studies with more animals are warranted. 

All 7 of the investigated miRNAs are known to be neuronally enriched 
(Coolen et al., 2013; Jovičić et al., 2013). MiR-9 and miR-124 function in 
embryonic neurogenesis and neuronal differentiation (Krichevsky et al., 
2006). MiR-9 also participates in the regulation of synaptic plasticity and 
memory (Sim et al., 2016). In contrast, the functions of miR-323 are largely 
unknown. There is one study that reported elevated circulating miR-323 
levels in patients with mild cognitive impairment (Sheinerman et al., 2013), 
and another study detected an upregulation of miR-323 in the brain as 
being associated with depression (Fiori et al., 2021). MiR-136 is specifically 
enriched in neurons (Miska et al., 2004; Jovičić et al., 2013). On the other 
hand, the expression of miR-136 outside the central nervous system has 
also been reported (Kitahara et al., 2013; Chen et al., 2020). In addition to 
TBI, upregulation of miR-136 was reported in the blood of patients with 
Parkinson’s disease (Ravanidis et al., 2020). According Jovičić et al. (2013), 
miR-434 is specifically expressed in rat cortical neurons. Interestingly, miR-
434 has also been detected in rodent skeletal muscles (Shang et al., 2016; 
Jung et al., 2017; Pardo et al., 2017). The last two miRNAs, miR-132 and 
miR-212, are closely related and are located in the same miRNA cluster 
(Wanet et al., 2012). They regulate neurite outgrowth, dendrite maturation, 
and synaptic plasticity (Vo et al., 2005; Wayman et al., 2008; Magill et al., 
2010; Luikart et al., 2011; Remenyi et al., 2013). MiR-132 and miR-212 have 
also been detected in astrocytes and microglia in rat and human TLE 
(Korotkov et al., 2020a). 

Of the 7 miRNAs, miR-132 and miR-212 have been the most extensively 
studied in epilepsy. Increased levels of miR-132 and/or miR-212 in 
hippocampal tissue in rodent models of SE have been reported in multiple 
publications (Nudelman et al., 2010; Jimenez-Mateos et al., 2011; Bot et al., 
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2013; Gorter et al., 2014; Guo et al., 2014; Korotkov et al., 2020a; Venø et 
al., 2020; Bencurova et al., 2021). Furthermore, two clinical studies 
detected increased miR-132 expression in the hippocampal tissue of 
patients with TLE (Peng et al., 2013; Korotkov et al., 2020a). In contrast, 
there are two reports of a downregulation of miR-212 in the hippocampus 
of TLE patients (Haenisch et al., 2015; Cai et al., 2020). Interestingly, Cai et 
al. detected a downregulation of circulating miR-212 in TLE patients (Cai et 
al., 2020), whereas Huang et al. reported increased circulating miR-132 
levels at 2 h after seizure onset in epilepsy patients (Huang et al., 2022). 
Furthermore, there are several studies which have investigated miR-124 
expression in epilepsy; three reported a downregulation of miR-124 in rat 
hippocampus after SE induction by kainic acid (Brennan et al., 2016; 
Ambrogini et al., 2018) or amygdala stimulation (Vuokila et al., 2018). In 
contrast, an upregulation of miR-124 in rat hippocampus was described by 
two research groups where the SE had been induced by administration of 
pilocarpine (Hu et al., 2011; Peng et al., 2013). 

With respect to the 4 remaining miRNAs, miR-9, miR-323, miR-434, and 
miR-136, little information exists on their expression in the context of 
epilepsy. Brennan et al. (2016) did not detect changes in miR-9 expression 
in rat hippocampus after SE. An upregulation of miR-323 was observed in 
miRNA screening of mouse hippocampus after SE by Jimenez-Mateos et al. 
(2011), but miR-323 was not subjected to a further validation by PCR. 
Increased levels of miR-434 were reported in mouse blood after 
pilocarpine-induced SE (Chen et al., 2020). Finally, a downregulation of miR-
136 was detected in the rat hippocampus after pilocarpine-induced SE (Cui 
& Zhang, 2022). Alterations in miR-124, miR-9, miR-323, and miR-136 levels 
in patients with epilepsy remain to be investigated. 

To the best of our knowledge, this study was the first to investigate the 
expression of circulating miRNAs in a PTE model. Although alterations in 
the expression of some miRNAs, especially miR-132 and miR-212, have 
been previously linked to epileptogenesis in experimental models in which 
epileptogenesis has been induced by chemoconvulsants or electrical 
stimulation, none of the circulating miRNAs examined here were useful in 
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the prediction of post-TBI epileptogenesis. One explanation could be that 
the alterations in miRNA expression are specific to the different 
epileptogenesis etiologies. In addition, the possible alterations in miRNA 
expression in the brain during epileptogenesis may be too small to allow 
for their detection in blood. We investigated samples from acute (day 2) 
and subacute (day 9) time-points after injury in order to discover 
circulating miRNAs that would predict the subsequent development of PTE 
at an early post-injury time-point. On the other hand, the time-point at 
which PTE develops after TBI is variable, and it is not known exactly when 
the epileptogenic process starts before there is the appearance of late 
seizures. It remains to be clarified whether a different post-TBI time-point 
would be more optimal for the circulating miRNA analysis for the 
identification of potential biomarkers of post-TBI epileptogenesis. 

 

6.3 CIRCULATING NF-L PREDICTS THE EVOLUTION OF CORTICAL 
DAMAGE BUT NOT COGNITIVE IMPAIRMENT OR 
EPILEPTOGENESIS 

Several circulating protein biomarkers exist for TBI but no biomarkers have 
been discovered for PTE (Agoston & Kamnaksh, 2019; Pitkänen et al., 2021). 
Previously, it has been demonstrated that the levels of NF-L in blood and 
CSF are associated with TBI severity and can be used in the prediction of 
the clinical outcome after the injury (Al Nimer et al., 2015; Shahim et al., 
2016, 2020; Ljungqvist et al., 2017; Thelin et al., 2019). It has not been 
previously investigated whether circulating NF-L levels can predict the 
development of PTE. The aim of our study was to determine the levels of 
NF-L in rat plasma after LFPI-induced TBI, and to clarify whether the NF-L 
levels could act as a biomarker for predicting the structural and 
behavioural outcomes as well as the appearance of epileptogenesis after 
the injury. 

A 483-fold increase in the plasma NF-L concentration was observed on 
D2 after TBI as compared to the baseline samples. The mean concentration 
on D2 was around 5000 pg/ml, which is in line with the NF-L levels reported 
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on D2 post-TBI in another rat study (Wong et al., 2021). By D9, NF-L levels 
had declined to around 900 pg/ml, which was still 89-fold higher than the 
baseline. The temporal profile of NF-L levels detected here were 
comparable to those described in a rat study which examined NF-L levels 
after a mild TBI, in which the serum NF-L levels peaked on 1 d after the 
injury, and though they subsequently decreased, they remained elevated 
at 14 d after the injury (O’Brien et al., 2021). In our study, around a 3-fold 
increase in plasma NF-L levels was observed as long as 6 months after a 
severe TBI when compared to the baseline values. In another study, 
elevated levels of serum NF-L at 4 months after injury were reported in 
50% of rats exposed to a blast overpressure injury (Dickstein et al., 2020). 
The elevated NF-L levels at a late time-point after an injury point to an 
ongoing chronic release of NF-L into the systemic circulation from the 
injured brain. In humans, elevated blood NF-L levels were reported as long 
as 5 years after a TBI (Shahim et al., 2020). In another study, blood NF-L 
levels were increased at 8 months but not >5 years post-TBI, however, 
higher NF-L levels around the 8-month time-point predicted a brain white 
matter volume loss at later time-points (Newcombe et al., 2022). 
Interestingly, the time scale and the magnitude of change in circulating NF-
L levels after TBI seem to differ between rats and humans. In humans, NF-L 
levels were reported to peak in serum at 10−12 d after a severe TBI with a 
concentration of around 2000 pg/ml (Shahim et al., 2016), whereas in our 
study, the NF-L levels had declined by D9 to only 18% of those assayed on 
D2 (900 pg/ml vs. 5000 pg/ml). 

There are clinical studies which have suggested circulating NF-L to be a 
potential diagnostic biomarker for mild and severe TBI (Shahim et al., 2016; 
2020a). New diagnostic biomarkers would be especially useful for mild TBI, 
as mild TBI often remains undetected in a CT scan (Maas et al., 2022). In 
our study, plasma NF-L levels on D2 after an injury differentiated severe 
TBI rats from the baseline samples and from sham-operated controls with 
100% sensitivity and 100% specificity. A similar performance was reported 
earlier for serum NF-L in a model of moderate TBI (Wong et al., 2021). 
Importantly, we found that the craniotomy performed in sham-operated 
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rats increased plasma NF-L levels from an average 9.6 pg/ml to 244 pg/ml, 
which was around a 25-fold difference. A concentration cut-off of 49 pg/ml 
differentiated sham-operated controls from baseline samples with 100% 
sensitivity and 100% specificity. MRI analysis detected mild T2 relaxation 
abnormalities in the sham-operated controls. The results suggest that 
craniotomy causes a subtle axonal injury that is detected as increased 
circulating NF-L levels, indicating that NF-L is a sensitive marker for a mild 
injury. 

One aim of the study was to determine whether circulating NF-L levels 
could predict the structural outcome after the TBI. It was found that higher 
plasma NF-L levels on D2 after the TBI were reflected in a larger volume of 
abnormal T2 in the MRI analysis on the same day. In contrast, the NF-L 
levels on D2 did not predict lesion volume in MRI at later time points (D7 or 
D21). This was not surprising, as a previous study from our laboratory 
reported that the volume of abnormal cortical T2 decreased significantly 
from D2 to D7 and then slightly increased from D7 to D21 (Manninen et al., 
2020). On the other hand, we found that the higher plasma NF-L levels on 
D2 and D9 correlated with a larger cortical lesion area in a histological 
analysis conducted at 6 months after the TBI. Taken together, the results 
suggest that circulating NF-L levels when assessed at an acute post-injury 
time-point reflect the injury severity after LFPI-induced TBI and may predict 
the progression of the cortical lesion at more chronic time-points. 

In addition to the structural outcome, we examined whether circulating 
NF-L levels reflected somatomotor impairment and recovery after TBI. 
Previous studies on single or repeated mild TBI have reported that higher 
serum NF-L levels at the acute post-TBI time-point are associated with a 
poorer performance in the beam-walking test soon after the injury (O’Brien 
et al., 2021; Pham et al., 2021). In our study, higher NF-L levels on D2 after 
severe TBI correlated with a more severe impairment in the neuroscore 
test on the same day but did not predict the somatomotor performance on 
subsequent time points. Furthermore, we investigated whether NF-L levels 
at an acute post-TBI time-point would be able to predict the development 
of a cognitive impairment. Previously, an association has been described 
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between high NF-L levels and cognitive impairment in neurodegenerative 
diseases (Mattsson et al., 2017; Lin et al., 2019; Mattioli et al., 2020; Zhu et 
al., 2021). In the LFP-induced TBI model, TBI rats have been shown to 
experience long-lasting deficits in hippocampus-dependent memory 
(Thompson et al., 2006). Furthermore, it is known that TBI induces the 
death of interneurons and hippocampal principal cells, and the rats also 
suffer from a hippocampal atrophy (Pitkänen and McIntosh, 2006; Huusko 
et al., 2015; Sierra et al., 2015). In contrast to our expectations, plasma NF-L 
levels after TBI did not distinguish between those rats with and those 
without signs of a cognitive impairment at 37 d after the injury. 

To the best of our knowledge, circulating NF-L levels have not been 
previously investigated in PTE models or in patients with PTE. 
Unfortunately, no differences were detected in the plasma NF-L levels 
between the rats with or without PTE at any time-point, indicating that 
circulating NF-L levels would be of little value in predicting the appearance 
of epileptogenesis after a TBI. Previously, it has been reported that there 
was a very small elevation in plasma NF-L levels in patients with post-
stroke epilepsy in comparison to patients who had experienced a single 
seizure (Eriksson et al., 2021). Furthermore, a retrospective study 
conducted by Giovannini and colleagues detected increased serum NF-L 
levels in patients with SE as compared to epilepsy patients or healthy 
controls (Giovannini et al., 2021). They reported that NF-L levels were 
higher in patients with refractory epilepsy than in those with drug-
responsive epilepsy, and higher NF-L levels associated with a worse clinical 
outcome. Increased serum NF-L levels in drug-refractory epilepsy patients 
were also evident in another study (Ouédraogo et al., 2021). In contrast, 
elevated serum NF-L levels in autoimmune epilepsy were reported to be 
attributable to the older age of the patients rather than the disease (Nass 
et al., 2021a). Interestingly, another study by Nass and colleagues 
described a small and statistically non-significant (< 1 pg/ml) increase in 
serum NF-L levels immediately after a tonic-clonic seizure (Nass et al., 
2021b). Of the 13 TBI+ rats in our study, 3 had experienced a seizure on the 
day before blood sampling at the 6-month time-point. Plasma NF-L levels 
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in these rats did not differ from the other rats, indicating that the seizure 
did not have a measurable effect on the circulating NF-L levels on the 
following day. Taken together, it does seem that circulating NF-L levels 
reflected the injury severity and predicted structural outcome at chronic 
time points. In contrast, the NF-L levels did not predict the signs of a 
cognitive impairment or the development of epileptogenesis. 
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7 CONCLUSIONS 

This study aimed to identify miRNA and protein biomarkers in the systemic 
circulation to evaluate TBI severity and predict post-traumatic 
epileptogenesis in an experimental PTE model. The study also evaluated 
the performance of a precipitation-based method to isolate circulating EV 
from rat plasma for subsequent analysis of EV-associated miRNAs. The key 
findings of this thesis can be summarized as follows: 
 

1. During the isolation of EVs from rat plasma by a precipitation-based 
method, circulating lipoproteins and other plasma proteins are co-
precipitated into the EV pellet. As a result, the precipitated EV pellet 
does not contain solely EV-associated miRNAs as there are also 
vesicle-free miRNAs, such as the miRNAs carried by Ago2. 

2. Circulating miR-124-3p is carried by proteins rather than EVs in naïve 
rat plasma. 

3. Elevated levels of miR-9a-3p, miR-124-3p, miR-323-3p, miR-434-3p, 
miR-136-3p, miR-132-3p, and miR-212-3p in rat plasma at 2 d after 
an injury can differentiate TBI rats from sham-operated or naïve 
controls. 

4. Elevated levels of miR-9a-3p, miR-323-3p, miR-434-3p, miR-136-3p, 
miR-132-3p, and miR-212-3p differentiate sham-operated rats from 
naïve controls, suggesting that they may represent potential markers 
for mild TBI. 

5. Higher expression levels of miR-9a-3p, miR-124-3p, miR-323-3p, miR-
434-3p, miR-136-3p and miR-132-3p 2 d after TBI are associated with 
a larger cortical lesion at acute, subacute, and chronic time-points. 

6. The circulating miRNA signature at 2 d or 9 d after TBI does not 
predict the development of post-traumatic epileptogenesis. 

7. Plasma NF-L levels, when assayed at 2 d after the injury, are able to 
differentiate between TBI/sham/naïve groups. Furthermore, the NF-L 
levels remain slightly increased even 6 months after TBI. 
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8. Higher plasma NF-L levels 2 d after TBI associate with a larger 
cortical lesion at acute and chronic post-injury time-points. 

9. Plasma NF-L levels 2 d after TBI cannot predict the somatomotor 
recovery, cognitive impairment or post-traumatic epileptogenesis. 

 
To summarize, due to the low EV yield and the co-precipitation of 
lipoproteins and other plasma proteins during the preparation of the EVs, 
a precipitation-based method is not optimal for EV isolation from rat 
plasma. An analysis of total circulating miRNAs in rat plasma after a lateral 
FPI-induced TBI identified a set of elevated miRNAs that could differentiate 
injured animals from controls and furthermore they were associated with 
the severity of the cortical lesion. Especially, circulating miR-323-3p, miR-
132-3p, and miR-212-3p warrant further studies in patients with TBI; in fact, 
miR-323-3p and miR-212-3p have not previously investigated in TBI, and 
very little information is available on the properties of miR-132-3p. In 
addition to the miRNAs, elevated levels of NF-L in the systemic circulation 
were also found to associate with a larger cortical lesion. However, neither 
the miRNA signature nor the NF-L levels could predict the development of 
post-traumatic epileptogenesis. 
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ABSTRACT
The microRNA (miRNA) cargo contained in plasma extracellular vesicles (EVs) offers a relatively
little explored source of biomarkers for brain diseases that can be obtained noninvasively.
Methods to isolate EVs from plasma, however, are still being developed. For EV isolation, it is
important to ensure the removal of vesicle-free miRNAs, which account for approximately two-
thirds of plasma miRNAs. Membrane particle precipitation-based EV isolation is an appealing
method because of the simple protocol and high yield. Here, we evaluated the performance of
a precipitation-based method to obtain enriched EV-specific miRNAs from a small volume of rat
plasma. We performed size-exclusion chromatography (SEC) on precipitation-isolated EV pellets
and whole plasma. The SEC fractions were analysed using Nanoparticle Tracking Analysis (NTA),
protein and miRNA concentration assays, and droplet digital polymerase chain reaction for four
miRNAs (miR-142-3p, miR-124-3p, miR-23a, miR-122). Precipitation-isolated EVs and selected SEC
fractions from the plasma were also analysed with transmission electron microscopy (TEM).
Precipitation-based EV isolation co-precipitated 9% to 15% of plasma proteins and 21% to 99%
of vesicle-free miRNAs, depending on the individual miRNAs. In addition, the amount of miR-142-
3p, found mainly in EV fractions, was decreased in the EV fractions, indicating that part of it was
lost during precipitation-based isolation. Western blot and TEM revealed both protein and
lipoprotein contamination in the precipitation-isolated EV-pellets. Our findings indicate that
a precipitation-based method is not sufficient for purifying plasma EV-contained miRNA cargo.
The particle number measured by NTA is high, but this is mostly due to the contaminating
lipoproteins. Although a part of the vesicle-free miRNA is removed, vesicle-free miRNA still
dominates in plasma EV pellets isolated by the precipitation-based method.
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Introduction

Extracellular vesicles (EVs), lipid particles found in all
body fluids, are secreted by many cell types and used in
inter-cellular communication [1]. Both the surface pro-
teins and the cargo, especially in plasma EVs, represent
emerging targets for biomarker and treatment discov-
ery for various diseases [2].

Currently, there are several methods for isolating
plasma EVs. Each method has its advantages and dis-
advantages [3]. Several commercial EV isolation kits,
such as the miRCURY™ Exosome Isolation Kit,
ExoQuick and Invitrogen Total Exosome isolation
reagent, are based on the precipitation of membrane
particles. According to a worldwide survey performed
in 2015 by the International society for extracellular
vesicles (ISEV), precipitation-based methods are used
especially for biologic samples with a small starting

volume. In addition, 84% of researchers using precipi-
tation techniques perform RNA analysis of the EV
fraction [4].

In addition to EVs, plasma contains a high number
of lipoproteins, including high-density lipoproteins
(HDL), low-density lipoproteins, very low-density lipo-
proteins and chylomicrons [5]. Some of these lipopro-
teins are within the size-range or density of EVs, which
makes it difficult to isolate EVs from plasma [6,7].

MicroRNAs are small non-coding RNAs that regu-
late protein synthesis at the post-transcriptional level.
Circulating miRNAs are considered potential biomar-
kers, such as for cancer, infections, and neurologic
diseases [8–10]. Circulating miRNAs are not intrinsi-
cally resistant to endogenous RNases and therefore,
require protection against degrading enzymes [11]. In
plasma, miRNAs are found in EVs [1,11], lipoproteins
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like HDL and low-density lipoproteins [12,13], and
protein complexes [11,14]. All these carriers appear to
have an individual miRNA profile [13]. A study using
size exclusion chromatography (SEC) estimated that
approximately 15% of circulating miRNAs in humans
are enriched in EV fractions and 66% are enriched in
lipoprotein/protein fractions [11]. In addition,
a notable amount of protein-bound miRNA appears
to be bound specifically to Argonaute-2, a protein in
the intracellular miRNA-silencing complex [11,14].
A recent position paper by the ISEV listed the oppor-
tunities and limitations of EV-related RNA studies
emphasising that the methods are still developing,
and that isolation techniques, especially regarding
RNA, must be critically evaluated [3].

Several studies have compared the miRNA yield in
EVs obtained from plasma or serum using different EV
isolation methods, including precipitation-based meth-
ods [15–21]. Based on microarray or next generation
sequencing studies it is evident that the EV isolation
method influences the captured miRNome [20–22].
The presence of lipoproteins, of contaminating
miRNAs or miRNA-binding proteins is less studied
[15]. In studies of EV miRNA cargo, it is critical to
ensure that protein- and lipoprotein-bound miRNAs
are removed during the EV isolation process. The pre-
sent study aimed to test the efficiency of the precipita-
tion-based miRCURY™ Exosome Isolation Kit – Serum
and Plasma, combined with filtration, for removing
non-EV-related miRNAs, and thereby enriching the
EV miRNA cargo from rat plasma.

Materials and methods

Animals and plasma collection

Naïve male Sprague-Dawley rats (n = 5, body weight
327–403 g at the time of decapitation) were used.
Water and pellet food were freely available and
provided ad libitum. All animal procedures were
approved by the Animal Ethics Committee of the
Provincial Government of Southern Finland and car-
ried out in accordance with the guidelines of the
European Community Council Directives 2010/63/EU.

Rats were anesthetised with isoflurane and decapi-
tated. The trunk blood was collected into K2-EDTA-
tubes (di-potassium ethylenediaminetetraacetic acid,
Vacutainer, BD Biosciences, Franklin Lakes, NJ,
USA). The tubes were immediately placed into ice.
For plasma isolation, blood samples were centrifuged
at 1300g for 10 min (+4⁰C) within 1 h after collection
and stored in 200 µl aliquots at −70°C until further
processed.

EV isolation using a precipitation-based method

EVs for various experiments were isolated from 250–-
800 µl of trunk plasma. A 10 µl aliquot of pooled
plasma was stored at −70°C for sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blot analysis. The remaining plasma was
used for EV isolation with the miRCURY™ Exosome
Isolation Kit—Serum and Plasma (#300112, Exiqon A/
S, Denmark). Briefly, after thrombin treatment, the
plasma was filtered through a 0.22 µm polyvinylidene
difluoride filter (#SLGV013SL, Millex-GV, Merck
Millipore) to eliminate larger vesicles. Next, the filtered
plasma was combined with 0.4 volumes of precipitation
buffer, incubated for 1 h at 4°C and then the EVs were
pelleted by centrifugation (500 g, 5 min, RT). The
pelleted EVs were resuspended in 270 µl resuspension
buffer from the kit and stored at −70°C and the super-
natant was collected and stored at −70°C.

EV isolation with SEC and RNA isolation

From each of the four rats, eight 200 µl aliquots (total
volume 1 600 µl) were pooled and used for analysis.
After centrifugation (5 min, 10,000 g), the supernatant
was divided into two 800 µl aliquots.

Plasma SEC analysis (plasma-SEC). The first 800 µl
aliquot was filled to 1 ml with filtered (0.22 µm) PBS
containing 0.32% trisodium citrate and loaded into
a 10 ml Sepharose CL-2B column as described by
Böing et al. [23]. After loading, 25 fractions of filtrates
(500 µl each) were collected.

EV pellet SEC analysis (EV-SEC). EVs from
the second 800 µl plasma aliquot was isolated using
the miRCURY™ Exosome Isolation Kit—Serum and
Plasma as described above. The resuspended precipita-
tion-isolated EV pellet (270 µl) was combined with
730 µl of 0.22 µm filtered phosphate-buffered saline
(PBS, VWRVE404-200TABS, VWR) including 0.32%
trisodium citrate, and then loaded into the SEC col-
umn. After loading, 25 fractions of filtrates (500 µl
each) were collected.

RNA isolation. RNA was isolated from the SEC frac-
tions (plasma-SEC and EV-SEC) obtained from two indi-
vidual rats. For RNA isolation, 400 µl portions of each of
the two consecutive 500 µl SEC fractions were combined,
starting from fraction 4. This resulted in 11 800 µl frac-
tions per SEC for RNA isolation. Each 800 µl fraction was
combined with five volumes of Qiazol lysis reagent
(#79306, Qiagen), vortexed for 10 s, and incubated at
room temperature for 5 min. The mixture was then
frozen in dry ice and stored at −80°C. After thawing on
ice, chloroform (0.2 volumes) was added to the Qiazol-
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mixture. The phases were separated by centrifugation
(15 min, 4°C, 12,000g) and then ethanol (1.5 volumes)
was added to the collected aqueous phase. The mixture
was loaded into a single affinity column from miRNeasy
Mini Kit (Qiagen, #217004) and washed according to the
kit’s instructions. Finally, the RNA was eluted with 30 µl
of nuclease-free water. The miRNA concentration of the
purified RNA was measured using a Qubit® microRNA
Assay Kit (#Q32880, Thermo Fisher Scientific) and
a DeNovix DS-11 FX fluorometer. The remaining frac-
tions were saved for nanoparticle tracking analysis (NTA)
and protein concentration analyses. Protein concentra-
tion was measured using a Pierce BCA protein assay kit
according to manufacturer instructions (#23225, Thermo
Fisher Scientific).

Nanoparticle tracking analysis

NTA was used to measure the relative concentration
and size distribution of the particles. Measurements
were obtained using NS300 NanoSight (Malvern,
Worcestershire, UK). Polystyrene latex beads (91 nm;
Bal-Tec, Balzers, Lichtenstein) were used as a positive
control and PBS (VWRVE404-200TABS, VWR) was
used as a negative control. For recordings, the camera
level was adjusted to 13 (range: 1–16) and the remain-
ing settings were set to automatic. The sample was
injected to the sample chamber at a constant flow
rate using the Malvern NanoSight syringe pump sys-
tem. Three 30 s captures per sample were recorded. For
analysis of the recordings, the settings were set to
automatic, except for the detection threshold, which
was set to 5. Each sample was diluted to reach
a concentration between 5×107 and 2×109 particles/
ml, expect for SEC fractions 1–7 whose particle counts
were too low to reach the detectable concentration
range.

SDS-PAGE and western blot

Protein concentrations in the plasma, EVs, and super-
natant samples were determined using the Pierce BCA
protein assay kit. First, samples were mixed with 2x RIPA
lysis buffer and incubated at 4°C for 15 min. The samples
were mixed with 4x Laemmli sample buffer (#161–0747,
Bio-Rad, Hercules, CA, USA) including 2-mercaptoetha-
nol and denatured at 95°C for 10 min. For Western blot
analysis, 5 µg (albumin) or 25 µg (Tsg-101 and ApoA1)
protein was separated by 12% SDS-PAGE (TGX Stain-
Free™ FastCast™ Acrylamide kit, Bio-Rad, 161–0185) and
transferred to Amersham Hybond-P polyvinylidene
difluoride membranes (P 0.45, GE Healthcare) using
a Thermo Scientific™ Pierce™ Power Blotter. Protein

bands on the gels and membranes were visualised after
separation and transfer using a Bio-Rad ChemiDoc™ TM
MP System.

Primary antibodies against ApoA1 (rabbit, dilution
1:400, Abcam, Cambridge, MA, USA, ab33470), albumin
(goat, dilution 1:2000, Santa Cruz Biotechnology, Dalas,
TX, USA, sc-46,293) and Tsg-101 (rabbit, dilution 1:5000,
Abcam, Cambridge, MA, USA, ab125011) were used for
the Western blot analysis. After primary and secondary
antibody incubations (mouse anti-rabbit horseradish per-
oxidase [HRP; dilution 1:10,000 or 1:5000, Abcam
ab99697] or rabbit anti-goat HRP [dilution 1:10,000,
Santa Cruz Biotechnology, sc-2922]), the membranes
were subjected to HRP chemiluminescent substrate
(#34080, SuperSignal™ West Pico Chemiluminescent
Substrate, Thermo Fisher Scientific). Protein bands were
visualised using the signal accumulationmode in Bio-Rad
ChemiDoc™ MP System. Image Lab™ (version 6.0, Bio-
Rad) was used to measure the adjusted intensity of the
albumin bands after SDS-PAGE.

Scanning electron microscopy

For scanning electron microscopy (SEM), EVs were iso-
lated from 350 µl rat plasma using the miRCURY™
Exosome Isolation Kit—Serum and Plasma as described
above. SEM of the EVs was performed as previously
described [24]. Briefly, precipitation-isolated EV prepara-
tions were diluted 1:10 in PBS and left to settle onto poly-
D-lysine-coated coverslips overnight at 4°C. They were
then washed in 0.1 M sodium cacodylate and 0.1 M
sucrose (pH 7.4) and fixed in sodium cacodylate-
buffered 2% (v/v) glutaraldehyde for 30 min. After wash-
ing with 0.1 M sodium cacodylate the samples were
postfixed in 1% osmium tetroxide and 0.1 M Na-
cacodylate for 1 h followed by washing with sodium
cacodylate and distilled water. Thereafter, the samples
were dehydrated through a graded series of ethanol.
Samples were chemically dried with hexamethyldisila-
zane, air-dried, coated with chrome and imaged with
a Zeiss Sigma HD|VP (Carl Zeiss Microscopy GmbH,
Oberkochen, Germany) scanning electron microscope
at 3 kV. A negative control was prepared using PBS as
the starting material. Solution containing 91-nm poly-
styrene latex beads (Bal-Tec) served as a positive control.

Transmission electron microscopy

For transmission electron microscopy (TEM), EVs were
isolated from 250 µl of rat plasma using the miRCURY™
Exosome Isolation Kit—Serum and Plasma as described
above. In addition, SEC was performed with 250 µl of
plasma as described above. TEM of EVs was performed
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like HDL and low-density lipoproteins [12,13], and
protein complexes [11,14]. All these carriers appear to
have an individual miRNA profile [13]. A study using
size exclusion chromatography (SEC) estimated that
approximately 15% of circulating miRNAs in humans
are enriched in EV fractions and 66% are enriched in
lipoprotein/protein fractions [11]. In addition,
a notable amount of protein-bound miRNA appears
to be bound specifically to Argonaute-2, a protein in
the intracellular miRNA-silencing complex [11,14].
A recent position paper by the ISEV listed the oppor-
tunities and limitations of EV-related RNA studies
emphasising that the methods are still developing,
and that isolation techniques, especially regarding
RNA, must be critically evaluated [3].

Several studies have compared the miRNA yield in
EVs obtained from plasma or serum using different EV
isolation methods, including precipitation-based meth-
ods [15–21]. Based on microarray or next generation
sequencing studies it is evident that the EV isolation
method influences the captured miRNome [20–22].
The presence of lipoproteins, of contaminating
miRNAs or miRNA-binding proteins is less studied
[15]. In studies of EV miRNA cargo, it is critical to
ensure that protein- and lipoprotein-bound miRNAs
are removed during the EV isolation process. The pre-
sent study aimed to test the efficiency of the precipita-
tion-based miRCURY™ Exosome Isolation Kit – Serum
and Plasma, combined with filtration, for removing
non-EV-related miRNAs, and thereby enriching the
EV miRNA cargo from rat plasma.

Materials and methods

Animals and plasma collection

Naïve male Sprague-Dawley rats (n = 5, body weight
327–403 g at the time of decapitation) were used.
Water and pellet food were freely available and
provided ad libitum. All animal procedures were
approved by the Animal Ethics Committee of the
Provincial Government of Southern Finland and car-
ried out in accordance with the guidelines of the
European Community Council Directives 2010/63/EU.

Rats were anesthetised with isoflurane and decapi-
tated. The trunk blood was collected into K2-EDTA-
tubes (di-potassium ethylenediaminetetraacetic acid,
Vacutainer, BD Biosciences, Franklin Lakes, NJ,
USA). The tubes were immediately placed into ice.
For plasma isolation, blood samples were centrifuged
at 1300g for 10 min (+4⁰C) within 1 h after collection
and stored in 200 µl aliquots at −70°C until further
processed.

EV isolation using a precipitation-based method

EVs for various experiments were isolated from 250–-
800 µl of trunk plasma. A 10 µl aliquot of pooled
plasma was stored at −70°C for sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blot analysis. The remaining plasma was
used for EV isolation with the miRCURY™ Exosome
Isolation Kit—Serum and Plasma (#300112, Exiqon A/
S, Denmark). Briefly, after thrombin treatment, the
plasma was filtered through a 0.22 µm polyvinylidene
difluoride filter (#SLGV013SL, Millex-GV, Merck
Millipore) to eliminate larger vesicles. Next, the filtered
plasma was combined with 0.4 volumes of precipitation
buffer, incubated for 1 h at 4°C and then the EVs were
pelleted by centrifugation (500 g, 5 min, RT). The
pelleted EVs were resuspended in 270 µl resuspension
buffer from the kit and stored at −70°C and the super-
natant was collected and stored at −70°C.

EV isolation with SEC and RNA isolation

From each of the four rats, eight 200 µl aliquots (total
volume 1 600 µl) were pooled and used for analysis.
After centrifugation (5 min, 10,000 g), the supernatant
was divided into two 800 µl aliquots.

Plasma SEC analysis (plasma-SEC). The first 800 µl
aliquot was filled to 1 ml with filtered (0.22 µm) PBS
containing 0.32% trisodium citrate and loaded into
a 10 ml Sepharose CL-2B column as described by
Böing et al. [23]. After loading, 25 fractions of filtrates
(500 µl each) were collected.

EV pellet SEC analysis (EV-SEC). EVs from
the second 800 µl plasma aliquot was isolated using
the miRCURY™ Exosome Isolation Kit—Serum and
Plasma as described above. The resuspended precipita-
tion-isolated EV pellet (270 µl) was combined with
730 µl of 0.22 µm filtered phosphate-buffered saline
(PBS, VWRVE404-200TABS, VWR) including 0.32%
trisodium citrate, and then loaded into the SEC col-
umn. After loading, 25 fractions of filtrates (500 µl
each) were collected.

RNA isolation. RNA was isolated from the SEC frac-
tions (plasma-SEC and EV-SEC) obtained from two indi-
vidual rats. For RNA isolation, 400 µl portions of each of
the two consecutive 500 µl SEC fractions were combined,
starting from fraction 4. This resulted in 11 800 µl frac-
tions per SEC for RNA isolation. Each 800 µl fraction was
combined with five volumes of Qiazol lysis reagent
(#79306, Qiagen), vortexed for 10 s, and incubated at
room temperature for 5 min. The mixture was then
frozen in dry ice and stored at −80°C. After thawing on
ice, chloroform (0.2 volumes) was added to the Qiazol-
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mixture. The phases were separated by centrifugation
(15 min, 4°C, 12,000g) and then ethanol (1.5 volumes)
was added to the collected aqueous phase. The mixture
was loaded into a single affinity column from miRNeasy
Mini Kit (Qiagen, #217004) and washed according to the
kit’s instructions. Finally, the RNA was eluted with 30 µl
of nuclease-free water. The miRNA concentration of the
purified RNA was measured using a Qubit® microRNA
Assay Kit (#Q32880, Thermo Fisher Scientific) and
a DeNovix DS-11 FX fluorometer. The remaining frac-
tions were saved for nanoparticle tracking analysis (NTA)
and protein concentration analyses. Protein concentra-
tion was measured using a Pierce BCA protein assay kit
according to manufacturer instructions (#23225, Thermo
Fisher Scientific).

Nanoparticle tracking analysis

NTA was used to measure the relative concentration
and size distribution of the particles. Measurements
were obtained using NS300 NanoSight (Malvern,
Worcestershire, UK). Polystyrene latex beads (91 nm;
Bal-Tec, Balzers, Lichtenstein) were used as a positive
control and PBS (VWRVE404-200TABS, VWR) was
used as a negative control. For recordings, the camera
level was adjusted to 13 (range: 1–16) and the remain-
ing settings were set to automatic. The sample was
injected to the sample chamber at a constant flow
rate using the Malvern NanoSight syringe pump sys-
tem. Three 30 s captures per sample were recorded. For
analysis of the recordings, the settings were set to
automatic, except for the detection threshold, which
was set to 5. Each sample was diluted to reach
a concentration between 5×107 and 2×109 particles/
ml, expect for SEC fractions 1–7 whose particle counts
were too low to reach the detectable concentration
range.

SDS-PAGE and western blot

Protein concentrations in the plasma, EVs, and super-
natant samples were determined using the Pierce BCA
protein assay kit. First, samples were mixed with 2x RIPA
lysis buffer and incubated at 4°C for 15 min. The samples
were mixed with 4x Laemmli sample buffer (#161–0747,
Bio-Rad, Hercules, CA, USA) including 2-mercaptoetha-
nol and denatured at 95°C for 10 min. For Western blot
analysis, 5 µg (albumin) or 25 µg (Tsg-101 and ApoA1)
protein was separated by 12% SDS-PAGE (TGX Stain-
Free™ FastCast™ Acrylamide kit, Bio-Rad, 161–0185) and
transferred to Amersham Hybond-P polyvinylidene
difluoride membranes (P 0.45, GE Healthcare) using
a Thermo Scientific™ Pierce™ Power Blotter. Protein

bands on the gels and membranes were visualised after
separation and transfer using a Bio-Rad ChemiDoc™ TM
MP System.

Primary antibodies against ApoA1 (rabbit, dilution
1:400, Abcam, Cambridge, MA, USA, ab33470), albumin
(goat, dilution 1:2000, Santa Cruz Biotechnology, Dalas,
TX, USA, sc-46,293) and Tsg-101 (rabbit, dilution 1:5000,
Abcam, Cambridge, MA, USA, ab125011) were used for
the Western blot analysis. After primary and secondary
antibody incubations (mouse anti-rabbit horseradish per-
oxidase [HRP; dilution 1:10,000 or 1:5000, Abcam
ab99697] or rabbit anti-goat HRP [dilution 1:10,000,
Santa Cruz Biotechnology, sc-2922]), the membranes
were subjected to HRP chemiluminescent substrate
(#34080, SuperSignal™ West Pico Chemiluminescent
Substrate, Thermo Fisher Scientific). Protein bands were
visualised using the signal accumulationmode in Bio-Rad
ChemiDoc™ MP System. Image Lab™ (version 6.0, Bio-
Rad) was used to measure the adjusted intensity of the
albumin bands after SDS-PAGE.

Scanning electron microscopy

For scanning electron microscopy (SEM), EVs were iso-
lated from 350 µl rat plasma using the miRCURY™
Exosome Isolation Kit—Serum and Plasma as described
above. SEM of the EVs was performed as previously
described [24]. Briefly, precipitation-isolated EV prepara-
tions were diluted 1:10 in PBS and left to settle onto poly-
D-lysine-coated coverslips overnight at 4°C. They were
then washed in 0.1 M sodium cacodylate and 0.1 M
sucrose (pH 7.4) and fixed in sodium cacodylate-
buffered 2% (v/v) glutaraldehyde for 30 min. After wash-
ing with 0.1 M sodium cacodylate the samples were
postfixed in 1% osmium tetroxide and 0.1 M Na-
cacodylate for 1 h followed by washing with sodium
cacodylate and distilled water. Thereafter, the samples
were dehydrated through a graded series of ethanol.
Samples were chemically dried with hexamethyldisila-
zane, air-dried, coated with chrome and imaged with
a Zeiss Sigma HD|VP (Carl Zeiss Microscopy GmbH,
Oberkochen, Germany) scanning electron microscope
at 3 kV. A negative control was prepared using PBS as
the starting material. Solution containing 91-nm poly-
styrene latex beads (Bal-Tec) served as a positive control.

Transmission electron microscopy

For transmission electron microscopy (TEM), EVs were
isolated from 250 µl of rat plasma using the miRCURY™
Exosome Isolation Kit—Serum and Plasma as described
above. In addition, SEC was performed with 250 µl of
plasma as described above. TEM of EVs was performed
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according to Thery et al. [25]. Before preparing the TEM
samples, SEC fractions 6–7 were concentrated to ~100 µl
using an Amicon Ultra-4 10 K concentrator column.
Next, SEC fractions 8–10 and 12–13 were concentrated
to 390 µl and 260 µl, respectively, using Pierce 3K con-
centrator columns. Then, 8 µl of sample was mixed with
8 µl of 4% paraformaldehyde. Five microliters of sample-
paraformaldehyde suspension was deposited on each of
two Formvar-carbon coated and glow-discharged elec-
tron microscopy grids, and the membranes were covered
for 20 min. For washing, 100 µl drops of PBS were placed
on a sheet of parafilm, and the grids were transferred to
the drops for 2 min with the sample membrane side
facing down. The grids were transferred to a 50 µl drop
of 1% glutaraldehyde for 5 min. The grids were then
washed by transferring them to a 100 µl drop of distilled
water for 2 min. The washing step was repeated seven
times for a total of eight washes. For the contrast, the
grids were transferred to a 50 µl drop of uranyl-oxalate
solution, pH 7, for 5 min. The grids were then transferred
to a 50 µl drop of methyl cellulose-UA for 10 min on ice.
The grids were removed with stainless steel loops and the
excess fluid was blotted on Whatman no. 1 filter paper.
Finally, the grids were air-dried on the loop for 5–10 min
and stored in grid storage boxes. Imaging was performed
using a JEOL JEM-2100F electron microscope (Jeol Ltd,
Tokyo, Japan) at 200 kV.

Droplet digital PCR

Four miRNAs were selected for individual miRNA ana-
lysis based on previously reported data. Brain enriched
miR-124-3p was found from serum EVs when ExoQuick
precipitation-based isolation method was used [26].
Other miRNAs were selected based on the previous
knowledge about their co-precipitation with EVs (miR-
142-3p) or proteins (miR-23a and miR-122) in SEC [11].

cDNA synthesis was conducted using a TaqMan
miRNA Reverse Transcription kit (#4366596, Applied
Biosystems™) according to the manufacturer’s instruc-
tions. Five microliters of extracted RNA (mmu-miR
-124a: assay ref 001182, Thermo Fisher Scientific) or
a 1:3 dilution of extracted RNA (hsa-miR-122: 002245,
has-miR-23a: 000399 and has-miR-142-3p: 000464,
Thermo Fisher Scientific) was used as a template. The
cDNA synthesis was conducted with a Bio-Rad T100
Thermal Cycler (30 min at 16°C; 30 min at 42°C; and
5min at 85°C). TaqMan™MicroRNAAssays were used in
both cDNA synthesis and droplet digital PCR (ddPCR).

For the ddPCR reaction, 1.3 µl of cDNA was combined
with 10 µl of 2x ddPCR™ Supermix for Probes (#1863027,
Bio-Rad), 1 µl of microRNA Assay and 7.7 µl of nuclease-
free water. Samples and 70 µl of droplet generator oil for

probes (#1863005, Bio-Rad) were loaded into the wells of
the droplet generator cartridge (#1864008, Bio-Rad).
Droplets were generated using a QX200 Droplet
Generator (Bio-Rad). Droplets were applied to a 96-well
plate (#Z651443-25EA, Sigma Millipore, St. Louis, MO,
USA), and the plate was sealed with foil (#1814040, Bio-
Rad) using a PX1 PCR Plate Sealer (Bio-Rad). The PCR
reaction was conducted with a BIO-RAD T100 Thermal
Cycler (10 min at 95°C; 40 cycles of 15 s at 95°C and 60s at
60°C; 10 min at 98°C). The fluorescence of each droplet
was measured using a QX200 Droplet Reader (Bio-Rad).
Data were analysed with QuantaSoft software v1.7 (Bio-
Rad) to determine the copy number of the measured
miRNA. Each sample was run in duplicate and the mean
of positive droplets per 20 µl of reaction mix was used in
further calculations. A no-template (nuclease-free water)
control was included in each run.

Results

Characterisation of plasma EVs isolated by the
precipitation method

To assess the overall quality of the EVs (i.e. EV pellet)
that were isolated from rat trunk plasma using
a precipitation-based EV isolation method, we applied
several techniques recommended by the ISEV, includ-
ing NTA, SEM, SDS-PAGE, and Western blot [27].

NTA indicated a peak in the EV pellet particle size
within the range of 60–120 nm (Figure 1(b)). In the
positive control (91-nm polystyrene latex beads), NTA
detected a constant peak at 83 nm using several settings
(data not shown).

SEM images of the EV pellets revealed spherical
particles that were within the same size range as the
particles measured with NTA from the same EV isola-
tion (Figure 1(a)). In addition, we found a large num-
ber of smaller particles in the background. In the
positive control (91-nm polystyrene latex beads), SEM
showed 90-nm round particles (data not shown). In the
negative control (PBS), we detected small asymmetrical
particles in the background (data not shown).

SDS-PAGE of total proteins in plasma, EV pellet
and supernatant revealed different protein band pat-
terns (Figure 1(c)). The albumin band (66 kDa, the
most abundant protein in plasma) accounted for 25%
of the total intensity of the protein bands in the plasma,
16% in the EV pellet and 32% in the supernatant.

Western blot did not reveal EV-specific marker tsg-
101 in the EV pellet, plasma, or supernatant (Figure 1
(d)). Instead, HDL marker ApoA1 was enriched in the
EV pellet (Figure 1(d)). Western blot analysis con-
firmed the presence of albumin in both the EV pellet
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and supernatant (Figure 1(d)). The TGX Stain-free
images for all Western blots are presented in
Supplementary figure 1.

TEM analysis of precipitation and SEC-isolated EVs

To study the precipitation-isolated EVpellet inmore detail,
we imaged it with TEM and compared it to results of the
SEC EV-isolation from plasma. TEM imaging of the pre-
cipitation-isolated EV pellet showed several round

particles, some of which were cup-shaped, which is con-
sistent with EVs [23,28,29]. Most of the round particles,
however, had amorphology comparable to that of lipopro-
teins [23,30]. In addition, the TEM images showed a “dense
background smudge”, consistent with the presence of pro-
tein aggregates [6] (Figure 2(a)). In negative control (pre-
cipitation purification performed to PBS), no particles or
background were visible (Supplementary Figure 2).

TEM imaging of plasma-SEC revealed a few cup-
shaped EVs in the SEC fractions 6–7 (Figure 2(c)).
As in the TEM images of the precipitation-isolated
EV pellet, most of the round vesicles in plasma-SEC
fractions 6–7, 8–10 and 12–13 had a diameter ran-
ging from 20 nm to 200 nm, and a morphology
consistent with that of lipoproteins (Figure 2(c-e)).
The plasma-SEC fractions were devoid of the “dense
background smudge”. TEM imaging confirmed the
particle size distribution measured with NTA, indi-
cating a progressive decrease in the particle dia-
meter from earlier to later SEC fractions (Figure 2
(f-h)). In addition, Western blot analysis with
ApoA1-antibody from plasma-SEC fractions
revealed an intensity profile similar to NTA particle
profile. The highest intensity was detected in frac-
tions 15–16 (Supplementary figure 3).

SEC analysis of EVs isolated using the precipitation
method

Next, we further purified the precipitation-isolated EV
pellet with SEC (EV-SEC) and compared the protein
and particle concentrations in the various fractions to
that in the corresponding fractions collected from SEC-
purified plasma (plasma-SEC) (Figure 3(a)). NTA and
the protein concentration were measured separately for
each SEC fraction.

Proteins. The highest protein concentrations were
detected in fractions 17–20 in both EV-SEC and plasma-
SEC preparations (Figure 3(b)). The protein concentra-
tion in the presumed EV-rich fractions 7–10 was under
the detection limit in both preparations. Interestingly,
the total amount of protein in the EV-SEC samples (all
protein-containing fractions combined) was only 9% to
15% that in plasma-SEC samples.

NTA. The highest total particle concentration was in
fractions 13–18 in both preparations and tended to be
higher in later fractions of the EV-SEC preparations
(Figure 3(c)). The total number of particles in EV-SEC
samples (all fractions combined) was 54% to 138% of
that in the plasma-SEC samples.

To further analyse the miRNA content of EV-pellet,
we combined two adjacent fractions from plasma-SEC
and EV-SEC for RNA isolation.

Figure 1. Characterisation of EVs isolated using the precipita-
tion method. (a) Scanning electron microscopy (SEM) images of
the isolated EV fraction show round vesicle-like particles (black
arrows) and smaller background particles. Scale bar: 200 nm in
all panels. (b) Nanoparticle tracking analysis (NTA) showed that
the size of most particles ranged from 60–120 nm, which is
comparable to that measured with SEM. Data are expressed as
the mean ± standard error of the mean. (c) SDS-PAGE of
proteins in trunk plasma (P), EV pellet (EV), and the remaining
supernatant (S). Each lane was loaded with 5 µg protein. Note
that almost all protein bands present in plasma were also
observed in the EV-pellet. (d) Western blot analysis showed
no signal on EV-marker tsg-101, reduced signal in the albumin
and enrichment of the HDL marker ApoA1 in the EV pellet. Rat
cortex lysate (C) was used as a positive control for tsg-101.
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according to Thery et al. [25]. Before preparing the TEM
samples, SEC fractions 6–7 were concentrated to ~100 µl
using an Amicon Ultra-4 10 K concentrator column.
Next, SEC fractions 8–10 and 12–13 were concentrated
to 390 µl and 260 µl, respectively, using Pierce 3K con-
centrator columns. Then, 8 µl of sample was mixed with
8 µl of 4% paraformaldehyde. Five microliters of sample-
paraformaldehyde suspension was deposited on each of
two Formvar-carbon coated and glow-discharged elec-
tron microscopy grids, and the membranes were covered
for 20 min. For washing, 100 µl drops of PBS were placed
on a sheet of parafilm, and the grids were transferred to
the drops for 2 min with the sample membrane side
facing down. The grids were transferred to a 50 µl drop
of 1% glutaraldehyde for 5 min. The grids were then
washed by transferring them to a 100 µl drop of distilled
water for 2 min. The washing step was repeated seven
times for a total of eight washes. For the contrast, the
grids were transferred to a 50 µl drop of uranyl-oxalate
solution, pH 7, for 5 min. The grids were then transferred
to a 50 µl drop of methyl cellulose-UA for 10 min on ice.
The grids were removed with stainless steel loops and the
excess fluid was blotted on Whatman no. 1 filter paper.
Finally, the grids were air-dried on the loop for 5–10 min
and stored in grid storage boxes. Imaging was performed
using a JEOL JEM-2100F electron microscope (Jeol Ltd,
Tokyo, Japan) at 200 kV.

Droplet digital PCR

Four miRNAs were selected for individual miRNA ana-
lysis based on previously reported data. Brain enriched
miR-124-3p was found from serum EVs when ExoQuick
precipitation-based isolation method was used [26].
Other miRNAs were selected based on the previous
knowledge about their co-precipitation with EVs (miR-
142-3p) or proteins (miR-23a and miR-122) in SEC [11].

cDNA synthesis was conducted using a TaqMan
miRNA Reverse Transcription kit (#4366596, Applied
Biosystems™) according to the manufacturer’s instruc-
tions. Five microliters of extracted RNA (mmu-miR
-124a: assay ref 001182, Thermo Fisher Scientific) or
a 1:3 dilution of extracted RNA (hsa-miR-122: 002245,
has-miR-23a: 000399 and has-miR-142-3p: 000464,
Thermo Fisher Scientific) was used as a template. The
cDNA synthesis was conducted with a Bio-Rad T100
Thermal Cycler (30 min at 16°C; 30 min at 42°C; and
5min at 85°C). TaqMan™MicroRNAAssays were used in
both cDNA synthesis and droplet digital PCR (ddPCR).

For the ddPCR reaction, 1.3 µl of cDNA was combined
with 10 µl of 2x ddPCR™ Supermix for Probes (#1863027,
Bio-Rad), 1 µl of microRNA Assay and 7.7 µl of nuclease-
free water. Samples and 70 µl of droplet generator oil for

probes (#1863005, Bio-Rad) were loaded into the wells of
the droplet generator cartridge (#1864008, Bio-Rad).
Droplets were generated using a QX200 Droplet
Generator (Bio-Rad). Droplets were applied to a 96-well
plate (#Z651443-25EA, Sigma Millipore, St. Louis, MO,
USA), and the plate was sealed with foil (#1814040, Bio-
Rad) using a PX1 PCR Plate Sealer (Bio-Rad). The PCR
reaction was conducted with a BIO-RAD T100 Thermal
Cycler (10 min at 95°C; 40 cycles of 15 s at 95°C and 60s at
60°C; 10 min at 98°C). The fluorescence of each droplet
was measured using a QX200 Droplet Reader (Bio-Rad).
Data were analysed with QuantaSoft software v1.7 (Bio-
Rad) to determine the copy number of the measured
miRNA. Each sample was run in duplicate and the mean
of positive droplets per 20 µl of reaction mix was used in
further calculations. A no-template (nuclease-free water)
control was included in each run.

Results

Characterisation of plasma EVs isolated by the
precipitation method

To assess the overall quality of the EVs (i.e. EV pellet)
that were isolated from rat trunk plasma using
a precipitation-based EV isolation method, we applied
several techniques recommended by the ISEV, includ-
ing NTA, SEM, SDS-PAGE, and Western blot [27].

NTA indicated a peak in the EV pellet particle size
within the range of 60–120 nm (Figure 1(b)). In the
positive control (91-nm polystyrene latex beads), NTA
detected a constant peak at 83 nm using several settings
(data not shown).

SEM images of the EV pellets revealed spherical
particles that were within the same size range as the
particles measured with NTA from the same EV isola-
tion (Figure 1(a)). In addition, we found a large num-
ber of smaller particles in the background. In the
positive control (91-nm polystyrene latex beads), SEM
showed 90-nm round particles (data not shown). In the
negative control (PBS), we detected small asymmetrical
particles in the background (data not shown).

SDS-PAGE of total proteins in plasma, EV pellet
and supernatant revealed different protein band pat-
terns (Figure 1(c)). The albumin band (66 kDa, the
most abundant protein in plasma) accounted for 25%
of the total intensity of the protein bands in the plasma,
16% in the EV pellet and 32% in the supernatant.

Western blot did not reveal EV-specific marker tsg-
101 in the EV pellet, plasma, or supernatant (Figure 1
(d)). Instead, HDL marker ApoA1 was enriched in the
EV pellet (Figure 1(d)). Western blot analysis con-
firmed the presence of albumin in both the EV pellet

4 J. KARTTUNEN ET AL.

and supernatant (Figure 1(d)). The TGX Stain-free
images for all Western blots are presented in
Supplementary figure 1.

TEM analysis of precipitation and SEC-isolated EVs

To study the precipitation-isolated EVpellet inmore detail,
we imaged it with TEM and compared it to results of the
SEC EV-isolation from plasma. TEM imaging of the pre-
cipitation-isolated EV pellet showed several round

particles, some of which were cup-shaped, which is con-
sistent with EVs [23,28,29]. Most of the round particles,
however, had amorphology comparable to that of lipopro-
teins [23,30]. In addition, the TEM images showed a “dense
background smudge”, consistent with the presence of pro-
tein aggregates [6] (Figure 2(a)). In negative control (pre-
cipitation purification performed to PBS), no particles or
background were visible (Supplementary Figure 2).

TEM imaging of plasma-SEC revealed a few cup-
shaped EVs in the SEC fractions 6–7 (Figure 2(c)).
As in the TEM images of the precipitation-isolated
EV pellet, most of the round vesicles in plasma-SEC
fractions 6–7, 8–10 and 12–13 had a diameter ran-
ging from 20 nm to 200 nm, and a morphology
consistent with that of lipoproteins (Figure 2(c-e)).
The plasma-SEC fractions were devoid of the “dense
background smudge”. TEM imaging confirmed the
particle size distribution measured with NTA, indi-
cating a progressive decrease in the particle dia-
meter from earlier to later SEC fractions (Figure 2
(f-h)). In addition, Western blot analysis with
ApoA1-antibody from plasma-SEC fractions
revealed an intensity profile similar to NTA particle
profile. The highest intensity was detected in frac-
tions 15–16 (Supplementary figure 3).

SEC analysis of EVs isolated using the precipitation
method

Next, we further purified the precipitation-isolated EV
pellet with SEC (EV-SEC) and compared the protein
and particle concentrations in the various fractions to
that in the corresponding fractions collected from SEC-
purified plasma (plasma-SEC) (Figure 3(a)). NTA and
the protein concentration were measured separately for
each SEC fraction.

Proteins. The highest protein concentrations were
detected in fractions 17–20 in both EV-SEC and plasma-
SEC preparations (Figure 3(b)). The protein concentra-
tion in the presumed EV-rich fractions 7–10 was under
the detection limit in both preparations. Interestingly,
the total amount of protein in the EV-SEC samples (all
protein-containing fractions combined) was only 9% to
15% that in plasma-SEC samples.

NTA. The highest total particle concentration was in
fractions 13–18 in both preparations and tended to be
higher in later fractions of the EV-SEC preparations
(Figure 3(c)). The total number of particles in EV-SEC
samples (all fractions combined) was 54% to 138% of
that in the plasma-SEC samples.

To further analyse the miRNA content of EV-pellet,
we combined two adjacent fractions from plasma-SEC
and EV-SEC for RNA isolation.

Figure 1. Characterisation of EVs isolated using the precipita-
tion method. (a) Scanning electron microscopy (SEM) images of
the isolated EV fraction show round vesicle-like particles (black
arrows) and smaller background particles. Scale bar: 200 nm in
all panels. (b) Nanoparticle tracking analysis (NTA) showed that
the size of most particles ranged from 60–120 nm, which is
comparable to that measured with SEM. Data are expressed as
the mean ± standard error of the mean. (c) SDS-PAGE of
proteins in trunk plasma (P), EV pellet (EV), and the remaining
supernatant (S). Each lane was loaded with 5 µg protein. Note
that almost all protein bands present in plasma were also
observed in the EV-pellet. (d) Western blot analysis showed
no signal on EV-marker tsg-101, reduced signal in the albumin
and enrichment of the HDL marker ApoA1 in the EV pellet. Rat
cortex lysate (C) was used as a positive control for tsg-101.
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Figure 2. (a) Transmission electron microscopy (TEM) analysis of the precipitation-isolated EV pellet showed round particles,
presumably lipoproteins (marked with black arrows), and a few cup-shaped particles (marked with white arrows). The “dense
smudge” background indicates protein contamination. (b) Plasma size-exclusion chromatography (SEC). The relative number of
particles measured with nanoparticle tracking analysis indicated the highest particle count in fractions 12–15 and the highest
protein concentration in fractions 18–22. Fractions marked with black boxes were pooled and concentrated for TEM imaging. Data
are from one series of SEC fractions. Three 30-sec videos were recorded by NTA for each fraction. Data are expressed as the mean ±
standard error of the mean. (c) TEM analysis of SEC fractions 6–7 showed a few cup-shaped vesicles (white arrows) and round
lipoprotein-like particles (black arrows). In fractions 8–10 (d) and 12–13 (e) cup-shaped EVs were not found, but were lipoprotein-
like particles were observed (black arrows). Particle size distribution from SEC fractions (f) 6–7, (g) 8–10 and (h) 12–13 measured
with nanoparticle tracking analysis showed that the proportion of larger particles (>100 nm) was higher in earlier fractions and that
of <60 nm particles increased in the later fractions. Fractions are the same as in Figure 2 B. Data from three 30-second videos
recorded by NTA are expressed as the mean ± standard error of the mean.
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miRNAs. In the EV-SEC samples, the miRNAs were
evenly distributed among the fractions. In plasma-SEC
preparations, the highest amount of miRNA was
detected in the protein-rich fractions, rather than in

the fractions with the highest particle number (i.e.
NTA peak, Figure 4(a)) or in EV-rich fractions 7–10.
The total amount of miRNA in the protein-enriched
fractions 16–21 in the EV-SEC samples was 51% to
70% of that in the plasma-SEC samples.

miR-142-3p, miR-124-3p, miR-23a, and miR-122.
ddPCR analysis indicated that in both the EV-SEC
and plasma-SEC samples, the EV-related miR-142-3p
[11] formed two main peaks: fractions 6–11 (presumed
EVs) and fractions 16–23 (proteins) (Figure 4(b)). Its
concentration was lowest in the mid-fractions, which
contained the highest particle concentration in the
NTA. The total amount of miR-142-3p in the SEC-
fractions 6–11 of the EV-SEC samples was 14% to 23%
that in the plasma-SEC samples. The precipitation-
based method did not enrich miR-142-3p.

The highest amounts of miR-124-3p, miR-23a, and
miR-122 were in the protein-rich fractions in both the
EV-SEC and plasma-SEC preparations (Figure 4(c-e)).
In the EV-SEC preparations, the total amount of miR-
124-3p was 41% to 51%, miR-23a 56% to 99% and
miR-122 21% to 37% that in the plasma-SEC
preparations.

Discussion

The present study evaluated the ability of
a precipitation-based EV isolation method to remove
vesicle-free miRNAs to provide enriched EV cargo-
related miRNAs. We had two major findings. First,
lipoproteins precipitated with the EV pellet during
precipitation isolation. Second, vesicle-free miRNAs
were also present in the EV pellet.

Precipitation-based EV-isolation co-precipitates
plasma lipoproteins

SEM, TEM and NTA revealed the presence of particles
within the EV size range in the precipitation-isolated
EV pellet from plasma. SDS-PAGE, however, showed
that the precipitation-isolated EV pellet was contami-
nated with albumin, and Western blot analysis revealed
contamination with HDLs.

In plasma, lipoproteins are major contaminating
particles that interfere with various EV isolation meth-
odologies [5–7]. HDLs have a density comparable to
that of EVs, whereas very low-density lipoproteins and
chylomicrons fall into the same size-range as EVs [6,7].
In a recent “Viewpoints” article, Simonsen estimated
that one milliliter of plasma contains 107–109 EV par-
ticles and up to 1016 lipoprotein particles [7]. Our TEM
images of the precipitation-isolated EV pellet revealed
particles with a mainly round shape, consistent with

Figure 3. (a) A precipitation-based isolation method was eval-
uated using size-exclusion chromatography (SEC). Plasma from
individual rat was divided in two 800 µl aliquots and the first
aliquot was analysed with SEC (plasma-SEC). EVs from
the second aliquot was first isolated using precipitation-based
kit and the EV pellet was further analysed with SEC (EV-SEC). (b)
Measurement of the protein concentration in each fraction
showed that precipitation isolation removed 85% to 91% of
the total plasma proteins. (c) Nanoparticle tracking analysis
(NTA) indicated that the total number of particles was compar-
able in the plasma-SEC and EV-SEC, but the main peak moved
towards later fractions in EV-SEC. The figures present four
individual rats (biological replicates). Data are expressed as
the mean ± standard error of the mean. Black box indicates
the EV-rich fractions.
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a lipoprotein morphology [23,30], and only very few
EVs with a distinct cup-shaped morphology [23,28,29],
suggesting that the plasma lipoproteins were not
removed during precipitation-based EV isolation.

Earlier studies revealed that lipoproteins and larger
protein complexes affect particle counts in human
plasma samples in NTA [31,32]. Accordingly, our
TEM images from SEC fractions with the highest
NTA particle concentration showed round lipoprotein-
like particles instead of cup-shaped EVs. These data
together with the observations of Mork and coworkers,
that the NTA particle concentration in platelet-free
plasma is reduced by 32% to 72% when lipoproteins
are removed by immunoprecipitation, indicate that
lipoproteins also contribute to the particle counts mea-
sured with NTA.

Finally, we used SEC followed by NTA to compare
the particle counts in the precipitation-isolated plasma
EV-pellet to that in the original plasma sample.
Importantly, the total number of particles was compar-
able in both samples, providing further evidence that
lipoproteins co-precipitate with the EV pellet during
precipitation isolation.

Precipitation-based EV isolation co-precipitates
plasma miRNAs

Arroyo et al. estimated that 66% of miRNAs elute in
the same fractions as proteins in SEC [11]. Further,
Turchinovich et al. showed that a majority of plasma
miRNA is independent of EVs, and possibly bound to
Argonaute-2 protein complexes [14]. Our miRNA pro-
file from plasma-SEC confirmed the finding of Arroyo
et al., as the highest amount of total miRNA was
detected in the protein-rich fractions, instead of frac-
tions with EVs [11].

Droplet digital PCR detected EV-enriched miR-142-
3p in both the EV-rich and protein-rich SEC fractions
of rat plasma, comparable to that in human plasma
[11]. Interestingly, the amount of miR-142-3p in EVs
contained in the EV-SEC fractions was only 14% to
23% compared with that in the EV-containing fractions
of whole plasma-SEC, indicating that the precipitation
method did not enrich miR-142-3p in the EV pellet.

The other three miRNAs (miR-124-3p, miR-122 and
miR-23a) eluted mainly in the protein-rich fractions in
both EV-SEC and plasma-SEC derived samples. Thus,

Figure 4. A precipitation-based isolation method was evaluated using size-exclusion chromatography (SEC). Plasma was divided in
two 800 µl aliquots, and the first aliquot was analysed with SEC (plasma-SEC). EVs from the second aliquot was first isolated using
precipitation-based kit and the EV pellet was further analysed with SEC (EV-SEC). RNA was isolated from combined adjacent
fractions. The analysis was made for two individual rats (rat A and B). (a) The miRNA concentration peaked in the protein fractions in
plasma-SEC, whereas no clear peak was in the EV-SEC. (b) Droplet digital PCR analysis of miR-142-3p showed the highest peaks in
the EV fractions (6–11). The total amount of miR-142-3p appeared lower in the EV-SEC fractions. (c) miR-124-3p, (d) miR-23a and (e)
miR-122 were found in protein-rich fractions in both plasma-SEC and EV-SEC.

8 J. KARTTUNEN ET AL.

the precipitation-based method was not able to remove
the protein-co-precipitating miRNAs, i.e. miR-124-3p,
miR-122 miR-23a. Interestingly, earlier study used
ExoQuick precipitation-based method for isolation of
EVs and found increased amount of miR-124 in serum
EVs after acute ischemic stroke [26].

Taken together, our data show that a precipitation-
based EV isolation method removes only part of the
vesicle-free miRNAs, which has implications for inter-
pretating previously published data. For example,
a recent comparison of the miRNA contents of plasma
and precipitation-isolated EV pellets using a miRNA
array indicated that the miRNA profile was comparable
between the two preparations [33]. On the other hand,
another report showed that EVs carry only a minor
proportion of the plasma miRNAs [11]. The data
inconsistencies obtained can be explained by poor per-
formance of a precipitation-based method of purifying
the EVs and removing vesicle-free miRNAs.
Buschmann et al. [22] performed miRNA-sequencing
and compared several serum EV-isolation methods,
including miRCURY Exosome isolation kit and SEC.
MicroRNA content of EVs purified with SEC failed to
separate sepsis patients from healthy volunteers, but
significant changes were found between the groups
with the precipitation method. One discussed explana-
tion to the difference was co-precipitation of non-
vesicular miRNA with the precipitation method,
which is supported by our data. Further, Van Deun
et al. detected Argonaute-2, a protein known to bind
miRNAs, in the EV pellet when using precipitation-
based ExoQuick method [17]. The presence of
Argonaute-bound miRNAs in precipitation-isolated
EVs remains to be studied.

Future directions

Precipitation-based EV isolation is appealing in cases
with a limited sample volume, such as when analys-
ing EV-related biomarkers in small amounts of rat
tail vein plasma. As demonstrated here, however, the
precipitated EV fractions also contain lipoproteins
and vesicle-free miRNAs. Further analysis with SEC
more specifically revealed EV-specific miRNA cargo,
but the EV pellet was not completely free from co-
precipitated lipoproteins and vesicle-free miRNAs.
Therefore, further development of EV isolation meth-
odologies and the identification of markers that reli-
ably indicate the isolation quality are needed. One
approach in this direction was recently published by
Karimi et al., who combined density-based isolation
with SEC and demonstrated improved enrichment of
cup-shaped EVs in human plasma samples with

a proteomics profile matching that in EVs isolated
from cell culture media [6]. Scaling the analysis to
a small sample volume, however, remains to be
accomplished.
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Abstract: Traumatic brain injury (TBI) causes 10–20% of structural epilepsies and 5% of all epilepsies.
The lack of prognostic biomarkers for post-traumatic epilepsy (PTE) is a major obstacle to the
development of anti-epileptogenic treatments. Previous studies revealed TBI-induced alterations
in blood microRNA (miRNA) levels, and patients with epilepsy exhibit dysregulation of blood
miRNAs. We hypothesized that acutely altered plasmamiRNAs could serve as prognostic biomarkers
for brain damage severity and the development of PTE. To investigate this, epileptogenesis was
induced in adult male Sprague Dawley rats by lateral fluid-percussion-induced TBI. Epilepsy was
defined as the occurrence of at least one unprovoked seizure during continuous 1-month video-
electroencephalography monitoring in the sixth post-TBI month. Cortical pathology was analyzed
by magnetic resonance imaging on day 2 (D2), D7, and D21, and by histology 6 months post-TBI.
Small RNA sequencing was performed from tail-vein plasma samples on D2 and D9 after TBI
(n = 16, 7 with and 9 without epilepsy) or sham operation (n = 4). The most promising miRNA
biomarker candidates were validated by droplet digital polymerase chain reaction in a validation
cohort of 115 rats (8 naïve, 17 sham, and 90 TBI rats [21 with epilepsy]). These included 7 brain-
enriched plasma miRNAs (miR-434-3p, miR-9a-3p, miR-136-3p, miR-323-3p, miR-124-3p, miR-212-3p,
and miR-132-3p) that were upregulated on D2 post-TBI (p < 0.001 for all compared with naïve rats).
The acute post-TBI plasma miRNA profile did not predict the subsequent development of PTE or PTE
severity. Plasma miRNA levels, however, predicted the cortical pathology severity on D2 (Spearman
ρ = 0.345–0.582, p < 0.001), D9 (ρ = 0.287–0.522, p < 0.001–0.01), D21 (ρ = 0.269–0.581, p < 0.001–0.05)
and at 6 months post-TBI (ρ = 0.230–0.433, p < 0.001–0.05). We found that the levels of 6 of 7 miRNAs
also reflected mild brain injury caused by the craniotomy during sham operation (ROC AUC 0.76–0.96,
p < 0.001–0.05). In conclusion, our findings revealed that increased levels of neuronally enrichedmiRNAs
in the blood circulation after TBI reflect the extent of cortical injury in the brain but do not predict
PTE development.

Keywords: fluid-percussion injury; post-traumatic epilepsy; rat; plasma

1. Introduction

Worldwide, it is estimated that >50 million people have epilepsy and 5 million people
are diagnosedwith epilepsy each year, meaning that a new epilepsy diagnosis is made every
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Abstract: Traumatic brain injury (TBI) causes 10–20% of structural epilepsies and 5% of all epilepsies.
The lack of prognostic biomarkers for post-traumatic epilepsy (PTE) is a major obstacle to the
development of anti-epileptogenic treatments. Previous studies revealed TBI-induced alterations
in blood microRNA (miRNA) levels, and patients with epilepsy exhibit dysregulation of blood
miRNAs. We hypothesized that acutely altered plasmamiRNAs could serve as prognostic biomarkers
for brain damage severity and the development of PTE. To investigate this, epileptogenesis was
induced in adult male Sprague Dawley rats by lateral fluid-percussion-induced TBI. Epilepsy was
defined as the occurrence of at least one unprovoked seizure during continuous 1-month video-
electroencephalography monitoring in the sixth post-TBI month. Cortical pathology was analyzed
by magnetic resonance imaging on day 2 (D2), D7, and D21, and by histology 6 months post-TBI.
Small RNA sequencing was performed from tail-vein plasma samples on D2 and D9 after TBI
(n = 16, 7 with and 9 without epilepsy) or sham operation (n = 4). The most promising miRNA
biomarker candidates were validated by droplet digital polymerase chain reaction in a validation
cohort of 115 rats (8 naïve, 17 sham, and 90 TBI rats [21 with epilepsy]). These included 7 brain-
enriched plasma miRNAs (miR-434-3p, miR-9a-3p, miR-136-3p, miR-323-3p, miR-124-3p, miR-212-3p,
and miR-132-3p) that were upregulated on D2 post-TBI (p < 0.001 for all compared with naïve rats).
The acute post-TBI plasma miRNA profile did not predict the subsequent development of PTE or PTE
severity. Plasma miRNA levels, however, predicted the cortical pathology severity on D2 (Spearman
ρ = 0.345–0.582, p < 0.001), D9 (ρ = 0.287–0.522, p < 0.001–0.01), D21 (ρ = 0.269–0.581, p < 0.001–0.05)
and at 6 months post-TBI (ρ = 0.230–0.433, p < 0.001–0.05). We found that the levels of 6 of 7 miRNAs
also reflected mild brain injury caused by the craniotomy during sham operation (ROC AUC 0.76–0.96,
p < 0.001–0.05). In conclusion, our findings revealed that increased levels of neuronally enrichedmiRNAs
in the blood circulation after TBI reflect the extent of cortical injury in the brain but do not predict
PTE development.
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1. Introduction

Worldwide, it is estimated that >50 million people have epilepsy and 5 million people
are diagnosedwith epilepsy each year, meaning that a new epilepsy diagnosis is made every
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6 s (WHO, https://www.who.int/publications/i/item/who-information-kit-on-epilepsy,
accessed on 14 November 2022). Traumatic brain injury (TBI) causes 10–20% of structural
epilepsies and 5% of all epilepsies [1]. TBI is defined as an alteration in brain function or
other brain pathology caused by an external force [2]. The risk of post-traumatic epilepsy
(PTE) increases with TBI severity: the 30-year cumulative incidence rate for PTE is 2% for
mild, 4% for moderate, and 17% for severe TBI [3]. The latency period from the initial
injury to the appearance of the first seizures can vary from months to years [3]. Currently,
there are no available treatments for stopping or preventing the epileptogenic process [4,5].
The major obstacle in developing anti-epileptogenic treatments is the lack of prognostic
biomarkers, hindering the stratification of subjects with the highest risk into preclinical
and clinical studies. Therefore, testing of candidate anti-epileptogenic treatments remains
laborious and expensive [6]. Identifying prognostic biomarkers for the development of PTE
after TBI is a major unmet medical need.

The major modalities investigated to date as a source of prognostic biomarkers for
PTE include brain imaging, electroencephalography (EEG), and blood or cerebrospinal
fluid (CSF) [5]. Blood sampling is minimally invasive, making circulating molecules such
as microRNAs (miRNAs) an appealing source of disease biomarkers. MiRNAs are short
(~22 nucleotides) non-coding RNAs that regulate gene expression at the post-transcriptional
level by binding to the 3′ untranslated region of their target mRNAs [7,8]. MiRNAs are
estimated to regulate more than 60% of all human proteins [9], and many miRNAs are
specifically expressed in the brain [10–12]. Thus, circulating brain-enriched miRNAs
provide an attractive source, not only for diagnosis but also for longitudinally monitoring
brain pathology progression.

Accumulating evidence indicates dysregulation of miRNAs in the brain tissue of
patients with epilepsy [13,14]. The dysregulated miRNAs are proposed to be involved in
many epileptogenesis-related brain pathologies, such as neuroinflammation and synaptic
plasticity [14]. Consistent with miRNA dysregulation in the brain, circulating miRNAs
are altered in patients with epilepsy [15]. These data provide a promising scenario that
alterations in brain-enriched miRNAs in the blood circulation after TBI could reflect ongo-
ing epileptogenic processes before the onset of PTE. Importantly, preclinical and clinical
studies revealed TBI-induced alterations in circulating miRNAs [15,16]. It remains to be
explored, however, whether the post-TBI alterations in circulating miRNA profiles provide
information on the risk of developing PTE.

We hypothesized that plasma miRNAs at the acute post-TBI time-point will present
prognostic biomarkers for brain damage severity and the development of PTE. The data
presented derive from a uniquely large and well-characterized animal cohort (EPITAR-
GET, [17]) in which TBI was induced by lateral fluid-percussion injury (LFPI) and epilepsy
phenotyping was conducted by 1-month video-electroencephalography (vEEG) monitoring
during the sixth month after TBI. The three main objectives were to: (a) discover differ-
entially expressed plasma miRNA profiles after TBI; (b) investigate associations between
plasma miRNA levels and the cortical damage severity; and (c) determine whether the
plasma miRNA profile at an acute post-TBI time-point could be used as a biomarker to
predict epileptogenesis or epilepsy severity after TBI.

2. Results
2.1. MiRNA Sequencing
2.1.1. MiRNA Quantification

Read counts. MicroRNA sequencing was performed on D2 and D9 plasma sam-
ples of the discovery cohort, including 4 sham-operated controls and 16 rats with TBI
(7 with epilepsy [TBI+], 9 without epilepsy [TBI−]). MicroRNA sequencing detected
a total of 565 miRNAs in at least one D2 sample and 541 miRNAs in at least one D9
sample (Figure 1A,B). In D2 samples, the number of mapped reads did not differ between the
groups. In the D9 samples, the number of mapped reads in the sham-operated group was only
17% of that in the TBI animals (Mann–Whitney U test, p < 0.001) (Supplementary Figure S1).
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Figure 1. Venn diagrams and principal component analysis (PCA) plots of miRNAs detected in rat
plasma by small RNA sequencing. (A) A total of 565 miRNAs were detected in rat plasma on day
2 (D2), 471 of which were common between sham and TBI rats. There were 84 miRNAs detected
only in the TBI group. (B) A total of 541 miRNAs were detected in rat plasma on D9, 377 of which
were common between sham and TBI rats. There were 163 miRNAs detected only in the TBI group.
(C) On D2, 16 miRNAs were detected in the TBI animals with epilepsy (TBI+) but not in the sham
group or in TBI animals without epilepsy (TBI−). These miRNAs, however, were typically found
in only 1 sample in the TBI+ group, and the number of reads was very low (<3). (D) On D9,
22 miRNAs were detected in the TBI+ group but not in the sham and TBI− groups. As on D2, these
miRNAs were typically found in only 1 sample in the TBI+ group and had a very low read number.
(E–H) According to PCA, the first and second principal components explained 27% of the variance
in the data on D2 and 33% on D9. Plasma miRNA expression profile separated sham and TBI rats
into different clusters on D2 but not on D9. The miRNA expression profile did not separate TBI+ and
TBI− rats at either time-point.
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6 s (WHO, https://www.who.int/publications/i/item/who-information-kit-on-epilepsy,
accessed on 14 November 2022). Traumatic brain injury (TBI) causes 10–20% of structural
epilepsies and 5% of all epilepsies [1]. TBI is defined as an alteration in brain function or
other brain pathology caused by an external force [2]. The risk of post-traumatic epilepsy
(PTE) increases with TBI severity: the 30-year cumulative incidence rate for PTE is 2% for
mild, 4% for moderate, and 17% for severe TBI [3]. The latency period from the initial
injury to the appearance of the first seizures can vary from months to years [3]. Currently,
there are no available treatments for stopping or preventing the epileptogenic process [4,5].
The major obstacle in developing anti-epileptogenic treatments is the lack of prognostic
biomarkers, hindering the stratification of subjects with the highest risk into preclinical
and clinical studies. Therefore, testing of candidate anti-epileptogenic treatments remains
laborious and expensive [6]. Identifying prognostic biomarkers for the development of PTE
after TBI is a major unmet medical need.

The major modalities investigated to date as a source of prognostic biomarkers for
PTE include brain imaging, electroencephalography (EEG), and blood or cerebrospinal
fluid (CSF) [5]. Blood sampling is minimally invasive, making circulating molecules such
as microRNAs (miRNAs) an appealing source of disease biomarkers. MiRNAs are short
(~22 nucleotides) non-coding RNAs that regulate gene expression at the post-transcriptional
level by binding to the 3′ untranslated region of their target mRNAs [7,8]. MiRNAs are
estimated to regulate more than 60% of all human proteins [9], and many miRNAs are
specifically expressed in the brain [10–12]. Thus, circulating brain-enriched miRNAs
provide an attractive source, not only for diagnosis but also for longitudinally monitoring
brain pathology progression.

Accumulating evidence indicates dysregulation of miRNAs in the brain tissue of
patients with epilepsy [13,14]. The dysregulated miRNAs are proposed to be involved in
many epileptogenesis-related brain pathologies, such as neuroinflammation and synaptic
plasticity [14]. Consistent with miRNA dysregulation in the brain, circulating miRNAs
are altered in patients with epilepsy [15]. These data provide a promising scenario that
alterations in brain-enriched miRNAs in the blood circulation after TBI could reflect ongo-
ing epileptogenic processes before the onset of PTE. Importantly, preclinical and clinical
studies revealed TBI-induced alterations in circulating miRNAs [15,16]. It remains to be
explored, however, whether the post-TBI alterations in circulating miRNA profiles provide
information on the risk of developing PTE.

We hypothesized that plasma miRNAs at the acute post-TBI time-point will present
prognostic biomarkers for brain damage severity and the development of PTE. The data
presented derive from a uniquely large and well-characterized animal cohort (EPITAR-
GET, [17]) in which TBI was induced by lateral fluid-percussion injury (LFPI) and epilepsy
phenotyping was conducted by 1-month video-electroencephalography (vEEG) monitoring
during the sixth month after TBI. The three main objectives were to: (a) discover differ-
entially expressed plasma miRNA profiles after TBI; (b) investigate associations between
plasma miRNA levels and the cortical damage severity; and (c) determine whether the
plasma miRNA profile at an acute post-TBI time-point could be used as a biomarker to
predict epileptogenesis or epilepsy severity after TBI.

2. Results
2.1. MiRNA Sequencing
2.1.1. MiRNA Quantification

Read counts. MicroRNA sequencing was performed on D2 and D9 plasma sam-
ples of the discovery cohort, including 4 sham-operated controls and 16 rats with TBI
(7 with epilepsy [TBI+], 9 without epilepsy [TBI−]). MicroRNA sequencing detected
a total of 565 miRNAs in at least one D2 sample and 541 miRNAs in at least one D9
sample (Figure 1A,B). In D2 samples, the number of mapped reads did not differ between the
groups. In the D9 samples, the number of mapped reads in the sham-operated group was only
17% of that in the TBI animals (Mann–Whitney U test, p < 0.001) (Supplementary Figure S1).
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2 (D2), 471 of which were common between sham and TBI rats. There were 84 miRNAs detected
only in the TBI group. (B) A total of 541 miRNAs were detected in rat plasma on D9, 377 of which
were common between sham and TBI rats. There were 163 miRNAs detected only in the TBI group.
(C) On D2, 16 miRNAs were detected in the TBI animals with epilepsy (TBI+) but not in the sham
group or in TBI animals without epilepsy (TBI−). These miRNAs, however, were typically found
in only 1 sample in the TBI+ group, and the number of reads was very low (<3). (D) On D9,
22 miRNAs were detected in the TBI+ group but not in the sham and TBI− groups. As on D2, these
miRNAs were typically found in only 1 sample in the TBI+ group and had a very low read number.
(E–H) According to PCA, the first and second principal components explained 27% of the variance
in the data on D2 and 33% on D9. Plasma miRNA expression profile separated sham and TBI rats
into different clusters on D2 but not on D9. The miRNA expression profile did not separate TBI+ and
TBI− rats at either time-point.
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Principal component analysis (PCA). On D2, the PCA of normalized read counts
(counts/million) revealed that the first (14%) and second (13%) principal components
explained only 27% of the variance in the data (Figure 1E,G). The plasma miRNA ex-
pression profile on D2 separated sham and TBI rats into different clusters (Figure 1E).
On D9, the first (20%) and second (13%) components explained 33% of the data variance
(Figure 1F,H). The plasma miRNA expression profile on D9 did not separate sham and TBI
rats (Figure 1F). The miRNA expression profile did not separate TBI+ and TBI− at either
time-point (Figure 1G,H).

Spearman correlation analysis yielded a high positive correlation between miRNA
expression profiles across all samples on both D2 and D9 (Supplementary Figure S2).

Heatmaps. On D2, heatmap analysis of miRNA expression profiles in all samples
showed a separation between sham and TBI animals (Supplementary Figure S3). Pairwise
comparisons revealed a clear separation between sham and TBI, sham and TBI+, and
sham and TBI− groups (Supplementary Figure S4). No separation, however, was detected
between the TBI+ and TBI− animals.

On D9, heatmap analysis of miRNA expression profiles in all samples revealed no clear
separation between sham and TBI samples (Supplementary Figure S3). In addition, pairwise
comparisons revealed no clear separation between groups (Supplementary Figure S5). As on
D2, no separation was detected between the TBI+ and TBI− animals on D9.

2.1.2. Differential Expression Analysis

Differentially expressedmiRNAs are presented in the SupplementaryMaterials (Tables S1–S6).
D2 samples. DESeq2 analysis detected 45 differentially expressed miRNAs between

the TBI and sham groups (28 upregulated, 17 downregulated), 34 between the TBI+ and
sham groups (27 upregulated, 7 downregulated), and 37 between the TBI− and sham
groups (21 upregulated, 16 downregulated). No differentially expressed miRNAs were
detected between the TBI+ and TBI− groups on D2.

D9 samples. DESeq2 analysis detected 17 differentially expressed miRNAs between
the TBI and sham groups, (6 upregulated, 11 downregulated), 11 between the TBI+ and
sham groups (2 upregulated, 9 downregulated), and 22 between the TBI− and sham groups
(8 upregulated, 14 downregulated). No differentially expressed miRNAs were detected
between the TBI+ and TBI− groups on D9.

2.1.3. Expression Pattern Differences from Machine Learning Analysis

The feature importance from logistic regression analysis for the miRNA candidates
differentiating the groups is presented in Supplementary Figure S6.

D2 samples. On D2, logistic regression analysis differentiated between TBI and sham
groups with the cross-validated area under the curve (CV AUC) 0.94. Among these
miRNAs, 23/30 were also identified by differential expression analysis. Logistic regression
analysis did not differentiate TBI+ and TBI− on D2 (CV AUC 0.50).

D9 samples. On D9, logistic regression analysis differentiated between TBI and sham
groups with a cross-validated AUC 0.94. None of the 29 miRNAs from the logistic regres-
sion analysis were identified by the differential expression analysis. Logistic regression
analysis did not differentiate TBI+ and TBI− on D9 (CV AUC 0.31).

2.2. Technical Validation with RT-qPCR–Discovery Cohort

As the heatmap analysis of miRNA expression profiles from miRNA sequencing
indicated poor separation of the TBI and sham groups on D9, the subsequent technical
validation (TBI vs. sham) focused on D2 sequencing data in samples available from the
discovery cohort.

2.2.1. Selection of Differentially Expressed miRNAs for PCR Validation in D2 Samples

Of the 28 upregulated miRNAs (TBI vs. sham) in the miRNA-sequencing analysis, we
selected 3 miRNAs (miR-136-3p, miR-323-3p, and miR-129-5p) for technical validation by
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RT-qPCR. The selection was based on log2FC ≥1.0, a low adjusted p-value, and a mean
CPM ≥ 30. In addition, we validated two other miRNAs (miR-434-3p and miR-9a-3p),
which we earlier identified as strongly upregulated on D2 after TBI [18], to assess the consis-
tency of findings between the studies and their potential as biomarkers for epileptogenesis.

2.2.2. Quantitative Reverse Transcription PCR

TBI vs. sham. Quantitative reverse transcription PCR (RT-qPCR) results are sum-
marized in Figure 2. Technical validation of the 3 miRNAs (miR-139-3p, miR-323-3p,
miR-129-5p) included different aliquots of plasma samples collected from the same 16 TBI
rats and 4 sham-operated controls that were used for small RNA sequencing. Although
miR-434-3p and miR-9a-3p were not detected in small RNA sequencing, both were detected
by RT-qPCR. miR-434-3p. The miR-434-3p levels were 4.2-fold higher in the TBI group
than in the sham group (2.20 ± 1.41 vs. 0.52 ± 0.31, p < 0.01). miR-9a-3p. The miR-9a-
3p levels were 9.3-fold higher in the TBI group than in the sham group (0.79 ± 0.45 vs.
0.09 ± 0.05, p < 0.001). miR-136-3p. The miR-136-3p levels were 4.4-fold higher in the
TBI group than in the sham group (1.37 ± 1.26 vs. 0.31 ± 0.24, p < 0.05). miR-323-3p.
The miR-323-3p levels were 4.5-fold higher in the TBI group than in the sham group
(2.08 ± 1.61 vs. 0.47 ± 0.24, p < 0.05). miR-129-5p. The miR-129-5p levels were 1.9-fold
higher in the TBI group than in the sham group (0.17 ± 0.16 vs. 0.05 ± 0.05), but the
difference was not statistically significant (p > 0.05). Because the miR-129-5-p expression
levels were very low and did not differ between the sham and TBI groups, miR-129-5p was
excluded from the subsequent ddPCR-based analysis in the validation cohort.
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***, p < 0.001 (Mann–Whitney U test). Abbreviations: ns, not significant; TBI, traumatic brain injury. 

Figure 2. Technical validation of 5 plasma miRNA levels by RT-qPCR. Box and whisker plots
(whiskers: minimum and maximum; box: interquartile range; line: median) showing the levels of
5 miRNAs (miR-434-3p, miR-9a-3p, miR-136-3p, miR-323-3p, and miR-129-5p) in rat plasma on D2
(48 h) after TBI or sham-operation. All of the miRNAs except miR-129-5p were upregulated in the
TBI group (n = 16) compared with the sham group (n = 4). Expression levels were normalized to the
endogenous control miR-28-3p with the 2−∆Ct method. Statistical significance: *, p < 0.05; **, p < 0.01;
***, p < 0.001 (Mann–Whitney U test). Abbreviations: ns, not significant; TBI, traumatic brain injury.

TBI+ vs. TBI−. No differences were detected in any of the five miRNAs assessed
with RT-qPCR (p > 0.05) between the TBI+ (n = 7) and TBI− (n = 9) groups.

2.3. D2 Plasma Levels of miRNAs in the Validation Cohort
2.3.1. Selection of miRNAs for ddPCR Analysis

Upregulated miRNAs. Based on the miRNA sequencing, we made a list of brain-
specific or brain-enriched miRNAs with log2FC ≥ 1.0 and a low p-value [PubMed search,
Human miRNA tissue atlas [12]; RATEmiRs database [19]. Preliminary experiments re-
vealed that miRNAs on that list with a CPM < 30 were difficult to validate with ddPCR.
Therefore, we focused on miRNAs with a CPM ≥ 30 in the TBI group. Consequently,
miR-434-3p, miR-9a-3p, miR-136-3p, and miR-323-3p were included in the final analysis
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Principal component analysis (PCA). On D2, the PCA of normalized read counts
(counts/million) revealed that the first (14%) and second (13%) principal components
explained only 27% of the variance in the data (Figure 1E,G). The plasma miRNA ex-
pression profile on D2 separated sham and TBI rats into different clusters (Figure 1E).
On D9, the first (20%) and second (13%) components explained 33% of the data variance
(Figure 1F,H). The plasma miRNA expression profile on D9 did not separate sham and TBI
rats (Figure 1F). The miRNA expression profile did not separate TBI+ and TBI− at either
time-point (Figure 1G,H).

Spearman correlation analysis yielded a high positive correlation between miRNA
expression profiles across all samples on both D2 and D9 (Supplementary Figure S2).

Heatmaps. On D2, heatmap analysis of miRNA expression profiles in all samples
showed a separation between sham and TBI animals (Supplementary Figure S3). Pairwise
comparisons revealed a clear separation between sham and TBI, sham and TBI+, and
sham and TBI− groups (Supplementary Figure S4). No separation, however, was detected
between the TBI+ and TBI− animals.

On D9, heatmap analysis of miRNA expression profiles in all samples revealed no clear
separation between sham and TBI samples (Supplementary Figure S3). In addition, pairwise
comparisons revealed no clear separation between groups (Supplementary Figure S5). As on
D2, no separation was detected between the TBI+ and TBI− animals on D9.

2.1.2. Differential Expression Analysis

Differentially expressedmiRNAs are presented in the SupplementaryMaterials (Tables S1–S6).
D2 samples. DESeq2 analysis detected 45 differentially expressed miRNAs between

the TBI and sham groups (28 upregulated, 17 downregulated), 34 between the TBI+ and
sham groups (27 upregulated, 7 downregulated), and 37 between the TBI− and sham
groups (21 upregulated, 16 downregulated). No differentially expressed miRNAs were
detected between the TBI+ and TBI− groups on D2.

D9 samples. DESeq2 analysis detected 17 differentially expressed miRNAs between
the TBI and sham groups, (6 upregulated, 11 downregulated), 11 between the TBI+ and
sham groups (2 upregulated, 9 downregulated), and 22 between the TBI− and sham groups
(8 upregulated, 14 downregulated). No differentially expressed miRNAs were detected
between the TBI+ and TBI− groups on D9.

2.1.3. Expression Pattern Differences from Machine Learning Analysis

The feature importance from logistic regression analysis for the miRNA candidates
differentiating the groups is presented in Supplementary Figure S6.

D2 samples. On D2, logistic regression analysis differentiated between TBI and sham
groups with the cross-validated area under the curve (CV AUC) 0.94. Among these
miRNAs, 23/30 were also identified by differential expression analysis. Logistic regression
analysis did not differentiate TBI+ and TBI− on D2 (CV AUC 0.50).

D9 samples. On D9, logistic regression analysis differentiated between TBI and sham
groups with a cross-validated AUC 0.94. None of the 29 miRNAs from the logistic regres-
sion analysis were identified by the differential expression analysis. Logistic regression
analysis did not differentiate TBI+ and TBI− on D9 (CV AUC 0.31).

2.2. Technical Validation with RT-qPCR–Discovery Cohort

As the heatmap analysis of miRNA expression profiles from miRNA sequencing
indicated poor separation of the TBI and sham groups on D9, the subsequent technical
validation (TBI vs. sham) focused on D2 sequencing data in samples available from the
discovery cohort.

2.2.1. Selection of Differentially Expressed miRNAs for PCR Validation in D2 Samples

Of the 28 upregulated miRNAs (TBI vs. sham) in the miRNA-sequencing analysis, we
selected 3 miRNAs (miR-136-3p, miR-323-3p, and miR-129-5p) for technical validation by
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RT-qPCR. The selection was based on log2FC ≥1.0, a low adjusted p-value, and a mean
CPM ≥ 30. In addition, we validated two other miRNAs (miR-434-3p and miR-9a-3p),
which we earlier identified as strongly upregulated on D2 after TBI [18], to assess the consis-
tency of findings between the studies and their potential as biomarkers for epileptogenesis.

2.2.2. Quantitative Reverse Transcription PCR

TBI vs. sham. Quantitative reverse transcription PCR (RT-qPCR) results are sum-
marized in Figure 2. Technical validation of the 3 miRNAs (miR-139-3p, miR-323-3p,
miR-129-5p) included different aliquots of plasma samples collected from the same 16 TBI
rats and 4 sham-operated controls that were used for small RNA sequencing. Although
miR-434-3p and miR-9a-3p were not detected in small RNA sequencing, both were detected
by RT-qPCR. miR-434-3p. The miR-434-3p levels were 4.2-fold higher in the TBI group
than in the sham group (2.20 ± 1.41 vs. 0.52 ± 0.31, p < 0.01). miR-9a-3p. The miR-9a-
3p levels were 9.3-fold higher in the TBI group than in the sham group (0.79 ± 0.45 vs.
0.09 ± 0.05, p < 0.001). miR-136-3p. The miR-136-3p levels were 4.4-fold higher in the
TBI group than in the sham group (1.37 ± 1.26 vs. 0.31 ± 0.24, p < 0.05). miR-323-3p.
The miR-323-3p levels were 4.5-fold higher in the TBI group than in the sham group
(2.08 ± 1.61 vs. 0.47 ± 0.24, p < 0.05). miR-129-5p. The miR-129-5p levels were 1.9-fold
higher in the TBI group than in the sham group (0.17 ± 0.16 vs. 0.05 ± 0.05), but the
difference was not statistically significant (p > 0.05). Because the miR-129-5-p expression
levels were very low and did not differ between the sham and TBI groups, miR-129-5p was
excluded from the subsequent ddPCR-based analysis in the validation cohort.
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Figure 2. Technical validation of 5 plasma miRNA levels by RT-qPCR. Box and whisker plots
(whiskers: minimum and maximum; box: interquartile range; line: median) showing the levels of
5 miRNAs (miR-434-3p, miR-9a-3p, miR-136-3p, miR-323-3p, and miR-129-5p) in rat plasma on D2
(48 h) after TBI or sham-operation. All of the miRNAs except miR-129-5p were upregulated in the
TBI group (n = 16) compared with the sham group (n = 4). Expression levels were normalized to the
endogenous control miR-28-3p with the 2−∆Ct method. Statistical significance: *, p < 0.05; **, p < 0.01;
***, p < 0.001 (Mann–Whitney U test). Abbreviations: ns, not significant; TBI, traumatic brain injury.

TBI+ vs. TBI−. No differences were detected in any of the five miRNAs assessed
with RT-qPCR (p > 0.05) between the TBI+ (n = 7) and TBI− (n = 9) groups.

2.3. D2 Plasma Levels of miRNAs in the Validation Cohort
2.3.1. Selection of miRNAs for ddPCR Analysis

Upregulated miRNAs. Based on the miRNA sequencing, we made a list of brain-
specific or brain-enriched miRNAs with log2FC ≥ 1.0 and a low p-value [PubMed search,
Human miRNA tissue atlas [12]; RATEmiRs database [19]. Preliminary experiments re-
vealed that miRNAs on that list with a CPM < 30 were difficult to validate with ddPCR.
Therefore, we focused on miRNAs with a CPM ≥ 30 in the TBI group. Consequently,
miR-434-3p, miR-9a-3p, miR-136-3p, and miR-323-3p were included in the final analysis
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based on the miRNA-sequencing and technical validation. The list was complemented by
three additional miRNAs, including miR-124-3p (log2FC 7.4, CPM 31), miR-212-3p (log2FC
1.3, CPM 39), and miR-132-3p (log2FC 1.4, CPM 67), which we anticipated being able to
quantify by ddPCR.

Downregulated miRNAs. We also performed preliminary experiments using ddPCR
of three miRNAs that were downregulated in miRNA sequencing and showed the low-
est adjusted p-value (miR-455-5p [log2FC −1.5, CPM 107 in the TBI group], miR-140-3p
[log2FC −1.1, CPM 5930 in the TBI group], and miR-149-5p [log2FC −1.3, CPM 248 in the
TBI group]) (Supplementary Table S1). miR-455-5p. On D2, normalized plasma levels of
miR-455-5p in the TBI group were only 40% of that in naïve rats (0.92 ± 0.21 vs. 2.32 ± 0.88,
p < 0.01) (Supplementary Figure S7A). In addition, miR-455-5p levels showed a decreasing
trend in the sham group compared with naïve animals (1.04 ± 0.48 vs. 2.32 ± 0.88, 55%
decrease; p > 0.05). No difference was detected, however, between the TBI and sham
groups (11% decrease, p > 0.05). miR-140-3p ormiR-149-5p levels did not differ between
the experimental groups (Kruskal–Wallis test, p > 0.05), although there was a decreasing
trend in the order of naïve>sham or TBI (Supplementary Figure S7B,C).

Based on these data, we focused our search of plasma miRNA biomarkers on the list
of the seven upregulated miRNAs.

2.3.2. Sample Quality

Plasma quality–hemolysis measurement by NanoDrop. Altogether, 115 of the
150 plasma samples (77%) available on D2 from the epilepsy-phenotyped rats qualified for
ddPCR analysis (sufficient volume of plasma and A414 < 0.25). The mean A414 in the 115
pooled plasma samples was 0.13 ± 0.04 (range 0.05–0.24, median 0.14) (Supplementary
Figure S8A). Animals with TBI (n = 90) had a slightly lower A414 than naïve animals (n = 8;
0.130 vs. 0.162, p < 0.05) (Supplementary Figure S8B).

Small RNA concentration by Qubit assay. In plasma samples collected from the vali-
dation cohort, the mean small RNA concentration after RNA extraction was
419 ng/mL ± 288 ng/mL (n = 111; range: 4.9 ng/mL–1471 ng/mL, median: 343 ng/mL.
Four samples (two naïve, one TBI−, one TBI+) had miRNA concentrations below the Qubit
detection limit, but they could still be analyzed by ddPCR and were included in the analysis.
We detected no differences in small RNA concentration between naïve, sham, and TBI
groups (Kruskal–Wallis test, p > 0.05) (Supplementary Figure S6C).

Correlation between hemolysis and small RNA concentration. A weak positive cor-
relation was detected between the A414 values and small RNA concentration measured by
Qubit (n = 111, Spearman r = 0.327, p < 0.001), that is, the higher the A414 value, the greater
the small RNA concentration (Supplementary Figure S8D). We detected no correlation,
however, between the plasma A414 value and unnormalized miRNA expression levels of
any of the analyzed miRNAs (n = 115, Spearman correlation, p > 0.05 for all), indicating
that hemolysis did not affect miRNA expression levels.

2.4. D2 Plasma miRNA Levels in Different Treatment Groups
2.4.1. Naïve vs. Sham vs. TBI

The plasma concentrations of the seven miRNAs in the validation cohort are summarized
in Figure 3. The validation cohort included 8 naïve, 17 sham, and 90 TBI rats (21 TBI+, 69 TBI−).
As the samples had variable small RNA concentrations after RNA extraction, the target miRNA
expression levels in each sample were normalized to the endogenous control miR-28-3p (target
miRNA copy number/miR-28-3p copy number). The mean copy number of miR-28-3p was
similar between the different experimental groups (Kruskal–Wallis test, p > 0.05).
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Figure 3. D2 plasma miRNA levels in different animal groups. Box and whisker plots (whiskers:
minimum and maximum; box: interquartile range; line: median) showing the normalized expression
levels of 7 validated miRNAs (miR-434-3p, miR-9a-3p, miR-136-3p, miR-323-3p, miR-124-3p, miR-212-
3p, and miR-132-3p) measured by droplet digital PCR (ddPCR). MiR-28-3p was used as endogenous
reference for normalization (target concentration/reference concentration). All 7 miRNAs were
upregulated in the TBI group (n = 90) compared with naïve (n = 8) or sham-operated (n = 17) rats. Of
7 miRNAs, 6 (all except miR-124-3p) were upregulated in the sham group compared with the naïve
group. The levels of the endogenous control miR-28-3p did not differ between the animal groups.
Statistical significance: *, p < 0.05; **, p < 0.01; ***, p < 0.001 (compared with naïve); $$$, p < 0.001
(compared with sham; Mann–Whitney U test). Abbreviations: TBI, traumatic brain injury.

miR-434-3p. The average normalized plasma levels of miR-434-3p in the sham-
operated controls were 2.3-fold higher than in naïve rats (0.33 ± 0.15 vs. 0.13 ± 0.05,
p < 0.001). TBI rats had 11.2-fold higher normalized miR-434-3p levels than naïve rats
(1.41 ± 0.77 vs. 0.13, p < 0.001) and 4.3-fold higher levels than sham-operated controls
(1.41 vs. 0.33, p < 0.001).

miR-9a-3p. Sham-operated controls had 3.4-fold higher normalized levels of plasma
miR-9a-3p than naïve rats (0.07 ± 0.11 vs. 0.02 ± 0.008, p < 0.05). TBI rats had 41.1-fold
higher miR-9a-3p levels than naïve rats (0.81 ± 0.59 vs. 0.02, p < 0.001) and 22.4-fold higher
levels than sham-operated controls (0.81 vs. 0.07, p < 0.001).

miR-136-3p. The sham group had 2.9-fold higher normalized levels of plasma miR-
136-3p than the naïve group (0.05 ± 0.02 vs. 0.02 ± 0.01, p < 0.01). TBI rats had 10.6-fold
higher miR-136-3p levels than naïve rats (0.18 ± 0.11 vs. 0.02, p < 0.001) and 3.7-fold higher
levels than sham-operated controls (0.18 vs. 0.05, p < 0.001).

miR-323-3p. Sham-operated controls had 4.2-fold higher normalized levels of plasma
miR-323-3p levels than naïve rats (0.06 ± 0.05 vs. 0.02 ± 0.01, p < 0.001). TBI rats had
30.6-fold higher miR-323-3p levels than naïve rats (0.47 ± 0.28 vs. 0.02, p < 0.001) and
7.3-fold higher levels than sham-operated controls (0.47 vs. 0.06, p < 0.001).

miR-124-3p. Sham-operated controls and naïve rats had similar normalized levels of
plasma miR-124-3p (0.08 ± 0.05 vs. 0.07 ± 0.03, p > 0.05). TBI rats had 20.8-fold higher
miR-124-3p levels than naïve rats (1.41 ± 1.11 vs. 0.07, p < 0.001) and 18.2-fold higher levels
than sham-operated controls (1.41 vs. 0.08, p < 0.001).

miR-212-3p. Sham-operated controls had 1.6-fold higher normalized levels of plasma
miR-212-3p than naïve rats (0.34 ± 0.12 vs. 0.21 ± 0.08, p < 0.05). TBI rats had 2.4-fold
higher miR-212-3p levels than naïve rats (0.51 ± 0.19 vs. 0.21, p < 0.001 and 1.5-fold higher
levels than sham-operated controls (0.51 vs. 0.34, p < 0.001).
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based on the miRNA-sequencing and technical validation. The list was complemented by
three additional miRNAs, including miR-124-3p (log2FC 7.4, CPM 31), miR-212-3p (log2FC
1.3, CPM 39), and miR-132-3p (log2FC 1.4, CPM 67), which we anticipated being able to
quantify by ddPCR.

Downregulated miRNAs. We also performed preliminary experiments using ddPCR
of three miRNAs that were downregulated in miRNA sequencing and showed the low-
est adjusted p-value (miR-455-5p [log2FC −1.5, CPM 107 in the TBI group], miR-140-3p
[log2FC −1.1, CPM 5930 in the TBI group], and miR-149-5p [log2FC −1.3, CPM 248 in the
TBI group]) (Supplementary Table S1). miR-455-5p. On D2, normalized plasma levels of
miR-455-5p in the TBI group were only 40% of that in naïve rats (0.92 ± 0.21 vs. 2.32 ± 0.88,
p < 0.01) (Supplementary Figure S7A). In addition, miR-455-5p levels showed a decreasing
trend in the sham group compared with naïve animals (1.04 ± 0.48 vs. 2.32 ± 0.88, 55%
decrease; p > 0.05). No difference was detected, however, between the TBI and sham
groups (11% decrease, p > 0.05). miR-140-3p ormiR-149-5p levels did not differ between
the experimental groups (Kruskal–Wallis test, p > 0.05), although there was a decreasing
trend in the order of naïve>sham or TBI (Supplementary Figure S7B,C).

Based on these data, we focused our search of plasma miRNA biomarkers on the list
of the seven upregulated miRNAs.

2.3.2. Sample Quality

Plasma quality–hemolysis measurement by NanoDrop. Altogether, 115 of the
150 plasma samples (77%) available on D2 from the epilepsy-phenotyped rats qualified for
ddPCR analysis (sufficient volume of plasma and A414 < 0.25). The mean A414 in the 115
pooled plasma samples was 0.13 ± 0.04 (range 0.05–0.24, median 0.14) (Supplementary
Figure S8A). Animals with TBI (n = 90) had a slightly lower A414 than naïve animals (n = 8;
0.130 vs. 0.162, p < 0.05) (Supplementary Figure S8B).

Small RNA concentration by Qubit assay. In plasma samples collected from the vali-
dation cohort, the mean small RNA concentration after RNA extraction was
419 ng/mL ± 288 ng/mL (n = 111; range: 4.9 ng/mL–1471 ng/mL, median: 343 ng/mL.
Four samples (two naïve, one TBI−, one TBI+) had miRNA concentrations below the Qubit
detection limit, but they could still be analyzed by ddPCR and were included in the analysis.
We detected no differences in small RNA concentration between naïve, sham, and TBI
groups (Kruskal–Wallis test, p > 0.05) (Supplementary Figure S6C).

Correlation between hemolysis and small RNA concentration. A weak positive cor-
relation was detected between the A414 values and small RNA concentration measured by
Qubit (n = 111, Spearman r = 0.327, p < 0.001), that is, the higher the A414 value, the greater
the small RNA concentration (Supplementary Figure S8D). We detected no correlation,
however, between the plasma A414 value and unnormalized miRNA expression levels of
any of the analyzed miRNAs (n = 115, Spearman correlation, p > 0.05 for all), indicating
that hemolysis did not affect miRNA expression levels.

2.4. D2 Plasma miRNA Levels in Different Treatment Groups
2.4.1. Naïve vs. Sham vs. TBI

The plasma concentrations of the seven miRNAs in the validation cohort are summarized
in Figure 3. The validation cohort included 8 naïve, 17 sham, and 90 TBI rats (21 TBI+, 69 TBI−).
As the samples had variable small RNA concentrations after RNA extraction, the target miRNA
expression levels in each sample were normalized to the endogenous control miR-28-3p (target
miRNA copy number/miR-28-3p copy number). The mean copy number of miR-28-3p was
similar between the different experimental groups (Kruskal–Wallis test, p > 0.05).

Int. J. Mol. Sci. 2023, 24, 2823 7 of 34

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 7 of 34 
 

 

TBI+, 69 TBI−). As the samples had variable small RNA concentrations after RNA extrac-
tion, the target miRNA expression levels in each sample were normalized to the endoge-
nous control miR-28-3p (target miRNA copy number/miR-28-3p copy number). The mean 
copy number of miR-28-3p was similar between the different experimental groups (Krus-
kal–Wallis test, p > 0.05).  

miR-434-3p. The average normalized plasma levels of miR-434-3p in the sham-oper-
ated controls were 2.3-fold higher than in naïve rats (0.33 ± 0.15 vs. 0.13 ± 0.05, p < 0.001). 
TBI rats had 11.2-fold higher normalized miR-434-3p levels than naïve rats (1.41 ± 0.77 vs. 
0.13, p < 0.001) and 4.3-fold higher levels than sham-operated controls (1.41 vs. 0.33, p < 
0.001).  

miR-9a-3p. Sham-operated controls had 3.4-fold higher normalized levels of plasma 
miR-9a-3p than naïve rats (0.07 ± 0.11 vs. 0.02 ± 0.008, p < 0.05). TBI rats had 41.1-fold 
higher miR-9a-3p levels than naïve rats (0.81 ± 0.59 vs. 0.02, p < 0.001) and 22.4-fold higher 
levels than sham-operated controls (0.81 vs. 0.07, p < 0.001). 

miR-136-3p. The sham group had 2.9-fold higher normalized levels of plasma miR-
136-3p than the naïve group (0.05 ± 0.02 vs. 0.02 ± 0.01, p < 0.01). TBI rats had 10.6-fold 
higher miR-136-3p levels than naïve rats (0.18 ± 0.11 vs. 0.02, p < 0.001) and 3.7-fold higher 
levels than sham-operated controls (0.18 vs. 0.05, p < 0.001).  

miR-323-3p. Sham-operated controls had 4.2-fold higher normalized levels of plasma 
miR-323-3p levels than naïve rats (0.06 ± 0.05 vs. 0.02 ± 0.01, p < 0.001). TBI rats had 30.6-
fold higher miR-323-3p levels than naïve rats (0.47 ± 0.28 vs. 0.02, p < 0.001) and 7.3-fold 
higher levels than sham-operated controls (0.47 vs. 0.06, p < 0.001).  

miR-124-3p. Sham-operated controls and naïve rats had similar normalized levels of 
plasma miR-124-3p (0.08 ± 0.05 vs. 0.07 ± 0.03, p > 0.05). TBI rats had 20.8-fold higher miR-
124-3p levels than naïve rats (1.41 ± 1.11 vs. 0.07, p < 0.001) and 18.2-fold higher levels than 
sham-operated controls (1.41 vs. 0.08, p < 0.001).  

miR-212-3p. Sham-operated controls had 1.6-fold higher normalized levels of plasma 
miR-212-3p than naïve rats (0.34 ± 0.12 vs. 0.21 ± 0.08, p < 0.05). TBI rats had 2.4-fold higher 
miR-212-3p levels than naïve rats (0.51 ± 0.19 vs. 0.21, p < 0.001 and 1.5-fold higher levels 
than sham-operated controls (0.51 vs. 0.34, p < 0.001).  

miR-132-3p. Sham-operated controls had 1.4-fold higher normalized levels of plasma 
miR-132-3p than naïve rats (0.47 ± 0.14 vs. 0.33 ± 0.11, p < 0.05). TBI rats had 3.1-fold higher 
miR-132-3p levels than naïve rats (1.04 ± 0.43 vs. 0.33, p < 0.001) and 2.2-fold higher levels 
than sham-operated controls (1.04 vs. 0.47, p < 0.001). 

 
Figure 3. D2 plasma miRNA levels in different animal groups. Box and whisker plots (whiskers: 
minimum and maximum; box: interquartile range; line: median) showing the normalized 
Figure 3. D2 plasma miRNA levels in different animal groups. Box and whisker plots (whiskers:
minimum and maximum; box: interquartile range; line: median) showing the normalized expression
levels of 7 validated miRNAs (miR-434-3p, miR-9a-3p, miR-136-3p, miR-323-3p, miR-124-3p, miR-212-
3p, and miR-132-3p) measured by droplet digital PCR (ddPCR). MiR-28-3p was used as endogenous
reference for normalization (target concentration/reference concentration). All 7 miRNAs were
upregulated in the TBI group (n = 90) compared with naïve (n = 8) or sham-operated (n = 17) rats. Of
7 miRNAs, 6 (all except miR-124-3p) were upregulated in the sham group compared with the naïve
group. The levels of the endogenous control miR-28-3p did not differ between the animal groups.
Statistical significance: *, p < 0.05; **, p < 0.01; ***, p < 0.001 (compared with naïve); $$$, p < 0.001
(compared with sham; Mann–Whitney U test). Abbreviations: TBI, traumatic brain injury.

miR-434-3p. The average normalized plasma levels of miR-434-3p in the sham-
operated controls were 2.3-fold higher than in naïve rats (0.33 ± 0.15 vs. 0.13 ± 0.05,
p < 0.001). TBI rats had 11.2-fold higher normalized miR-434-3p levels than naïve rats
(1.41 ± 0.77 vs. 0.13, p < 0.001) and 4.3-fold higher levels than sham-operated controls
(1.41 vs. 0.33, p < 0.001).

miR-9a-3p. Sham-operated controls had 3.4-fold higher normalized levels of plasma
miR-9a-3p than naïve rats (0.07 ± 0.11 vs. 0.02 ± 0.008, p < 0.05). TBI rats had 41.1-fold
higher miR-9a-3p levels than naïve rats (0.81 ± 0.59 vs. 0.02, p < 0.001) and 22.4-fold higher
levels than sham-operated controls (0.81 vs. 0.07, p < 0.001).

miR-136-3p. The sham group had 2.9-fold higher normalized levels of plasma miR-
136-3p than the naïve group (0.05 ± 0.02 vs. 0.02 ± 0.01, p < 0.01). TBI rats had 10.6-fold
higher miR-136-3p levels than naïve rats (0.18 ± 0.11 vs. 0.02, p < 0.001) and 3.7-fold higher
levels than sham-operated controls (0.18 vs. 0.05, p < 0.001).

miR-323-3p. Sham-operated controls had 4.2-fold higher normalized levels of plasma
miR-323-3p levels than naïve rats (0.06 ± 0.05 vs. 0.02 ± 0.01, p < 0.001). TBI rats had
30.6-fold higher miR-323-3p levels than naïve rats (0.47 ± 0.28 vs. 0.02, p < 0.001) and
7.3-fold higher levels than sham-operated controls (0.47 vs. 0.06, p < 0.001).

miR-124-3p. Sham-operated controls and naïve rats had similar normalized levels of
plasma miR-124-3p (0.08 ± 0.05 vs. 0.07 ± 0.03, p > 0.05). TBI rats had 20.8-fold higher
miR-124-3p levels than naïve rats (1.41 ± 1.11 vs. 0.07, p < 0.001) and 18.2-fold higher levels
than sham-operated controls (1.41 vs. 0.08, p < 0.001).

miR-212-3p. Sham-operated controls had 1.6-fold higher normalized levels of plasma
miR-212-3p than naïve rats (0.34 ± 0.12 vs. 0.21 ± 0.08, p < 0.05). TBI rats had 2.4-fold
higher miR-212-3p levels than naïve rats (0.51 ± 0.19 vs. 0.21, p < 0.001 and 1.5-fold higher
levels than sham-operated controls (0.51 vs. 0.34, p < 0.001).
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miR-132-3p. Sham-operated controls had 1.4-fold higher normalized levels of plasma
miR-132-3p than naïve rats (0.47 ± 0.14 vs. 0.33 ± 0.11, p < 0.05). TBI rats had 3.1-fold
higher miR-132-3p levels than naïve rats (1.04 ± 0.43 vs. 0.33, p < 0.001) and 2.2-fold higher
levels than sham-operated controls (1.04 vs. 0.47, p < 0.001).

2.4.2. ROC Analysis

The ROC curves for miR-434-3p, miR-9a-3p, miR-136-3p, miR-323-3p, miR-124-3p, miR-
212-3p, and miR-132-3p are presented in Figure 4. The AUC and optimal cut-off values for the
normalized miRNA levels measured by ddPCR are summarized in Supplementary Table S7.
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(A) Naïve vs. sham. Of 7 miRNAs, 6 (miR-434-3p, miR-9a-3p, miR-136-3p, miR-323-3p, miR-132-3p,
and miR-212-3p) separated sham-operated controls (n = 17) from naïve rats (n = 8; p < 0.05). MiR-
124-3p did not separate sham-operated controls from naïve animals (AUC 0.59, p > 0.05). See results
for details. (B) TBI vs. naïve. All analyzed miRNAs separated rats with TBI (n = 90) from naïve
animals (n = 8) with an AUC ≥ 0.90 (p < 0.001), indicating a very good performance as diagnostic TBI
biomarkers. (C) TBI vs. sham operation. All analyzed miRNAs separated rats with TBI (n = 90) from
sham-operated controls (n = 17). MiR-434-3p, miR-9a-3p, miR-136-3p, miR-323-3p, and miR-132-3p
had AUC ≥ 0.90 (p < 0.001), whereas miR-212-3p had an AUC of 0.76 (p < 0.001). See results for
details. Abbreviations: TBI, traumatic brain injury.

miR-434-3p. The miR-434-3p levels separated sham-operated controls from naïve rats
(AUC 0.96, p < 0.001) with 82% sensitivity and 100% specificity (cut-off 0.22). TBI rats were
separated from naïve rats (AUC 1.00, p < 0.001) with 100% sensitivity and 100% specificity
(cut-off 0.31) and from sham-operated controls (AUC 0.98, p < 0.001) with 88% sensitivity
and 100% specificity (cut-off 0.69).

miR-9a-3p. The miR-9a-3p levels separated sham-operated controls from naïve rats
(AUC 0.76, p < 0.05) with 53% sensitivity and 100% specificity (cut-off 0.04). TBI rats were
separated from naïve rats (AUC 0.99, p < 0.001) with 99% sensitivity and 100% specificity
(cut-off 0.18) and from sham-operated controls (AUC 0.97, p < 0.001) with 99% sensitivity
and 94% specificity (cut-off 0.18).

miR-136-3p. The miR-136-3p levels separated sham-operated controls from naïve rats
(AUC 0.88, p < 0.01) with 88% sensitivity and 75% specificity (cut-off 0.03). TBI rats were
separated from naïve rats (AUC 1.00, p < 0.001) with 99% sensitivity and 100% specificity
(cut-off 0.05) and from sham-operated controls (AUC 0.96, p < 0.001) with 93% sensitivity
and 88% specificity (cut-off 0.07).

miR-323-3p. The miR-323-3p levels separated sham-operated controls from naïve rats
(AUC 0.93, p < 0.001) with 76% sensitivity and 100% specificity (cut-off 0.04). TBI rats were
separated from naïve rats (AUC 1.00, p < 0.001) with 100% sensitivity and 100% specificity
(cut-off 0.09) and from sham-operated controls (AUC 0.99, p < 0.001) with 98% sensitivity
and 94% specificity (cut-off 0.12).
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miR-124-3p. The miR-124-3p levels did not separate sham-operated controls from
naïve rats (AUC 0.49, p > 0.05). The miR-124-3p levels separated TBI rats from naïve rats
(AUC 1.00, p < 0.001, 100% sensitivity and 100% specificity, cut-off 0.20) and sham-operated
controls (AUC 1.00, p < 0.001, 99% sensitivity and 100% specificity, cut-off 0.26).

miR-212-3p. The miR-212-3p levels separated sham-operated controls from naïve rats
(AUC 0.81, p < 0.05) with 59% sensitivity and 100% specificity (cut-off 0.33). TBI rats were
separated from naïve rats (AUC 0.95, p < 0.001) with 82% sensitivity and 100% specificity
(cut-off 0.33) and from sham-operated controls (AUC 0.76, p < 0.001) with 69% sensitivity
and 71% specificity (cut-off 0.39).

miR-132-3p. The miR-132-3p levels separated sham-operated controls from naïve
rats (AUC 0.79, p < 0.05) with 82% sensitivity and 88% specificity (cut-off 0.39). TBI rats
were separated from naïve animals (AUC 0.98, p < 0.001) with 89% sensitivity and 100%
specificity (cut-off 0.60) and from sham-operated (AUC 0.94, p < 0.001) with 87% sensitivity
and 94% specificity (cut-off 0.65).

2.5. Epilepsy Outcome
2.5.1. D2 Plasma miRNA Levels

Next, we investigated whether plasma miRNA levels on D2 differentiated TBI rats
with (TBI+) or without epilepsy (TBI−) or different epilepsy severities.

Epilepsy vs. no epilepsy. Of the 90 TBI rats included in the miRNA analysis, 21 had
epilepsy (TBI+) and 69 did not (TBI−). We detected no differences in the miRNA levels
between the TBI+ and TBI− groups (p > 0.05 for all miRNAs) (Figure 5).
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Figure 5. Normalized plasma miRNA levels on D2 and epilepsy outcome. (A) Box and whisker plots
(whiskers: minimum and maximum; box: interquartile range; line: median) showing comparable
plasma miRNA levels in the injured rats with (TBI+) and without (TBI−) epilepsy (Mann–Whitney
U test, p > 0.05 for all miRNAs). (B) A table summarizing normalized miRNA expression levels
(mean ± SD) in the TBI− and TBI+ groups. Abbreviations: ns, not significant; SD, standard deviation;
TBI, traumatic brain injury.

Epilepsy severity–seizure frequency. To investigate possible differences in plasma
miRNA levels within the TBI+ group depending on the severity of epilepsy, we catego-
rized the 21 TBI+ animals based on two criteria: seizure frequency and occurrence of
seizure clusters.
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miR-132-3p. Sham-operated controls had 1.4-fold higher normalized levels of plasma
miR-132-3p than naïve rats (0.47 ± 0.14 vs. 0.33 ± 0.11, p < 0.05). TBI rats had 3.1-fold
higher miR-132-3p levels than naïve rats (1.04 ± 0.43 vs. 0.33, p < 0.001) and 2.2-fold higher
levels than sham-operated controls (1.04 vs. 0.47, p < 0.001).

2.4.2. ROC Analysis

The ROC curves for miR-434-3p, miR-9a-3p, miR-136-3p, miR-323-3p, miR-124-3p, miR-
212-3p, and miR-132-3p are presented in Figure 4. The AUC and optimal cut-off values for the
normalized miRNA levels measured by ddPCR are summarized in Supplementary Table S7.
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(A) Naïve vs. sham. Of 7 miRNAs, 6 (miR-434-3p, miR-9a-3p, miR-136-3p, miR-323-3p, miR-132-3p,
and miR-212-3p) separated sham-operated controls (n = 17) from naïve rats (n = 8; p < 0.05). MiR-
124-3p did not separate sham-operated controls from naïve animals (AUC 0.59, p > 0.05). See results
for details. (B) TBI vs. naïve. All analyzed miRNAs separated rats with TBI (n = 90) from naïve
animals (n = 8) with an AUC ≥ 0.90 (p < 0.001), indicating a very good performance as diagnostic TBI
biomarkers. (C) TBI vs. sham operation. All analyzed miRNAs separated rats with TBI (n = 90) from
sham-operated controls (n = 17). MiR-434-3p, miR-9a-3p, miR-136-3p, miR-323-3p, and miR-132-3p
had AUC ≥ 0.90 (p < 0.001), whereas miR-212-3p had an AUC of 0.76 (p < 0.001). See results for
details. Abbreviations: TBI, traumatic brain injury.

miR-434-3p. The miR-434-3p levels separated sham-operated controls from naïve rats
(AUC 0.96, p < 0.001) with 82% sensitivity and 100% specificity (cut-off 0.22). TBI rats were
separated from naïve rats (AUC 1.00, p < 0.001) with 100% sensitivity and 100% specificity
(cut-off 0.31) and from sham-operated controls (AUC 0.98, p < 0.001) with 88% sensitivity
and 100% specificity (cut-off 0.69).

miR-9a-3p. The miR-9a-3p levels separated sham-operated controls from naïve rats
(AUC 0.76, p < 0.05) with 53% sensitivity and 100% specificity (cut-off 0.04). TBI rats were
separated from naïve rats (AUC 0.99, p < 0.001) with 99% sensitivity and 100% specificity
(cut-off 0.18) and from sham-operated controls (AUC 0.97, p < 0.001) with 99% sensitivity
and 94% specificity (cut-off 0.18).

miR-136-3p. The miR-136-3p levels separated sham-operated controls from naïve rats
(AUC 0.88, p < 0.01) with 88% sensitivity and 75% specificity (cut-off 0.03). TBI rats were
separated from naïve rats (AUC 1.00, p < 0.001) with 99% sensitivity and 100% specificity
(cut-off 0.05) and from sham-operated controls (AUC 0.96, p < 0.001) with 93% sensitivity
and 88% specificity (cut-off 0.07).

miR-323-3p. The miR-323-3p levels separated sham-operated controls from naïve rats
(AUC 0.93, p < 0.001) with 76% sensitivity and 100% specificity (cut-off 0.04). TBI rats were
separated from naïve rats (AUC 1.00, p < 0.001) with 100% sensitivity and 100% specificity
(cut-off 0.09) and from sham-operated controls (AUC 0.99, p < 0.001) with 98% sensitivity
and 94% specificity (cut-off 0.12).
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miR-124-3p. The miR-124-3p levels did not separate sham-operated controls from
naïve rats (AUC 0.49, p > 0.05). The miR-124-3p levels separated TBI rats from naïve rats
(AUC 1.00, p < 0.001, 100% sensitivity and 100% specificity, cut-off 0.20) and sham-operated
controls (AUC 1.00, p < 0.001, 99% sensitivity and 100% specificity, cut-off 0.26).

miR-212-3p. The miR-212-3p levels separated sham-operated controls from naïve rats
(AUC 0.81, p < 0.05) with 59% sensitivity and 100% specificity (cut-off 0.33). TBI rats were
separated from naïve rats (AUC 0.95, p < 0.001) with 82% sensitivity and 100% specificity
(cut-off 0.33) and from sham-operated controls (AUC 0.76, p < 0.001) with 69% sensitivity
and 71% specificity (cut-off 0.39).

miR-132-3p. The miR-132-3p levels separated sham-operated controls from naïve
rats (AUC 0.79, p < 0.05) with 82% sensitivity and 88% specificity (cut-off 0.39). TBI rats
were separated from naïve animals (AUC 0.98, p < 0.001) with 89% sensitivity and 100%
specificity (cut-off 0.60) and from sham-operated (AUC 0.94, p < 0.001) with 87% sensitivity
and 94% specificity (cut-off 0.65).

2.5. Epilepsy Outcome
2.5.1. D2 Plasma miRNA Levels

Next, we investigated whether plasma miRNA levels on D2 differentiated TBI rats
with (TBI+) or without epilepsy (TBI−) or different epilepsy severities.

Epilepsy vs. no epilepsy. Of the 90 TBI rats included in the miRNA analysis, 21 had
epilepsy (TBI+) and 69 did not (TBI−). We detected no differences in the miRNA levels
between the TBI+ and TBI− groups (p > 0.05 for all miRNAs) (Figure 5).
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Figure 5. Normalized plasma miRNA levels on D2 and epilepsy outcome. (A) Box and whisker plots
(whiskers: minimum and maximum; box: interquartile range; line: median) showing comparable
plasma miRNA levels in the injured rats with (TBI+) and without (TBI−) epilepsy (Mann–Whitney
U test, p > 0.05 for all miRNAs). (B) A table summarizing normalized miRNA expression levels
(mean ± SD) in the TBI− and TBI+ groups. Abbreviations: ns, not significant; SD, standard deviation;
TBI, traumatic brain injury.

Epilepsy severity–seizure frequency. To investigate possible differences in plasma
miRNA levels within the TBI+ group depending on the severity of epilepsy, we catego-
rized the 21 TBI+ animals based on two criteria: seizure frequency and occurrence of
seizure clusters.
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First, rats with epilepsywere divided according towhether the total number of seizures
was ≥3 (n = 15) vs. <3 seizures (n = 6) during the 1-month vEEG monitoring. We detected
no differences in the miRNA levels between the rats with ≥3 seizures or <3 seizures
(p > 0.05 for all miRNAs) (Figure 6A). The total number of seizures did not correlate with
any of the miRNAs (p > 0.05).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 10 of 34 
 

 

plasma miRNA levels in the injured rats with (TBI+) and without (TBI−) epilepsy (Mann–Whitney 
U test, p > 0.05 for all miRNAs). (B) A table summarizing normalized miRNA expression levels 
(mean ± SD) in the TBI− and TBI+ groups. Abbreviations: ns, not significant; SD, standard deviation; 
TBI, traumatic brain injury. 

Epilepsy severity–seizure frequency. To investigate possible differences in plasma 
miRNA levels within the TBI+ group depending on the severity of epilepsy, we catego-
rized the 21 TBI+ animals based on two criteria: seizure frequency and occurrence of sei-
zure clusters.  

First, rats with epilepsy were divided according to whether the total number of sei-
zures was ≥3 (n = 15) vs. <3 seizures (n = 6) during the 1-month vEEG monitoring. We 
detected no differences in the miRNA levels between the rats with ≥3 seizures or <3 sei-
zures (p > 0.05 for all miRNAs) (Figure 6A). The total number of seizures did not correlate 
with any of the miRNAs (p > 0.05). 

Epilepsy severity–seizure clusters. For the analysis, rats with epilepsy were divided 
into two categories according to whether the animal had seizure clusters (8 yes, 13 no). A 
seizure cluster was defined as ≥3 seizures within 24 h. We detected no differences in dif-
ferent miRNA levels between the rats with or without seizure clusters (p > 0.05 for all 
miRNAs) (Figure 6B). 

 
Figure 6. Normalized plasma miRNA levels on D2 and severity of epilepsy. (A) Rats with frequent 
(i.e., ≥3 late seizures per month) vs. less frequent seizures (<3 seizures per month). Box and whisker 
Figure 6. Normalized plasma miRNA levels on D2 and severity of epilepsy. (A) Rats with frequent
(i.e., ≥3 late seizures per month) vs. less frequent seizures (<3 seizures per month). Box and whisker
plots (whiskers: minimum and maximum; box: interquartile range; line: median) show that plasma
miRNA levels on D2 in TBI+ animals with frequent (15/21) or less frequent late seizures (6/21)
were comparable (Mann–Whitney U test, p > 0.05). In addition, the average miRNA levels were
comparable when the TBI+ rats with frequent seizures were compared with TBI− animals or with
all remaining TBI rats (TBI+ > 3 seizures vs. TBI− and TBI+ < 3 seizures; p > 0.05). (B) Rats with or
without seizure clusters (i.e., ≥3 seizures within 24 h). Box and whisker plots summarize the levels of
miRNAs in rats with epilepsy (TBI+) with seizure clusters (TBI+ C, 8/21) or without seizure clusters
(TBI+ noC, 13/21). Plasma miRNAs on D2 did not differ between the rats with or without seizure
clusters (Mann–Whitney U test, p > 0.05 for all miRNAs). In addition, plasma miRNA levels were
comparable when the TBI+ rats with seizure clusters (severe epilepsy) were compared with TBI− rats
or with all remaining TBI rats (TBI+ C vs. TBI− and TBI+ noC; TBI−, n = 69, p > 0.05). Abbreviations:
TBI, traumatic brain injury; TBI−, TBI rats without epilepsy.
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Epilepsy severity–seizure clusters. For the analysis, rats with epilepsy were divided
into two categories according to whether the animal had seizure clusters (8 yes, 13 no).
A seizure cluster was defined as ≥3 seizures within 24 h. We detected no differences in
different miRNA levels between the rats with or without seizure clusters (p > 0.05 for all
miRNAs) (Figure 6B).

2.5.2. ROC Analysis

The AUC and optimal cut-off values for the normalized miRNA levels measured by
ddPCR are summarized in Supplementary Table S8.

Epilepsy vs. no epilepsy. None of the seven miRNAs distinguished TBI+ from TBI−
rats on D2 (Figure 7A).
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Figure 7. ROC analysis of plasma miRNA levels measured on D2 between epilepsy severity groups.
None of the plasma miRNAs measured on D2 after traumatic brain injury (TBI) differentiated:
(A) TBI rats with epilepsy (TBI+, n = 21) from rats without epilepsy (TBI−, n = 69); (B) TBI+ rats with
≥3 seizures (n = 15) from TBI+ rats with <3 seizures (n = 6); and (C) TBI+ rats with seizure clusters
(n = 8) from TBI+ rats without seizure clusters (n = 13).

Epilepsy severity–seizure frequency. None of the seven miRNAs distinguished rats
with ≥3 or <3 seizures (Figure 7B).

Epilepsy severity–seizure clusters. None of the seven miRNAs distinguished rats with
or without clusters (Figure 7C).

2.5.3. Glmnet Analysis

We then used elastic net regularized logistic regression (glmnet) to determine the
optimal set of explanatory variables (i.e., miRNAs) to use in the logistic regression analysis
to distinguish between TBI+ and TBI− animals, as well as to distinguish between the
epilepsy severity groups.

TBI+ vs. TBI−. Glmnet analysis did not identify any combination of miRNAs (all
coefficients zero in the majority of the cross-validation folds) that differentiated TBI+ rats
(n = 21) from TBI− rats (n = 69).

≥3 seizures vs. <3 seizures. Glmnet analysis identified a combination of five miRNAs
(miR-9a-3p, miR-323-3p, miR-124-3p, miR-212-3p, and miR-132-3p) as the optimal combina-
tion for differentiating TBI+ rats with ≥3 seizures (n = 15) from TBI+ rats with <3 seizures
(n = 6). Logistic regression analysis using these predictors produced a cross-validated AUC
of 0.76 (95% CI: 0.51–0.93, p = 0.056) (Figure 8A).
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First, rats with epilepsywere divided according towhether the total number of seizures
was ≥3 (n = 15) vs. <3 seizures (n = 6) during the 1-month vEEG monitoring. We detected
no differences in the miRNA levels between the rats with ≥3 seizures or <3 seizures
(p > 0.05 for all miRNAs) (Figure 6A). The total number of seizures did not correlate with
any of the miRNAs (p > 0.05).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 10 of 34 
 

 

plasma miRNA levels in the injured rats with (TBI+) and without (TBI−) epilepsy (Mann–Whitney 
U test, p > 0.05 for all miRNAs). (B) A table summarizing normalized miRNA expression levels 
(mean ± SD) in the TBI− and TBI+ groups. Abbreviations: ns, not significant; SD, standard deviation; 
TBI, traumatic brain injury. 

Epilepsy severity–seizure frequency. To investigate possible differences in plasma 
miRNA levels within the TBI+ group depending on the severity of epilepsy, we catego-
rized the 21 TBI+ animals based on two criteria: seizure frequency and occurrence of sei-
zure clusters.  

First, rats with epilepsy were divided according to whether the total number of sei-
zures was ≥3 (n = 15) vs. <3 seizures (n = 6) during the 1-month vEEG monitoring. We 
detected no differences in the miRNA levels between the rats with ≥3 seizures or <3 sei-
zures (p > 0.05 for all miRNAs) (Figure 6A). The total number of seizures did not correlate 
with any of the miRNAs (p > 0.05). 

Epilepsy severity–seizure clusters. For the analysis, rats with epilepsy were divided 
into two categories according to whether the animal had seizure clusters (8 yes, 13 no). A 
seizure cluster was defined as ≥3 seizures within 24 h. We detected no differences in dif-
ferent miRNA levels between the rats with or without seizure clusters (p > 0.05 for all 
miRNAs) (Figure 6B). 

 
Figure 6. Normalized plasma miRNA levels on D2 and severity of epilepsy. (A) Rats with frequent 
(i.e., ≥3 late seizures per month) vs. less frequent seizures (<3 seizures per month). Box and whisker 
Figure 6. Normalized plasma miRNA levels on D2 and severity of epilepsy. (A) Rats with frequent
(i.e., ≥3 late seizures per month) vs. less frequent seizures (<3 seizures per month). Box and whisker
plots (whiskers: minimum and maximum; box: interquartile range; line: median) show that plasma
miRNA levels on D2 in TBI+ animals with frequent (15/21) or less frequent late seizures (6/21)
were comparable (Mann–Whitney U test, p > 0.05). In addition, the average miRNA levels were
comparable when the TBI+ rats with frequent seizures were compared with TBI− animals or with
all remaining TBI rats (TBI+ > 3 seizures vs. TBI− and TBI+ < 3 seizures; p > 0.05). (B) Rats with or
without seizure clusters (i.e., ≥3 seizures within 24 h). Box and whisker plots summarize the levels of
miRNAs in rats with epilepsy (TBI+) with seizure clusters (TBI+ C, 8/21) or without seizure clusters
(TBI+ noC, 13/21). Plasma miRNAs on D2 did not differ between the rats with or without seizure
clusters (Mann–Whitney U test, p > 0.05 for all miRNAs). In addition, plasma miRNA levels were
comparable when the TBI+ rats with seizure clusters (severe epilepsy) were compared with TBI− rats
or with all remaining TBI rats (TBI+ C vs. TBI− and TBI+ noC; TBI−, n = 69, p > 0.05). Abbreviations:
TBI, traumatic brain injury; TBI−, TBI rats without epilepsy.
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Epilepsy severity–seizure clusters. For the analysis, rats with epilepsy were divided
into two categories according to whether the animal had seizure clusters (8 yes, 13 no).
A seizure cluster was defined as ≥3 seizures within 24 h. We detected no differences in
different miRNA levels between the rats with or without seizure clusters (p > 0.05 for all
miRNAs) (Figure 6B).

2.5.2. ROC Analysis

The AUC and optimal cut-off values for the normalized miRNA levels measured by
ddPCR are summarized in Supplementary Table S8.

Epilepsy vs. no epilepsy. None of the seven miRNAs distinguished TBI+ from TBI−
rats on D2 (Figure 7A).
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Figure 7. ROC analysis of plasma miRNA levels measured on D2 between epilepsy severity groups.
None of the plasma miRNAs measured on D2 after traumatic brain injury (TBI) differentiated:
(A) TBI rats with epilepsy (TBI+, n = 21) from rats without epilepsy (TBI−, n = 69); (B) TBI+ rats with
≥3 seizures (n = 15) from TBI+ rats with <3 seizures (n = 6); and (C) TBI+ rats with seizure clusters
(n = 8) from TBI+ rats without seizure clusters (n = 13).

Epilepsy severity–seizure frequency. None of the seven miRNAs distinguished rats
with ≥3 or <3 seizures (Figure 7B).

Epilepsy severity–seizure clusters. None of the seven miRNAs distinguished rats with
or without clusters (Figure 7C).

2.5.3. Glmnet Analysis

We then used elastic net regularized logistic regression (glmnet) to determine the
optimal set of explanatory variables (i.e., miRNAs) to use in the logistic regression analysis
to distinguish between TBI+ and TBI− animals, as well as to distinguish between the
epilepsy severity groups.

TBI+ vs. TBI−. Glmnet analysis did not identify any combination of miRNAs (all
coefficients zero in the majority of the cross-validation folds) that differentiated TBI+ rats
(n = 21) from TBI− rats (n = 69).

≥3 seizures vs. <3 seizures. Glmnet analysis identified a combination of five miRNAs
(miR-9a-3p, miR-323-3p, miR-124-3p, miR-212-3p, and miR-132-3p) as the optimal combina-
tion for differentiating TBI+ rats with ≥3 seizures (n = 15) from TBI+ rats with <3 seizures
(n = 6). Logistic regression analysis using these predictors produced a cross-validated AUC
of 0.76 (95% CI: 0.51–0.93, p = 0.056) (Figure 8A).
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Figure 8. Elastic net regularized logistic regression (glmnet) analysis of plasma miRNA profile in
epilepsy severity groups. (A) Left panel: Boxplots of predictor coefficients over cross-validation
folds. The analysis defined miR-9a-3p, miR-323-3p, miR-124-3p, miR-212-3p, and miR-132-3p (blue
boxplots) as the optimal set of miRNAs to separate TBI+ rats with ≥3 seizures/month (n = 15) from
TBI+ rats with <3 seizures/month (n = 6). Due to having a coefficient of zero in most cross-validation
folds, miR-434-3p andmiR-136-3p were excluded (red boxplot). Center panel: p-value and normalized
coefficient of each predictor in the standard logistic regression analysis. Right panel: Cross-validated
ROC AUC was only 0.76 with a large confidence interval and p > 0.05. (B) The analysis defined
miR-9a-3p, miR-136-3p, miR-323-3p, miR-124-3p, and miR-212-3p as the optimal set of miRNAs to
separate TBI+ rats with ≥3 seizures/month (n = 15) from all remaining TBI rats (n = 75), but the ROC
AUC was 0.66 with a large confidence interval and p > 0.05. (C) The analysis defined miR-9a-3p,
miR-124-3p, miR-212-3p, and miR-132-3p as the optimal set of miRNAs to separate TBI+ rats with
(n = 8) or without (n = 13) seizure clusters. The ROC AUC, however, was only 0.54 with a large
confidence interval and a nonsignificant p-value (p > 0.05). (D) The analysis defined miR-9a-3p,
miR-136-3p, miR-323-3p, miR-124-3p, miR-212-3p, and miR-132-3p as the optimal set of miRNAs to
separate TBI+ rats with seizure clusters (n = 8) from all remaining TBI rats (n = 82). The ROC AUC
was 0.68, however, with a larger confidence interval and p > 0.05. Abbreviations: AUC, area under
the curve; CI, confidence interval; ROC, receiver operating characteristics; TBI, traumatic brain injury;
TBI+, rats with epilepsy; TBI−, rats without epilepsy.
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Next, we investigated the optimal combination for differentiating TBI+ rats with
≥3 seizures (n = 15) from all TBI rats (TBI+ with <3 seizures and TBI− rats combined,
n = 75). Glmnet analysis identified a combination of five miRNAs (miR-9a-3p, miR-136-3p,
miR-323-3p, miR-124-3p, and miR-212-3p) as the optimal set of miRNAs for differentiating
the groups (AUC 0.66, 95% CI: 0.47–0.80, p = 0.060) (Figure 8B).

Clusters vs. no clusters. Glmnet analysis identified miR-9a, miR-124-3p, miR-212-
3p, and miR-132-3p as the optimal combination for differentiating TBI+ rats with seizure
clusters (n = 8) from TBI+ rats without seizure clusters (n = 13) (Figure 8C). The AUC was
low (0.54), however, and the confidence interval range large (95% CI: 0.26–0.81, p = 0.747).

Next, we investigated the optimal miRNA combination for differentiating TBI+ rats
with seizure clusters (n = 8) from all TBI rats (TBI+ with no clusters and TBI− rats combined,
n = 82). Glmnet analysis identified a combination of six miRNAs (miR-9a-3p, miR-136-
3p, miR-323-3p, miR-124-3p, miR-212-3p, and miR-132-3p) as the optimal miRNA set for
differentiating the groups (AUC 0.68, 95% CI: 0.43–0.84, p = 0.081) (Figure 8D).

2.6. Correlation of Acute Post-Injury Plasma miRNA Levels with Structural Outcome

To address whether the elevated plasma miRNAs report on the severity of cortical
injury after TBI, we correlated the D2 miRNA levels with the severity of the lateral FPI-
induced cortical lesion at acute and chronic time-points. For that, we measured: (a) the
volume of abnormal cortical T2 in MRI on D2, D7, and D21 post-injury, and (b) the cortical
lesion area in unfolded cortical maps on D182 post-injury.

2.6.1. Correlation of miRNA Levels with Cortical Lesion Volume in MRI

The T2 MRI analysis for the whole EPITARGET cohort was previously presented
by [20]. Quantitative T2 MRI data were available for all 90 TBI rats included in the plasma
miRNA analysis, except for one animal missing D2 MRI data. Consequently, the animal
numbers were 89 for D2, 90 for D7, and 90 for D21. Correlation plots for normalized miRNA
levels and T2 MRI data are summarized in Figure 9.

miR-434-3p. The higher the plasma levels of miR-434-3p on D2, the larger the volume
of the ipsilateral cortical T2 abnormality on D2 (ρ = 0.411, p < 0.001), on D7 (ρ = 0.342,
p < 0.001), and on D21 (ρ = 0.438, p < 0.001).

miR-9a-3p. The higher the plasma levels of miR-9a-3p on D2, the larger the volume
of the ipsilateral cortical T2 abnormality on D2 (ρ = 0.566, p < 0.001), on D7 (ρ = 0.507,
p < 0.001), and on D21 (ρ = 0.571, p < 0.001).

miR-136-3p. The higher the plasma levels of miR-136-3p on D2, the larger the volume
of the ipsilateral cortical T2 abnormality on D2 (ρ = 0.345, p < 0.001), on D7 (ρ = 0.287,
p < 0.01), and on D21 (ρ = 0.394, p < 0.001).

miR-323-3p. The higher the plasma levels of miR-323-3p on D2, the larger the volume
of the ipsilateral cortical T2 abnormality on D2 (ρ = 0.468, p < 0.001), on D7 (ρ = 0.418,
p < 0.001), and on D21 (ρ = 0.489, p < 0.001).

miR-124-3p. The higher the plasma levels of miR-124-3p on D2, the larger the volume
of the ipsilateral cortical T2 abnormality on D2 (ρ = 0.582, p < 0.001), on D7 (ρ = 0.522,
p < 0.001), and on D21 (ρ = 0.581, p < 0.001).

miR-212-3p. The higher the plasma levels of miR-212-3p on D2, the larger the volume
of the ipsilateral cortical T2 abnormality on D21 (ρ = 0.269, p < 0.05) but not on D2 or
D7 (p > 0.05).

miR-132-3p. The higher the plasma levels of miR-132-3p on D2, the larger the volume
of the ipsilateral cortical T2 abnormality on D2 (ρ = 0.460, p < 0.001), on D7 (ρ = 0.433,
p<0.001), and on D21 (ρ = 0.463, p < 0.001).

miR-28-3p. We detected no correlation between the plasma miR-28-3p levels and the
volume of the ipsilateral cortical T2 abnormality at any time-point (p > 0.05).
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Figure 8. Elastic net regularized logistic regression (glmnet) analysis of plasma miRNA profile in
epilepsy severity groups. (A) Left panel: Boxplots of predictor coefficients over cross-validation
folds. The analysis defined miR-9a-3p, miR-323-3p, miR-124-3p, miR-212-3p, and miR-132-3p (blue
boxplots) as the optimal set of miRNAs to separate TBI+ rats with ≥3 seizures/month (n = 15) from
TBI+ rats with <3 seizures/month (n = 6). Due to having a coefficient of zero in most cross-validation
folds, miR-434-3p andmiR-136-3p were excluded (red boxplot). Center panel: p-value and normalized
coefficient of each predictor in the standard logistic regression analysis. Right panel: Cross-validated
ROC AUC was only 0.76 with a large confidence interval and p > 0.05. (B) The analysis defined
miR-9a-3p, miR-136-3p, miR-323-3p, miR-124-3p, and miR-212-3p as the optimal set of miRNAs to
separate TBI+ rats with ≥3 seizures/month (n = 15) from all remaining TBI rats (n = 75), but the ROC
AUC was 0.66 with a large confidence interval and p > 0.05. (C) The analysis defined miR-9a-3p,
miR-124-3p, miR-212-3p, and miR-132-3p as the optimal set of miRNAs to separate TBI+ rats with
(n = 8) or without (n = 13) seizure clusters. The ROC AUC, however, was only 0.54 with a large
confidence interval and a nonsignificant p-value (p > 0.05). (D) The analysis defined miR-9a-3p,
miR-136-3p, miR-323-3p, miR-124-3p, miR-212-3p, and miR-132-3p as the optimal set of miRNAs to
separate TBI+ rats with seizure clusters (n = 8) from all remaining TBI rats (n = 82). The ROC AUC
was 0.68, however, with a larger confidence interval and p > 0.05. Abbreviations: AUC, area under
the curve; CI, confidence interval; ROC, receiver operating characteristics; TBI, traumatic brain injury;
TBI+, rats with epilepsy; TBI−, rats without epilepsy.
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Next, we investigated the optimal combination for differentiating TBI+ rats with
≥3 seizures (n = 15) from all TBI rats (TBI+ with <3 seizures and TBI− rats combined,
n = 75). Glmnet analysis identified a combination of five miRNAs (miR-9a-3p, miR-136-3p,
miR-323-3p, miR-124-3p, and miR-212-3p) as the optimal set of miRNAs for differentiating
the groups (AUC 0.66, 95% CI: 0.47–0.80, p = 0.060) (Figure 8B).

Clusters vs. no clusters. Glmnet analysis identified miR-9a, miR-124-3p, miR-212-
3p, and miR-132-3p as the optimal combination for differentiating TBI+ rats with seizure
clusters (n = 8) from TBI+ rats without seizure clusters (n = 13) (Figure 8C). The AUC was
low (0.54), however, and the confidence interval range large (95% CI: 0.26–0.81, p = 0.747).

Next, we investigated the optimal miRNA combination for differentiating TBI+ rats
with seizure clusters (n = 8) from all TBI rats (TBI+ with no clusters and TBI− rats combined,
n = 82). Glmnet analysis identified a combination of six miRNAs (miR-9a-3p, miR-136-
3p, miR-323-3p, miR-124-3p, miR-212-3p, and miR-132-3p) as the optimal miRNA set for
differentiating the groups (AUC 0.68, 95% CI: 0.43–0.84, p = 0.081) (Figure 8D).

2.6. Correlation of Acute Post-Injury Plasma miRNA Levels with Structural Outcome

To address whether the elevated plasma miRNAs report on the severity of cortical
injury after TBI, we correlated the D2 miRNA levels with the severity of the lateral FPI-
induced cortical lesion at acute and chronic time-points. For that, we measured: (a) the
volume of abnormal cortical T2 in MRI on D2, D7, and D21 post-injury, and (b) the cortical
lesion area in unfolded cortical maps on D182 post-injury.

2.6.1. Correlation of miRNA Levels with Cortical Lesion Volume in MRI

The T2 MRI analysis for the whole EPITARGET cohort was previously presented
by [20]. Quantitative T2 MRI data were available for all 90 TBI rats included in the plasma
miRNA analysis, except for one animal missing D2 MRI data. Consequently, the animal
numbers were 89 for D2, 90 for D7, and 90 for D21. Correlation plots for normalized miRNA
levels and T2 MRI data are summarized in Figure 9.

miR-434-3p. The higher the plasma levels of miR-434-3p on D2, the larger the volume
of the ipsilateral cortical T2 abnormality on D2 (ρ = 0.411, p < 0.001), on D7 (ρ = 0.342,
p < 0.001), and on D21 (ρ = 0.438, p < 0.001).

miR-9a-3p. The higher the plasma levels of miR-9a-3p on D2, the larger the volume
of the ipsilateral cortical T2 abnormality on D2 (ρ = 0.566, p < 0.001), on D7 (ρ = 0.507,
p < 0.001), and on D21 (ρ = 0.571, p < 0.001).

miR-136-3p. The higher the plasma levels of miR-136-3p on D2, the larger the volume
of the ipsilateral cortical T2 abnormality on D2 (ρ = 0.345, p < 0.001), on D7 (ρ = 0.287,
p < 0.01), and on D21 (ρ = 0.394, p < 0.001).

miR-323-3p. The higher the plasma levels of miR-323-3p on D2, the larger the volume
of the ipsilateral cortical T2 abnormality on D2 (ρ = 0.468, p < 0.001), on D7 (ρ = 0.418,
p < 0.001), and on D21 (ρ = 0.489, p < 0.001).

miR-124-3p. The higher the plasma levels of miR-124-3p on D2, the larger the volume
of the ipsilateral cortical T2 abnormality on D2 (ρ = 0.582, p < 0.001), on D7 (ρ = 0.522,
p < 0.001), and on D21 (ρ = 0.581, p < 0.001).

miR-212-3p. The higher the plasma levels of miR-212-3p on D2, the larger the volume
of the ipsilateral cortical T2 abnormality on D21 (ρ = 0.269, p < 0.05) but not on D2 or
D7 (p > 0.05).

miR-132-3p. The higher the plasma levels of miR-132-3p on D2, the larger the volume
of the ipsilateral cortical T2 abnormality on D2 (ρ = 0.460, p < 0.001), on D7 (ρ = 0.433,
p<0.001), and on D21 (ρ = 0.463, p < 0.001).

miR-28-3p. We detected no correlation between the plasma miR-28-3p levels and the
volume of the ipsilateral cortical T2 abnormality at any time-point (p > 0.05).
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Figure 9. Spearman correlations (ρ) between normalized plasma miRNA levels on D2 and cortical
lesion severity in quantitative T2 MRI on D2, D7, and D21 after TBI. Each dot represents 1 TBI animal
(n = 89 for D2, n = 90 for D7 and D21). The higher the plasma miRNA levels on D2, the larger the
lesion volume in MRI. The total volume of abnormal cortical T2 is shown on the x-axis and the
normalized plasma miRNA level is shown on the y-axis. Note that the correlation coefficients were
highest on D2 and D21. Statistical significance: *, p < 0.05; **, p < 0.01; ***, p < 0.001 (Spearman
correlation). Abbreviations: D2, day 2 after TBI; D7, day 7 after TBI; D21, day 21 after TBI; TBI,
traumatic brain injury.
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2.6.2. Correlation of miRNA Levels with Cortical Lesion Area in Unfolded Maps

Unfolded cortical maps were created for all 90 TBI rats included in the miRNA analysis.
Correlation plots for normalized miRNA levels on D2 and cortical lesion area on D182 are
presented in Figure 10.
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Figure 10. Spearman correlations (ρ) between normalized plasma miRNA levels on D2 and cortical
lesion area in unfolded cortical maps on D182 after TBI. The greater the normalized plasma levels
of miR-9a-3p and miR-124-3p on D2 after TBI (n = 90), the greater the cortical lesion area on D182
(ρ > 0.4). In addition, elevated normalized plasma miR-434-3p, miR-136-3p, miR-323-3p, and miR-132-
3p levels were associated with a greater cortical lesion area 6 months later (ρ > 0.2). No correlation was
detected between miR-212-3p level and cortical lesion area (ρ = 0.036, p > 0.05). Statistical significance:
*, p < 0.05; **, p < 0.01; ***, p < 0.001 (Spearman correlation).

Correlation analysis showed that the greater the normalized plasma levels of all
miRNAs on D2, the larger the cortical lesion area on D182. The only exception was miR-
212-3p (p > 0.05). The miRNAs most strongly associated with the extent of cortical lesion
area were miR-124-3p (ρ = 0.433, p < 0.001) and miR-9a-3p (ρ = 0.408, p < 0.001), followed
by miR-323-3p (ρ = 0.277, p < 0.01), miR-434-3p (ρ = 0.248, p < 0.05), miR-132-3p (ρ = 0.240,
p < 0.05), and miR-136-3p (ρ = 0.230, p < 0.05). We detected no correlation between the
endogenous control miR-28-3p levels and cortical lesion area (p > 0.05).

2.7. MiRNA Target Analysis

Ingenuity pathway analysis (IPA) was used to search for the predicted mRNA targets
of the validatedmiRNAs. We also conducted a pathway analysis to investigate the canonical
pathways associated with the target genes.

IPA found 1 target for miR-434-3p, 89 targets for miR-9a-3p, 27 targets for miR-136-3p,
29 targets for miR-323-3p, 460 targets for miR-124-3p, and 91 targets for miR-132-3p/miR-
212-3p. The targets are visualized in Supplementary Figure S9A. Canonical pathway
analysis of the predicted target genes revealed different top canonical pathways for each
miRNA, except for miR-434-3p for which no data was available (Supplementary Figure S9B).
The top canonical pathways included pathways associated with cancer, inflammation, and
immune cell function.

3. Discussion

The present study investigated whether acute alterations in the circulating plasma
miRNA expression levels after experimental TBI can be used as prognostic biomarkers
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Figure 9. Spearman correlations (ρ) between normalized plasma miRNA levels on D2 and cortical
lesion severity in quantitative T2 MRI on D2, D7, and D21 after TBI. Each dot represents 1 TBI animal
(n = 89 for D2, n = 90 for D7 and D21). The higher the plasma miRNA levels on D2, the larger the
lesion volume in MRI. The total volume of abnormal cortical T2 is shown on the x-axis and the
normalized plasma miRNA level is shown on the y-axis. Note that the correlation coefficients were
highest on D2 and D21. Statistical significance: *, p < 0.05; **, p < 0.01; ***, p < 0.001 (Spearman
correlation). Abbreviations: D2, day 2 after TBI; D7, day 7 after TBI; D21, day 21 after TBI; TBI,
traumatic brain injury.
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2.6.2. Correlation of miRNA Levels with Cortical Lesion Area in Unfolded Maps

Unfolded cortical maps were created for all 90 TBI rats included in the miRNA analysis.
Correlation plots for normalized miRNA levels on D2 and cortical lesion area on D182 are
presented in Figure 10.
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Figure 10. Spearman correlations (ρ) between normalized plasma miRNA levels on D2 and cortical
lesion area in unfolded cortical maps on D182 after TBI. The greater the normalized plasma levels
of miR-9a-3p and miR-124-3p on D2 after TBI (n = 90), the greater the cortical lesion area on D182
(ρ > 0.4). In addition, elevated normalized plasma miR-434-3p, miR-136-3p, miR-323-3p, and miR-132-
3p levels were associated with a greater cortical lesion area 6 months later (ρ > 0.2). No correlation was
detected between miR-212-3p level and cortical lesion area (ρ = 0.036, p > 0.05). Statistical significance:
*, p < 0.05; **, p < 0.01; ***, p < 0.001 (Spearman correlation).

Correlation analysis showed that the greater the normalized plasma levels of all
miRNAs on D2, the larger the cortical lesion area on D182. The only exception was miR-
212-3p (p > 0.05). The miRNAs most strongly associated with the extent of cortical lesion
area were miR-124-3p (ρ = 0.433, p < 0.001) and miR-9a-3p (ρ = 0.408, p < 0.001), followed
by miR-323-3p (ρ = 0.277, p < 0.01), miR-434-3p (ρ = 0.248, p < 0.05), miR-132-3p (ρ = 0.240,
p < 0.05), and miR-136-3p (ρ = 0.230, p < 0.05). We detected no correlation between the
endogenous control miR-28-3p levels and cortical lesion area (p > 0.05).

2.7. MiRNA Target Analysis

Ingenuity pathway analysis (IPA) was used to search for the predicted mRNA targets
of the validatedmiRNAs. We also conducted a pathway analysis to investigate the canonical
pathways associated with the target genes.

IPA found 1 target for miR-434-3p, 89 targets for miR-9a-3p, 27 targets for miR-136-3p,
29 targets for miR-323-3p, 460 targets for miR-124-3p, and 91 targets for miR-132-3p/miR-
212-3p. The targets are visualized in Supplementary Figure S9A. Canonical pathway
analysis of the predicted target genes revealed different top canonical pathways for each
miRNA, except for miR-434-3p for which no data was available (Supplementary Figure S9B).
The top canonical pathways included pathways associated with cancer, inflammation, and
immune cell function.

3. Discussion

The present study investigated whether acute alterations in the circulating plasma
miRNA expression levels after experimental TBI can be used as prognostic biomarkers
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for the evolution of cortical damage and epileptogenesis after TBI. Four major findings
were revealed. First, small RNA sequencing revealed 45 differentially expressed miRNAs
between the TBI and sham-operated controls on D2 after injury. Second, craniotomy
without TBI induction resulted in miRNA upregulation compared with naïve rats. Third,
the higher the plasma miRNA levels at the acute post-TBI time-point, the larger the cortical
lesion within both the first 3 weeks and 6 months after injury. Fourth, D2 plasma miRNA
levels did not predict post-traumatic epileptogenesis or epilepsy severity.

3.1. Acute Post-Injury Regulation of Circulating Neuron-Enriched miRNAs Is Clear but
Short-Lasting

We investigated TBI-induced alterations in plasma miRNA expression at acute (D2)
and subacute (D9) time-points after TBI. Small RNA sequencing revealed that the plasma
miRNA expression profile separated TBI from sham rats on D2 but not on D9. The two
time-points had no common upregulated miRNAs and shared only three downregulated
miRNAs, suggesting that most of the miRNAs with altered expression on D2 returned to
baseline levels by D9 after injury. Consequently, we focused our analysis on validating
differentially expressedmiRNAs found on D2 after TBI. ThemiRNAs selected for validation
were brain-enriched and had at least a 2-fold (log2FC ≥ 1) difference between the TBI and
sham groups and a CPM value ≥30.

Using ddPCR, we showed increased expression of seven miRNAs (miR-434-3p, miR-
9a-3p, miR-136-3p, miR-323-3p, miR-124-3p, miR-212-3p, and miR-132-3p) in the rat plasma
on D2 after TBI comparedwith sham-operated (craniotomy) controls. All analyzedmiRNAs
are primarily expressed in neurons [10,21–28]. The greatest fold changes were observed for
miR-9a-3p (22-fold) and miR-124-3p (18-fold). The dysregulation of miR-323-3p (7-fold) as
well as miR-136-3p and miR-434-3p (around 4-fold for both) was also clear. Upregulation of
miR-132-3p and miR-212-3p was approximately 2-fold and 1.5-fold, respectively, after TBI.

Our study also included naïve controls that did not undergo any surgery. Interestingly,
the fold changes in the plasma miRNA expression were greater when TBI rats were com-
pared with naïve rats than when they were compared with sham-operated controls. The
largest fold change was observed for miR-9a-3p (41-fold), followed by miR-323-3p (31-fold)
and miR-124-3p (21-fold). Upregulation of miR-434-3p and miR-136-3p was approximately
11-fold, and upregulation of miR-132-3p and miR-212-3p was approximately 3-fold and
2-fold, respectively.

We previously reported upregulation of miR-434-3p, miR-9a-3p, miR-136-3p [18],
and miR-124-3p [29] in the plasma on D2 after LFPI-induced TBI. The fold changes
of miR-9a-3p, miR-434-3p, and miR-136-3p levels after TBI in the present study were
comparable to our previous data [18]. The 18-fold increase in miR-124-3p levels on
D2 in TBI rats compared with sham-operated controls, however, was clearly higher
than the 1.4-fold increase reported by [29]. This may relate to slight differences in the
ddPCR analysis methods. In the present study, we used ddPCR with EvaGreen chemistry,
whereas the study by Vuokila et al. [29] used ddPCR with TaqMan chemistry. Interestingly,
Wang et al. [30] reported a >2-fold increase in exosomal miR-124-3p levels in the rat plasma
at 24 h after weight-drop–induced TBI, indicating that miR-124-3p levels report on brain
injury induced by different mechanisms. To the best of our knowledge, the levels of
miR-323-3p, miR-132-3p, and miR-212-3p in blood circulation have not been previously
investigated in TBI models.

We used ROC analysis to assess the performance of the seven validated miRNAs
as diagnostic biomarkers for TBI. We found that acutely increased levels of all seven
miRNAs distinguished TBI rats from naïve rats with an ROC AUC ≥ 0.90. All seven
miRNAs also distinguished TBI from sham controls and 6 of 7 had an ROC AUC ≥ 0.90.
Taken together, the validated circulating miRNAs demonstrate excellent performance as
diagnostic biomarkers for brain injury.

We next investigated whether the miRNAs detected in preclinical models are also
dysregulated after human TBI. Some of the miRNAs analyzed in our study were previously
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investigated in blood samples collected from TBI patients [18,31–33]. O’Connell et al.
reported a 4-fold increase in the serum miR-9-3p levels and a 3-fold increase in the serum
miR-124-3p levels in TBI patients at hospital admission (≤24 h after injury) [31]. The
patients included in the study had variable injury severities with a mean Glasgow Coma
Score (GSC) of 10.8 ± 2.5. Schindler et al. [33] detected miR-124-3p in the blood of patients
with severe TBI within 6 h after injury; the fold change compared with controls, however,
was <2. In our previous study [18], we detected a 9-fold increase in miR-9-3p levels in
plasma collected from severe TBI patients (≤48 h after injury). In addition, we detected
elevated plasma levels of miR-9-3p and miR-136-3p in a subpopulation of mild TBI patients
with high plasma S100B levels.

To the best of our knowledge, there is only one study on blood miR-132-3p levels in
TBI patients [32]. That study used a microarray and reported a 2-fold increase in serum
miR-132-3p levels at 12 h and 48 h post-injury compared with the 2-h post-injury time-point.
Interestingly, they did not detect an increase in miR-132-3p levels at 24 h post-injury.

Taken together, we report the upregulation of seven neuronally enriched plasma
miRNAs on D2 in a clinically relevant experimental model of closed head injury. Of
these, miR-434-3p is rodent-specific and not detected in humans [18]. Two of the miRNAs,
however, miR-323-3p and miR-212-3p, have not yet been analyzed in humans, and thus
present novel upregulated candidate plasma biomarkers to be validated in TBI patients.

3.2. Plasma miRNA Levels Detect Mild Injury Caused by Craniotomy during Sham Operation

Craniotomy can induce structural and functional damage to the underlying brain [34].
In addition, craniotomy results in mild T2 relaxation abnormalities in MRI and increased
levels of circulating neurofilament light, a protein marker of axonal injury [35].

In the present study, we detected an increase in 6 of 7 miRNAs (all except miR-124-
3p) in sham-operated controls on D2 after surgery compared with naïve rats. The six
upregulated miRNAs distinguished the sham-operated rats from naïve rats in the ROC
analysis. In contrast to the other miRNAs, the plasma levels of miR-124-3p were unaltered
in the sham-operated control group compared with naïve rats, and miR-124-3p levels did
not separate sham from naïve animals in the ROC analysis. This suggests that the release
of miR-124-3p into blood circulation requires an impact stronger than craniotomy, whereas
miR-434-3p, miR-9a-3p, miR-323-3p, miR-136-3p, miR-212-3p, and miR-132-3p appear to
be sensitive indicators of injury induced by craniotomy. All of the investigated miRNAs
are neuronally enriched, suggesting that their release into the plasma results from neuronal
injury rather than injury to other tissues, such as bone or skin. As there are limited data
available on the expression of these miRNAs in other tissues, or on the impact of TBI on
miRNA expression in organs other than the brain, a peripheral contribution cannot be
completely excluded.

The ability to distinguish sham-operated controls from naïve rats makes miR-434-3p,
miR-9a-3p, miR-323-3p, miR-136-3p, miR-212-3p, and miR-132-3p potential biomarkers
of mild brain injury. In our earlier study with a low number of TBI patients [18], miR-
9-3p and miR-136-3p did not differentiate mild TBI patients from controls in the ROC
analysis, and the rodent-specific miR-434-3p was not detected in humans. On the other
hand, the remaining three miRNAs, miR-323-3p, miR-212-3p, and miR-132-3p, have not
been previously investigated after mild TBI.

Taken together, our results indicate that craniotomy can cause injury to the brain,
leading to a detectable increase of neuron-enriched miRNAs in plasma. Of the analyzed
miRNAs, miR-323-3p, miR-212-3p, and miR-132-3p in particular have potential as sensitive
markers of mild brain injury and warrant further preclinical and clinical studies.

3.3. Functions of the Analyzed miRNAs

The cellular and molecular aftermath after TBI is proposed to include multiple sequen-
tially progressing pathologies, such as apoptosis, neurodegeneration, astrogliosis, axonal
injury, and demyelination [36]. We hypothesized that the function of the upregulated
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for the evolution of cortical damage and epileptogenesis after TBI. Four major findings
were revealed. First, small RNA sequencing revealed 45 differentially expressed miRNAs
between the TBI and sham-operated controls on D2 after injury. Second, craniotomy
without TBI induction resulted in miRNA upregulation compared with naïve rats. Third,
the higher the plasma miRNA levels at the acute post-TBI time-point, the larger the cortical
lesion within both the first 3 weeks and 6 months after injury. Fourth, D2 plasma miRNA
levels did not predict post-traumatic epileptogenesis or epilepsy severity.

3.1. Acute Post-Injury Regulation of Circulating Neuron-Enriched miRNAs Is Clear but
Short-Lasting

We investigated TBI-induced alterations in plasma miRNA expression at acute (D2)
and subacute (D9) time-points after TBI. Small RNA sequencing revealed that the plasma
miRNA expression profile separated TBI from sham rats on D2 but not on D9. The two
time-points had no common upregulated miRNAs and shared only three downregulated
miRNAs, suggesting that most of the miRNAs with altered expression on D2 returned to
baseline levels by D9 after injury. Consequently, we focused our analysis on validating
differentially expressedmiRNAs found on D2 after TBI. ThemiRNAs selected for validation
were brain-enriched and had at least a 2-fold (log2FC ≥ 1) difference between the TBI and
sham groups and a CPM value ≥30.

Using ddPCR, we showed increased expression of seven miRNAs (miR-434-3p, miR-
9a-3p, miR-136-3p, miR-323-3p, miR-124-3p, miR-212-3p, and miR-132-3p) in the rat plasma
on D2 after TBI comparedwith sham-operated (craniotomy) controls. All analyzedmiRNAs
are primarily expressed in neurons [10,21–28]. The greatest fold changes were observed for
miR-9a-3p (22-fold) and miR-124-3p (18-fold). The dysregulation of miR-323-3p (7-fold) as
well as miR-136-3p and miR-434-3p (around 4-fold for both) was also clear. Upregulation of
miR-132-3p and miR-212-3p was approximately 2-fold and 1.5-fold, respectively, after TBI.

Our study also included naïve controls that did not undergo any surgery. Interestingly,
the fold changes in the plasma miRNA expression were greater when TBI rats were com-
pared with naïve rats than when they were compared with sham-operated controls. The
largest fold change was observed for miR-9a-3p (41-fold), followed by miR-323-3p (31-fold)
and miR-124-3p (21-fold). Upregulation of miR-434-3p and miR-136-3p was approximately
11-fold, and upregulation of miR-132-3p and miR-212-3p was approximately 3-fold and
2-fold, respectively.

We previously reported upregulation of miR-434-3p, miR-9a-3p, miR-136-3p [18],
and miR-124-3p [29] in the plasma on D2 after LFPI-induced TBI. The fold changes
of miR-9a-3p, miR-434-3p, and miR-136-3p levels after TBI in the present study were
comparable to our previous data [18]. The 18-fold increase in miR-124-3p levels on
D2 in TBI rats compared with sham-operated controls, however, was clearly higher
than the 1.4-fold increase reported by [29]. This may relate to slight differences in the
ddPCR analysis methods. In the present study, we used ddPCR with EvaGreen chemistry,
whereas the study by Vuokila et al. [29] used ddPCR with TaqMan chemistry. Interestingly,
Wang et al. [30] reported a >2-fold increase in exosomal miR-124-3p levels in the rat plasma
at 24 h after weight-drop–induced TBI, indicating that miR-124-3p levels report on brain
injury induced by different mechanisms. To the best of our knowledge, the levels of
miR-323-3p, miR-132-3p, and miR-212-3p in blood circulation have not been previously
investigated in TBI models.

We used ROC analysis to assess the performance of the seven validated miRNAs
as diagnostic biomarkers for TBI. We found that acutely increased levels of all seven
miRNAs distinguished TBI rats from naïve rats with an ROC AUC ≥ 0.90. All seven
miRNAs also distinguished TBI from sham controls and 6 of 7 had an ROC AUC ≥ 0.90.
Taken together, the validated circulating miRNAs demonstrate excellent performance as
diagnostic biomarkers for brain injury.

We next investigated whether the miRNAs detected in preclinical models are also
dysregulated after human TBI. Some of the miRNAs analyzed in our study were previously
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investigated in blood samples collected from TBI patients [18,31–33]. O’Connell et al.
reported a 4-fold increase in the serum miR-9-3p levels and a 3-fold increase in the serum
miR-124-3p levels in TBI patients at hospital admission (≤24 h after injury) [31]. The
patients included in the study had variable injury severities with a mean Glasgow Coma
Score (GSC) of 10.8 ± 2.5. Schindler et al. [33] detected miR-124-3p in the blood of patients
with severe TBI within 6 h after injury; the fold change compared with controls, however,
was <2. In our previous study [18], we detected a 9-fold increase in miR-9-3p levels in
plasma collected from severe TBI patients (≤48 h after injury). In addition, we detected
elevated plasma levels of miR-9-3p and miR-136-3p in a subpopulation of mild TBI patients
with high plasma S100B levels.

To the best of our knowledge, there is only one study on blood miR-132-3p levels in
TBI patients [32]. That study used a microarray and reported a 2-fold increase in serum
miR-132-3p levels at 12 h and 48 h post-injury compared with the 2-h post-injury time-point.
Interestingly, they did not detect an increase in miR-132-3p levels at 24 h post-injury.

Taken together, we report the upregulation of seven neuronally enriched plasma
miRNAs on D2 in a clinically relevant experimental model of closed head injury. Of
these, miR-434-3p is rodent-specific and not detected in humans [18]. Two of the miRNAs,
however, miR-323-3p and miR-212-3p, have not yet been analyzed in humans, and thus
present novel upregulated candidate plasma biomarkers to be validated in TBI patients.

3.2. Plasma miRNA Levels Detect Mild Injury Caused by Craniotomy during Sham Operation

Craniotomy can induce structural and functional damage to the underlying brain [34].
In addition, craniotomy results in mild T2 relaxation abnormalities in MRI and increased
levels of circulating neurofilament light, a protein marker of axonal injury [35].

In the present study, we detected an increase in 6 of 7 miRNAs (all except miR-124-
3p) in sham-operated controls on D2 after surgery compared with naïve rats. The six
upregulated miRNAs distinguished the sham-operated rats from naïve rats in the ROC
analysis. In contrast to the other miRNAs, the plasma levels of miR-124-3p were unaltered
in the sham-operated control group compared with naïve rats, and miR-124-3p levels did
not separate sham from naïve animals in the ROC analysis. This suggests that the release
of miR-124-3p into blood circulation requires an impact stronger than craniotomy, whereas
miR-434-3p, miR-9a-3p, miR-323-3p, miR-136-3p, miR-212-3p, and miR-132-3p appear to
be sensitive indicators of injury induced by craniotomy. All of the investigated miRNAs
are neuronally enriched, suggesting that their release into the plasma results from neuronal
injury rather than injury to other tissues, such as bone or skin. As there are limited data
available on the expression of these miRNAs in other tissues, or on the impact of TBI on
miRNA expression in organs other than the brain, a peripheral contribution cannot be
completely excluded.

The ability to distinguish sham-operated controls from naïve rats makes miR-434-3p,
miR-9a-3p, miR-323-3p, miR-136-3p, miR-212-3p, and miR-132-3p potential biomarkers
of mild brain injury. In our earlier study with a low number of TBI patients [18], miR-
9-3p and miR-136-3p did not differentiate mild TBI patients from controls in the ROC
analysis, and the rodent-specific miR-434-3p was not detected in humans. On the other
hand, the remaining three miRNAs, miR-323-3p, miR-212-3p, and miR-132-3p, have not
been previously investigated after mild TBI.

Taken together, our results indicate that craniotomy can cause injury to the brain,
leading to a detectable increase of neuron-enriched miRNAs in plasma. Of the analyzed
miRNAs, miR-323-3p, miR-212-3p, and miR-132-3p in particular have potential as sensitive
markers of mild brain injury and warrant further preclinical and clinical studies.

3.3. Functions of the Analyzed miRNAs

The cellular and molecular aftermath after TBI is proposed to include multiple sequen-
tially progressing pathologies, such as apoptosis, neurodegeneration, astrogliosis, axonal
injury, and demyelination [36]. We hypothesized that the function of the upregulated



Int. J. Mol. Sci. 2023, 24, 2823 18 of 34

miRNAs will report on some of these ongoing pathologies on D2 after injury. Consequently,
we performed a literature search to obtain an overview of the functions of the analyzed
miRNAs in healthy brain and the impact of neurodegenerative diseases on their expression
in the blood and brain.

On D2 after TBI, the most prominent upregulation was observed for miR-9a-3p
(22-fold increase compared with sham). MiR-9 is highly enriched in the vertebrate de-
veloping and mature nervous system [37]. It functions in embryonic neurogenesis and
regulates neural progenitor proliferation [23,37]. Inhibition of miR-9-3p in mature neurons
impairs hippocampal long-term potentiation in mice, supporting its role in regulating
synaptic plasticity and memory [38]. As noted earlier, a TBI-induced increase in miR-9-3p
levels in the blood is reported in both TBI animal models and patients [18]. The release of
miR-9 from the brain to the blood or CSF, however, is not specific to TBI. Several studies
report elevated blood or CSF miR-9 levels in stroke patients [39–41]. In addition, increased
plasma miR-9 levels are reported to associate with an unfavorable neurologic outcome after
cardiac arrest [42]. Taken together, these studies indicate that miR-9 is a general marker of
brain injury.

The second largest increase after TBI was observed for miR-124-3p (18-fold increase
compared with sham). MiR-124 is specifically expressed in the brain of both rodents and
humans [10,22,25], and it is the most abundant miRNA in the brain. MiR-124 functions in
embryonic neurogenesis [23] and plays an important role in differentiating progenitor cells
to mature neurons [24]. Brain injury induces an increase in circulating miR-124 levels at an
acute post-TBI time-point in both animal models [29,30] and TBI patients [31]. Similar to
miR-9, miR-124 appears to be a general marker of brain injury. In addition to TBI, alterations
in circulating miR-124 are reported at an acute time-point in ischemic and hemorrhagic
stroke patients [39,41,43,44].

The third largest increase after TBI was observed for miR-323-3p (7-fold increase
comparedwith sham). MiR-323 is neuronally enriched [21,28]. To the best of our knowledge,
the expression of miR-323 in the blood or brain has not been previously investigated in TBI
models or TBI patients. Instead, miR-323 expression in plasma is reported to differentiate
human subjects with mild cognitive impairment from age-matched controls [45]. One study
reported increased plasma miR-323 expression in genetic Parkinson’s disease [46], but the
results were not validated in a subsequent study [47].

Plasma miR-136-3p levels showed a 4.4-fold increase after lateral FPI. MiR-136 is
specifically enriched in neurons [21,28]. Expression outside of the central nervous system
is also reported. For example, Chen et al. [48] measured miR-136-3p in cultured human
umbilical vein endothelial cells and bone mesenchymal stem cells. Kitahara et al. [49]
detected upregulation of miR-136-3p in rat ovaries together with miR-434 and miR-132
following the administration of human chorionic gonadotropin. Because our study included
only male rats, the possible expression of these miRNAs in the rat ovaries does not affect
our results. As mentioned above, we previously reported increased plasma miR-136-3p
levels on D2 after injury in a rat model of TBI [18]. In addition, increased miR-136-3p levels
are detected in the plasma [46,47] and in CSF exosomes [50] of patients with Parkinson’s
disease compared with healthy controls.

Plasma miR-434-3p showed a 4.2-fold increase on D2 after TBI. MiR-434 is a rodent-
specific miRNA (miRBase, accessed on 9 September 2022). Although Jovičić et al. [28]
showed that miR-434 is specifically expressed in rat cortical neurons, a few studies have
also detected miR-434-3p in the skeletal muscle of rats and mice [51–53]. In neurons, miR-
434-3p is suggested to be involved in regulating stress-induced transcripts [54]. A study
with weight-drop-induced mild TBI detected upregulation of miR-434-3p in mouse plasma
at 3 h post-injury [55]. As mentioned above, we previously reported increased miR-434-3p
levels in rat plasma on D2 after mild TBI [18].

MiR-212 and miR-132 are closely related and located in the same miRNA cluster [56].
They are highly conserved among vertebrates. MiR-212 and miR-132 are enriched in
neurons [21,28,57] but are also detected in other cells, such as immune cells [58,59], rat vas-
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cular smooth muscle cells [60], insulin-secreting β-cells [61], and several cancer types [56].
Importantly, miR-132 is detected in astrocytes and microglia in both experimental (rat)
and human temporal lobe epilepsy (TLE) [62]. In the rat brain, miR-212 and miR-132 are
reported to be especially enriched in the neurons of forebrain regions and less abundantly
in the cerebellum [26]. Within the normal mouse cerebrum, miR-132 and miR-212 are
most abundantly expressed in the frontal cortex compared with the hippocampus [27].
In neurons, miR-212 and miR-132 have important roles in regulating neurite outgrowth,
dendrite maturation, and synaptic plasticity [57,63–66]. Knock-out of miR-132 and/or
miR-212 in mice is linked to cognitive deficits [67,68]. MiR-132 is also involved in circadian
clock function [69].

Studies on miR-212 and miR-132 in TBI are scarce. As mentioned above, there is
only one study on blood miR-132-3p levels in TBI patients [32]. There are, however, a
couple of studies on miR-212 and miR-132 in Alzheimer’s disease. One study reported
downregulation of miR-212 and miR-132 in the temporal cortex of Alzheimer’s disease
patients [70]. Another study found that reduced plasma exosomal miR-212 and miR-132
levels differentiated patients with Alzheimer’s disease from cognitively non-impaired
controls [71].

In addition to a literature search, we used ingenuity pathway analysis (IPA) to de-
termine the mRNA targets of the validated injury effect miRNAs, particularly whether
there were any shared targets between the different miRNAs included in our analysis. In
addition, we investigated the canonical pathways involving the target genes. The analysis
revealed only a few common targets between the investigated miRNAs, and none of them
were shared by more than two miRNAs, suggesting that the plasma-upregulated miRNAs
report on the regulation of different pathways. There was also a large variation in the
number of predicted targets. More than 400 targets were found for miR-124-3p, whereas
only one target was found for miR-434-3p. As we noticed while conducting the literature
search, the amount of data available on different miRNAs varies remarkably. This results
in a large disparity in the amount of available miRNA target data in IPA, which can cause
bias in the target and pathway analyses.

Taken together, all of the miRNAs validated in our study are brain-enriched, and alter-
ations in their expression were previously detected in brain injury or in neurodegenerative
diseases. Some of the miRNAs, such as miR-124 and miR-212/miR-132, have been studied
more extensively than others, whereas the functions of, for example, miR-323, miR-136,
and miR-434 in the brain remain unclear.

3.4. Acute Elevation of Plasma miRNA Levels Does Not Predict the Development of PTE

Several previous studies reported alterations in circulating miRNA expression levels
in experimental models of epileptogenesis induced by electrical stimulation or chemocon-
vulsants and in epilepsy patients [15,72,73]. To the best of our knowledge, there are no
prior studies on circulating miRNA expression in PTE models or in patients with TBI. The
present study is the first to investigate plasma miRNAs in a model of PTE.

During the 6-month follow-up of the EPITARGET study, 25% of the TBI rats developed
PTE. We searched for differentially expressed circulating miRNAs at an acute post-TBI
time-point between rats that did (TBI+) or did not (TBI−) develop epilepsy, but differential
expression analysis of the small RNA-seq data yielded no differentially expressed miRNAs
between the groups on D2 or D9 after TBI. As shown in the Venn diagrams, on both D2
and D9, small RNA sequencing revealed 16 (D2) and 22 (D9) miRNAs detected in TBI+
but not in TBI− or sham animals. These miRNAs, however, typically had only 1–3 raw
reads in one sample and no reads in the others. Therefore, they were not considered for
further analysis.

Because previous studies demonstrated that the risk of PTE increases with injury
severity [1], we investigated whether the acute post-TBI increase in plasma miRNAs
predicted the development of epilepsy. We compared the levels of miR-434-3p, miR-9a-3p,
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miRNAs will report on some of these ongoing pathologies on D2 after injury. Consequently,
we performed a literature search to obtain an overview of the functions of the analyzed
miRNAs in healthy brain and the impact of neurodegenerative diseases on their expression
in the blood and brain.

On D2 after TBI, the most prominent upregulation was observed for miR-9a-3p
(22-fold increase compared with sham). MiR-9 is highly enriched in the vertebrate de-
veloping and mature nervous system [37]. It functions in embryonic neurogenesis and
regulates neural progenitor proliferation [23,37]. Inhibition of miR-9-3p in mature neurons
impairs hippocampal long-term potentiation in mice, supporting its role in regulating
synaptic plasticity and memory [38]. As noted earlier, a TBI-induced increase in miR-9-3p
levels in the blood is reported in both TBI animal models and patients [18]. The release of
miR-9 from the brain to the blood or CSF, however, is not specific to TBI. Several studies
report elevated blood or CSF miR-9 levels in stroke patients [39–41]. In addition, increased
plasma miR-9 levels are reported to associate with an unfavorable neurologic outcome after
cardiac arrest [42]. Taken together, these studies indicate that miR-9 is a general marker of
brain injury.

The second largest increase after TBI was observed for miR-124-3p (18-fold increase
compared with sham). MiR-124 is specifically expressed in the brain of both rodents and
humans [10,22,25], and it is the most abundant miRNA in the brain. MiR-124 functions in
embryonic neurogenesis [23] and plays an important role in differentiating progenitor cells
to mature neurons [24]. Brain injury induces an increase in circulating miR-124 levels at an
acute post-TBI time-point in both animal models [29,30] and TBI patients [31]. Similar to
miR-9, miR-124 appears to be a general marker of brain injury. In addition to TBI, alterations
in circulating miR-124 are reported at an acute time-point in ischemic and hemorrhagic
stroke patients [39,41,43,44].

The third largest increase after TBI was observed for miR-323-3p (7-fold increase
comparedwith sham). MiR-323 is neuronally enriched [21,28]. To the best of our knowledge,
the expression of miR-323 in the blood or brain has not been previously investigated in TBI
models or TBI patients. Instead, miR-323 expression in plasma is reported to differentiate
human subjects with mild cognitive impairment from age-matched controls [45]. One study
reported increased plasma miR-323 expression in genetic Parkinson’s disease [46], but the
results were not validated in a subsequent study [47].

Plasma miR-136-3p levels showed a 4.4-fold increase after lateral FPI. MiR-136 is
specifically enriched in neurons [21,28]. Expression outside of the central nervous system
is also reported. For example, Chen et al. [48] measured miR-136-3p in cultured human
umbilical vein endothelial cells and bone mesenchymal stem cells. Kitahara et al. [49]
detected upregulation of miR-136-3p in rat ovaries together with miR-434 and miR-132
following the administration of human chorionic gonadotropin. Because our study included
only male rats, the possible expression of these miRNAs in the rat ovaries does not affect
our results. As mentioned above, we previously reported increased plasma miR-136-3p
levels on D2 after injury in a rat model of TBI [18]. In addition, increased miR-136-3p levels
are detected in the plasma [46,47] and in CSF exosomes [50] of patients with Parkinson’s
disease compared with healthy controls.

Plasma miR-434-3p showed a 4.2-fold increase on D2 after TBI. MiR-434 is a rodent-
specific miRNA (miRBase, accessed on 9 September 2022). Although Jovičić et al. [28]
showed that miR-434 is specifically expressed in rat cortical neurons, a few studies have
also detected miR-434-3p in the skeletal muscle of rats and mice [51–53]. In neurons, miR-
434-3p is suggested to be involved in regulating stress-induced transcripts [54]. A study
with weight-drop-induced mild TBI detected upregulation of miR-434-3p in mouse plasma
at 3 h post-injury [55]. As mentioned above, we previously reported increased miR-434-3p
levels in rat plasma on D2 after mild TBI [18].

MiR-212 and miR-132 are closely related and located in the same miRNA cluster [56].
They are highly conserved among vertebrates. MiR-212 and miR-132 are enriched in
neurons [21,28,57] but are also detected in other cells, such as immune cells [58,59], rat vas-
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cular smooth muscle cells [60], insulin-secreting β-cells [61], and several cancer types [56].
Importantly, miR-132 is detected in astrocytes and microglia in both experimental (rat)
and human temporal lobe epilepsy (TLE) [62]. In the rat brain, miR-212 and miR-132 are
reported to be especially enriched in the neurons of forebrain regions and less abundantly
in the cerebellum [26]. Within the normal mouse cerebrum, miR-132 and miR-212 are
most abundantly expressed in the frontal cortex compared with the hippocampus [27].
In neurons, miR-212 and miR-132 have important roles in regulating neurite outgrowth,
dendrite maturation, and synaptic plasticity [57,63–66]. Knock-out of miR-132 and/or
miR-212 in mice is linked to cognitive deficits [67,68]. MiR-132 is also involved in circadian
clock function [69].

Studies on miR-212 and miR-132 in TBI are scarce. As mentioned above, there is
only one study on blood miR-132-3p levels in TBI patients [32]. There are, however, a
couple of studies on miR-212 and miR-132 in Alzheimer’s disease. One study reported
downregulation of miR-212 and miR-132 in the temporal cortex of Alzheimer’s disease
patients [70]. Another study found that reduced plasma exosomal miR-212 and miR-132
levels differentiated patients with Alzheimer’s disease from cognitively non-impaired
controls [71].

In addition to a literature search, we used ingenuity pathway analysis (IPA) to de-
termine the mRNA targets of the validated injury effect miRNAs, particularly whether
there were any shared targets between the different miRNAs included in our analysis. In
addition, we investigated the canonical pathways involving the target genes. The analysis
revealed only a few common targets between the investigated miRNAs, and none of them
were shared by more than two miRNAs, suggesting that the plasma-upregulated miRNAs
report on the regulation of different pathways. There was also a large variation in the
number of predicted targets. More than 400 targets were found for miR-124-3p, whereas
only one target was found for miR-434-3p. As we noticed while conducting the literature
search, the amount of data available on different miRNAs varies remarkably. This results
in a large disparity in the amount of available miRNA target data in IPA, which can cause
bias in the target and pathway analyses.

Taken together, all of the miRNAs validated in our study are brain-enriched, and alter-
ations in their expression were previously detected in brain injury or in neurodegenerative
diseases. Some of the miRNAs, such as miR-124 and miR-212/miR-132, have been studied
more extensively than others, whereas the functions of, for example, miR-323, miR-136,
and miR-434 in the brain remain unclear.

3.4. Acute Elevation of Plasma miRNA Levels Does Not Predict the Development of PTE

Several previous studies reported alterations in circulating miRNA expression levels
in experimental models of epileptogenesis induced by electrical stimulation or chemocon-
vulsants and in epilepsy patients [15,72,73]. To the best of our knowledge, there are no
prior studies on circulating miRNA expression in PTE models or in patients with TBI. The
present study is the first to investigate plasma miRNAs in a model of PTE.

During the 6-month follow-up of the EPITARGET study, 25% of the TBI rats developed
PTE. We searched for differentially expressed circulating miRNAs at an acute post-TBI
time-point between rats that did (TBI+) or did not (TBI−) develop epilepsy, but differential
expression analysis of the small RNA-seq data yielded no differentially expressed miRNAs
between the groups on D2 or D9 after TBI. As shown in the Venn diagrams, on both D2
and D9, small RNA sequencing revealed 16 (D2) and 22 (D9) miRNAs detected in TBI+
but not in TBI− or sham animals. These miRNAs, however, typically had only 1–3 raw
reads in one sample and no reads in the others. Therefore, they were not considered for
further analysis.

Because previous studies demonstrated that the risk of PTE increases with injury
severity [1], we investigated whether the acute post-TBI increase in plasma miRNAs
predicted the development of epilepsy. We compared the levels of miR-434-3p, miR-9a-3p,
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miR-136-3p, miR-323-3p, miR-124-3p, miR-212-3p, and miR-132-3p on D2 between the TBI+
and TBI−rats. Disappointingly, no differences were detected.

We further investigated whether the miRNA levels on D2 differed between TBI+ rats
with different epilepsy severities, using the total number of seizures and the presence of
seizure clusters as markers of epilepsy severity. No differences were detected, however,
between the rats with milder or severe PTE.

Finally, we used elastic net regularized logistic regression (glmnet) to investigate
whether a combination of miRNAs rather than a single miRNA could differentiate the
TBI+/TBI− and epilepsy severity groups. Our analysis revealed no miRNA sets for
TBI+/TBI− differentiation. For the epilepsy severity groups, the analysis did identify
optimal sets of miRNAs to differentiate rats with milder or severe PTE but the findings
were not statistically significant. It should be noted that the analyses included only 21 TBI+
rats and, consequently, the number of animals in the different epilepsy severity groups
was small.

From the seven miRNAs investigated in our study, miR-132 and miR-212 are the
most extensively studied in the context of epilepsy. Several studies report increased
levels of miR-132 and/or miR-212 in the brain tissue of animal models of epileptogenesis
induced with status epilepticus (SE). Nudelman et al. [74] observed a 50% increase in miR-
132 levels in RT-qPCR analysis of mouse hippocampus at 8 h after pilocarpine injection.
Bot et al. [75] reported a 2-fold upregulation of miR-132-3p and miR-212-3p in a miRNA
array analysis of the rat dentate gyrus at 7 d after electrical amygdala stimulation-induced
SE. Gorter et al. [76] also used a miRNA array and detected upregulation of miR-132
and miR-212 in the rat dentate gyrus at 1 day, 1 week, and 3 months after SE induced
by electrical stimulation of the hippocampus by a stimulation electrode implanted in the
angular bundle. Guo et al. [77] found a ~2-fold increase in brain miR-132 expression in the
RT-qPCR analysis at 24 h and 7 d after lithium-pilocarpine-induced SE in rats. Similarly,
Korotkov et al. [62] observed a 2-fold increase in miR-132 expression in the rat dentate
gyrus at 1 d after SE induced by tetanic stimulation of the hippocampus. In contrast to other
studies, however, they detected no differences in miR-132 expression at 1 week after SE. A
recent study by Bencurova et al. [78] reported a 2-fold upregulation of miR-132-3p and a
3-fold upregulation of miR-212-3p in next-generation sequencing of rat hippocampal tissue
24 h after pilocarpine-induced SE. In addition, Venø et al. [79] reported upregulation of
miR-132-3p and miR-212-3p in next-generation sequencing of hippocampal tissue in three
different models of TLE, including SE induced by intra-amygdala kainic acid, systemic
pilocarpine, or perforant path stimulation. They also reported that treatment with an
miR-212-3p antagomir did not reduce seizure burden or neuronal damage after SE in
the intra-amygdala kainic acid model. Treatment with an miR-132-3p antagomir was not
tested. In contrast, Jimenez-Mateos et al. [80] observed a 5-fold increase in miR-132 levels
in the CA3 region of the mouse hippocampus at 24 h after SE induction and reported
that treatment with an miR-132 antagomir led to less apoptotic cells and more surviving
neurons. There are also several studies on miR-132 and/or miR-212 in epilepsy patients,
that is, at later stages of epileptogenesis, after the diagnosis of epilepsy and the occurrence
of unprovoked seizures. A study by Peng et al. [81] found a 2-fold upregulation of miR-132
in hippocampal tissues of children with mesial TLE. Korotkov et al. [62] observed a ~3-fold
higher expression of miR-132 in patients with TLE and hippocampal sclerosis compared
with controls. In contrast to other studies, Guo et al. [77] reported a ~50% reduction in
miR-132 expression in the temporal neocortex of TLE patients compared with controls,
which could relate to neuronal loss and glial cell proliferation due to long-term effects
of epilepsy. Recently, one study reported post-ictal elevation in plasma miR-132 levels
at 2 h after seizure onset in patients with epilepsy [82]. Most of the patients (75%) had
generalized tonic-clonic seizures, whereas the rest had simple or complex partial seizures.
The study reported that the longer the disease course and the longer duration of seizures,
the greater the increase in plasma miR-132 levels. Interestingly, opposite to miR-132,
studies reported the downregulation of miR-212 in epilepsy patients. Haenisch et al. [83]
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found a 33% decrease in miR-212-3p expression in the hippocampus compared with the
temporal neocortex in patients with mesial TLE. Another study reported a 50% decrease
in miR-212 levels in both the serum and hippocampus of TLE patients [84]. In the present
study, miR-124-3p was one of the miRNAs with the largest increase in the plasma after
TBI, and miR-124 is a general marker of brain injury. Several studies on animal models
report alterations in miR-124 expression in the brain tissue following the induction of SE.
Vuokila et al. [85] observed a slight downregulation of miR-124 in the rat dentate gyrus at 7 d
after SE in the electrical amygdala stimulation model. Ambrogini et al. [86] observed a trend
toward decreased miR-124 levels in hippocampal homogenates and serum of rats 15 d after
kainic-acid-induced SE, but the difference was not statistically significant compared with
non-epileptic controls. Brennan et al. [87] observed a sharp decrease in miR-124 levels in rat
hippocampus at 1.5–48 h after kainic acid-induced SE. The miR-124 levels were lowest 48 h
after SE, ~10% of that in controls. The study also found that treatment of rats with miR-124
agomirs promoted inflammation and therefore suggested that reduction of miR-124 levels in
the brain after SE may be an adaptive response to control excess inflammation. Interestingly,
in contrast to other SE induction methods, SE induction by pilocarpine appears to have the
opposite effect on miR-124 levels in the brain. Hu et al. [88] observed upregulation of miR-
124 in rat hippocampus 24 h after lithium-pilocarpine-induced SE. Peng et al. [81] reported
upregulation of miR-124 in the hippocampus of immature mesial TLE model rats 2 h and
8 weeks after pilocarpine-induced SE. For the remaining miRNAs analyzed in the present
study (miR-9, miR-323, miR-434, and miR-136), only a few studies exist on their expression
in the context of epilepsy. Brennan et al. [87] found no difference in rat hippocampal miR-9
levels following kainic-acid-induced SE. Jimenez-Mateos et al. [80] observed a 22-fold
increase in miR-323 levels in the miRNA screening of mouse hippocampus at 24 h after
intra-amygdalar kainic-acid-induced SE, but they did not validate the observation by PCR.
Chen et al. [89] reported a 4-fold upregulation of miR-434-3p in the blood of mice 24 h after
pilocarpine-induced SE. A recent study reported the reduced expression of miR-136 in the
hippocampus of rats with pilocarpine-induced TLE at 7 d after SE induction [90]. They
also showed that overexpression of miR-136 reduced the number and duration of seizures
and the levels of pro-inflammatory cytokines and increased the number of neurons in the
hippocampus, suggesting that miR-136 has neuroprotective effects. Taken together, our
results showed that elevated plasma levels of the seven neuronally enriched miRNAs at an
acute post-TBI time-point did not reach statistical power as prognostic biomarkers for post-
traumatic epileptogenesis or epilepsy severity. This was unexpected as elevated brain levels
of miR-132 andmiR-212, in particular, within the acute time window assessed in the present
study, are linked to epileptogenesis in chemoconvulsant and electrical-stimulation-induced
epileptogenesis models. The most apparent explanation is the etiology specificity of the
spatiotemporal evolution of brain pathology after epileptogenic insults and associated
miRNA expression.

3.5. Increased Plasma miRNA Levels at an Acute Post-TBI Time-Point Correlate with a Larger
Cortical Lesion Area at Acute, Subacute, and Chronic Time-Points

One of our aims was to investigate whether circulating miRNA levels at an acute post-
TBI time-point reflect injury severity in the brain and could be used to predict progression
of the cortical pathology at later time-points.

During the first 3 weeks after TBI, we assessed the cortical pathology of the rats
with T2 relaxation MRI on D2, D7, and D21 after the injury. The method detects edema
as increased T2 and post-impact hemorrhage as decreased T2 [20]. We determined the
cortical lesion volume from the total volume of imaging voxels with abnormal T2 values.
We demonstrated that with 6 of 7 validated miRNAs, increased plasma miRNA levels
on D2 after TBI correlated with a larger lesion volume in MRI at all three time-points. In
addition to T2 MRI conducted at acute and subacute time-points, we assessed the cortical
lesion area 6 months after TBI with histologic analysis. The analysis revealed a correlation
between elevated acute plasma miRNA levels and a larger lesion area at the chronic time-
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miR-136-3p, miR-323-3p, miR-124-3p, miR-212-3p, and miR-132-3p on D2 between the TBI+
and TBI−rats. Disappointingly, no differences were detected.

We further investigated whether the miRNA levels on D2 differed between TBI+ rats
with different epilepsy severities, using the total number of seizures and the presence of
seizure clusters as markers of epilepsy severity. No differences were detected, however,
between the rats with milder or severe PTE.

Finally, we used elastic net regularized logistic regression (glmnet) to investigate
whether a combination of miRNAs rather than a single miRNA could differentiate the
TBI+/TBI− and epilepsy severity groups. Our analysis revealed no miRNA sets for
TBI+/TBI− differentiation. For the epilepsy severity groups, the analysis did identify
optimal sets of miRNAs to differentiate rats with milder or severe PTE but the findings
were not statistically significant. It should be noted that the analyses included only 21 TBI+
rats and, consequently, the number of animals in the different epilepsy severity groups
was small.

From the seven miRNAs investigated in our study, miR-132 and miR-212 are the
most extensively studied in the context of epilepsy. Several studies report increased
levels of miR-132 and/or miR-212 in the brain tissue of animal models of epileptogenesis
induced with status epilepticus (SE). Nudelman et al. [74] observed a 50% increase in miR-
132 levels in RT-qPCR analysis of mouse hippocampus at 8 h after pilocarpine injection.
Bot et al. [75] reported a 2-fold upregulation of miR-132-3p and miR-212-3p in a miRNA
array analysis of the rat dentate gyrus at 7 d after electrical amygdala stimulation-induced
SE. Gorter et al. [76] also used a miRNA array and detected upregulation of miR-132
and miR-212 in the rat dentate gyrus at 1 day, 1 week, and 3 months after SE induced
by electrical stimulation of the hippocampus by a stimulation electrode implanted in the
angular bundle. Guo et al. [77] found a ~2-fold increase in brain miR-132 expression in the
RT-qPCR analysis at 24 h and 7 d after lithium-pilocarpine-induced SE in rats. Similarly,
Korotkov et al. [62] observed a 2-fold increase in miR-132 expression in the rat dentate
gyrus at 1 d after SE induced by tetanic stimulation of the hippocampus. In contrast to other
studies, however, they detected no differences in miR-132 expression at 1 week after SE. A
recent study by Bencurova et al. [78] reported a 2-fold upregulation of miR-132-3p and a
3-fold upregulation of miR-212-3p in next-generation sequencing of rat hippocampal tissue
24 h after pilocarpine-induced SE. In addition, Venø et al. [79] reported upregulation of
miR-132-3p and miR-212-3p in next-generation sequencing of hippocampal tissue in three
different models of TLE, including SE induced by intra-amygdala kainic acid, systemic
pilocarpine, or perforant path stimulation. They also reported that treatment with an
miR-212-3p antagomir did not reduce seizure burden or neuronal damage after SE in
the intra-amygdala kainic acid model. Treatment with an miR-132-3p antagomir was not
tested. In contrast, Jimenez-Mateos et al. [80] observed a 5-fold increase in miR-132 levels
in the CA3 region of the mouse hippocampus at 24 h after SE induction and reported
that treatment with an miR-132 antagomir led to less apoptotic cells and more surviving
neurons. There are also several studies on miR-132 and/or miR-212 in epilepsy patients,
that is, at later stages of epileptogenesis, after the diagnosis of epilepsy and the occurrence
of unprovoked seizures. A study by Peng et al. [81] found a 2-fold upregulation of miR-132
in hippocampal tissues of children with mesial TLE. Korotkov et al. [62] observed a ~3-fold
higher expression of miR-132 in patients with TLE and hippocampal sclerosis compared
with controls. In contrast to other studies, Guo et al. [77] reported a ~50% reduction in
miR-132 expression in the temporal neocortex of TLE patients compared with controls,
which could relate to neuronal loss and glial cell proliferation due to long-term effects
of epilepsy. Recently, one study reported post-ictal elevation in plasma miR-132 levels
at 2 h after seizure onset in patients with epilepsy [82]. Most of the patients (75%) had
generalized tonic-clonic seizures, whereas the rest had simple or complex partial seizures.
The study reported that the longer the disease course and the longer duration of seizures,
the greater the increase in plasma miR-132 levels. Interestingly, opposite to miR-132,
studies reported the downregulation of miR-212 in epilepsy patients. Haenisch et al. [83]
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found a 33% decrease in miR-212-3p expression in the hippocampus compared with the
temporal neocortex in patients with mesial TLE. Another study reported a 50% decrease
in miR-212 levels in both the serum and hippocampus of TLE patients [84]. In the present
study, miR-124-3p was one of the miRNAs with the largest increase in the plasma after
TBI, and miR-124 is a general marker of brain injury. Several studies on animal models
report alterations in miR-124 expression in the brain tissue following the induction of SE.
Vuokila et al. [85] observed a slight downregulation of miR-124 in the rat dentate gyrus at 7 d
after SE in the electrical amygdala stimulation model. Ambrogini et al. [86] observed a trend
toward decreased miR-124 levels in hippocampal homogenates and serum of rats 15 d after
kainic-acid-induced SE, but the difference was not statistically significant compared with
non-epileptic controls. Brennan et al. [87] observed a sharp decrease in miR-124 levels in rat
hippocampus at 1.5–48 h after kainic acid-induced SE. The miR-124 levels were lowest 48 h
after SE, ~10% of that in controls. The study also found that treatment of rats with miR-124
agomirs promoted inflammation and therefore suggested that reduction of miR-124 levels in
the brain after SE may be an adaptive response to control excess inflammation. Interestingly,
in contrast to other SE induction methods, SE induction by pilocarpine appears to have the
opposite effect on miR-124 levels in the brain. Hu et al. [88] observed upregulation of miR-
124 in rat hippocampus 24 h after lithium-pilocarpine-induced SE. Peng et al. [81] reported
upregulation of miR-124 in the hippocampus of immature mesial TLE model rats 2 h and
8 weeks after pilocarpine-induced SE. For the remaining miRNAs analyzed in the present
study (miR-9, miR-323, miR-434, and miR-136), only a few studies exist on their expression
in the context of epilepsy. Brennan et al. [87] found no difference in rat hippocampal miR-9
levels following kainic-acid-induced SE. Jimenez-Mateos et al. [80] observed a 22-fold
increase in miR-323 levels in the miRNA screening of mouse hippocampus at 24 h after
intra-amygdalar kainic-acid-induced SE, but they did not validate the observation by PCR.
Chen et al. [89] reported a 4-fold upregulation of miR-434-3p in the blood of mice 24 h after
pilocarpine-induced SE. A recent study reported the reduced expression of miR-136 in the
hippocampus of rats with pilocarpine-induced TLE at 7 d after SE induction [90]. They
also showed that overexpression of miR-136 reduced the number and duration of seizures
and the levels of pro-inflammatory cytokines and increased the number of neurons in the
hippocampus, suggesting that miR-136 has neuroprotective effects. Taken together, our
results showed that elevated plasma levels of the seven neuronally enriched miRNAs at an
acute post-TBI time-point did not reach statistical power as prognostic biomarkers for post-
traumatic epileptogenesis or epilepsy severity. This was unexpected as elevated brain levels
of miR-132 andmiR-212, in particular, within the acute time window assessed in the present
study, are linked to epileptogenesis in chemoconvulsant and electrical-stimulation-induced
epileptogenesis models. The most apparent explanation is the etiology specificity of the
spatiotemporal evolution of brain pathology after epileptogenic insults and associated
miRNA expression.

3.5. Increased Plasma miRNA Levels at an Acute Post-TBI Time-Point Correlate with a Larger
Cortical Lesion Area at Acute, Subacute, and Chronic Time-Points

One of our aims was to investigate whether circulating miRNA levels at an acute post-
TBI time-point reflect injury severity in the brain and could be used to predict progression
of the cortical pathology at later time-points.

During the first 3 weeks after TBI, we assessed the cortical pathology of the rats
with T2 relaxation MRI on D2, D7, and D21 after the injury. The method detects edema
as increased T2 and post-impact hemorrhage as decreased T2 [20]. We determined the
cortical lesion volume from the total volume of imaging voxels with abnormal T2 values.
We demonstrated that with 6 of 7 validated miRNAs, increased plasma miRNA levels
on D2 after TBI correlated with a larger lesion volume in MRI at all three time-points. In
addition to T2 MRI conducted at acute and subacute time-points, we assessed the cortical
lesion area 6 months after TBI with histologic analysis. The analysis revealed a correlation
between elevated acute plasma miRNA levels and a larger lesion area at the chronic time-
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point, although the correlations were slightly weaker than in the MRI analysis at earlier
time-points.

In both MRI and histologic analysis, neuronally enriched miR-124 and miR-9 exhib-
ited the strongest correlation with cortical pathology. We previously demonstrated that
TBI causes the downregulation of miR-124-3p in the perilesional cortex in both rats and
humans [29]. In the same study, we demonstrated that elevated plasma miR-124 levels
correlate with a larger lesion area in MRI 2 months after LFPI-induced TBI [29].

The correlation of circulating miR-124 or miR-9 levels with cortical pathology is
not limited to TBI. Several studies investigated blood miR-124 levels in stroke patients.
Leung et al. [43] observed higher plasma miR-124 levels within <24 h after onset of
symptoms in hemorrhagic stroke patients than in ischemic stroke patients or controls.
Rainer et al. [91] reported that the higher the plasma miR-124-3p concentrations measured
≤24 h from stroke onset, the larger the lesion volume and the worse the stroke outcome.
Ji et al. [39] detected increased miR-124 and miR-9 levels in exosomes isolated from the
serum of acute ischemic stroke patients (average 16.5 h after stroke), and they reported that
higher exosomal miR-124 and miR-9 levels correlated with larger infarct volume and worse
outcome. Increased exosomal miR-124 and miR-9 levels in the serum of ischemic stroke
patients at 11–72 h after admission to the hospital were also reported by Zhou et al. [41].
In addition to blood levels, CSF miR-9 levels are reported to be elevated on D3 after acute
ischemic stroke and are associated with a larger infarct size [40]. In contrast to other studies,
Liu et al. [44] observed decreased miR-124 and miR-9 levels in the serum of acute ischemic
stroke patients (<24 h from stroke onset), and they reported that patients with larger infarct
volume had lower miRNA levels.

Interestingly, miR-212 andmiR-132, two very closely relatedmiRNAs, yielded different
results from each other when their correlation with the structural outcome was investigated.
Acute plasma miR-132 levels correlated with larger lesion volume in MRI at all time-points,
whereas for miR-212, a correlation was detected only on D21. This suggests that unlike the
other investigated miRNAs, increased miR-212 levels in the plasma after TBI may indicate
the initiation of pathologic processes becoming evident at later time-points. In addition,
miR-212 was the only miRNA in our analysis that did not correlate with the extent of the
lesion area at a chronic time-point after TBI.

To the best of our knowledge, this is the first study assessing the relation between
circulating miRNA levels and cortical lesion severity and progression from an acute time-
point to a chronic time-point in rats with severe TBI. Taken together, our results indicate
that increased levels of neuronally enriched miRNAs in the blood circulation after TBI
reflect the extent of cortical injury in the brain. Use of circulating miRNAs as a new tool to
evaluate TBI severity and predict disease progression in patients remains to be validated in
a clinical setting.

4. Materials and Methods
4.1. Animals

The study design is summarized in Figure 11. The EPITARGET animal cohort included
257 adult male Sprague Dawley rats (Envigo Laboratories S.r.l, Udine, Italy). The mean
weight of rats in the EPITARGET cohort was 356 ± 13 g (median 356 g, range 326–419 g) at
the time of injury or sham operation. Rats were housed in individual cages in a controlled
environment (temperature 22 ± 1 ◦C, humidity 50–60%, lights on 07:00–19:00) and had ad
libitum access to food and water.
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the 6-month follow-up, including vEEG monitoring. 
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Figure 11. Study design and animal numbers. (A) Traumatic brain injury (TBI) was induced in rats 
by lateral fluid percussion injury. Sham-operated experimental controls underwent the same sur-
gery, including craniotomy without TBI induction. Blood was collected from the tail vein 6 d before 
(D-6) the injury or sham operation, and then on D2, D9, and D177 after injury. Animals underwent 
T2 magnetic resonance imaging (MRI) on D2, D7, and D21 to measure cortical lesion volume. To 
monitor the occurrence of spontaneous seizures (i.e., to diagnose PTE), rats were continuously mon-
itored with vEEG (24/7) for 1 month during the sixth post-injury month. (B) A total of 150 animals 
(13 naïve, 23 sham, 114 TBI) of the EPITARGET cohort were epilepsy-phenotyped using vEEG. 
Then, D2 and D9 plasma of 20/150 rats, including 4 sham and 16 TBI animals (7 with epilepsy [TBI+], 
9 without epilepsy [TBI−]) were used for small RNA sequencing (discovery cohort). The discovery 
cohort included samples from the first 20 epilepsy-phenotyped rats with acceptable sample quality 

Figure 11. Study design and animal numbers. (A) Traumatic brain injury (TBI) was induced in rats
by lateral fluid percussion injury. Sham-operated experimental controls underwent the same surgery,
including craniotomy without TBI induction. Blood was collected from the tail vein 6 d before (D-6)
the injury or sham operation, and then on D2, D9, and D177 after injury. Animals underwent T2
magnetic resonance imaging (MRI) on D2, D7, and D21 to measure cortical lesion volume. To monitor
the occurrence of spontaneous seizures (i.e., to diagnose PTE), rats were continuously monitored with
vEEG (24/7) for 1 month during the sixth post-injury month. (B) A total of 150 animals (13 naïve,
23 sham, 114 TBI) of the EPITARGET cohort were epilepsy-phenotyped using vEEG. Then, D2 and
D9 plasma of 20/150 rats, including 4 sham and 16 TBI animals (7 with epilepsy [TBI+], 9 without
epilepsy [TBI−]) were used for small RNA sequencing (discovery cohort). The discovery cohort
included samples from the first 20 epilepsy-phenotyped rats with acceptable sample quality and
sample volume sufficient for small RNA sequencing (see Methods). Validation of miRNA-sequencing
data using ddPCR was performed in the plasma of 115 rats [validation cohort; 8 naïve, 17 sham, and
90 TBI animals (21 TBI+, 69 TBI−)]. Abbreviations: D, day; vEEG, video-electroencephalography; *,
2 samples from sham-operated and 5 samples from injured animals (3 TBI−, 2 TBI+) that were used
for small RNA sequencing in the discovery cohort were also included in the ddPCR analysis in the
validation cohort.

The 257 rats were randomized into naïve animals (n = 16), sham-operated experimental
controls (n = 27), and rats with TBI (n = 214). From these, a total of 150 rats (13 naïve, 23
sham, 114 TBI [31 rats with epilepsy and 83 rats without epilepsy]) completed the 6-month
follow-up, including vEEG monitoring.

The 150 rats included in the plasma miRNA analysis were divided into a discovery
cohort and a validation cohort. Samples from the discovery cohort were used for the small
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point, although the correlations were slightly weaker than in the MRI analysis at earlier
time-points.

In both MRI and histologic analysis, neuronally enriched miR-124 and miR-9 exhib-
ited the strongest correlation with cortical pathology. We previously demonstrated that
TBI causes the downregulation of miR-124-3p in the perilesional cortex in both rats and
humans [29]. In the same study, we demonstrated that elevated plasma miR-124 levels
correlate with a larger lesion area in MRI 2 months after LFPI-induced TBI [29].

The correlation of circulating miR-124 or miR-9 levels with cortical pathology is
not limited to TBI. Several studies investigated blood miR-124 levels in stroke patients.
Leung et al. [43] observed higher plasma miR-124 levels within <24 h after onset of
symptoms in hemorrhagic stroke patients than in ischemic stroke patients or controls.
Rainer et al. [91] reported that the higher the plasma miR-124-3p concentrations measured
≤24 h from stroke onset, the larger the lesion volume and the worse the stroke outcome.
Ji et al. [39] detected increased miR-124 and miR-9 levels in exosomes isolated from the
serum of acute ischemic stroke patients (average 16.5 h after stroke), and they reported that
higher exosomal miR-124 and miR-9 levels correlated with larger infarct volume and worse
outcome. Increased exosomal miR-124 and miR-9 levels in the serum of ischemic stroke
patients at 11–72 h after admission to the hospital were also reported by Zhou et al. [41].
In addition to blood levels, CSF miR-9 levels are reported to be elevated on D3 after acute
ischemic stroke and are associated with a larger infarct size [40]. In contrast to other studies,
Liu et al. [44] observed decreased miR-124 and miR-9 levels in the serum of acute ischemic
stroke patients (<24 h from stroke onset), and they reported that patients with larger infarct
volume had lower miRNA levels.

Interestingly, miR-212 andmiR-132, two very closely relatedmiRNAs, yielded different
results from each other when their correlation with the structural outcome was investigated.
Acute plasma miR-132 levels correlated with larger lesion volume in MRI at all time-points,
whereas for miR-212, a correlation was detected only on D21. This suggests that unlike the
other investigated miRNAs, increased miR-212 levels in the plasma after TBI may indicate
the initiation of pathologic processes becoming evident at later time-points. In addition,
miR-212 was the only miRNA in our analysis that did not correlate with the extent of the
lesion area at a chronic time-point after TBI.

To the best of our knowledge, this is the first study assessing the relation between
circulating miRNA levels and cortical lesion severity and progression from an acute time-
point to a chronic time-point in rats with severe TBI. Taken together, our results indicate
that increased levels of neuronally enriched miRNAs in the blood circulation after TBI
reflect the extent of cortical injury in the brain. Use of circulating miRNAs as a new tool to
evaluate TBI severity and predict disease progression in patients remains to be validated in
a clinical setting.

4. Materials and Methods
4.1. Animals

The study design is summarized in Figure 11. The EPITARGET animal cohort included
257 adult male Sprague Dawley rats (Envigo Laboratories S.r.l, Udine, Italy). The mean
weight of rats in the EPITARGET cohort was 356 ± 13 g (median 356 g, range 326–419 g) at
the time of injury or sham operation. Rats were housed in individual cages in a controlled
environment (temperature 22 ± 1 ◦C, humidity 50–60%, lights on 07:00–19:00) and had ad
libitum access to food and water.
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by lateral fluid percussion injury. Sham-operated experimental controls underwent the same sur-
gery, including craniotomy without TBI induction. Blood was collected from the tail vein 6 d before 
(D-6) the injury or sham operation, and then on D2, D9, and D177 after injury. Animals underwent 
T2 magnetic resonance imaging (MRI) on D2, D7, and D21 to measure cortical lesion volume. To 
monitor the occurrence of spontaneous seizures (i.e., to diagnose PTE), rats were continuously mon-
itored with vEEG (24/7) for 1 month during the sixth post-injury month. (B) A total of 150 animals 
(13 naïve, 23 sham, 114 TBI) of the EPITARGET cohort were epilepsy-phenotyped using vEEG. 
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Figure 11. Study design and animal numbers. (A) Traumatic brain injury (TBI) was induced in rats
by lateral fluid percussion injury. Sham-operated experimental controls underwent the same surgery,
including craniotomy without TBI induction. Blood was collected from the tail vein 6 d before (D-6)
the injury or sham operation, and then on D2, D9, and D177 after injury. Animals underwent T2
magnetic resonance imaging (MRI) on D2, D7, and D21 to measure cortical lesion volume. To monitor
the occurrence of spontaneous seizures (i.e., to diagnose PTE), rats were continuously monitored with
vEEG (24/7) for 1 month during the sixth post-injury month. (B) A total of 150 animals (13 naïve,
23 sham, 114 TBI) of the EPITARGET cohort were epilepsy-phenotyped using vEEG. Then, D2 and
D9 plasma of 20/150 rats, including 4 sham and 16 TBI animals (7 with epilepsy [TBI+], 9 without
epilepsy [TBI−]) were used for small RNA sequencing (discovery cohort). The discovery cohort
included samples from the first 20 epilepsy-phenotyped rats with acceptable sample quality and
sample volume sufficient for small RNA sequencing (see Methods). Validation of miRNA-sequencing
data using ddPCR was performed in the plasma of 115 rats [validation cohort; 8 naïve, 17 sham, and
90 TBI animals (21 TBI+, 69 TBI−)]. Abbreviations: D, day; vEEG, video-electroencephalography; *,
2 samples from sham-operated and 5 samples from injured animals (3 TBI−, 2 TBI+) that were used
for small RNA sequencing in the discovery cohort were also included in the ddPCR analysis in the
validation cohort.

The 257 rats were randomized into naïve animals (n = 16), sham-operated experimental
controls (n = 27), and rats with TBI (n = 214). From these, a total of 150 rats (13 naïve, 23
sham, 114 TBI [31 rats with epilepsy and 83 rats without epilepsy]) completed the 6-month
follow-up, including vEEG monitoring.

The 150 rats included in the plasma miRNA analysis were divided into a discovery
cohort and a validation cohort. Samples from the discovery cohort were used for the small



Int. J. Mol. Sci. 2023, 24, 2823 24 of 34

RNA sequencing experiment and contained 4 sham-operated experimental controls and
16 rats with TBI (7 with epilepsy [TBI+] and 9 without epilepsy [TBI−]). The validation
cohort used for digital drop polymerase chain reaction (ddPCR) analysis comprised a total
of 115 rats, including 8 naïve, 17 sham, and 90 TBI rats (21 TBI+, 69 TBI−).

A detailed description of the procedures was reported previously [17,20]. All exper-
iments were approved by the Animal Ethics Committee of the Provincial Government
of Southern Finland and performed in accordance with the guidelines of the European
Community Council Directives 2010/63/EU.

4.2. Induction of TBI by LFPI

TBI was induced by LFPI as described previously [17]. The impact pressure was ad-
justed to produce severe TBI with an expected acute post-impact mortality of
20–30% within the first 48 h. The mean impact pressure in the EPITARGET cohort was
3.25 ± 0.10 atm (n = 212, median 3.3. atm, range 2.5–3.6 atm). Time in apnea and the
occurrence and duration of impact-related seizure-like behaviors were monitored and
documented using project-tailored common data elements (https://epitarget.eu/, accessed
on 14 November 2022).

4.3. Blood Collection

Blood was sampled 7 days (D) before injury (baseline), and thereafter on D2 (48 h after
impact), D9, and 6 months after injury (day of injury referred as D0). Blood sampling from
the tail vein and plasma sample preparation were performed according to [92]. Briefly,
rats were anesthetized by isoflurane inhalation (5% induction, 1–2% maintenance). A 24G
butterfly needle was used to draw blood from the lateral tail vein into 2 BD Microtainer
K2 EDTA-tubes (#365975, di-potassium ethylenediaminetetraacetic acid, BD Biosciences,
Franklin Lakes, NJ, USA; 500 µL/tube). To obtain plasma, tubes were centrifuged at
1300× g for 10 min at 4 ◦C (5417R Eppendorf, Hamburg, Germany) within 1 h after blood
sampling. Plasma aliquots of 50 µL were carefully collected and pipetted into 0.5 mL
Protein LoBind tubes (#022431064, Eppendorf, Hamburg, Germany) and stored at −70 ◦C.

4.4. Video-EEG Monitoring

At 5 months after TBI (D147), rats were anesthetized and implanted with 3 skull
electrodes. Starting on D154 (1 week after electrode implantation), rats underwent con-
tinuous (24 h/day; 7 days/week) vEEG monitoring for 4 weeks to diagnose PTE (for
details, see [17]). Seizure occurrence was detected both by visual screening and a seizure
detection algorithm. An electroencephalographic seizure was defined as a high-amplitude
rhythmic discharge that clearly represented an atypical EEG pattern (i.e., repetitive spikes,
spike-and-wave discharges, poly-spike-and-wave, or slow-waves; frequency, and ampli-
tude modulation) lasting >10 s [93]. Rats were defined as having epilepsy if at least 1
unprovoked electrographic seizure was detected. In the EPITARGET cohort of 114 TBI
animals, the prevalence of PTE was 25% (29/114).

4.5. Analysis of Structural Outcome
4.5.1. Magnetic Resonance Imaging and Lesion Analysis

Rats were imaged on D2, D7, and D21 using quantitative T2 magnetic resonance
imaging (MRI), as described previously [20]. Imaging voxels within the cortex were
classified as normal or abnormal based on their T2 values. The range for normal T2 was
defined as 45 ms ≤ T2 ≤ 55 ms, with the lower limit corresponding to the 2.5th percentile
and the upper limit corresponding to the 97.5th percentile of all imaging voxels of all
sham-operated controls across all time-points. Values below the lower limit or above the
upper limit were classified as abnormal. To estimate the cortical lesion volume for each
animal, the number of abnormal voxels was counted and multiplied by voxel size.
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4.5.2. Histology and Preparation of Unfolded Maps

Details of the histology and preparation of cortical unfolded maps were previously
described [35] and are only briefly summarized here.

Perfusion. Deeply anesthetized rats were intracardially perfused with 0.9% NaCl
followed by 4% paraformaldehyde in 0.1 M sodium phosphate buffer (PB) after completing
the vEEG monitoring (D182). The brain was removed from the skull and fixed in 4%
paraformaldehyde for 4 h, cryoprotected in 20% glycerol in 0.02 M potassium phosphate-
buffered saline (KPBS, pH 7.4) for 24 h, frozen in dry ice, and stored in −70 ◦C for further
processing. Frozen coronal sections of the brain were cut (25-µm thick, 1-in-12 series)
using a sliding microtome. The first series of sections was stored in 10% formalin at room
temperature and used for thionin staining. Other series of sections were collected into
tissue collection solution (30% ethylene glycol, 25% glycerol in 0.05 M PB) and stored at
−20 ◦C until processed.

Nissl staining. The first series of sections was stained with thionin, cleared in xylene,
and cover-slipped using Depex® (BDH Chemical, Poole, UK) as a mounting medium.

Preparation of cortical unfolded maps. To assess the cortical lesion area and the damage
to different cytoarchitectonic cortical areas after TBI, thionin-stained sections were digitized
(40×, Hamamatsu Photonics, Hamamatsu, Japan; NanoZoomer-XR, NDP.scan 3.2]. Unfolded
cortical maps were then prepared from the digitized histologic sections as described in detail
by [94] and by applying in-house software from https://unfoldedmap.org (accessed on
14 November 2022) adapted to the rat brain [95].

4.6. Small RNA Sequencing from Plasma
4.6.1. Library Preparation and Sequencing

Sequencing was performed for D2 and D9 plasma samples collected from 4 sham-
operated controls and 16 TBI rats (7 with epilepsy [TBI+] and 9 without epilepsy [TBI−]).
For each animal, 5 frozen 50-µL aliquots (total 250 µL) were pooled for RNA extraction at
each time-point. Any visible hemolysis in the plasma samples was visually inspected by an
experienced researcher before pooling the aliquots and further confirmed by measurement
of hemoglobin absorbance at 414 nm using a spectrophotometer (NanoDrop 2000, Thermo
Fisher Scientific, Wilmington, DE, USA). Samples were considered hemolyzed if the A414
value was ≥0.25 (see [92]).

RNA was extracted from 200 µL plasma using an miRNeasy Mini Kit (#217004, QIA-
GEN, Hilden, Germany). Small RNA sequencing was conducted by GenomeScan (Leiden,
the Netherlands). Small RNA library preparation was performed using the Illumina TruSeq
Small RNA Sample Prep Kit (Illumina, San Diego, CA, USA). Briefly, small RNA was
isolated from purified RNA by size selection after adapter ligation. The excised product
was used for PCR amplification of the resulting product. The quality and yield after sample
preparation were measured with a Fragment Analyzer. The size of the resulting products
was consistent with the expected size of approximately 150 bp. Single-end sequencing with
a read length of 51 nucleotides was performed on the Illumina HiSeq 4000. To increase read
depth each sample was sequenced on two flow-cells giving two replicates for each sample.

4.6.2. Quantification of miRNAs and Differential Expression Analysis

Read quality of the raw data was assessed using FastQC v11.8 software produced
by the Babraham Institute (Babraham, Cambridgeshire, UK) and the Trimmomatic v0.36
was used to filter low-quality base calls and any adapter contamination [96]. Low-quality
leading and trailing bases were removed from each read, and a sliding window trimming
using a window of 4 and a phred33 score threshold of 15 was used to assess the quality
of the read body. Any reads <17 nucleotides were discarded. After quality control, the
replicates for each sample were merged and aligned to the rat reference genome (Rno6)
using Bowtie2 with the—very-sensitive-local settings. Using the featureCounts program
from the Subread package, the number of reads aligned with the known rat miRNAs in
accordance with miRBase22 was calculated [97,98].
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RNA sequencing experiment and contained 4 sham-operated experimental controls and
16 rats with TBI (7 with epilepsy [TBI+] and 9 without epilepsy [TBI−]). The validation
cohort used for digital drop polymerase chain reaction (ddPCR) analysis comprised a total
of 115 rats, including 8 naïve, 17 sham, and 90 TBI rats (21 TBI+, 69 TBI−).

A detailed description of the procedures was reported previously [17,20]. All exper-
iments were approved by the Animal Ethics Committee of the Provincial Government
of Southern Finland and performed in accordance with the guidelines of the European
Community Council Directives 2010/63/EU.

4.2. Induction of TBI by LFPI

TBI was induced by LFPI as described previously [17]. The impact pressure was ad-
justed to produce severe TBI with an expected acute post-impact mortality of
20–30% within the first 48 h. The mean impact pressure in the EPITARGET cohort was
3.25 ± 0.10 atm (n = 212, median 3.3. atm, range 2.5–3.6 atm). Time in apnea and the
occurrence and duration of impact-related seizure-like behaviors were monitored and
documented using project-tailored common data elements (https://epitarget.eu/, accessed
on 14 November 2022).

4.3. Blood Collection

Blood was sampled 7 days (D) before injury (baseline), and thereafter on D2 (48 h after
impact), D9, and 6 months after injury (day of injury referred as D0). Blood sampling from
the tail vein and plasma sample preparation were performed according to [92]. Briefly,
rats were anesthetized by isoflurane inhalation (5% induction, 1–2% maintenance). A 24G
butterfly needle was used to draw blood from the lateral tail vein into 2 BD Microtainer
K2 EDTA-tubes (#365975, di-potassium ethylenediaminetetraacetic acid, BD Biosciences,
Franklin Lakes, NJ, USA; 500 µL/tube). To obtain plasma, tubes were centrifuged at
1300× g for 10 min at 4 ◦C (5417R Eppendorf, Hamburg, Germany) within 1 h after blood
sampling. Plasma aliquots of 50 µL were carefully collected and pipetted into 0.5 mL
Protein LoBind tubes (#022431064, Eppendorf, Hamburg, Germany) and stored at −70 ◦C.

4.4. Video-EEG Monitoring

At 5 months after TBI (D147), rats were anesthetized and implanted with 3 skull
electrodes. Starting on D154 (1 week after electrode implantation), rats underwent con-
tinuous (24 h/day; 7 days/week) vEEG monitoring for 4 weeks to diagnose PTE (for
details, see [17]). Seizure occurrence was detected both by visual screening and a seizure
detection algorithm. An electroencephalographic seizure was defined as a high-amplitude
rhythmic discharge that clearly represented an atypical EEG pattern (i.e., repetitive spikes,
spike-and-wave discharges, poly-spike-and-wave, or slow-waves; frequency, and ampli-
tude modulation) lasting >10 s [93]. Rats were defined as having epilepsy if at least 1
unprovoked electrographic seizure was detected. In the EPITARGET cohort of 114 TBI
animals, the prevalence of PTE was 25% (29/114).

4.5. Analysis of Structural Outcome
4.5.1. Magnetic Resonance Imaging and Lesion Analysis

Rats were imaged on D2, D7, and D21 using quantitative T2 magnetic resonance
imaging (MRI), as described previously [20]. Imaging voxels within the cortex were
classified as normal or abnormal based on their T2 values. The range for normal T2 was
defined as 45 ms ≤ T2 ≤ 55 ms, with the lower limit corresponding to the 2.5th percentile
and the upper limit corresponding to the 97.5th percentile of all imaging voxels of all
sham-operated controls across all time-points. Values below the lower limit or above the
upper limit were classified as abnormal. To estimate the cortical lesion volume for each
animal, the number of abnormal voxels was counted and multiplied by voxel size.
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4.5.2. Histology and Preparation of Unfolded Maps

Details of the histology and preparation of cortical unfolded maps were previously
described [35] and are only briefly summarized here.

Perfusion. Deeply anesthetized rats were intracardially perfused with 0.9% NaCl
followed by 4% paraformaldehyde in 0.1 M sodium phosphate buffer (PB) after completing
the vEEG monitoring (D182). The brain was removed from the skull and fixed in 4%
paraformaldehyde for 4 h, cryoprotected in 20% glycerol in 0.02 M potassium phosphate-
buffered saline (KPBS, pH 7.4) for 24 h, frozen in dry ice, and stored in −70 ◦C for further
processing. Frozen coronal sections of the brain were cut (25-µm thick, 1-in-12 series)
using a sliding microtome. The first series of sections was stored in 10% formalin at room
temperature and used for thionin staining. Other series of sections were collected into
tissue collection solution (30% ethylene glycol, 25% glycerol in 0.05 M PB) and stored at
−20 ◦C until processed.

Nissl staining. The first series of sections was stained with thionin, cleared in xylene,
and cover-slipped using Depex® (BDH Chemical, Poole, UK) as a mounting medium.

Preparation of cortical unfolded maps. To assess the cortical lesion area and the damage
to different cytoarchitectonic cortical areas after TBI, thionin-stained sections were digitized
(40×, Hamamatsu Photonics, Hamamatsu, Japan; NanoZoomer-XR, NDP.scan 3.2]. Unfolded
cortical maps were then prepared from the digitized histologic sections as described in detail
by [94] and by applying in-house software from https://unfoldedmap.org (accessed on
14 November 2022) adapted to the rat brain [95].

4.6. Small RNA Sequencing from Plasma
4.6.1. Library Preparation and Sequencing

Sequencing was performed for D2 and D9 plasma samples collected from 4 sham-
operated controls and 16 TBI rats (7 with epilepsy [TBI+] and 9 without epilepsy [TBI−]).
For each animal, 5 frozen 50-µL aliquots (total 250 µL) were pooled for RNA extraction at
each time-point. Any visible hemolysis in the plasma samples was visually inspected by an
experienced researcher before pooling the aliquots and further confirmed by measurement
of hemoglobin absorbance at 414 nm using a spectrophotometer (NanoDrop 2000, Thermo
Fisher Scientific, Wilmington, DE, USA). Samples were considered hemolyzed if the A414
value was ≥0.25 (see [92]).

RNA was extracted from 200 µL plasma using an miRNeasy Mini Kit (#217004, QIA-
GEN, Hilden, Germany). Small RNA sequencing was conducted by GenomeScan (Leiden,
the Netherlands). Small RNA library preparation was performed using the Illumina TruSeq
Small RNA Sample Prep Kit (Illumina, San Diego, CA, USA). Briefly, small RNA was
isolated from purified RNA by size selection after adapter ligation. The excised product
was used for PCR amplification of the resulting product. The quality and yield after sample
preparation were measured with a Fragment Analyzer. The size of the resulting products
was consistent with the expected size of approximately 150 bp. Single-end sequencing with
a read length of 51 nucleotides was performed on the Illumina HiSeq 4000. To increase read
depth each sample was sequenced on two flow-cells giving two replicates for each sample.

4.6.2. Quantification of miRNAs and Differential Expression Analysis

Read quality of the raw data was assessed using FastQC v11.8 software produced
by the Babraham Institute (Babraham, Cambridgeshire, UK) and the Trimmomatic v0.36
was used to filter low-quality base calls and any adapter contamination [96]. Low-quality
leading and trailing bases were removed from each read, and a sliding window trimming
using a window of 4 and a phred33 score threshold of 15 was used to assess the quality
of the read body. Any reads <17 nucleotides were discarded. After quality control, the
replicates for each sample were merged and aligned to the rat reference genome (Rno6)
using Bowtie2 with the—very-sensitive-local settings. Using the featureCounts program
from the Subread package, the number of reads aligned with the known rat miRNAs in
accordance with miRBase22 was calculated [97,98].
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Following the primary quantification, differential expression analysis was performed
with DESeq2 (v. 1.30.1) in RStudio (v. 1.1.463) using R (v. 4.0.2). D2 samples and D9 samples
were analyzed separately. First, the raw read table was filtered to exclude miRNAs with no
reads in any of the samples. Next, DESeq2 analysis was run to compare TBI vs. sham, TBI+
vs. sham, TBI− vs. sham, and TBI+ vs. TBI− groups. MicroRNAs with an adjusted p-value
< 0.05 were considered differentially expressed.

4.6.3. Identification of Expression Pattern Differences with Machine Learning

We applied logistic regression with feature selection, utilizing nested leave-1-out
cross-validation to identify miRNAs (“features”) that contributed the most to the group
differences between sham and TBI, and between TBI− and TBI+. The logistic regression
model was optimized on raw counts from miRNAs with counts ≥1 in at least 80% of the
samples to maximize separation between groups in terms of the area under the curve (AUC)
of the receiver operating characteristic (ROC) curve. The miRNA counts were standardized
to 0 mean and unit variance. In the inner cross-validation loop, miRNAs with 0 variance
were filtered and feature selection was performed using recursive feature elimination and
filtering by F-score. Model hyperparameters and feature selection configurations were
optimized with a grid search over combinations of regularization factor levels, feature
selection methods, number of selected features, and choices between L1 (LASSO) and L2
(Ridge) regularization. Feature importance was calculated by averaging the absolute values
of logistic regression model covariates over the outer fold of nested cross-validation. The
averaged values were normalized to sum to 1 and organized in descending order to identify
miRNAs that contributed the most to group separability. Analyses were performed using
Python (3.7.0) and the sklearn package (20.2) on Centos 7.

4.6.4. Visualization of Sequencing Data

Shared miRNAs between the experimental groups in small RNA sequencing were
visualized using Venn diagrams (https://bioinfogp.cnb.csic.es/tools/venny/, accessed on
6 October 2022).

Normalization of the raw read counts to counts per million (CPM) was performed
using the Equation (1):

CPM =
read count per gene

total read count per sample
× 1, 000, 000 (1)

Normalized data were visualized using principal component analysis (PCA), Spear-
man correlation matrices, and heatmaps with a complete linkage clustering method and
Spearman correlation as the distance measurement. PCA plots, correlation plots, and
heatmaps were prepared using RStudio (v. 1.1.463) by R (v. 4.0.2).

4.7. Technical Validation of miRNA-Sequencing Data by RT-qPCR
4.7.1. MiRNA Extraction from Plasma

MicroRNA was extracted from 50-µL plasma samples of 20 rats (4 sham, 16 TBI)
using an miRNeasy Mini Kit (#217004, QIAGEN) with a final elution volume of 30 µL.
These plasma samples came from the same rats used for sequencing, but the aliquots were
different from those used for sequencing.

4.7.2. Reverse Transcription

Reverse transcription (cDNA synthesis) was conducted using a miRCURY LNA RT Kit
(#339340, QIAGEN). In each reaction, 2 µL of template miRNA was used. The following
temperature cycling protocol was used: incubation for 60 min at 42 ◦C followed by incubation
for 5 min at 95 ◦C to heat activate the reverse transcriptase, and immediate cooling to 4 ◦C.
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4.7.3. RT-qPCR

Quantitative PCRwas conducted using miRCURY LNA SYBR Green PCR Kit (#339345,
QIAGEN) and miRCURY LNA miRNA PCR assays (hsa-miR-9-3p, #YP00204620; mmu-
miR-434-3p, #YP00205190; hsa-miR-323a-3p, #YP00204278; hsa-miR-136-3p, #YP00205503;
hsa-miR-129-5p, #YP00204534; hsa-miR-28-3p, #YP00204119, QIAGEN). We selected miR-
28-3p as an endogenous control based on geNorm analysis (https://genorm.cmgg.be/,
accessed on 10 September 2019) of the sequencing data. The analysis identified miR-28-3p
as the most stable miRNA across the sequencing samples on D2 and D9.

Template cDNA was diluted 1:30 (miR-9a-3p, miR-434-3p, and miR-28-3p) or 1:10
(miR-136-3p, miR-129-5p, and miR-323-3p) in nuclease-free water. The following PCR
cycling conditions were used: 2 min heat activation at 95 ◦C, 40 cycles of 10 s denaturation
at 95 ◦C, and annealing/extension for 60 s at 56 ◦C. Quantitative PCR was performed
using a LightCycler 96 Instrument (Roche, Basel, Switzerland) and LightCycler 96 v. 1.1
software (Roche).

Data were normalized to miR-28-3p using the formula 2−∆Ct. Results were analyzed
by GraphPad Prism 8 software (GraphPad Software, San Diego, CA, USA).

4.8. DdPCR Analysis
4.8.1. Plasma Quality Control

For the ddPCR analysis, plasma quality was controlled by measuring hemolysis
(absorbance at wavelength 414 nm) by a NanoDrop ND-1000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). Samples were considered hemolyzed if the A414
value was ≥0.25 [92].

First, A414 was measured from one 50 µL plasma aliquot (3rd of the 4 aliquots). If
A414 was <0.25, another 3 aliquots (50 µL each) were thawed. The four aliquots were
pooled to obtain a total of 200 µL plasma, and A414 was measured again from the pooled
plasma sample.

4.8.2. MiRNA Extraction from Plasma

MicroRNA was extracted from the pooled 200 µL plasma samples using an miRNeasy
Mini Kit following the protocol from the miRNeasy Serum/Plasma kit. The elution volume
was 30 µL. Extracted miRNA samples were stored at −70 ◦C. The small RNA concentration
in each sample was determined using the Qubit microRNA Assay Kit (#Q32880, Thermo
Fisher Scientific) with a DeNovix DS-11 FX Fluorometer (DeNovix Inc., Wilmington, DE,
USA) from a separate 1 µL sample aliquot.

4.8.3. DdPCR Validation of miRNAs

Total RNA was transcribed to cDNA with the miRCURY LNA RT kit as described
in the preceding text. The total reaction volume was 30 µL (6 µL template RNA in each
reaction). The cDNA was stored at −20 ◦C until ddPCR analysis.

For ddPCR analysis, cDNAwas diluted 1:10 in nuclease-free water. The master mix for
1 reaction (reaction volume 20 µL) contained 10 µL of 2 XQX200 ddPCR EvaGreen SuperMix
(#1864034, BIO-RAD, Hercules, CA, USA), 1.0 µL nuclease-free water, and 1.0 µL miRCURY
LNA PCR assay (QIAGEN). Each reaction contained 8 µL of the diluted cDNA template.
Droplets were generated using the QX200 AutoDG Droplet Digital PCR System (BIO-RAD)
with Automated Droplet Generation Oil for EvaGreen (#1864112, BIO-RAD). Seven target
miRNAs (hsa-miR-9-3p, #YP00204620; mmu-miR-434-3p, #YP00205190; hsa-miR-136-3p,
#YP00205503; hsa-miR-323a-3p, #YP00204278; hsa-miR-124-3p, #YP00206026; hsa-miR-132-
3p, #YP00206035; mmu-miR-212-3p, #YP00206022, QIAGEN) and the endogenous control
(miR-28-3p) were all analyzed on the same ddPCR plate, 5 samples per plate. The plate
contained 2 replicate wells for each sample. Each plate contained a control sample to
monitor possible differences between the ddPCR runs. PCR was conducted using a C1000
Touch™ Thermal Cycler (#1851196, BIO-RAD) with the following program: 95 ◦C 5 min,
95 ◦C 30 s, 56 ◦C 1 min, repeat total 40 cycles, 4 ◦C 5 min, 90 ◦C 5 min, 4 ◦C hold. Droplets
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Following the primary quantification, differential expression analysis was performed
with DESeq2 (v. 1.30.1) in RStudio (v. 1.1.463) using R (v. 4.0.2). D2 samples and D9 samples
were analyzed separately. First, the raw read table was filtered to exclude miRNAs with no
reads in any of the samples. Next, DESeq2 analysis was run to compare TBI vs. sham, TBI+
vs. sham, TBI− vs. sham, and TBI+ vs. TBI− groups. MicroRNAs with an adjusted p-value
< 0.05 were considered differentially expressed.

4.6.3. Identification of Expression Pattern Differences with Machine Learning

We applied logistic regression with feature selection, utilizing nested leave-1-out
cross-validation to identify miRNAs (“features”) that contributed the most to the group
differences between sham and TBI, and between TBI− and TBI+. The logistic regression
model was optimized on raw counts from miRNAs with counts ≥1 in at least 80% of the
samples to maximize separation between groups in terms of the area under the curve (AUC)
of the receiver operating characteristic (ROC) curve. The miRNA counts were standardized
to 0 mean and unit variance. In the inner cross-validation loop, miRNAs with 0 variance
were filtered and feature selection was performed using recursive feature elimination and
filtering by F-score. Model hyperparameters and feature selection configurations were
optimized with a grid search over combinations of regularization factor levels, feature
selection methods, number of selected features, and choices between L1 (LASSO) and L2
(Ridge) regularization. Feature importance was calculated by averaging the absolute values
of logistic regression model covariates over the outer fold of nested cross-validation. The
averaged values were normalized to sum to 1 and organized in descending order to identify
miRNAs that contributed the most to group separability. Analyses were performed using
Python (3.7.0) and the sklearn package (20.2) on Centos 7.

4.6.4. Visualization of Sequencing Data

Shared miRNAs between the experimental groups in small RNA sequencing were
visualized using Venn diagrams (https://bioinfogp.cnb.csic.es/tools/venny/, accessed on
6 October 2022).

Normalization of the raw read counts to counts per million (CPM) was performed
using the Equation (1):

CPM =
read count per gene

total read count per sample
× 1, 000, 000 (1)

Normalized data were visualized using principal component analysis (PCA), Spear-
man correlation matrices, and heatmaps with a complete linkage clustering method and
Spearman correlation as the distance measurement. PCA plots, correlation plots, and
heatmaps were prepared using RStudio (v. 1.1.463) by R (v. 4.0.2).

4.7. Technical Validation of miRNA-Sequencing Data by RT-qPCR
4.7.1. MiRNA Extraction from Plasma

MicroRNA was extracted from 50-µL plasma samples of 20 rats (4 sham, 16 TBI)
using an miRNeasy Mini Kit (#217004, QIAGEN) with a final elution volume of 30 µL.
These plasma samples came from the same rats used for sequencing, but the aliquots were
different from those used for sequencing.

4.7.2. Reverse Transcription

Reverse transcription (cDNA synthesis) was conducted using a miRCURY LNA RT Kit
(#339340, QIAGEN). In each reaction, 2 µL of template miRNA was used. The following
temperature cycling protocol was used: incubation for 60 min at 42 ◦C followed by incubation
for 5 min at 95 ◦C to heat activate the reverse transcriptase, and immediate cooling to 4 ◦C.
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4.7.3. RT-qPCR

Quantitative PCRwas conducted using miRCURY LNA SYBR Green PCR Kit (#339345,
QIAGEN) and miRCURY LNA miRNA PCR assays (hsa-miR-9-3p, #YP00204620; mmu-
miR-434-3p, #YP00205190; hsa-miR-323a-3p, #YP00204278; hsa-miR-136-3p, #YP00205503;
hsa-miR-129-5p, #YP00204534; hsa-miR-28-3p, #YP00204119, QIAGEN). We selected miR-
28-3p as an endogenous control based on geNorm analysis (https://genorm.cmgg.be/,
accessed on 10 September 2019) of the sequencing data. The analysis identified miR-28-3p
as the most stable miRNA across the sequencing samples on D2 and D9.

Template cDNA was diluted 1:30 (miR-9a-3p, miR-434-3p, and miR-28-3p) or 1:10
(miR-136-3p, miR-129-5p, and miR-323-3p) in nuclease-free water. The following PCR
cycling conditions were used: 2 min heat activation at 95 ◦C, 40 cycles of 10 s denaturation
at 95 ◦C, and annealing/extension for 60 s at 56 ◦C. Quantitative PCR was performed
using a LightCycler 96 Instrument (Roche, Basel, Switzerland) and LightCycler 96 v. 1.1
software (Roche).

Data were normalized to miR-28-3p using the formula 2−∆Ct. Results were analyzed
by GraphPad Prism 8 software (GraphPad Software, San Diego, CA, USA).

4.8. DdPCR Analysis
4.8.1. Plasma Quality Control

For the ddPCR analysis, plasma quality was controlled by measuring hemolysis
(absorbance at wavelength 414 nm) by a NanoDrop ND-1000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). Samples were considered hemolyzed if the A414
value was ≥0.25 [92].

First, A414 was measured from one 50 µL plasma aliquot (3rd of the 4 aliquots). If
A414 was <0.25, another 3 aliquots (50 µL each) were thawed. The four aliquots were
pooled to obtain a total of 200 µL plasma, and A414 was measured again from the pooled
plasma sample.

4.8.2. MiRNA Extraction from Plasma

MicroRNA was extracted from the pooled 200 µL plasma samples using an miRNeasy
Mini Kit following the protocol from the miRNeasy Serum/Plasma kit. The elution volume
was 30 µL. Extracted miRNA samples were stored at −70 ◦C. The small RNA concentration
in each sample was determined using the Qubit microRNA Assay Kit (#Q32880, Thermo
Fisher Scientific) with a DeNovix DS-11 FX Fluorometer (DeNovix Inc., Wilmington, DE,
USA) from a separate 1 µL sample aliquot.

4.8.3. DdPCR Validation of miRNAs

Total RNA was transcribed to cDNA with the miRCURY LNA RT kit as described
in the preceding text. The total reaction volume was 30 µL (6 µL template RNA in each
reaction). The cDNA was stored at −20 ◦C until ddPCR analysis.

For ddPCR analysis, cDNAwas diluted 1:10 in nuclease-free water. The master mix for
1 reaction (reaction volume 20 µL) contained 10 µL of 2 XQX200 ddPCR EvaGreen SuperMix
(#1864034, BIO-RAD, Hercules, CA, USA), 1.0 µL nuclease-free water, and 1.0 µL miRCURY
LNA PCR assay (QIAGEN). Each reaction contained 8 µL of the diluted cDNA template.
Droplets were generated using the QX200 AutoDG Droplet Digital PCR System (BIO-RAD)
with Automated Droplet Generation Oil for EvaGreen (#1864112, BIO-RAD). Seven target
miRNAs (hsa-miR-9-3p, #YP00204620; mmu-miR-434-3p, #YP00205190; hsa-miR-136-3p,
#YP00205503; hsa-miR-323a-3p, #YP00204278; hsa-miR-124-3p, #YP00206026; hsa-miR-132-
3p, #YP00206035; mmu-miR-212-3p, #YP00206022, QIAGEN) and the endogenous control
(miR-28-3p) were all analyzed on the same ddPCR plate, 5 samples per plate. The plate
contained 2 replicate wells for each sample. Each plate contained a control sample to
monitor possible differences between the ddPCR runs. PCR was conducted using a C1000
Touch™ Thermal Cycler (#1851196, BIO-RAD) with the following program: 95 ◦C 5 min,
95 ◦C 30 s, 56 ◦C 1 min, repeat total 40 cycles, 4 ◦C 5 min, 90 ◦C 5 min, 4 ◦C hold. Droplets
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were quantified by the QX200 Droplet Reader (#1864003, BIO-RAD). The ddPCR results
were analyzed by QuantaSoft software (version 1.7.4.0917). Target miRNA concentrations
were normalized to the miR-28-3p concentration (target/reference) to acquire normalized
expression values for each sample. Results were visualized by GraphPad Prism (v. 9.0.1,
GraphPad software, San Diego, CA, USA).

4.9. DdPCR Validation of Downregulated miRNAs

From the list of differentially expressed miRNAs between the TBI and sham groups
on D2, we selected 3 downregulated miRNAs for further validation: miR-140-3p, miR-149-
5p, and miR-455-5p. These 3 miRNAs were selected as they had a low adjusted p-value,
log2FC ≤ −1.00, with a mean CPM ≥ 100 in both the TBI and sham samples.

To save the valuable plasma from the EPITARGET cohort, we used D2 plasma from
5 sham and 5 TBI rats available from another animal cohort in our laboratory for ddPCR
validation. In addition, baseline samples (D-7) from 1 sham and 4 TBI rats were used as
naïve samples (n = 5). The mean weight of these rats was 357 ± 14 g (n = 34, median: 356 g,
range 334−389 g) at the time of TBI or sham operation. TBI was induced as described above.
Mean impact pressure was 3.36 ± 0.09 atm (n = 25, median: 3.4 atm, range 3.2−3.5 atm).
Plasma was collected on D2 after TBI or sham operation.

RNA was extracted from 188 µL of plasma using the miRNeasy Mini Kit (30 µL
elution volume). The ddPCR analysis was conducted using miRCURY LNA miRNA
PCR assays (hsa-miR-140-3p, #YP00204304; hsa-miR-455-5p, #YP00204363; hsa-miR-149-5p,
#YP00204321). For ddPCR analysis, cDNA was diluted in nuclease-free water as follows:
1:200 dilution for miR-140-3p analysis, 1:10 dilution for miR-455-5p andmiR-149-5p analyses.
The ddPCR analysis was conducted similarly as described above.

4.10. Glmnet Logistic Regression Analysis

We investigated the optimal combination of analyzed plasma miRNAs as a biomarker
panel for predicting epileptogenesis and epilepsy severity by conducting an elastic-net-
based analysis using glmnet (https://hastie.su.domains/glmnet_matlab/, accessed on
14 November 2022) [99,100] for MATLAB (R2017a, the MathWorks Inc., Natick, MA, USA).
Elastic net uses least absolute shrinkage selector operator (LASSO) and Ridge regulariza-
tion to reduce overfitting of the models, and we selected equal weighting for the 2 [101].
Nested (externally validated) leave-1-out cross-validation was used to avoid overfitting the
regularization parameter [102,103]. Observations were weighted to compensate for class
imbalance, and the fitting was performed by minimizing binomial deviance. Normalized
expression levels of 7 miRNAs in the plasma on D2 after TBI were used as predictor vari-
ables (miR-434, miR-9, miR-136, miR-323, miR-124, miR-212, and miR-132). The predictor
variables that had a coefficient of zero in the majority of the outer cross-validation folds
after the glmnet fit were excluded [104]. The remaining predictors were used in a standard
(non-regularized) logistic regression analysis (MATLAB function “fitglm”). For the TBI+
vs. TBI− analysis, the response variable was epilepsy (yes/no) determined by the vEEG
analysis. For the epilepsy severity analyses, the response variable was seizure clusters
(yes/no) or at least 3 seizures during the follow-up (yes/no). Cross-validated ROC AUC
was computed as a measure of goodness of fit for the logistic regression models using
the pooling method [105] ROC AUC and its 95% confidence interval were estimated with
Brian Lau’s MatlabAUC codes (https://github.com/brian-lau/MatlabAUC, accessed on
14 November 2022). The confidence interval was estimated as a bias-corrected and acceler-
ated bootstrap using 10,000 samples.

4.11. Ingenuity Pathway Analysis

Ingenuity pathway analysis (IPA, QIAGEN, version 76765844) was used to investigate
miRNA target genes and their function. Because miR-132-3p and miR-212-3p are closely
related and share the same seed sequence, IPA only used miR-132-3p for target prediction
in the microRNA Target Filter. The resulting target genes were further analyzed by Ex-
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pression Analysis in IPA to reveal the canonical pathways associated with the target genes.
“Experimentally observed” and “High (predicted)” confidence settings were applied in
both the microRNA Target Filter and Expression Analysis.

4.12. Statistics

Differential miRNA expression analysis was performed with DESeq2. Differential
expression was considered at a level of FDR < 0.05. Other statistical analyses were per-
formed using GraphPad Prism 9 and RStudio (v. 1.1.463) by R (v. 4.0.2). Comparisons of 3
or more groups were performed using the Kruskal–Wallis test, followed by post hoc analysis
using the Mann–Whitney U test. Correlations were analyzed by the Spearman correlation
test (ρ). The ROC analysis was performed for each ddPCR-validated miRNA to assess its
sensitivity and specificity in differentiating the animal groups. Statistical significance of
the AUC was assessed by Mann–Whitney U test. The optimal cut-off in ROC analysis was
determined using the cutpointr package (v. 1.1.1) in R by maximizing the sum of sensitivity
and specificity. Results are presented as mean±standard deviation. A p-value < 0.05 was
considered statistically significant.

5. Conclusions

We validated the upregulation of seven brain-enriched miRNAs in the plasma on D2
after LFPI-induced TBI in the EPITARGET study cohort. The plasma miRNA expression
profile on D2 after TBI did not predict the subsequent development of PTE or the PTE
severity. Our data did, however, reveal that acute post-TBI plasma miRNA levels predicted
the severity of the cortical pathology at acute, subacute, and chronic time-points. Moreover,
we found that six miRNAs, including miR-434-3p, miR-9a-3p, miR-136-3p, miR-323-3p,
miR-212-3p, and miR-132-3p, differentiated naïve rats from sham-operated rats, demon-
strating the capability to detect mild brain injury caused by the craniotomy.
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were quantified by the QX200 Droplet Reader (#1864003, BIO-RAD). The ddPCR results
were analyzed by QuantaSoft software (version 1.7.4.0917). Target miRNA concentrations
were normalized to the miR-28-3p concentration (target/reference) to acquire normalized
expression values for each sample. Results were visualized by GraphPad Prism (v. 9.0.1,
GraphPad software, San Diego, CA, USA).

4.9. DdPCR Validation of Downregulated miRNAs

From the list of differentially expressed miRNAs between the TBI and sham groups
on D2, we selected 3 downregulated miRNAs for further validation: miR-140-3p, miR-149-
5p, and miR-455-5p. These 3 miRNAs were selected as they had a low adjusted p-value,
log2FC ≤ −1.00, with a mean CPM ≥ 100 in both the TBI and sham samples.

To save the valuable plasma from the EPITARGET cohort, we used D2 plasma from
5 sham and 5 TBI rats available from another animal cohort in our laboratory for ddPCR
validation. In addition, baseline samples (D-7) from 1 sham and 4 TBI rats were used as
naïve samples (n = 5). The mean weight of these rats was 357 ± 14 g (n = 34, median: 356 g,
range 334−389 g) at the time of TBI or sham operation. TBI was induced as described above.
Mean impact pressure was 3.36 ± 0.09 atm (n = 25, median: 3.4 atm, range 3.2−3.5 atm).
Plasma was collected on D2 after TBI or sham operation.

RNA was extracted from 188 µL of plasma using the miRNeasy Mini Kit (30 µL
elution volume). The ddPCR analysis was conducted using miRCURY LNA miRNA
PCR assays (hsa-miR-140-3p, #YP00204304; hsa-miR-455-5p, #YP00204363; hsa-miR-149-5p,
#YP00204321). For ddPCR analysis, cDNA was diluted in nuclease-free water as follows:
1:200 dilution for miR-140-3p analysis, 1:10 dilution for miR-455-5p andmiR-149-5p analyses.
The ddPCR analysis was conducted similarly as described above.

4.10. Glmnet Logistic Regression Analysis

We investigated the optimal combination of analyzed plasma miRNAs as a biomarker
panel for predicting epileptogenesis and epilepsy severity by conducting an elastic-net-
based analysis using glmnet (https://hastie.su.domains/glmnet_matlab/, accessed on
14 November 2022) [99,100] for MATLAB (R2017a, the MathWorks Inc., Natick, MA, USA).
Elastic net uses least absolute shrinkage selector operator (LASSO) and Ridge regulariza-
tion to reduce overfitting of the models, and we selected equal weighting for the 2 [101].
Nested (externally validated) leave-1-out cross-validation was used to avoid overfitting the
regularization parameter [102,103]. Observations were weighted to compensate for class
imbalance, and the fitting was performed by minimizing binomial deviance. Normalized
expression levels of 7 miRNAs in the plasma on D2 after TBI were used as predictor vari-
ables (miR-434, miR-9, miR-136, miR-323, miR-124, miR-212, and miR-132). The predictor
variables that had a coefficient of zero in the majority of the outer cross-validation folds
after the glmnet fit were excluded [104]. The remaining predictors were used in a standard
(non-regularized) logistic regression analysis (MATLAB function “fitglm”). For the TBI+
vs. TBI− analysis, the response variable was epilepsy (yes/no) determined by the vEEG
analysis. For the epilepsy severity analyses, the response variable was seizure clusters
(yes/no) or at least 3 seizures during the follow-up (yes/no). Cross-validated ROC AUC
was computed as a measure of goodness of fit for the logistic regression models using
the pooling method [105] ROC AUC and its 95% confidence interval were estimated with
Brian Lau’s MatlabAUC codes (https://github.com/brian-lau/MatlabAUC, accessed on
14 November 2022). The confidence interval was estimated as a bias-corrected and acceler-
ated bootstrap using 10,000 samples.

4.11. Ingenuity Pathway Analysis

Ingenuity pathway analysis (IPA, QIAGEN, version 76765844) was used to investigate
miRNA target genes and their function. Because miR-132-3p and miR-212-3p are closely
related and share the same seed sequence, IPA only used miR-132-3p for target prediction
in the microRNA Target Filter. The resulting target genes were further analyzed by Ex-
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pression Analysis in IPA to reveal the canonical pathways associated with the target genes.
“Experimentally observed” and “High (predicted)” confidence settings were applied in
both the microRNA Target Filter and Expression Analysis.

4.12. Statistics

Differential miRNA expression analysis was performed with DESeq2. Differential
expression was considered at a level of FDR < 0.05. Other statistical analyses were per-
formed using GraphPad Prism 9 and RStudio (v. 1.1.463) by R (v. 4.0.2). Comparisons of 3
or more groups were performed using the Kruskal–Wallis test, followed by post hoc analysis
using the Mann–Whitney U test. Correlations were analyzed by the Spearman correlation
test (ρ). The ROC analysis was performed for each ddPCR-validated miRNA to assess its
sensitivity and specificity in differentiating the animal groups. Statistical significance of
the AUC was assessed by Mann–Whitney U test. The optimal cut-off in ROC analysis was
determined using the cutpointr package (v. 1.1.1) in R by maximizing the sum of sensitivity
and specificity. Results are presented as mean±standard deviation. A p-value < 0.05 was
considered statistically significant.

5. Conclusions

We validated the upregulation of seven brain-enriched miRNAs in the plasma on D2
after LFPI-induced TBI in the EPITARGET study cohort. The plasma miRNA expression
profile on D2 after TBI did not predict the subsequent development of PTE or the PTE
severity. Our data did, however, reveal that acute post-TBI plasma miRNA levels predicted
the severity of the cortical pathology at acute, subacute, and chronic time-points. Moreover,
we found that six miRNAs, including miR-434-3p, miR-9a-3p, miR-136-3p, miR-323-3p,
miR-212-3p, and miR-132-3p, differentiated naïve rats from sham-operated rats, demon-
strating the capability to detect mild brain injury caused by the craniotomy.
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Abstract: Plasma neurofilament light chain (NF-L) levels were assessed as a diagnostic biomarker
for traumatic brain injury (TBI) and as a prognostic biomarker for somatomotor recovery, cognitive
decline, and epileptogenesis. Rats with severe TBI induced by lateral fluid-percussion injury (n = 26,
13 with and 13 without epilepsy) or sham-operation (n = 8) were studied. During a 6-month follow-up,
rats underwent magnetic resonance imaging (MRI) (day (D) 2, D7, and D21), composite neuroscore
(D2, D6, and D14), Morris-water maze (D35–D39), and a 1-month-long video-electroencephalogram
to detect unprovoked seizures during the 6th month. Plasma NF-L levels were assessed using a
single-molecule assay at baseline (i.e., naïve animals) and on D2, D9, and D178 after TBI or a sham
operation. Plasma NF-L levels were 483-fold higher on D2 (5072.0 ± 2007.0 pg/mL), 89-fold higher
on D9 (930.3 ± 306.4 pg/mL), and 3-fold higher on D176 32.2 ± 8.9 pg/mL after TBI compared
with baseline (10.5 ± 2.6 pg/mL; all p < 0.001). Plasma NF-L levels distinguished TBI rats from
naïve animals at all time-points examined (area under the curve [AUC] 1.0, p < 0.001), and from
sham-operated controls on D2 (AUC 1.0, p < 0.001). Plasma NF-L increases on D2 were associated
with somatomotor impairment severity (ρ = −0.480, p < 0.05) and the cortical lesion extent in MRI
(ρ = 0.401, p < 0.05). Plasma NF-L increases on D2 or D9 were associated with the cortical lesion extent
in histologic sections at 6 months post-injury (ρ = 0.437 for D2; ρ = 0.393 for D9, p < 0.05). Plasma
NF-L levels, however, did not predict somatomotor recovery, cognitive decline, or epileptogenesis
(p > 0.05). Plasma NF-L levels represent a promising noninvasive translational diagnostic biomarker
for acute TBI and a prognostic biomarker for post-injury somatomotor impairment and long-term
structural brain damage.

Keywords: fluid-percussion injury; post-traumatic epilepsy; rat; ROC analysis; single molecule array
(SIMOA)

1. Introduction

Every year, approximately 2.5 million people suffer traumatic brain injury (TBI) in
Europe (https://www.center-tbi.eu/, accessed on 4 October 2022) and the United States
(https://www.cdc.gov/traumaticbraininjury/, accessed on 4 October 2022), with over
60 million affected globally [1]. Despite the demonstrated efficacy of a large number of
interventions in preclinical proof-of-concept trials for mitigating the secondary damage
and consequent functional deficits of TBI, including cognitive decline and epileptogenesis,
none of these interventions have advanced to clinical application [2–4]. The development of
treatments for TBI and its consequent morbidities remains a major unmet medical need [5].
One major obstacle to efficient therapy development is the lack of preclinical and clinical
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Abstract: Plasma neurofilament light chain (NF-L) levels were assessed as a diagnostic biomarker
for traumatic brain injury (TBI) and as a prognostic biomarker for somatomotor recovery, cognitive
decline, and epileptogenesis. Rats with severe TBI induced by lateral fluid-percussion injury (n = 26,
13 with and 13 without epilepsy) or sham-operation (n = 8) were studied. During a 6-month follow-up,
rats underwent magnetic resonance imaging (MRI) (day (D) 2, D7, and D21), composite neuroscore
(D2, D6, and D14), Morris-water maze (D35–D39), and a 1-month-long video-electroencephalogram
to detect unprovoked seizures during the 6th month. Plasma NF-L levels were assessed using a
single-molecule assay at baseline (i.e., naïve animals) and on D2, D9, and D178 after TBI or a sham
operation. Plasma NF-L levels were 483-fold higher on D2 (5072.0 ± 2007.0 pg/mL), 89-fold higher
on D9 (930.3 ± 306.4 pg/mL), and 3-fold higher on D176 32.2 ± 8.9 pg/mL after TBI compared
with baseline (10.5 ± 2.6 pg/mL; all p < 0.001). Plasma NF-L levels distinguished TBI rats from
naïve animals at all time-points examined (area under the curve [AUC] 1.0, p < 0.001), and from
sham-operated controls on D2 (AUC 1.0, p < 0.001). Plasma NF-L increases on D2 were associated
with somatomotor impairment severity (ρ = −0.480, p < 0.05) and the cortical lesion extent in MRI
(ρ = 0.401, p < 0.05). Plasma NF-L increases on D2 or D9 were associated with the cortical lesion extent
in histologic sections at 6 months post-injury (ρ = 0.437 for D2; ρ = 0.393 for D9, p < 0.05). Plasma
NF-L levels, however, did not predict somatomotor recovery, cognitive decline, or epileptogenesis
(p > 0.05). Plasma NF-L levels represent a promising noninvasive translational diagnostic biomarker
for acute TBI and a prognostic biomarker for post-injury somatomotor impairment and long-term
structural brain damage.

Keywords: fluid-percussion injury; post-traumatic epilepsy; rat; ROC analysis; single molecule array
(SIMOA)

1. Introduction

Every year, approximately 2.5 million people suffer traumatic brain injury (TBI) in
Europe (https://www.center-tbi.eu/, accessed on 4 October 2022) and the United States
(https://www.cdc.gov/traumaticbraininjury/, accessed on 4 October 2022), with over
60 million affected globally [1]. Despite the demonstrated efficacy of a large number of
interventions in preclinical proof-of-concept trials for mitigating the secondary damage
and consequent functional deficits of TBI, including cognitive decline and epileptogenesis,
none of these interventions have advanced to clinical application [2–4]. The development of
treatments for TBI and its consequent morbidities remains a major unmet medical need [5].
One major obstacle to efficient therapy development is the lack of preclinical and clinical
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biomarkers that could be used to stratify subjects for therapy trials and monitor treatment
effects [5,6].

Blood-derived biomarkers are proposed as minimally invasive tools for the strati-
fication of study subjects as well as for monitoring therapy responses, for example, in
Alzheimer’s disease [7]. In patients with TBI, biofluid biomarkers, including glial fibrillary
acidic protein (GFAP), ubiquitin C-terminal hydrolase-L1 (UCH-L1), s100β, and neurofila-
ments, show some promise for diagnosing injury severity, monitoring disease progression,
and predicting the structural and functional outcome and therapy response [3,8,9]. Com-
pared with humans, blood and cerebrospinal fluid (CSF) biomarker studies in animal
models of TBI remain sparse [8]. This is a major knowledge gap, as the use of biomark-
ers could speed up laborious in vivo experimental studies, allowing for more rigorous,
controlled, and cost-effective therapy discovery [5,10].

Neurofilament light chain (NF-L) is a neuron-specific cytoskeletal protein that provides
structural support to axons and dendrites, but it is also found in synapses, where it is
thought to influence the distribution of NMDA GluN1 receptors [11,12]. NF-L is one of the
five subunits that form the full neurofilament, the other four being neurofilament heavy
and medium chains, α-internexin, and peripherin [12]. Neurofilaments are exclusively
expressed in neurons, which makes them specific indicators of neuroaxonal damage [11].
Accordingly, acute and chronic neuro-axonal damage due to TBI or other brain diseases
triggers the release of a large quantity of NF-L from neurons to the interstitial fluid, from
which it enters the cerebrospinal fluid (CSF) and blood [12–14]. Importantly, recent studies
have demonstrated that NF-L levels in the blood and CSF at acute post-injury time-points
are associated with TBI severity and predict clinical outcome, including progression of
structural brain damage, functional recovery, and death [15–19].

Animal models can recapitulate various long-term clinically relevant structural and
functional abnormalities of TBI, including cognitive impairment and post-traumatic epilepsy
(PTE) [20,21]. In the present study, we aimed (a) to determine the temporal profile of cir-
culating NF-L, (b) to assess associations between plasma NF-L levels and the evolution
of cortical damage, and (c) to determine whether NF-L could be used as a sensitive and
specific prognostic biomarker to predict the functional outcome after TBI, focusing on
somatomotor recovery, cognitive decline, and epileptogenesis.

2. Results
2.1. Sample Quality and Lack of a Hemolysis Effect on Plasma NF-L Levels

Absorbance at 414 nm measured from plasma samples with NanoDrop varied from
0.08 to 0.65 (n = 120, mean 0.23 ± 0.10, median 0.21). Of the 120 samples, 39 (33%) had
an absorbance ≥ 0.25 and were considered to be hemolyzed. No correlation, however,
was detected between absorbance at 414 nm and plasma NF-L levels at any time-point
(Spearman correlation, p > 0.05 for all). Consequently, no samples were excluded due
to hemolysis.

2.2. Post-TBI Increase in Plasma NF-L Levels Is Time-Dependent

Baseline (Naïve). Plasma NF-L levels at different post-TBI time points are summarized
in Figure 1A. At baseline, the plasma NF-L levels varied from 4.2 pg/mL to 16.0 pg/mL
(n = 34; mean 10.3 + 2.9 pg/mL; median 10.3 pg/mL).

Sham. On D2 (48 h after sham-operation), the plasma NF-L levels were increased in
craniotomized sham-operated experimental controls compared with the baseline levels of
the same animals (244.3 ± 245.6 pg/mL vs. 9.6 ± 2.9 pg/mL, p < 0.01) (Figure 1A).

TBI. On D2, injured animals showed a 483-fold increase in the mean plasma NF-L
levels compared with the baseline levels of the same rats (5072.0 ± 2007.0 pg/mL vs.
10.5 ± 2.6 pg/mL, p < 0.001) and a 21-fold increase compared with the sham-operated
group (5072.0 ± 2007.0 pg/mL vs. 244.3 ± 245.6 pg/mL, p < 0.001) (Figure 1A).
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represents 1 animal. Note the slightly elevated plasma NF-L levels in the sham-operated animals on 
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were elevated on all testing days as compared to their baseline values [Friedman test (p < 0.001) 
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Figure 1. Plasma NF-L concentrations at different time-points after a sham operation or TBI. (A) Box
and whisker plots (whiskers: minimum and maximum; box: interquartile range; line: median)
showing plasma NF-L levels (y-axis) in different groups (x-axis). Samples collected at baseline
(n = 34) before any operation (BL on D-6) were considered comparable to naïve samples. In the
sham group (n = 8, blue), plasma NF-L levels were analyzed on D2 post-operation only. In the TBI
group (n = 26, orange), plasma NF-L levels were assessed on D2, D9, and D176 after TBI. Each dot
represents 1 animal. Note the slightly elevated plasma NF-L levels in the sham-operated animals on
D2 compared with their baseline values (** p < 0.01, Wilcoxon). In the TBI group, the NF-L levels were
elevated on all testing days as compared to their baseline values [Friedman test (p < 0.001) followed
by post hoc analysis with Wilcoxon: ***, p < 0.001]. On D2 and D9, the average NF-L levels were
higher in the TBI group than in the sham group ($$$, p < 0.001, Mann-Whitney U test). (B) Dynamics
of NF-L concentrations in individual TBI animals over time [Friedman test (p < 0.001) followed by
post hoc analysis with Wilcoxon: ###, p < 0.001 compared with D2; +++, p < 0.001 compared with
D9]. (C) Change in plasma NF-L levels as a percentage over time (D2 marked as 100%) [Friedman
test (p < 0.001) followed by post hoc analysis with Wilcoxon: ###, p < 0.001 compared with D2;
+++, p < 0.001 compared with D9]. Abbreviations: BL, baseline; D2, day 2 after TBI; D9, day 9; D176,
day 176 (6 months); NF-L, neurofilament light chain; TBI, traumatic brain injury.

On D9, the plasma NF-L levels in the TBI group decreased to 930.3 ± 306.4 pg/mL.
The levels remained elevated when compared to the same rats’ baseline levels
(930.3 ± 306.4 pg/mL vs. 10.5 ± 2.6 pg/mL, p < 0.001) or to the sham-operated controls on
D2 (930.3 ± 306.4 pg/mL vs. 244.3 ± 245.6 pg/mL, p < 0.001) (Figure 1A).

On D176 (6 months post-TBI), NF-L levels remained approximately 3-fold higher than
the baseline levels of the same animals (32.2 ± 8.9 pg/mL vs. 10.5 ± 2.6 pg/mL, p < 0.001),
but only 13% of that in the sham group on D2 (32.2 ± 8.9 pg/mL vs. 244.3 ± 245.6 pg/mL,
p < 0.001) (Figure 1A).

The temporal dynamics of the plasma NF-L concentration in each TBI rat are summa-
rized in Figure 1B. The percent change in plasma NF-L levels from D2 to D9 is summarized
in Figure 1C. On average, the plasma NF-L concentration on D9 was 20.4 ± 9.5% (range
9.80–50.1%) of that on D2. That is, the plasma NF-L concentration decreased by approx-
imately 80% from D2 to D9. On D176, plasma NF-L levels were only 0.7 ± 0.4% (range
0.3–1.7%) of the levels on D2.

2.3. Plasma NF-L Levels Correlated with the Severity of Acute and Chronic Cortical Damage

To assess whether plasma NF-L levels correlated with the severity of the lateral
fluid-percussion injury (FPI)-induced cortical lesion at acute and chronic time-points, we
measured (a) the volume of abnormal cortical T2 in MRI on D2, D7, and D21 post-injury
and (b) the cortical lesion area in unfolded cortical maps on D182 post-injury.
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biomarkers that could be used to stratify subjects for therapy trials and monitor treatment
effects [5,6].

Blood-derived biomarkers are proposed as minimally invasive tools for the strati-
fication of study subjects as well as for monitoring therapy responses, for example, in
Alzheimer’s disease [7]. In patients with TBI, biofluid biomarkers, including glial fibrillary
acidic protein (GFAP), ubiquitin C-terminal hydrolase-L1 (UCH-L1), s100β, and neurofila-
ments, show some promise for diagnosing injury severity, monitoring disease progression,
and predicting the structural and functional outcome and therapy response [3,8,9]. Com-
pared with humans, blood and cerebrospinal fluid (CSF) biomarker studies in animal
models of TBI remain sparse [8]. This is a major knowledge gap, as the use of biomark-
ers could speed up laborious in vivo experimental studies, allowing for more rigorous,
controlled, and cost-effective therapy discovery [5,10].

Neurofilament light chain (NF-L) is a neuron-specific cytoskeletal protein that provides
structural support to axons and dendrites, but it is also found in synapses, where it is
thought to influence the distribution of NMDA GluN1 receptors [11,12]. NF-L is one of the
five subunits that form the full neurofilament, the other four being neurofilament heavy
and medium chains, α-internexin, and peripherin [12]. Neurofilaments are exclusively
expressed in neurons, which makes them specific indicators of neuroaxonal damage [11].
Accordingly, acute and chronic neuro-axonal damage due to TBI or other brain diseases
triggers the release of a large quantity of NF-L from neurons to the interstitial fluid, from
which it enters the cerebrospinal fluid (CSF) and blood [12–14]. Importantly, recent studies
have demonstrated that NF-L levels in the blood and CSF at acute post-injury time-points
are associated with TBI severity and predict clinical outcome, including progression of
structural brain damage, functional recovery, and death [15–19].

Animal models can recapitulate various long-term clinically relevant structural and
functional abnormalities of TBI, including cognitive impairment and post-traumatic epilepsy
(PTE) [20,21]. In the present study, we aimed (a) to determine the temporal profile of cir-
culating NF-L, (b) to assess associations between plasma NF-L levels and the evolution
of cortical damage, and (c) to determine whether NF-L could be used as a sensitive and
specific prognostic biomarker to predict the functional outcome after TBI, focusing on
somatomotor recovery, cognitive decline, and epileptogenesis.

2. Results
2.1. Sample Quality and Lack of a Hemolysis Effect on Plasma NF-L Levels

Absorbance at 414 nm measured from plasma samples with NanoDrop varied from
0.08 to 0.65 (n = 120, mean 0.23 ± 0.10, median 0.21). Of the 120 samples, 39 (33%) had
an absorbance ≥ 0.25 and were considered to be hemolyzed. No correlation, however,
was detected between absorbance at 414 nm and plasma NF-L levels at any time-point
(Spearman correlation, p > 0.05 for all). Consequently, no samples were excluded due
to hemolysis.

2.2. Post-TBI Increase in Plasma NF-L Levels Is Time-Dependent

Baseline (Naïve). Plasma NF-L levels at different post-TBI time points are summarized
in Figure 1A. At baseline, the plasma NF-L levels varied from 4.2 pg/mL to 16.0 pg/mL
(n = 34; mean 10.3 + 2.9 pg/mL; median 10.3 pg/mL).

Sham. On D2 (48 h after sham-operation), the plasma NF-L levels were increased in
craniotomized sham-operated experimental controls compared with the baseline levels of
the same animals (244.3 ± 245.6 pg/mL vs. 9.6 ± 2.9 pg/mL, p < 0.01) (Figure 1A).

TBI. On D2, injured animals showed a 483-fold increase in the mean plasma NF-L
levels compared with the baseline levels of the same rats (5072.0 ± 2007.0 pg/mL vs.
10.5 ± 2.6 pg/mL, p < 0.001) and a 21-fold increase compared with the sham-operated
group (5072.0 ± 2007.0 pg/mL vs. 244.3 ± 245.6 pg/mL, p < 0.001) (Figure 1A).
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D2 compared with their baseline values (** p < 0.01, Wilcoxon). In the TBI group, the NF-L levels 
were elevated on all testing days as compared to their baseline values [Friedman test (p < 0.001) 
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Figure 1. Plasma NF-L concentrations at different time-points after a sham operation or TBI. (A) Box
and whisker plots (whiskers: minimum and maximum; box: interquartile range; line: median)
showing plasma NF-L levels (y-axis) in different groups (x-axis). Samples collected at baseline
(n = 34) before any operation (BL on D-6) were considered comparable to naïve samples. In the
sham group (n = 8, blue), plasma NF-L levels were analyzed on D2 post-operation only. In the TBI
group (n = 26, orange), plasma NF-L levels were assessed on D2, D9, and D176 after TBI. Each dot
represents 1 animal. Note the slightly elevated plasma NF-L levels in the sham-operated animals on
D2 compared with their baseline values (** p < 0.01, Wilcoxon). In the TBI group, the NF-L levels were
elevated on all testing days as compared to their baseline values [Friedman test (p < 0.001) followed
by post hoc analysis with Wilcoxon: ***, p < 0.001]. On D2 and D9, the average NF-L levels were
higher in the TBI group than in the sham group ($$$, p < 0.001, Mann-Whitney U test). (B) Dynamics
of NF-L concentrations in individual TBI animals over time [Friedman test (p < 0.001) followed by
post hoc analysis with Wilcoxon: ###, p < 0.001 compared with D2; +++, p < 0.001 compared with
D9]. (C) Change in plasma NF-L levels as a percentage over time (D2 marked as 100%) [Friedman
test (p < 0.001) followed by post hoc analysis with Wilcoxon: ###, p < 0.001 compared with D2;
+++, p < 0.001 compared with D9]. Abbreviations: BL, baseline; D2, day 2 after TBI; D9, day 9; D176,
day 176 (6 months); NF-L, neurofilament light chain; TBI, traumatic brain injury.

On D9, the plasma NF-L levels in the TBI group decreased to 930.3 ± 306.4 pg/mL.
The levels remained elevated when compared to the same rats’ baseline levels
(930.3 ± 306.4 pg/mL vs. 10.5 ± 2.6 pg/mL, p < 0.001) or to the sham-operated controls on
D2 (930.3 ± 306.4 pg/mL vs. 244.3 ± 245.6 pg/mL, p < 0.001) (Figure 1A).

On D176 (6 months post-TBI), NF-L levels remained approximately 3-fold higher than
the baseline levels of the same animals (32.2 ± 8.9 pg/mL vs. 10.5 ± 2.6 pg/mL, p < 0.001),
but only 13% of that in the sham group on D2 (32.2 ± 8.9 pg/mL vs. 244.3 ± 245.6 pg/mL,
p < 0.001) (Figure 1A).

The temporal dynamics of the plasma NF-L concentration in each TBI rat are summa-
rized in Figure 1B. The percent change in plasma NF-L levels from D2 to D9 is summarized
in Figure 1C. On average, the plasma NF-L concentration on D9 was 20.4 ± 9.5% (range
9.80–50.1%) of that on D2. That is, the plasma NF-L concentration decreased by approx-
imately 80% from D2 to D9. On D176, plasma NF-L levels were only 0.7 ± 0.4% (range
0.3–1.7%) of the levels on D2.

2.3. Plasma NF-L Levels Correlated with the Severity of Acute and Chronic Cortical Damage

To assess whether plasma NF-L levels correlated with the severity of the lateral
fluid-percussion injury (FPI)-induced cortical lesion at acute and chronic time-points, we
measured (a) the volume of abnormal cortical T2 in MRI on D2, D7, and D21 post-injury
and (b) the cortical lesion area in unfolded cortical maps on D182 post-injury.
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2.3.1. Plasma NF-L and Volume of Abnormal Cortical T2 in MRI

Quantitative T2 MRI was available for all rats included in the NF-L analysis.
Sham. On D2, the cortical volume of the abnormal T2 area was small (5.4 ± 1.2 mm3,

range 3.8 mm3–7.0 mm3, median 5.7 mm3). On D7, the volume of the T2 change was
3.3 ± 1.5 mm3 and on D21, 3.1 ± 1.0 mm3 (Figure 2A). The ipsilateral signal increase
on D2, D7, and D21 was located in areas close to the rhinal fissure at the rostrocaudal
level—3.5 mm from the bregma—as the median of the ipsilateral T2 area was higher than
that contralaterally. A parasagittal signal decrease was observed on D7.
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Figure 2. Plasma NF-L and cortical lesion severity in quantitative T2 magnetic resonance imaging
(MRI). (A) Box and whisker plots (whiskers: minimum and maximum; box: interquartile range; line:
median) showing the total volume of abnormal pixels (cortical T2 signal, y-axis) in rat brain MRI
on D2, D7, and D21 after TBI (n = 26) or sham operation (n = 8). The TBI group included 13 rats
without epilepsy (TBI−) and 13 rats with epilepsy (TBI+). Each dot represents 1 animal. (B) Spearman
correlation between the plasma levels of NF-L (y-axis) and volume of abnormal T2 area (x-axis) in
MRI (TBI group only) on D2, D7, and D21. Note that on D2, the higher the NF-L level, the greater
the volume of the abnormal T2 area. No correlations were detected at later time-points. Statistical
significance: ***, p < 0.001 as compared with the sham group (Mann-Whitney U test). Abbreviations:
D2, day 2 after TBI; D9, day 9; D21, day 21; NF-L, neurofilament light chain; ns, not significant; TBI,
traumatic brain injury.
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On D2, plasma NF-L levels did not correlate with the volume of abnormal T2 in the
sham group (n = 8, ρ = 0.095, p > 0.05).

TBI. On D2, the mean volume of the abnormal cortical T2 area was 39.8 ± 10.4 mm3

(Figure 2A). By D7, the volume of the abnormal T2 area had decreased to 15.8 ± 4.4 mm3

(p < 0.001 compared with D2). On D21, the volume of the abnormal cortical T2 area was
19.4 ± 6.4 mm3 (p < 0.001 compared with D2 or D7).

On D2, the higher the plasma NF-L concentration, the greater the volume of the
abnormal cortical T2 area (ρ = 0.401, p < 0.05) (Figure 2B). No correlation was detected
between the D2 plasma NF-L levels and lesion volumes on D7 or D21 (p > 0.05). Also, no
correlation was detected between the plasma NF-L levels on D9 and the volume of the
abnormal T2 area on D7 or D21 (D7 ρ = 0.127, p > 0.05; D21 ρ = 0.080, p > 0.05) (Figure 2B).

2.3.2. Plasma NF-L and Cortical Lesion Area in Histologic Sections

None of the SIMOA cohort rats had abscesses or other non-TBI-related lesions. The
cortical lesion area in unfolded maps prepared from histologic section D182 post-TBI
ranged between 14.0–56.9 mm2 (median 33.4 mm2) (Supplementary Figure S1). There was
no difference in the cortical lesion area between the TBI+ (31.5 ± 13.3 mm2) and TBI−
(37.7 ± 10.6 mm2) groups (p > 0.05).

A correlation analysis revealed that the higher the plasma NF-L level on D2 or D9, the
larger the cortical lesion area on D182 (ρ = 0.437 for D2 and ρ = 0.393 for D9, p < 0.05 for
both). In contrast, no correlation was detected between plasma NF-L levels on D176 and
the cortical lesion area on D182 (p > 0.05).

2.4. Plasma NF-L as a Diagnostic Biomarker for Sham-Operation and TBI

Next, we assessed whether plasma NF-L levels on D2, D9, or D176 after TBI differenti-
ated rats with TBI from naïve animals and/or sham-operated controls.

Sham-operated experimental controls vs. naïve (baseline) samples. On D2, ROC
analysis revealed that plasma NF-L levels differentiated sham-operated experimental
controls from naïve animals with 100% sensitivity and 100% specificity (AUC 1.0, p < 0.001;
cut-off 49.1 pg/mL) (Figure 3A).

TBI vs. naïve (baseline) samples. On D2, NF-L levels differentiated TBI animals
from naïve rats with 100% sensitivity and 100% specificity (AUC = 1.0, p < 0.001; cut-off:
2201 pg/mL) (Figure 3B). On D9, plasma NF-L levels differentiated TBI animals from naïve
rats with 100% sensitivity and 100% specificity (AUC = 1.0, p < 0.001; cut-off 442 pg/mL).
Even on D176, plasma NF-L levels differentiated TBI animals from naïve rats with 100%
sensitivity and 97% specificity (AUC = 0.999, p < 0.001; cut-off 15.8 pg/mL).

TBI vs. sham-operated controls. On D2, plasma NF-L levels differentiated the TBI
and sham-operated animals with 100% sensitivity and 100% specificity (AUC 1.0, p < 0.001;
cut-off 2201 pg/mL) (Figure 3C).

2.5. Plasma NF-L as a Prognostic Biomarker for Somatomotor Recovery

Plasma NF-L and neuroscore. In sham-operated experimental controls (n = 8), the
composite neuroscore differed between testing days over the 14-day follow-up (average
neuroscore: D2 26.5, D6 27.4, D14 27.5, Friedman test, p < 0.01). Post hoc analysis with the
Wilcoxon test revealed improvement in the neuroscore from D2 to D6 (p < 0.05), but no
difference between D6 and D14 (p > 0.05).

In the TBI group, the evolution of the composite neuroscore over the 14-day testing
period is shown in Figure 4A (Friedman test, p < 0.001, followed by Wilcoxon test). On D2,
the average neuroscore was 7.9 (range 3.0–13.0, median 7.8), on D6 12.0 (range 7.0–19.7,
median 11.5; p < 0.001 compared with D2), and on D14 14.2 (range 9.7–22.7, median 15.0;
p < 0.001 compared with D2 and D6).

On D2, the higher the plasma NF-L concentration, the lower the neuroscore (ρ = −0.480,
p < 0.05) (Figure 4C). Interestingly, plasma NF-L levels on D2 did not correlate with the
neuroscore at later time-points (p > 0.05).
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2.3.1. Plasma NF-L and Volume of Abnormal Cortical T2 in MRI

Quantitative T2 MRI was available for all rats included in the NF-L analysis.
Sham. On D2, the cortical volume of the abnormal T2 area was small (5.4 ± 1.2 mm3,

range 3.8 mm3–7.0 mm3, median 5.7 mm3). On D7, the volume of the T2 change was
3.3 ± 1.5 mm3 and on D21, 3.1 ± 1.0 mm3 (Figure 2A). The ipsilateral signal increase
on D2, D7, and D21 was located in areas close to the rhinal fissure at the rostrocaudal
level—3.5 mm from the bregma—as the median of the ipsilateral T2 area was higher than
that contralaterally. A parasagittal signal decrease was observed on D7.
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Figure 2. Plasma NF-L and cortical lesion severity in quantitative T2 magnetic resonance imaging
(MRI). (A) Box and whisker plots (whiskers: minimum and maximum; box: interquartile range; line:
median) showing the total volume of abnormal pixels (cortical T2 signal, y-axis) in rat brain MRI
on D2, D7, and D21 after TBI (n = 26) or sham operation (n = 8). The TBI group included 13 rats
without epilepsy (TBI−) and 13 rats with epilepsy (TBI+). Each dot represents 1 animal. (B) Spearman
correlation between the plasma levels of NF-L (y-axis) and volume of abnormal T2 area (x-axis) in
MRI (TBI group only) on D2, D7, and D21. Note that on D2, the higher the NF-L level, the greater
the volume of the abnormal T2 area. No correlations were detected at later time-points. Statistical
significance: ***, p < 0.001 as compared with the sham group (Mann-Whitney U test). Abbreviations:
D2, day 2 after TBI; D9, day 9; D21, day 21; NF-L, neurofilament light chain; ns, not significant; TBI,
traumatic brain injury.
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On D2, plasma NF-L levels did not correlate with the volume of abnormal T2 in the
sham group (n = 8, ρ = 0.095, p > 0.05).

TBI. On D2, the mean volume of the abnormal cortical T2 area was 39.8 ± 10.4 mm3

(Figure 2A). By D7, the volume of the abnormal T2 area had decreased to 15.8 ± 4.4 mm3

(p < 0.001 compared with D2). On D21, the volume of the abnormal cortical T2 area was
19.4 ± 6.4 mm3 (p < 0.001 compared with D2 or D7).

On D2, the higher the plasma NF-L concentration, the greater the volume of the
abnormal cortical T2 area (ρ = 0.401, p < 0.05) (Figure 2B). No correlation was detected
between the D2 plasma NF-L levels and lesion volumes on D7 or D21 (p > 0.05). Also, no
correlation was detected between the plasma NF-L levels on D9 and the volume of the
abnormal T2 area on D7 or D21 (D7 ρ = 0.127, p > 0.05; D21 ρ = 0.080, p > 0.05) (Figure 2B).

2.3.2. Plasma NF-L and Cortical Lesion Area in Histologic Sections

None of the SIMOA cohort rats had abscesses or other non-TBI-related lesions. The
cortical lesion area in unfolded maps prepared from histologic section D182 post-TBI
ranged between 14.0–56.9 mm2 (median 33.4 mm2) (Supplementary Figure S1). There was
no difference in the cortical lesion area between the TBI+ (31.5 ± 13.3 mm2) and TBI−
(37.7 ± 10.6 mm2) groups (p > 0.05).

A correlation analysis revealed that the higher the plasma NF-L level on D2 or D9, the
larger the cortical lesion area on D182 (ρ = 0.437 for D2 and ρ = 0.393 for D9, p < 0.05 for
both). In contrast, no correlation was detected between plasma NF-L levels on D176 and
the cortical lesion area on D182 (p > 0.05).

2.4. Plasma NF-L as a Diagnostic Biomarker for Sham-Operation and TBI

Next, we assessed whether plasma NF-L levels on D2, D9, or D176 after TBI differenti-
ated rats with TBI from naïve animals and/or sham-operated controls.

Sham-operated experimental controls vs. naïve (baseline) samples. On D2, ROC
analysis revealed that plasma NF-L levels differentiated sham-operated experimental
controls from naïve animals with 100% sensitivity and 100% specificity (AUC 1.0, p < 0.001;
cut-off 49.1 pg/mL) (Figure 3A).

TBI vs. naïve (baseline) samples. On D2, NF-L levels differentiated TBI animals
from naïve rats with 100% sensitivity and 100% specificity (AUC = 1.0, p < 0.001; cut-off:
2201 pg/mL) (Figure 3B). On D9, plasma NF-L levels differentiated TBI animals from naïve
rats with 100% sensitivity and 100% specificity (AUC = 1.0, p < 0.001; cut-off 442 pg/mL).
Even on D176, plasma NF-L levels differentiated TBI animals from naïve rats with 100%
sensitivity and 97% specificity (AUC = 0.999, p < 0.001; cut-off 15.8 pg/mL).

TBI vs. sham-operated controls. On D2, plasma NF-L levels differentiated the TBI
and sham-operated animals with 100% sensitivity and 100% specificity (AUC 1.0, p < 0.001;
cut-off 2201 pg/mL) (Figure 3C).

2.5. Plasma NF-L as a Prognostic Biomarker for Somatomotor Recovery

Plasma NF-L and neuroscore. In sham-operated experimental controls (n = 8), the
composite neuroscore differed between testing days over the 14-day follow-up (average
neuroscore: D2 26.5, D6 27.4, D14 27.5, Friedman test, p < 0.01). Post hoc analysis with the
Wilcoxon test revealed improvement in the neuroscore from D2 to D6 (p < 0.05), but no
difference between D6 and D14 (p > 0.05).

In the TBI group, the evolution of the composite neuroscore over the 14-day testing
period is shown in Figure 4A (Friedman test, p < 0.001, followed by Wilcoxon test). On D2,
the average neuroscore was 7.9 (range 3.0–13.0, median 7.8), on D6 12.0 (range 7.0–19.7,
median 11.5; p < 0.001 compared with D2), and on D14 14.2 (range 9.7–22.7, median 15.0;
p < 0.001 compared with D2 and D6).

On D2, the higher the plasma NF-L concentration, the lower the neuroscore (ρ = −0.480,
p < 0.05) (Figure 4C). Interestingly, plasma NF-L levels on D2 did not correlate with the
neuroscore at later time-points (p > 0.05).
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Figure 3. Plasma NF-L as a diagnostic biomarker for sham operation and TBI. (A) ROC analysis 
indicated that NF-L levels on D2 distinguished sham-operated rats (n = 8) from the naïve condition 
(baseline samples, n = 34) with 100% sensitivity and 100% specificity (AUC 1.0, p < 0.001, cut-off 49 
pg/mL (dashed line)]. (B) NF-L levels on D2 distinguished TBI rats (n = 26) from the naïve condition 
(n = 34) with 100% sensitivity and 100% specificity (AUC 1.0, p < 0.001, cut-off: 2201 pg/mL). (C) NF-
L levels on D2 distinguished TBI (n = 13) and sham-operated rats (n = 13) with 100% sensitivity and 
100% specificity (AUC 1.0, p < 0.001, cut-off: 2201 pg/mL). Abbreviations: AUC, area under the 
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Figure 3. Plasma NF-L as a diagnostic biomarker for sham operation and TBI. (A) ROC analysis
indicated that NF-L levels on D2 distinguished sham-operated rats (n = 8) from the naïve condition
(baseline samples, n = 34) with 100% sensitivity and 100% specificity (AUC 1.0, p < 0.001, cut-
off 49 pg/mL (dashed line)]. (B) NF-L levels on D2 distinguished TBI rats (n = 26) from the naïve
condition (n = 34) with 100% sensitivity and 100% specificity (AUC 1.0, p < 0.001, cut-off: 2201 pg/mL).
(C) NF-L levels on D2 distinguished TBI (n = 13) and sham-operated rats (n = 13) with 100% sensitivity
and 100% specificity (AUC 1.0, p < 0.001, cut-off: 2201 pg/mL). Abbreviations: AUC, area under the
curve; BL, baseline; D2, day 2 post-TBI, NF-L, neurofilament light chain; ROC, receiver operating
characteristics; TBI, traumatic brain injury.

Plasma NF-L and recovery index. To assess whether plasma NF-L levels differed
between rats with poor or good recovery, we next calculated the recovery index for each
animal. The mean D14/D2 neuroscore recovery index in the TBI group was 193% ± 71%
(range 107–400%). Of the 26 rats with TBI, 9 had a D14/D2 recovery index greater than
200% (good long-term recovery), and 17 had an index ≤ 200% (poor long-term recovery).
The mean D6/D2 recovery index was 161% ± 53% (range 88–281%, Figure 4D). Of the
26 rats, 12 had a D6/D2 recovery index greater than 150% (early recovery) and 14 had an
index ≤ 150% (no early recovery). The mean D14/D6 recovery index was 121% ± 24%
(range 82–180%). Of the 26 rats, 21 had D14/D6 recovery index greater than 100% (late
recovery), and 5 had an index ≤ 100% (no late recovery).

The plasma NF-L levels did not differ significantly on D2, D9, or D176 between rats
with good or poor overall recovery (p > 0.05 in all). Similarly, no differences in plasma NF-L
levels were detected between rats with or without early recovery or between rats with or
without late recovery (all p > 0.05).

No correlation was detected between the plasma NF-L levels on D2, D9, or D176 and
any of the recovery indices (p > 0.05 for all).

ROC analysis indicated that the D2, D9, or D176 plasmaNF-L levels did not distinguish
the good from the poor overall recovery groups, the early recovery groups from the non-
early recovery groups, or the late recovery groups from the non-late recovery groups
(p > 0.05).
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Figure 4. Plasma NF-L and somatomotor performance after TBI. (A) Evolution of the neuroscore in
each TBI rat (n = 26) over the 14-day follow-up (D2, D6, and D14) after TBI. Note that in the sham-
group, the average neuroscore was 26.5 on D2, 27.4 on D6, and 27.5 on D14. (B) The optimal cut-off
and ROC analysis indicated that the D2 neuroscore differentiated TBI (n = 26) and sham-operated
rats (n = 8) with 100% sensitivity and 100% specificity [AUC 1.0, p < 0.001, cut-off 13.0 (dashed line)].
(C) Spearman’s correlation revealed that the higher the plasma NF-L levels on D2, the lower the
neuroscore on D2 post-TBI (ρ = −0.480, p < 0.05). (D) Improvement of the neuroscore (recovery
index) for each TBI rat (n = 26), compared with the neuroscore on D2. Statistical significances:
***, p < 0.001 compared to D2; $$$, p < 0.001 compared to D6 (Wilcoxon matched pairs signed rank
test). Abbreviations: AUC, area under the curve; D2, day 2 post-TBI; D6, day 6, D14, day 14; NF-L,
neurofilament light chain; ROC, receiver operating characteristics; TBI, traumatic brain injury.

2.6. Plasma NF-L as a Prognostic Biomarker for Memory Impairment

Cut-point analysis. Next, we assessed whether plasma NF-L levels in the early post-
injury phase would predict cognitive impairment (CI). Therefore, we performed a cut-point
analysis of Morris water-maze data of the entire EPITARGET animal cohort, including
23 sham-operated and 118 rats with TBI, to identify the best parameter that could be
used to differentiate cognitively impaired (CI+) from non-impaired (CI−) animals [22].
The analysis revealed that a latency cut-off value of 19.2 s to reach the platform on the
third testing day (D37 post-TBI) separated TBI animals from sham-operated experimental
controls with an AUC of 0.94 (84% sensitivity, 100% specificity, p < 0.001) (Figure 5A).
Latencies for rats included in the NF-L analysis are presented in Supplementary Figure S2.
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Figure 3. Plasma NF-L as a diagnostic biomarker for sham operation and TBI. (A) ROC analysis
indicated that NF-L levels on D2 distinguished sham-operated rats (n = 8) from the naïve condition
(baseline samples, n = 34) with 100% sensitivity and 100% specificity (AUC 1.0, p < 0.001, cut-
off 49 pg/mL (dashed line)]. (B) NF-L levels on D2 distinguished TBI rats (n = 26) from the naïve
condition (n = 34) with 100% sensitivity and 100% specificity (AUC 1.0, p < 0.001, cut-off: 2201 pg/mL).
(C) NF-L levels on D2 distinguished TBI (n = 13) and sham-operated rats (n = 13) with 100% sensitivity
and 100% specificity (AUC 1.0, p < 0.001, cut-off: 2201 pg/mL). Abbreviations: AUC, area under the
curve; BL, baseline; D2, day 2 post-TBI, NF-L, neurofilament light chain; ROC, receiver operating
characteristics; TBI, traumatic brain injury.

Plasma NF-L and recovery index. To assess whether plasma NF-L levels differed
between rats with poor or good recovery, we next calculated the recovery index for each
animal. The mean D14/D2 neuroscore recovery index in the TBI group was 193% ± 71%
(range 107–400%). Of the 26 rats with TBI, 9 had a D14/D2 recovery index greater than
200% (good long-term recovery), and 17 had an index ≤ 200% (poor long-term recovery).
The mean D6/D2 recovery index was 161% ± 53% (range 88–281%, Figure 4D). Of the
26 rats, 12 had a D6/D2 recovery index greater than 150% (early recovery) and 14 had an
index ≤ 150% (no early recovery). The mean D14/D6 recovery index was 121% ± 24%
(range 82–180%). Of the 26 rats, 21 had D14/D6 recovery index greater than 100% (late
recovery), and 5 had an index ≤ 100% (no late recovery).

The plasma NF-L levels did not differ significantly on D2, D9, or D176 between rats
with good or poor overall recovery (p > 0.05 in all). Similarly, no differences in plasma NF-L
levels were detected between rats with or without early recovery or between rats with or
without late recovery (all p > 0.05).

No correlation was detected between the plasma NF-L levels on D2, D9, or D176 and
any of the recovery indices (p > 0.05 for all).

ROC analysis indicated that the D2, D9, or D176 plasmaNF-L levels did not distinguish
the good from the poor overall recovery groups, the early recovery groups from the non-
early recovery groups, or the late recovery groups from the non-late recovery groups
(p > 0.05).
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Figure 4. Plasma NF-L and somatomotor performance after TBI. (A) Evolution of the neuroscore in
each TBI rat (n = 26) over the 14-day follow-up (D2, D6, and D14) after TBI. Note that in the sham-
group, the average neuroscore was 26.5 on D2, 27.4 on D6, and 27.5 on D14. (B) The optimal cut-off
and ROC analysis indicated that the D2 neuroscore differentiated TBI (n = 26) and sham-operated
rats (n = 8) with 100% sensitivity and 100% specificity [AUC 1.0, p < 0.001, cut-off 13.0 (dashed line)].
(C) Spearman’s correlation revealed that the higher the plasma NF-L levels on D2, the lower the
neuroscore on D2 post-TBI (ρ = −0.480, p < 0.05). (D) Improvement of the neuroscore (recovery
index) for each TBI rat (n = 26), compared with the neuroscore on D2. Statistical significances:
***, p < 0.001 compared to D2; $$$, p < 0.001 compared to D6 (Wilcoxon matched pairs signed rank
test). Abbreviations: AUC, area under the curve; D2, day 2 post-TBI; D6, day 6, D14, day 14; NF-L,
neurofilament light chain; ROC, receiver operating characteristics; TBI, traumatic brain injury.

2.6. Plasma NF-L as a Prognostic Biomarker for Memory Impairment

Cut-point analysis. Next, we assessed whether plasma NF-L levels in the early post-
injury phase would predict cognitive impairment (CI). Therefore, we performed a cut-point
analysis of Morris water-maze data of the entire EPITARGET animal cohort, including
23 sham-operated and 118 rats with TBI, to identify the best parameter that could be
used to differentiate cognitively impaired (CI+) from non-impaired (CI−) animals [22].
The analysis revealed that a latency cut-off value of 19.2 s to reach the platform on the
third testing day (D37 post-TBI) separated TBI animals from sham-operated experimental
controls with an AUC of 0.94 (84% sensitivity, 100% specificity, p < 0.001) (Figure 5A).
Latencies for rats included in the NF-L analysis are presented in Supplementary Figure S2.
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formed in the EPITARGET animal cohort to identify parameters that differentiate cognitively im-
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Figure 5. Plasma NF-L and cognitive impairment after TBI. (A) Optimal cut-point analysis was
performed in the EPITARGET animal cohort to identify parameters that differentiate cognitively
impaired (CI+) and non-impaired (CI−) rats. The cut-point latency of 19.2 s (i.e., latency to reach
the platform in the Morris water maze (MWM) on the 3rd day of testing, i.e., on D37, dashed line)
differentiated TBI (n = 118) and sham-operated rats (n = 23) with AUC 0.94 (p < 0.001) and was set as
a limit for cognitive impairment. (B) No correlation was detected between plasma NF-L levels on D2
and MWM latency on D37 (Spearman correlation rho (ρ) = 0.270, p > 0.05, n = 26). (C) Accordingly,
ROC analysis indicated that plasma NF-L levels did not distinguish CI+ (latency > 19.2 s) from CI−
(<19.2 s) rats (AUC 0.58, p > 0.05, Mann-Whitney U test). Abbreviations: AUC, area under the curve;
D2, day 2 post-TBI; ROC, receiver operating characteristics; TBI, traumatic brain injury.

In the entire EPITARGET cohort, 70% (98/141) of the rats with TBI were categorized
into the “cognitively impaired” (CI+) and 30% (20/141) were categorized into the “cogni-
tively non-impaired” (CI−) group. The percentages in the NF-L cohort were comparable,
as 73% (19/26) of the TBI animals were classified into the CI+ group (latency > 19.2 s) and
27% (7/26) into the CI− group (latency < 19.2 s, performing closer to the control level)
(Supplementary Figure S3A).

Plasma NF-L levels and CI. Plasma NF-L levels did not differ significantly between
CI− and CI+ rats at any time-point (p > 0.05) (Supplementary Figure S3B).

No correlation was detected between D2 plasma NF-L levels and latency on D37 in
the TBI group (ρ = 0.270, p > 0.05) (Figure 5B).

ROC analysis indicated that plasma NF-L concentrations on D2 did not separate CI+
from CI− animals (AUC 0.579, p > 0.05) (Figure 5C).
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2.7. Plasma NF-L as a Prognostic Biomarker for Post-Traumatic Epileptogenesis

Finally, we assessed whether, within the TBI group, plasma NF-L levels differentiated
the epileptic (TBI+) from non-epileptic (TBI−) animals.

Plasma NF-L levels. Of the 26 rats with TBI, 13 had epilepsy (TBI+), and 13 did not
(TBI−). Plasma NF-L levels did not differ between the TBI+ and TBI− groups at any
time-point (Figure 6A). Also, the D2 to D9 change in the plasma NF-L concentrations did
not differ between the TBI+ (mean decrease 3761 ± 1966 pg/mL, range 1434–8164 pg/mL)
and TBI− (mean decrease 4523 ± 1966 pg/mL, range 2457–9527 pg/mL, p > 0.05) groups.
Similarly, the D9–D176 change did not differ between TBI+ and TBI− (TBI+ mean decrease
911 ± 407 pg/mL, range 408–1863 pg/mL vs. TBI− mean decrease 885 ± 162 pg/mL,
range 646–1166 pg/mL, p > 0.05). Within the TBI+ group, 3 of the 13 rats had a seizure
on the day preceding the blood sampling; their NF-L levels, however, did not differ from
those in other TBI+ rats (p > 0.05).
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Figure 6. Plasma NF-L and epileptogenesis after TBI. (A) Box and whisker plots (whiskers: mini-
mum and maximum; box: interquartile range; line: median) showing plasma NF-L levels (y-axis) in 
different groups and time-points (x-axis). Plasma NF-L levels on D2, D9, or D176 did not differ be-
tween rats that did (TBI+, n = 13) or did not develop epilepsy (TBI-, n = 13, p > 0.05). (B) Plasma NF-
L levels on D2, D9, or D176 did not distinguish TBI+ and TBI- rats in the ROC analysis (p > 0.05, 
results for D2 shown in the figure). Statistical significance: ns, not significant (Mann-Whitney U 
test). Abbreviations: AUC, area under the curve; BL, baseline; D2, day 2 post-TBI; D9, day 9; D176, 
day 176; NF-L, neurofilament light chain; ROC, receiver operating characteristics. 

Figure 6. Plasma NF-L and epileptogenesis after TBI. (A) Box and whisker plots (whiskers: minimum
and maximum; box: interquartile range; line: median) showing plasma NF-L levels (y-axis) in
different groups and time-points (x-axis). Plasma NF-L levels on D2, D9, or D176 did not differ
between rats that did (TBI+, n = 13) or did not develop epilepsy (TBI−, n = 13, p > 0.05). (B) Plasma
NF-L levels on D2, D9, or D176 did not distinguish TBI+ and TBI− rats in the ROC analysis (p > 0.05,
results for D2 shown in the figure). Statistical significance: ns, not significant (Mann-Whitney U test).
Abbreviations: AUC, area under the curve; BL, baseline; D2, day 2 post-TBI; D9, day 9; D176, day 176;
NF-L, neurofilament light chain; ROC, receiver operating characteristics.

Severity of epilepsy (clusters vs. no clusters). The total number of seizures did not
correlate with plasma NF-L levels at any time point (p > 0.05). Of the 13 TBI+ rats, 4 had
seizure clusters (≥3 seizures within 24 h). The plasmaNF-L levels did not differ significantly
between TBI+ rats with or without seizure clusters at any time-point (p > 0.05).

ROC analysis. The plasma NF-L concentration did not distinguish TBI+ from TBI−
animals on D2 (AUC 0.633, p > 0.05), D9 (AUC 0.521, p > 0.05), or D176 (AUC 0.479, p > 0.05)
(ROC for D2 shown in Figure 6B).

3. Discussion

The present study investigated whether rat plasma NF-L levels predict structural
and behavioral outcomes and post-traumatic epileptogenesis after lateral FPI-induced
TBI. Our findings revealed that the higher the acute plasma NF-L levels, the larger the
cortical lesion in acute MRI and chronically in histology. Also, the higher the acute plasma
NF-L levels, the poorer the performance in the neuroscore test. In contrast, we found no
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Figure 5. Plasma NF-L and cognitive impairment after TBI. (A) Optimal cut-point analysis was
performed in the EPITARGET animal cohort to identify parameters that differentiate cognitively
impaired (CI+) and non-impaired (CI−) rats. The cut-point latency of 19.2 s (i.e., latency to reach
the platform in the Morris water maze (MWM) on the 3rd day of testing, i.e., on D37, dashed line)
differentiated TBI (n = 118) and sham-operated rats (n = 23) with AUC 0.94 (p < 0.001) and was set as
a limit for cognitive impairment. (B) No correlation was detected between plasma NF-L levels on D2
and MWM latency on D37 (Spearman correlation rho (ρ) = 0.270, p > 0.05, n = 26). (C) Accordingly,
ROC analysis indicated that plasma NF-L levels did not distinguish CI+ (latency > 19.2 s) from CI−
(<19.2 s) rats (AUC 0.58, p > 0.05, Mann-Whitney U test). Abbreviations: AUC, area under the curve;
D2, day 2 post-TBI; ROC, receiver operating characteristics; TBI, traumatic brain injury.

In the entire EPITARGET cohort, 70% (98/141) of the rats with TBI were categorized
into the “cognitively impaired” (CI+) and 30% (20/141) were categorized into the “cogni-
tively non-impaired” (CI−) group. The percentages in the NF-L cohort were comparable,
as 73% (19/26) of the TBI animals were classified into the CI+ group (latency > 19.2 s) and
27% (7/26) into the CI− group (latency < 19.2 s, performing closer to the control level)
(Supplementary Figure S3A).

Plasma NF-L levels and CI. Plasma NF-L levels did not differ significantly between
CI− and CI+ rats at any time-point (p > 0.05) (Supplementary Figure S3B).

No correlation was detected between D2 plasma NF-L levels and latency on D37 in
the TBI group (ρ = 0.270, p > 0.05) (Figure 5B).

ROC analysis indicated that plasma NF-L concentrations on D2 did not separate CI+
from CI− animals (AUC 0.579, p > 0.05) (Figure 5C).

Int. J. Mol. Sci. 2022, 23, 15208 9 of 22

2.7. Plasma NF-L as a Prognostic Biomarker for Post-Traumatic Epileptogenesis

Finally, we assessed whether, within the TBI group, plasma NF-L levels differentiated
the epileptic (TBI+) from non-epileptic (TBI−) animals.

Plasma NF-L levels. Of the 26 rats with TBI, 13 had epilepsy (TBI+), and 13 did not
(TBI−). Plasma NF-L levels did not differ between the TBI+ and TBI− groups at any
time-point (Figure 6A). Also, the D2 to D9 change in the plasma NF-L concentrations did
not differ between the TBI+ (mean decrease 3761 ± 1966 pg/mL, range 1434–8164 pg/mL)
and TBI− (mean decrease 4523 ± 1966 pg/mL, range 2457–9527 pg/mL, p > 0.05) groups.
Similarly, the D9–D176 change did not differ between TBI+ and TBI− (TBI+ mean decrease
911 ± 407 pg/mL, range 408–1863 pg/mL vs. TBI− mean decrease 885 ± 162 pg/mL,
range 646–1166 pg/mL, p > 0.05). Within the TBI+ group, 3 of the 13 rats had a seizure
on the day preceding the blood sampling; their NF-L levels, however, did not differ from
those in other TBI+ rats (p > 0.05).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 10 of 24 
 

 

platform in the Morris water maze (MWM) on the 3rd day of testing, i.e., on D37, dashed line) dif-
ferentiated TBI (n = 118) and sham-operated rats (n = 23) with AUC 0.94 (p < 0.001) and was set as a 
limit for cognitive impairment. (B) No correlation was detected between plasma NF-L levels on D2 
and MWM latency on D37 (Spearman correlation rho (ρ) = 0.270, p > 0.05, n = 26). (C) Accordingly, 
ROC analysis indicated that plasma NF-L levels did not distinguish CI+ (latency > 19.2 s) from CI- 
(<19.2 s) rats (AUC 0.58, p > 0.05, Mann-Whitney U test). Abbreviations: AUC, area under the curve; 
D2, day 2 post-TBI; ROC, receiver operating characteristics; TBI, traumatic brain injury. 

2.7. Plasma NF-L as a Prognostic Biomarker for Post-Traumatic Epileptogenesis 
Finally, we assessed whether, within the TBI group, plasma NF-L levels differenti-

ated the epileptic (TBI+) from non-epileptic (TBI-) animals. 
Plasma NF-L levels. Of the 26 rats with TBI, 13 had epilepsy (TBI+), and 13 did not 

(TBI-). Plasma NF-L levels did not differ between the TBI+ and TBI- groups at any time-
point (Figure 6A). Also, the D2 to D9 change in the plasma NF-L concentrations did not 
differ between the TBI+ (mean decrease 3761 ± 1966 pg/mL, range 1434–8164 pg/mL) and 
TBI- (mean decrease 4523 ± 1966 pg/mL, range 2457–9527 pg/mL, p > 0.05) groups. Simi-
larly, the D9–D176 change did not differ between TBI+ and TBI- (TBI+ mean decrease 911 
± 407 pg/mL, range 408–1863 pg/mL vs. TBI- mean decrease 885 ± 162 pg/mL, range 646–
1166 pg/mL, p > 0.05). Within the TBI+ group, 3 of the 13 rats had a seizure on the day 
preceding the blood sampling; their NF-L levels, however, did not differ from those in 
other TBI+ rats (p > 0.05). 

Severity of epilepsy (clusters vs. no clusters). The total number of seizures did not 
correlate with plasma NF-L levels at any time point (p > 0.05). Of the 13 TBI+ rats, 4 had 
seizure clusters (≥3 seizures within 24 h). The plasma NF-L levels did not differ signifi-
cantly between TBI+ rats with or without seizure clusters at any time-point (p > 0.05). 

ROC analysis. The plasma NF-L concentration did not distinguish TBI+ from TBI- 
animals on D2 (AUC 0.633, p > 0.05), D9 (AUC 0.521, p > 0.05), or D176 (AUC 0.479, p > 
0.05) (ROC for D2 shown in Figure 6B). 

 
Figure 6. Plasma NF-L and epileptogenesis after TBI. (A) Box and whisker plots (whiskers: mini-
mum and maximum; box: interquartile range; line: median) showing plasma NF-L levels (y-axis) in 
different groups and time-points (x-axis). Plasma NF-L levels on D2, D9, or D176 did not differ be-
tween rats that did (TBI+, n = 13) or did not develop epilepsy (TBI-, n = 13, p > 0.05). (B) Plasma NF-
L levels on D2, D9, or D176 did not distinguish TBI+ and TBI- rats in the ROC analysis (p > 0.05, 
results for D2 shown in the figure). Statistical significance: ns, not significant (Mann-Whitney U 
test). Abbreviations: AUC, area under the curve; BL, baseline; D2, day 2 post-TBI; D9, day 9; D176, 
day 176; NF-L, neurofilament light chain; ROC, receiver operating characteristics. 

Figure 6. Plasma NF-L and epileptogenesis after TBI. (A) Box and whisker plots (whiskers: minimum
and maximum; box: interquartile range; line: median) showing plasma NF-L levels (y-axis) in
different groups and time-points (x-axis). Plasma NF-L levels on D2, D9, or D176 did not differ
between rats that did (TBI+, n = 13) or did not develop epilepsy (TBI−, n = 13, p > 0.05). (B) Plasma
NF-L levels on D2, D9, or D176 did not distinguish TBI+ and TBI− rats in the ROC analysis (p > 0.05,
results for D2 shown in the figure). Statistical significance: ns, not significant (Mann-Whitney U test).
Abbreviations: AUC, area under the curve; BL, baseline; D2, day 2 post-TBI; D9, day 9; D176, day 176;
NF-L, neurofilament light chain; ROC, receiver operating characteristics.

Severity of epilepsy (clusters vs. no clusters). The total number of seizures did not
correlate with plasma NF-L levels at any time point (p > 0.05). Of the 13 TBI+ rats, 4 had
seizure clusters (≥3 seizures within 24 h). The plasmaNF-L levels did not differ significantly
between TBI+ rats with or without seizure clusters at any time-point (p > 0.05).

ROC analysis. The plasma NF-L concentration did not distinguish TBI+ from TBI−
animals on D2 (AUC 0.633, p > 0.05), D9 (AUC 0.521, p > 0.05), or D176 (AUC 0.479, p > 0.05)
(ROC for D2 shown in Figure 6B).

3. Discussion

The present study investigated whether rat plasma NF-L levels predict structural
and behavioral outcomes and post-traumatic epileptogenesis after lateral FPI-induced
TBI. Our findings revealed that the higher the acute plasma NF-L levels, the larger the
cortical lesion in acute MRI and chronically in histology. Also, the higher the acute plasma
NF-L levels, the poorer the performance in the neuroscore test. In contrast, we found no
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association between plasma NF-L levels and somatomotor recovery, the development of
chronic cognitive impairment, or epileptogenesis.

3.1. Presence and Temporal Profile of NF-L in the Plasma after TBI

Animal models of TBI enable detailed longitudinal studies on the temporal expression
of potential plasma molecular biomarkers and how their levels relate to disease severity
and progression [10]. Several studies have assessed circulating NF-L levels in rodent TBI
models, including those induced by lateral FPI, single or repeated mild awake closed-head
injury, and Marmarou’s weight-drop injury in rats [23–26], and a closed-head impact model
of engineered rotational acceleration (CHIMERA) in mice [27]. All but one of these reports,
however, focused on mild or mild-to-moderate TBI [25]. To the best of our knowledge,
the present study is the first to assess circulating NF-L concentrations over time and their
value as a preclinical prognostic biomarker for chronic functional outcomes after severe
TBI induced by lateral FPI.

Plasma NF-L concentrations peaked on D2 after lateral FPI-induced TBI, reaching
approximately 5000 pg/mL, or a 483-fold increase compared with the pre-injury levels.
Although comparisons of injury severities and NF-L analyses between laboratories are
challenging, plasma NF-L levels in our rats on D2 were comparable to those reported by
Wong et al. [25]. Wong and co-workers also used SIMOA technology, assessed serum NF-L
levels on D2 post-injury, and induced TBI in Sprague-Dawley rats with lateral FPI using a
2.6–3.0 atm impact force, comparable to the present study. Similar to our observations in
the lateral FPI model, plasma NF-L concentrations in an awake closed-head injury model
of mild TBI or Marmarou’s weight-drop model peaked on D1-2 post-injury [23,26]. As
expected, however, the levels after severe TBI (5000 pg/mL) were substantially higher than
those after a single mild TBI (~6 pg/mL) or mild-to-moderate weight drop (~60 pg/mL).

After a massive 483-fold increase on D2, the plasma NF-L levels declined rapidly to
almost 89-fold on D9 compared with the baseline. Interestingly, even though the increase in
the NF-L concentrations was substantially lower after mild than severe TBI, the temporal
profile of the serum NF-L levels was comparable [23]. Similar to that after severe TBI, con-
centrations decreased from approximately 50 pg/mL on D1–2 to approximately 40 pg/mL
on D7, and to 30 pg/mL on D14 after a single mild TBI [23].

Interestingly, even at 6 months post-injury, we detected an approximately 3-fold
increase in NF-L levels. The average concentration was 32 pg/mL, which is close to the
level observed after single or repeated mild TBI in rats [23,24]. Previous studies reported
an approximately 3-week half-life of the NF-L protein in mouse brain tissue [28]. However,
information is needed on the biological half-life of circulating NF-L in normal and/or
injured rats.

Recent human data suggests that NF-L fragments are secreted by the kidney, and the
filtration rate can affect the blood NF-L levels [29,30]. Although the clearance time of NF-L
protein released into the blood in the rat lateral FPI model remains to be determined, it
is likely to be less than 6 months, and therefore, the chronically increased levels suggest
ongoing chronic release of NF-L from the brain tissue into the blood [19,31,32]. Our
observations support previous histologic and diffusion tensor imaging studies reporting
chronic ongoing axonal injury after severe lateral FPI-induced TBI [33,34]. Recently, a
prolonged increase in post-injury serum NF-L levels was reported in 50% of rats exposed
to a blast overpressure model at 4 months post-injury, supporting the idea that a chronic
increase in post-injury plasma NF-L levels is not model-specific [35]. Importantly, studies in
human TBI have also reported increased serum NF-L levels up to 5 years after injury [19].

Studies of patients with different types of TBI indicate an injury severity-dependent
increase in serum levels of NF-L up to 100–200 pg/mL when sampled within 24 to 48 h
post-admission [16,36]. Interestingly, the D2 serum NF-L levels were substantially lower in
humans than in rats after severe TBI, approximately 200 pg/mL vs. 5000 pg/mL in rats [16].
In rats, we observed a large reduction in NF-L levels from the D2 value of 5000 pg/mL
down to 900 pg/mL on D9. Instead, in humans, the serum NF-L levels continue to increase
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during the 2nd post-injury week, reaching a level of approximately 2000 pg/mL on days
10–12 after admission [15,16]. Shahim and co-workers recently reported that at 30 days
after TBI, the median serum NF-L levels were approximately 13 pg/mL—almost 2-fold
higher than those of controls [19]. These studies suggest a different temporal evolution in
the post-injury levels of circulating NF-L in rats and humans.

Taken together, while the magnitude of the plasma/serum NF-L concentrations after
TBI is greater and the timescale of expression is shorter in rat models than in humans, the
response to injury severity appears similar in rats and humans with TBI. In both rats and
humans, however, the levels remain higher for a prolonged period of time, suggesting
ongoing axonal injury.

3.2. Acute Plasma NF-L Levels Report on Cortical Lesion Severity in Structural MRI
and Histology

Despite the heterogeneity of the clinical population, timing of blood sampling, and
MRI analysis, recent clinical studies demonstrated an association between increased serum
NF-L levels and the severity of brain damage as well as the progression of brain pathol-
ogy [17,19]. Our correlation analysis revealed that the higher the plasma NF-L levels on D2,
the greater the cortical lesion volume when imaged within hours after the blood sampling
on the same day. The D2 NF-L levels, however, did not predict lesion volume on D7 or D21.
This was expected, as we previously reported that the volume of the abnormal cortical T2
area undergoes dynamic changes during the first post-injury weeks in rats with lateral FPI,
becoming significantly reduced from D2 to D7 and increasing thereafter [37]. Importantly,
a correlation was detected between the acute D2 NF-L levels and the cortical lesion area
at 6 months post-TBI. To the best of our knowledge, this is the first study assessing the
relation between circulating NF-L levels and cortical lesion severity and progression in rats
with severe TBI.

The results suggest that, similar to humans, plasma NF-L levels report on the severity
of acute TBI and its chronic progression in the lateral FPI model.

3.3. Elevated Plasma NF-L as a Diagnostic Biomarker for TBI and Craniotomy in the Rat Lateral
FPI Model

Circulating NF-L is considered a diagnostic biomarker for mild and severe TBI in
clinical studies [16,19,38]. Next, we analyzed the sensitivity and specificity of post-TBI
plasma NF-L levels as diagnostic biomarkers for TBI after lateral FPI-induced severe TBI.
We found that plasma NF-L differentiated TBI rats from naïve controls both at the acute
(D2 and D9) and chronic (6-month) time points. Our study expands the previous results by
Wong et al. [25] who reported comparable results at the D2 post-TBI time-point. Increased
circulating NF-L levels were also reported after a single or repeated mild TBI in animal
models, but the sensitivity and specificity of plasma/serum NF-L as a diagnostic biomarker
for mild TBI remain to be assessed [23,24].

Unexpectedly, we observed that the plasma NF-L levels increased from 9.6 pg/mL
at baseline to 244 pg/mL on D2 after craniotomy in sham-operated animals. Moreover,
plasma NF-L levels separated sham controls from naïve rats on D2 with an AUC of 1.0 and
a cut-off concentration of 49 pg/mL. Previous studies demonstrated that craniotomy can
induce an inflammatory reaction in the underlying cortex [39]. Our MRI analysis suggested
mild T2 relaxation abnormalities in sham-operated controls with a craniotomy. Interestingly,
however, the greatest T2 area increase was located rostral to the craniotomy center and close
to the rhinal fissure rather than under the craniotomy. We also found a parasagittal signal
decrease on D7 in a region corresponding to the medial aspect of the craniotomy. Plasma
NF-L levels, however, were not associated with the severity of the T2 abnormality. We
assume that the increased plasma NF-L levels are related to craniotomy-induced meningeal
irritation and submeningeal inflammation and subtle intracortical axonal injury rather than
to the cortical cellular pathology suggested by T2 MRI.

Taken together, not only TBI of different severities, but also a mere craniotomy, typ-
ically used as a sham procedure, can lead to an increase in the plasma NF-L levels. This
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association between plasma NF-L levels and somatomotor recovery, the development of
chronic cognitive impairment, or epileptogenesis.

3.1. Presence and Temporal Profile of NF-L in the Plasma after TBI

Animal models of TBI enable detailed longitudinal studies on the temporal expression
of potential plasma molecular biomarkers and how their levels relate to disease severity
and progression [10]. Several studies have assessed circulating NF-L levels in rodent TBI
models, including those induced by lateral FPI, single or repeated mild awake closed-head
injury, and Marmarou’s weight-drop injury in rats [23–26], and a closed-head impact model
of engineered rotational acceleration (CHIMERA) in mice [27]. All but one of these reports,
however, focused on mild or mild-to-moderate TBI [25]. To the best of our knowledge,
the present study is the first to assess circulating NF-L concentrations over time and their
value as a preclinical prognostic biomarker for chronic functional outcomes after severe
TBI induced by lateral FPI.

Plasma NF-L concentrations peaked on D2 after lateral FPI-induced TBI, reaching
approximately 5000 pg/mL, or a 483-fold increase compared with the pre-injury levels.
Although comparisons of injury severities and NF-L analyses between laboratories are
challenging, plasma NF-L levels in our rats on D2 were comparable to those reported by
Wong et al. [25]. Wong and co-workers also used SIMOA technology, assessed serum NF-L
levels on D2 post-injury, and induced TBI in Sprague-Dawley rats with lateral FPI using a
2.6–3.0 atm impact force, comparable to the present study. Similar to our observations in
the lateral FPI model, plasma NF-L concentrations in an awake closed-head injury model
of mild TBI or Marmarou’s weight-drop model peaked on D1-2 post-injury [23,26]. As
expected, however, the levels after severe TBI (5000 pg/mL) were substantially higher than
those after a single mild TBI (~6 pg/mL) or mild-to-moderate weight drop (~60 pg/mL).

After a massive 483-fold increase on D2, the plasma NF-L levels declined rapidly to
almost 89-fold on D9 compared with the baseline. Interestingly, even though the increase in
the NF-L concentrations was substantially lower after mild than severe TBI, the temporal
profile of the serum NF-L levels was comparable [23]. Similar to that after severe TBI, con-
centrations decreased from approximately 50 pg/mL on D1–2 to approximately 40 pg/mL
on D7, and to 30 pg/mL on D14 after a single mild TBI [23].

Interestingly, even at 6 months post-injury, we detected an approximately 3-fold
increase in NF-L levels. The average concentration was 32 pg/mL, which is close to the
level observed after single or repeated mild TBI in rats [23,24]. Previous studies reported
an approximately 3-week half-life of the NF-L protein in mouse brain tissue [28]. However,
information is needed on the biological half-life of circulating NF-L in normal and/or
injured rats.

Recent human data suggests that NF-L fragments are secreted by the kidney, and the
filtration rate can affect the blood NF-L levels [29,30]. Although the clearance time of NF-L
protein released into the blood in the rat lateral FPI model remains to be determined, it
is likely to be less than 6 months, and therefore, the chronically increased levels suggest
ongoing chronic release of NF-L from the brain tissue into the blood [19,31,32]. Our
observations support previous histologic and diffusion tensor imaging studies reporting
chronic ongoing axonal injury after severe lateral FPI-induced TBI [33,34]. Recently, a
prolonged increase in post-injury serum NF-L levels was reported in 50% of rats exposed
to a blast overpressure model at 4 months post-injury, supporting the idea that a chronic
increase in post-injury plasma NF-L levels is not model-specific [35]. Importantly, studies in
human TBI have also reported increased serum NF-L levels up to 5 years after injury [19].

Studies of patients with different types of TBI indicate an injury severity-dependent
increase in serum levels of NF-L up to 100–200 pg/mL when sampled within 24 to 48 h
post-admission [16,36]. Interestingly, the D2 serum NF-L levels were substantially lower in
humans than in rats after severe TBI, approximately 200 pg/mL vs. 5000 pg/mL in rats [16].
In rats, we observed a large reduction in NF-L levels from the D2 value of 5000 pg/mL
down to 900 pg/mL on D9. Instead, in humans, the serum NF-L levels continue to increase
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during the 2nd post-injury week, reaching a level of approximately 2000 pg/mL on days
10–12 after admission [15,16]. Shahim and co-workers recently reported that at 30 days
after TBI, the median serum NF-L levels were approximately 13 pg/mL—almost 2-fold
higher than those of controls [19]. These studies suggest a different temporal evolution in
the post-injury levels of circulating NF-L in rats and humans.

Taken together, while the magnitude of the plasma/serum NF-L concentrations after
TBI is greater and the timescale of expression is shorter in rat models than in humans, the
response to injury severity appears similar in rats and humans with TBI. In both rats and
humans, however, the levels remain higher for a prolonged period of time, suggesting
ongoing axonal injury.

3.2. Acute Plasma NF-L Levels Report on Cortical Lesion Severity in Structural MRI
and Histology

Despite the heterogeneity of the clinical population, timing of blood sampling, and
MRI analysis, recent clinical studies demonstrated an association between increased serum
NF-L levels and the severity of brain damage as well as the progression of brain pathol-
ogy [17,19]. Our correlation analysis revealed that the higher the plasma NF-L levels on D2,
the greater the cortical lesion volume when imaged within hours after the blood sampling
on the same day. The D2 NF-L levels, however, did not predict lesion volume on D7 or D21.
This was expected, as we previously reported that the volume of the abnormal cortical T2
area undergoes dynamic changes during the first post-injury weeks in rats with lateral FPI,
becoming significantly reduced from D2 to D7 and increasing thereafter [37]. Importantly,
a correlation was detected between the acute D2 NF-L levels and the cortical lesion area
at 6 months post-TBI. To the best of our knowledge, this is the first study assessing the
relation between circulating NF-L levels and cortical lesion severity and progression in rats
with severe TBI.

The results suggest that, similar to humans, plasma NF-L levels report on the severity
of acute TBI and its chronic progression in the lateral FPI model.

3.3. Elevated Plasma NF-L as a Diagnostic Biomarker for TBI and Craniotomy in the Rat Lateral
FPI Model

Circulating NF-L is considered a diagnostic biomarker for mild and severe TBI in
clinical studies [16,19,38]. Next, we analyzed the sensitivity and specificity of post-TBI
plasma NF-L levels as diagnostic biomarkers for TBI after lateral FPI-induced severe TBI.
We found that plasma NF-L differentiated TBI rats from naïve controls both at the acute
(D2 and D9) and chronic (6-month) time points. Our study expands the previous results by
Wong et al. [25] who reported comparable results at the D2 post-TBI time-point. Increased
circulating NF-L levels were also reported after a single or repeated mild TBI in animal
models, but the sensitivity and specificity of plasma/serum NF-L as a diagnostic biomarker
for mild TBI remain to be assessed [23,24].

Unexpectedly, we observed that the plasma NF-L levels increased from 9.6 pg/mL
at baseline to 244 pg/mL on D2 after craniotomy in sham-operated animals. Moreover,
plasma NF-L levels separated sham controls from naïve rats on D2 with an AUC of 1.0 and
a cut-off concentration of 49 pg/mL. Previous studies demonstrated that craniotomy can
induce an inflammatory reaction in the underlying cortex [39]. Our MRI analysis suggested
mild T2 relaxation abnormalities in sham-operated controls with a craniotomy. Interestingly,
however, the greatest T2 area increase was located rostral to the craniotomy center and close
to the rhinal fissure rather than under the craniotomy. We also found a parasagittal signal
decrease on D7 in a region corresponding to the medial aspect of the craniotomy. Plasma
NF-L levels, however, were not associated with the severity of the T2 abnormality. We
assume that the increased plasma NF-L levels are related to craniotomy-induced meningeal
irritation and submeningeal inflammation and subtle intracortical axonal injury rather than
to the cortical cellular pathology suggested by T2 MRI.

Taken together, not only TBI of different severities, but also a mere craniotomy, typ-
ically used as a sham procedure, can lead to an increase in the plasma NF-L levels. This
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observation emphasizes the importance of using naïve animals as “controls” in biomarker
discovery studies, especially when one examines low-expressing biomarkers or milder
injury severities with lower biomarker expression.

3.4. Increased Plasma NF-L Levels Correlate with Acute Somatomotor Impairment but Not with
Recovery after TBI

Previous studies demonstrated that the greater the severity of the brain injury, the
greater the somatomotor impairment [40]. Here, we used the composite neuroscore test to
assess the severity of the somatomotor impairment and recovery during the first 2 weeks
after lateral FPI. We found that the higher the plasma NF-L concentration on D2, the greater
the impairment in the neuroscore test on D2. The D2 plasma NF-L levels, however, did
not predict the performance on later follow-up points (D6 and D14). Consistent with our
findings, previous studies of rats with single or repeated mild TBI indicated that the higher
the acute serum NF-L levels, the greater the impairment in the beam-walking test [23,24].

Like the severity of impairment on the D2 neuroscore test, the trajectory of recovery
also varied between animals. We were unable to find any association between the D2
plasma NF-L levels and early recovery, however, which was measured as a change in the
neuroscore from D2 to D6. The NF-L levels also did not differ between the late-recovering
and non-recovering animals.

Taken together, increases in the plasma/serum NF-L levels indicate not only the
severity of brain damage, but also the severity of the acute somatomotor impairment. The
correlation between the D2 somatomotor impairment and elevation in plasma NF-L levels
may relate to axonal injury in pathways required for proper somatomotor performance.

3.5. Increased Plasma NF-L Levels Do Not Differentiate Animals with or without Chronic
Hippocampus-Dependent Memory Impairment after TBI

In chronic neurodegenerative disease and multiple sclerosis, high NF-L levels are
associated with cognitive impairment [41–44]. Rats with severe lateral FPI-induced TBI
show hippocampus-dependent memory deficits already on D2 after TBI and remain im-
paired for months [45]. Moreover, animals show both hippocampal principal cell and in-
terneuron death, with remarkable atrophy in hippocampal afferent and efferent myelinated
axonal pathways after lateral FPI that progresses over weeks to months post-injury [46–48].
Therefore, we anticipated that acutely increased plasma NF-L levels would differentiate
rats that will develop chronic memory impairment from those who will not. Our cut-point
analysis of the entire EPITARGET animal cohort indicted that 70% of rats with severe TBI
had poor memory on D37. In the sub-cohort, the percentage was 73%, indicating no animal
selection bias. In contrast to our expectations, we detected no difference in the plasma NF-L
levels between rats with or without cognitive impairment.

Further studies are needed to explore the cerebral origin of elevated post-TBI NF-L
plasma levels to determine whether plasma NF-L has any localizing specificity, such as to
lesions in selective myelinated axonal pathways, rather than being a nonspecific marker of
axonal injury.

3.6. Elevated Plasma NF-L Levels Do Not Predict Post-Traumatic Epileptogenesis

Previous studies reported that the risk of PTE relates to injury severity [49] and
that the epileptogenic focus develops at the perilesional cortex [50]. As circulating NF-L
levels reflect the extent of cortical injury, we investigated whether an acute NF-L increase
predicted which animals developed PTE during the 6-month follow-up. We failed to detect
any differences in plasma NF-L levels at any investigated time point between the rats that
developed PTE and those that did not.

Previous studies demonstrated that the average interictal NF-L levels in patients with
drug-refractory epilepsy due to structural and other etiologies, genetic epilepsy, or temporal
lobe epilepsy with hippocampal sclerosis are comparable to those in controls, although
they can be slightly increased in some subpopulations of patients when using a cut-off
level of 10 pg/mL [51–53]. Other studies, however, reported that patients with post-stroke

Int. J. Mol. Sci. 2022, 23, 15208 13 of 22

epilepsy or epilepsy related to auto-immune encephalitis have chronically increased serum
NF-L levels, even though the levels remain below 100 pg/mL [52,54].

In addition to etiology, prior seizure occurrence could also influence the NF-L levels.
Nass et al. [55] reported a non-significant increase (<1 pg/mL) in serum NF-L levels caused
by a single tonic-clonic seizure when assessed right after the seizure that remained quite
stable over the next 24 h. Also, no change in NF-L levels was detected in children with
simple or complex febrile seizures or epileptic seizures when serum was analyzed within
2 h after seizure onset [56]. In our NF-L animal cohort, 50% of the rats in the TBI group
experienced 1-17 seizures over the 1-month video-EEG monitoring period in the 6th post-
injury month and were diagnosed with PTE. Consistent with clinical studies, the NF-L
levels at 6 months post-TBI did not differ between rats with or without epilepsy. Also,
there was no correlation between the NF-L levels and seizure frequency. Nor did we
find a difference in NF-L levels between epileptic rats with or without seizure clusters
(i.e., ≥3 seizures/24 h). Of the 13 rats with epilepsy, 3 had experienced an unprovoked
seizure on the day preceding the plasma sampling. Their NF-L concentrations, however,
did not differ from those of the other animals. These findings suggest that the epilepsy-
and seizure-related increases in plasma NF-L are meager in the lateral FPI model compared
with the TBI-induced increase in circulating NF-L levels, thereby reproducing the data
available on structural epilepsies in humans to date.

A recent study reported Increased serumNF-L levels in patients with status epilepticus
(SE) when assessed within 48 h after the beginning of seizure activity [51]. In addition,
elevated NF-L levels are associated with the development of treatment refractoriness
and 30-day clinical worsening or death. We previously reported that 90% of rats with
lateral FPI develop SE after TBI, lasting 3 to 4 days [57]. Thus, the ongoing epileptiform
activity could have affected the D2 plasma NF-L levels in our study cohort. Unfortunately,
we did not perform acute vEEG recordings in these animals. We consider it unlikely,
however, that the occurrence of SE was a major contributor to the NF-L levels on D2. In
humans, the SE-induced increase measured within 48 h after the start of SE, corresponding
to the timeline of D2 plasma sampling in the present study, ranged from 13 pg/mL to
101 pg/mL [51]. In our animal cohort, the NF-L levels increased from 11 pg/mL to
5072 pg/mL, supporting the view that TBI rather than SE was the major contributor to
the robust NF-L increase. Considering the slower kinetics of the brain injury-induced
increase in serum NF-L in humans compared with that in rats, further clinical studies with
more chronic sampling time-points are needed for more accurate comparisons between the
clinical and experimental studies.

Taken together, acute post-TBI plasma NF-L levels did not predict the development of
PTE or correlate with the severity of PTE after lateral FPI.

3.7. Methodologic Considerations

Human studies suggest a mild, 3% average age-related increase in circulating NF-L
levels, which is proposed to relate to subclinical co-morbidities [58]. In our study cohort,
the first sampling, which included naïve and control samples, was performed in animals at
the age of 3 months, whereas the last sampling point (D176) was at the age of 9 months.
Althoughwe cannot completely rule out that some of the 20 pg/mL concentration difference
between the 3 and 9 months samples in the TBI group relate to aging rather than continuing
axonal damage, we consider an aging effect unlikely as it had required an almost 20%
monthly age-related increase in NF-L levels. Also, as all samples were assessed in the same
batch, the assay-related variability does not explain the finding.

The average peak post-TBI concentration of plasma NF-L in rats was approximately
5000 pg/mL, whereas in humans with severe TBI, the median concentrations were ap-
proximately 2000 pg/mL, with some subjects showing levels up to 10,000 pg/mL or even
higher [15,16]. It remains to be explored whether the ~2.5-fold higher average circulating
NF-L concentrations reflect a greater proportion of brain damage in rodents than in hu-
mans, differences in the volume distribution or NF-L metabolism, or other factors. Finally,
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observation emphasizes the importance of using naïve animals as “controls” in biomarker
discovery studies, especially when one examines low-expressing biomarkers or milder
injury severities with lower biomarker expression.

3.4. Increased Plasma NF-L Levels Correlate with Acute Somatomotor Impairment but Not with
Recovery after TBI

Previous studies demonstrated that the greater the severity of the brain injury, the
greater the somatomotor impairment [40]. Here, we used the composite neuroscore test to
assess the severity of the somatomotor impairment and recovery during the first 2 weeks
after lateral FPI. We found that the higher the plasma NF-L concentration on D2, the greater
the impairment in the neuroscore test on D2. The D2 plasma NF-L levels, however, did
not predict the performance on later follow-up points (D6 and D14). Consistent with our
findings, previous studies of rats with single or repeated mild TBI indicated that the higher
the acute serum NF-L levels, the greater the impairment in the beam-walking test [23,24].

Like the severity of impairment on the D2 neuroscore test, the trajectory of recovery
also varied between animals. We were unable to find any association between the D2
plasma NF-L levels and early recovery, however, which was measured as a change in the
neuroscore from D2 to D6. The NF-L levels also did not differ between the late-recovering
and non-recovering animals.

Taken together, increases in the plasma/serum NF-L levels indicate not only the
severity of brain damage, but also the severity of the acute somatomotor impairment. The
correlation between the D2 somatomotor impairment and elevation in plasma NF-L levels
may relate to axonal injury in pathways required for proper somatomotor performance.

3.5. Increased Plasma NF-L Levels Do Not Differentiate Animals with or without Chronic
Hippocampus-Dependent Memory Impairment after TBI

In chronic neurodegenerative disease and multiple sclerosis, high NF-L levels are
associated with cognitive impairment [41–44]. Rats with severe lateral FPI-induced TBI
show hippocampus-dependent memory deficits already on D2 after TBI and remain im-
paired for months [45]. Moreover, animals show both hippocampal principal cell and in-
terneuron death, with remarkable atrophy in hippocampal afferent and efferent myelinated
axonal pathways after lateral FPI that progresses over weeks to months post-injury [46–48].
Therefore, we anticipated that acutely increased plasma NF-L levels would differentiate
rats that will develop chronic memory impairment from those who will not. Our cut-point
analysis of the entire EPITARGET animal cohort indicted that 70% of rats with severe TBI
had poor memory on D37. In the sub-cohort, the percentage was 73%, indicating no animal
selection bias. In contrast to our expectations, we detected no difference in the plasma NF-L
levels between rats with or without cognitive impairment.

Further studies are needed to explore the cerebral origin of elevated post-TBI NF-L
plasma levels to determine whether plasma NF-L has any localizing specificity, such as to
lesions in selective myelinated axonal pathways, rather than being a nonspecific marker of
axonal injury.

3.6. Elevated Plasma NF-L Levels Do Not Predict Post-Traumatic Epileptogenesis

Previous studies reported that the risk of PTE relates to injury severity [49] and
that the epileptogenic focus develops at the perilesional cortex [50]. As circulating NF-L
levels reflect the extent of cortical injury, we investigated whether an acute NF-L increase
predicted which animals developed PTE during the 6-month follow-up. We failed to detect
any differences in plasma NF-L levels at any investigated time point between the rats that
developed PTE and those that did not.

Previous studies demonstrated that the average interictal NF-L levels in patients with
drug-refractory epilepsy due to structural and other etiologies, genetic epilepsy, or temporal
lobe epilepsy with hippocampal sclerosis are comparable to those in controls, although
they can be slightly increased in some subpopulations of patients when using a cut-off
level of 10 pg/mL [51–53]. Other studies, however, reported that patients with post-stroke
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epilepsy or epilepsy related to auto-immune encephalitis have chronically increased serum
NF-L levels, even though the levels remain below 100 pg/mL [52,54].

In addition to etiology, prior seizure occurrence could also influence the NF-L levels.
Nass et al. [55] reported a non-significant increase (<1 pg/mL) in serum NF-L levels caused
by a single tonic-clonic seizure when assessed right after the seizure that remained quite
stable over the next 24 h. Also, no change in NF-L levels was detected in children with
simple or complex febrile seizures or epileptic seizures when serum was analyzed within
2 h after seizure onset [56]. In our NF-L animal cohort, 50% of the rats in the TBI group
experienced 1-17 seizures over the 1-month video-EEG monitoring period in the 6th post-
injury month and were diagnosed with PTE. Consistent with clinical studies, the NF-L
levels at 6 months post-TBI did not differ between rats with or without epilepsy. Also,
there was no correlation between the NF-L levels and seizure frequency. Nor did we
find a difference in NF-L levels between epileptic rats with or without seizure clusters
(i.e., ≥3 seizures/24 h). Of the 13 rats with epilepsy, 3 had experienced an unprovoked
seizure on the day preceding the plasma sampling. Their NF-L concentrations, however,
did not differ from those of the other animals. These findings suggest that the epilepsy-
and seizure-related increases in plasma NF-L are meager in the lateral FPI model compared
with the TBI-induced increase in circulating NF-L levels, thereby reproducing the data
available on structural epilepsies in humans to date.

A recent study reported Increased serumNF-L levels in patients with status epilepticus
(SE) when assessed within 48 h after the beginning of seizure activity [51]. In addition,
elevated NF-L levels are associated with the development of treatment refractoriness
and 30-day clinical worsening or death. We previously reported that 90% of rats with
lateral FPI develop SE after TBI, lasting 3 to 4 days [57]. Thus, the ongoing epileptiform
activity could have affected the D2 plasma NF-L levels in our study cohort. Unfortunately,
we did not perform acute vEEG recordings in these animals. We consider it unlikely,
however, that the occurrence of SE was a major contributor to the NF-L levels on D2. In
humans, the SE-induced increase measured within 48 h after the start of SE, corresponding
to the timeline of D2 plasma sampling in the present study, ranged from 13 pg/mL to
101 pg/mL [51]. In our animal cohort, the NF-L levels increased from 11 pg/mL to
5072 pg/mL, supporting the view that TBI rather than SE was the major contributor to
the robust NF-L increase. Considering the slower kinetics of the brain injury-induced
increase in serum NF-L in humans compared with that in rats, further clinical studies with
more chronic sampling time-points are needed for more accurate comparisons between the
clinical and experimental studies.

Taken together, acute post-TBI plasma NF-L levels did not predict the development of
PTE or correlate with the severity of PTE after lateral FPI.

3.7. Methodologic Considerations

Human studies suggest a mild, 3% average age-related increase in circulating NF-L
levels, which is proposed to relate to subclinical co-morbidities [58]. In our study cohort,
the first sampling, which included naïve and control samples, was performed in animals at
the age of 3 months, whereas the last sampling point (D176) was at the age of 9 months.
Althoughwe cannot completely rule out that some of the 20 pg/mL concentration difference
between the 3 and 9 months samples in the TBI group relate to aging rather than continuing
axonal damage, we consider an aging effect unlikely as it had required an almost 20%
monthly age-related increase in NF-L levels. Also, as all samples were assessed in the same
batch, the assay-related variability does not explain the finding.

The average peak post-TBI concentration of plasma NF-L in rats was approximately
5000 pg/mL, whereas in humans with severe TBI, the median concentrations were ap-
proximately 2000 pg/mL, with some subjects showing levels up to 10,000 pg/mL or even
higher [15,16]. It remains to be explored whether the ~2.5-fold higher average circulating
NF-L concentrations reflect a greater proportion of brain damage in rodents than in hu-
mans, differences in the volume distribution or NF-L metabolism, or other factors. Finally,
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the kinetics of released NF-L flow to cerebrospinal fluid and blood compartments and its
relation to the breakdown of blood-CSF and blood brain barriers in a given subject need to
be further explored [59].

Finally, the study was powered to differentiate the TBI+ and TBI− groups, if the
AUC of the biomarker was 0.800 or greater. However, the data presented for the smaller
subgroups should be interpreted as preliminary observations due to the small sample size.

4. Materials and Methods
4.1. Animals

The study design is summarized in Figure 7. The study cohort included the first 34 rats
(8 sham, 26 TBI) of a total of 137 animals (23 sham-operated experimental controls, 114 TBI)
that completed the 6-month-long EPITARGET project (https://epitarget.eu, accessed on
4 October 2022). Detailed descriptions of the project and procedures were previously
reported [22,37].
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Figure 7. Study design. (A) The first 34 rats [8 sham-operated experimental controls, and 26 with
traumatic brain injury (TBI)] completing the 6-month follow-up in the EPITARGET animal cohort
of 137 animals (23 sham, and 114 TBI) were included in the present analysis [22,37]. Within the TBI
group, 13 rats exhibited no unprovoked seizures in video-encephalogram (vEEG) (TBI−). In 13 rats,
we found at least 1 unprovoked seizure during the 6th month vEEG (TBI+). The number of animals
was based on a power calculation. That is, we expected the plasma NF-L to separate the TBI− and
TBI+ groups with AUC 0.800 (MedCalc software). (B) Timing of the tests included in the present
analysis (for a complete study design, see [22]). During the 6-month follow-up, rats underwent blood
sampling via the tail vein, behavioral tests (neuroscore and Morris water maze), in vivo quantitative
T2 magnetic resonance imaging (MRI), and 1-month continuous vEEG monitoring. Plasma levels
of neurofilament light chain were assessed using a single molecule array (SIMOA). Abbreviations:
D, day.

The cohort size for the NF-L analysis was calculated based on an expected area under
the curve (AUC) of 0.800 (power 0.8, p < 0.05, epilepsy vs. no-epilepsy ratio of 1:1, MedCalc
software). Consequently, plasma NF-L was analyzed from 34 adult male Sprague-Dawley
rats (Envigo Laboratories S.r.l, Udine, Italy), 8 of which were sham-operated controls (to
assess the direction and magnitude of the changes after TBI), and the remaining 26 were
exposed to lateral fluid-percussion (FPI)-induced TBI [including 13 rats that developed
epilepsy (TBI+) and 13 that did not develop epilepsy (TBI−)].

At the time of injury or sham operation, average body weight was 364 g ± 13 g
(median 364 g, range 337–396 g). Rats were housed in individual cages in a controlled
environment (temperature 22± 1 ◦C, humidity 50–60%, lights on 07:00–19:00), and had free
access to food and water. All experiments were approved by the Animal Ethics Committee
of the Provincial Government of Southern Finland and performed in accordance with the
guidelines of the European Community Council Directives 2010/63/EU.
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4.2. Lateral Fluid-Percussion-Induced Traumatic Brain Injury

TBI was induced by lateral FPI (as described in detail in [22]). Impact pressure in
the EPITARGET cohort was adjusted to produce severe TBI with an expected post-impact
mortality of 20–30% within the first 48 h. The mean impact pressure in the NF-L cohort was
3.27 ± 0.07 atm (n = 26, median 3.26 atm, range 3.13–3.41 atm). Time spent in apnea and
the occurrence and duration of impact-related seizure-like behaviors were monitored and
documented. The sham-operated experimental controls underwent the same anesthesia
and surgical procedures without the induction of lateral FPI.

4.3. Analysis of Plasma NF-L Levels

Plasma sampling. NF-L was analyzed in plasma samples collected at baseline (7 days
before injury [range D-8 to D-5, mean D-6]), D2 (48 h), D9, and at 6 months (D174 to D178,
mean D176) after injury or sham operation. Sampling of tail vein blood and preparation of
plasma samples were performed according to van Vliet et al. [60]. Briefly, rats were placed
in an anesthesia chamber and anesthetized with 5% isoflurane. Anesthesia was maintained
with 1–2% isoflurane through a nose mask. Blood was drawn from the lateral tail vein into
2 Microtainer K2 EDTA-tubes (#365975, di-potassium ethylenediaminetetraacetic acid, BD
Microtainer, BD Biosciences, Franklin Lakes, NJ, USA), 500 µL of blood per tube, using a
24G butterfly needle. Within 1 h after blood sampling, blood tubes were centrifuged at
1300× g for 10 min at 4 ◦C (5417R Eppendorf Biotools). Plasma aliquots of 50 µL were
carefully collected, pipetted into 0.5-mL Protein LoBind tubes (#022431064, Eppendorf AG,
Hamburg, Germany), and stored at −70 ◦C.

Single molecule array of NF-L. Plasma NF-L levels from 26 TBI rats [13 that developed
epilepsy (TBI+) and 13 that did not develop epilepsy (TBI−)] were analyzed at baseline,
and on D2, D9, and D176. In sham-operated experimental controls, we analyzed the plasma
collected at baseline and on D2. The baseline plasma of both sham-operated and TBI rats
was considered to represent the plasma of naïve animals.

Plasma NF-L levels were measured using a Single Molecule Array (SIMOA) digital
immunoassay (NF-light Advantage assay, #103186, Quanterix, Lexington, MA, USA) [61].
Prior to SIMOA, the plasma samples were diluted 1:16 in NF-light sample diluent buffer
(Quanterix). All samples were analyzed using the same batch of reagents and the same
SIMOA HD-1 instrument (Quanterix). The average intra-assay coefficient of variability
for duplicate sample measurements was 4.5%. Three D2 samples had an average enzyme
per bead (AEB) value beyond the range of the calibration curve (>7200 pg/mL), and their
concentrations were determined by extrapolation [62]. To assess the possible effect of
hemolysis on NF-L levels, absorbance at 414 nm was measured in each sample using
a NanoDrop spectrophotometer (NanoDrop 1000, Thermo Fisher Scientific, Waltham,
MA, USA).

4.4. Behavioral Tests
4.4.1. Composite Neuromotor Score (Neuroscore)

The composite neuroscore test was used to measure the severity of somatomotor and
vestibular deficits [40]. The tests were performed at D-6, D2, D6, and D14 (for details,
see [22]). Briefly, the test included 7 parameters: (1) left and right forelimb flexion (2 param-
eters), (2) left and right hindlimb flexion (2 parameters), (3) left and right lateral pulsion
resistance test (2 parameters), and (4) angle board standing test (1 parameter). The animals
were scored from 0 (severely impaired) to 4 (normal) on an ordinal scale for each parameter,
resulting in a composite neuroscore of 0 to 28 (the maximum score).

To evaluate the rate of early (D2 to D6), late (D6 to D14), and overall (D2 to D14)
somatomotor recovery, the recovery index was calculated for each TBI rat as a percentage
difference in the neuroscore between time-points. Rats with a D6/D2 recovery index > 150%
were classified into the “good early recovery” group, and those with an index ≤ 150% were
classified into the “poor early recovery” group. Rats with a D14/D6 recovery index > 100%
were classified into the “late recovery” group, and those with an index of ≤100% were
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the kinetics of released NF-L flow to cerebrospinal fluid and blood compartments and its
relation to the breakdown of blood-CSF and blood brain barriers in a given subject need to
be further explored [59].

Finally, the study was powered to differentiate the TBI+ and TBI− groups, if the
AUC of the biomarker was 0.800 or greater. However, the data presented for the smaller
subgroups should be interpreted as preliminary observations due to the small sample size.

4. Materials and Methods
4.1. Animals

The study design is summarized in Figure 7. The study cohort included the first 34 rats
(8 sham, 26 TBI) of a total of 137 animals (23 sham-operated experimental controls, 114 TBI)
that completed the 6-month-long EPITARGET project (https://epitarget.eu, accessed on
4 October 2022). Detailed descriptions of the project and procedures were previously
reported [22,37].
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traumatic brain injury (TBI)] completing the 6-month follow-up in the EPITARGET animal cohort
of 137 animals (23 sham, and 114 TBI) were included in the present analysis [22,37]. Within the TBI
group, 13 rats exhibited no unprovoked seizures in video-encephalogram (vEEG) (TBI−). In 13 rats,
we found at least 1 unprovoked seizure during the 6th month vEEG (TBI+). The number of animals
was based on a power calculation. That is, we expected the plasma NF-L to separate the TBI− and
TBI+ groups with AUC 0.800 (MedCalc software). (B) Timing of the tests included in the present
analysis (for a complete study design, see [22]). During the 6-month follow-up, rats underwent blood
sampling via the tail vein, behavioral tests (neuroscore and Morris water maze), in vivo quantitative
T2 magnetic resonance imaging (MRI), and 1-month continuous vEEG monitoring. Plasma levels
of neurofilament light chain were assessed using a single molecule array (SIMOA). Abbreviations:
D, day.

The cohort size for the NF-L analysis was calculated based on an expected area under
the curve (AUC) of 0.800 (power 0.8, p < 0.05, epilepsy vs. no-epilepsy ratio of 1:1, MedCalc
software). Consequently, plasma NF-L was analyzed from 34 adult male Sprague-Dawley
rats (Envigo Laboratories S.r.l, Udine, Italy), 8 of which were sham-operated controls (to
assess the direction and magnitude of the changes after TBI), and the remaining 26 were
exposed to lateral fluid-percussion (FPI)-induced TBI [including 13 rats that developed
epilepsy (TBI+) and 13 that did not develop epilepsy (TBI−)].

At the time of injury or sham operation, average body weight was 364 g ± 13 g
(median 364 g, range 337–396 g). Rats were housed in individual cages in a controlled
environment (temperature 22± 1 ◦C, humidity 50–60%, lights on 07:00–19:00), and had free
access to food and water. All experiments were approved by the Animal Ethics Committee
of the Provincial Government of Southern Finland and performed in accordance with the
guidelines of the European Community Council Directives 2010/63/EU.
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4.2. Lateral Fluid-Percussion-Induced Traumatic Brain Injury

TBI was induced by lateral FPI (as described in detail in [22]). Impact pressure in
the EPITARGET cohort was adjusted to produce severe TBI with an expected post-impact
mortality of 20–30% within the first 48 h. The mean impact pressure in the NF-L cohort was
3.27 ± 0.07 atm (n = 26, median 3.26 atm, range 3.13–3.41 atm). Time spent in apnea and
the occurrence and duration of impact-related seizure-like behaviors were monitored and
documented. The sham-operated experimental controls underwent the same anesthesia
and surgical procedures without the induction of lateral FPI.

4.3. Analysis of Plasma NF-L Levels

Plasma sampling. NF-L was analyzed in plasma samples collected at baseline (7 days
before injury [range D-8 to D-5, mean D-6]), D2 (48 h), D9, and at 6 months (D174 to D178,
mean D176) after injury or sham operation. Sampling of tail vein blood and preparation of
plasma samples were performed according to van Vliet et al. [60]. Briefly, rats were placed
in an anesthesia chamber and anesthetized with 5% isoflurane. Anesthesia was maintained
with 1–2% isoflurane through a nose mask. Blood was drawn from the lateral tail vein into
2 Microtainer K2 EDTA-tubes (#365975, di-potassium ethylenediaminetetraacetic acid, BD
Microtainer, BD Biosciences, Franklin Lakes, NJ, USA), 500 µL of blood per tube, using a
24G butterfly needle. Within 1 h after blood sampling, blood tubes were centrifuged at
1300× g for 10 min at 4 ◦C (5417R Eppendorf Biotools). Plasma aliquots of 50 µL were
carefully collected, pipetted into 0.5-mL Protein LoBind tubes (#022431064, Eppendorf AG,
Hamburg, Germany), and stored at −70 ◦C.

Single molecule array of NF-L. Plasma NF-L levels from 26 TBI rats [13 that developed
epilepsy (TBI+) and 13 that did not develop epilepsy (TBI−)] were analyzed at baseline,
and on D2, D9, and D176. In sham-operated experimental controls, we analyzed the plasma
collected at baseline and on D2. The baseline plasma of both sham-operated and TBI rats
was considered to represent the plasma of naïve animals.

Plasma NF-L levels were measured using a Single Molecule Array (SIMOA) digital
immunoassay (NF-light Advantage assay, #103186, Quanterix, Lexington, MA, USA) [61].
Prior to SIMOA, the plasma samples were diluted 1:16 in NF-light sample diluent buffer
(Quanterix). All samples were analyzed using the same batch of reagents and the same
SIMOA HD-1 instrument (Quanterix). The average intra-assay coefficient of variability
for duplicate sample measurements was 4.5%. Three D2 samples had an average enzyme
per bead (AEB) value beyond the range of the calibration curve (>7200 pg/mL), and their
concentrations were determined by extrapolation [62]. To assess the possible effect of
hemolysis on NF-L levels, absorbance at 414 nm was measured in each sample using
a NanoDrop spectrophotometer (NanoDrop 1000, Thermo Fisher Scientific, Waltham,
MA, USA).

4.4. Behavioral Tests
4.4.1. Composite Neuromotor Score (Neuroscore)

The composite neuroscore test was used to measure the severity of somatomotor and
vestibular deficits [40]. The tests were performed at D-6, D2, D6, and D14 (for details,
see [22]). Briefly, the test included 7 parameters: (1) left and right forelimb flexion (2 param-
eters), (2) left and right hindlimb flexion (2 parameters), (3) left and right lateral pulsion
resistance test (2 parameters), and (4) angle board standing test (1 parameter). The animals
were scored from 0 (severely impaired) to 4 (normal) on an ordinal scale for each parameter,
resulting in a composite neuroscore of 0 to 28 (the maximum score).

To evaluate the rate of early (D2 to D6), late (D6 to D14), and overall (D2 to D14)
somatomotor recovery, the recovery index was calculated for each TBI rat as a percentage
difference in the neuroscore between time-points. Rats with a D6/D2 recovery index > 150%
were classified into the “good early recovery” group, and those with an index ≤ 150% were
classified into the “poor early recovery” group. Rats with a D14/D6 recovery index > 100%
were classified into the “late recovery” group, and those with an index of ≤100% were
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classified into the “poor late recovery” group. Rats with a D14/D2 recovery index > 200%
were classified into the “good overall recovery” group, and those with an index ≤ 200%
were classified into the “poor overall recovery” group.

4.4.2. Morris Water Maze

The Morris water-maze test was used to assess spatial learning and memory. The tests,
including a probe trial, were performed on D35–D39 after injury (for details, see [22]).

Cognitive performance of rats with TBI varied substantially on D35–D39, with some
exhibiting severe impairment and others performing at control level [22]. Therefore, we
next categorized the TBI rats (n = 118) into those that showed or did not show memory
impairment compared with the sham-operated controls (n = 23) by performing a cut-point
analysis. To maximize the statistical power, the data used in the cut-point analysis was
derived from the entire EPITARGET cohort. Based on the cut-off value of the latency to
find the hidden platform on the 3rd testing day, we categorized each rat into either the
“cognitively impaired” (CI+) or the “cognitively not impaired” (CI−) group.

4.5. Magnetic Resonance Imaging (MRI) and Lesion Analysis

Details of the quantitative T2 MRI performed in the EPITARGET cohort, including the
rats analyzed here, were previously provided [37]. Rats were imaged on D2, D7, and D21
after injury (Figure 7B).

Cortical lesion volume. Analysis of cortical lesion volumes from MRI was previously
described [37]. Briefly, T2 relaxation time maps were estimated from multi-slice-multi-echo
spin-echo images acquired with a 7-Tesla Bruker PharmaScan magnet (Bruker BioSpin MRI
GmbH). The imaging time-points were 2, 7, and 21 days after TBI. The slice thickness was
500 µm, in-plane resolution 201 × 201 µm2, repetition time 3016 ms, and echo times 14.6,
29.2, 43.8, 58.4, 73.0, and 87.6 ms. As a result of the challenges in the image registration
accuracy caused by cortical lesions, the injured cortex was manually outlined for each
animal at each time-point. Based on their T2 values, imaging voxels within the cortex
were classified as normal or abnormal. The range for normal T2 values was defined as
45 ms ≤ T2 ≤ 55 ms, with the lower limit corresponding to the 2.5th percentile and the
upper limit corresponding to the 97.5th percentile of all imaging voxels of all sham-operated
controls across all time-points. Values below the lower limit or above the upper limit were
classified as abnormal. The number of abnormal voxels was counted and multiplied by
voxel size to obtain an estimate of the cortical lesion volume for each animal.

Gridded unfolded cortical map. As we unexpectedly found increased NF-L levels in
the D2 plasma of sham-operated animals (see results), we analyzed their D2 T2 MRI in
further detail to identify the locations of possible structural abnormalities. Nomajor cortical
lesions were detected, and we were able to accurately register the images to a template
brain (see [63]). First, the ipsilateral and contralateral cortex were manually outlined in
each 0.5-mm-thick imaging slice in the template brain. Then, unfolded cortical maps were
generated from the registered images as described previously [37]. The cortical profile of T2
was measured in each slice, starting at the rhinal fissure and continuing toward the brain
midline (Figure 8A). The T2 profiles of different slices were joined to form a 2-dimensional
mapping of T2 relaxation times over the cortical surface. The resulting 2-dimensional
cortical maps were filtered using an isotropic spatial Gaussian filter (standard deviation
0.5 mm), followed by an interpolation of the maps on a grid with a 0.5× 0.5 mm2 resolution.
The Mann-Whitney U-test along with the Benjamini-Hochberg procedure (average false
discovery rate of 0.05) [64] were used to correct for multiple comparisons and to test for
differences between the ipsilateral and contralateral cortical T2 values at each grid point.
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Figure 8. Cortical T2 magnetic resonance imaging (MRI) analysis in the sham-operated experimental
control group. (A) T2 images of the sham animals were registered to a template brain. Then, the
ipsilateral (left, blue outline) and the contralateral (right, orange outline) cortex wasmanually outlined
in each image slice (thickness 0.5 mm). In each slice, a cortical profile of the T2 relaxation time was
measured, starting at the rhinal fissure and continuing dorsally towards the brain midline as indicated
by the white arrow (bottom slice). (B) The cortical T2 profiles of different slices were combined,
filtered using a 2-dimensional isotropic Gaussian filter with a standard deviation of 0.5 mm, and
interpolated on a grid with a 0.5 × 0.5 mm2 resolution. We found an ipsilateral signal increase on D2,
D7, and D21 in areas close to the rhinal fissure at the rostrocaudal level (-3.5 mm from the bregma) as
the median of the ipsilateral T2 area was increased compared with that contralaterally. We also found
a parasagittal signal decrease on D7. Color coding of the heatmap: red indicates a positive ipsilateral
vs. contralateral difference in T2 (higher T2 ipsilaterally), and blue indicates a negative difference
(higher T2 contralaterally). An asterisk (*) at a given grid point indicates a statistically significant
difference for the median T2 (Mann-Whitney U-test, after correcting for multiple comparisons using
the Benjamini-Hochberg procedure with an average false discovery rate of 0.05).

4.6. Video-EEG Monitoring

At 5 months post-TBI (D147), rats were anesthetized and implanted with 3 skull
electrodes. Starting on D154 (1 week after electrode implantation), rats underwent con-
tinuous (24/7) video-EEG (vEEG) monitoring for 4 weeks to diagnose PTE [22]. Rats
were defined as having epilepsy if at least one unprovoked electrographic seizure was
detected (Supplementary Figure S4). The electroencephalographic seizure was defined as a
high-amplitude rhythmic discharge that clearly represented an atypical EEG pattern (i.e.,
repetitive spikes, spike-and-wave discharges, poly-spike-and-wave discharges, or slow-
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classified into the “poor late recovery” group. Rats with a D14/D2 recovery index > 200%
were classified into the “good overall recovery” group, and those with an index ≤ 200%
were classified into the “poor overall recovery” group.

4.4.2. Morris Water Maze

The Morris water-maze test was used to assess spatial learning and memory. The tests,
including a probe trial, were performed on D35–D39 after injury (for details, see [22]).

Cognitive performance of rats with TBI varied substantially on D35–D39, with some
exhibiting severe impairment and others performing at control level [22]. Therefore, we
next categorized the TBI rats (n = 118) into those that showed or did not show memory
impairment compared with the sham-operated controls (n = 23) by performing a cut-point
analysis. To maximize the statistical power, the data used in the cut-point analysis was
derived from the entire EPITARGET cohort. Based on the cut-off value of the latency to
find the hidden platform on the 3rd testing day, we categorized each rat into either the
“cognitively impaired” (CI+) or the “cognitively not impaired” (CI−) group.

4.5. Magnetic Resonance Imaging (MRI) and Lesion Analysis

Details of the quantitative T2 MRI performed in the EPITARGET cohort, including the
rats analyzed here, were previously provided [37]. Rats were imaged on D2, D7, and D21
after injury (Figure 7B).

Cortical lesion volume. Analysis of cortical lesion volumes from MRI was previously
described [37]. Briefly, T2 relaxation time maps were estimated from multi-slice-multi-echo
spin-echo images acquired with a 7-Tesla Bruker PharmaScan magnet (Bruker BioSpin MRI
GmbH). The imaging time-points were 2, 7, and 21 days after TBI. The slice thickness was
500 µm, in-plane resolution 201 × 201 µm2, repetition time 3016 ms, and echo times 14.6,
29.2, 43.8, 58.4, 73.0, and 87.6 ms. As a result of the challenges in the image registration
accuracy caused by cortical lesions, the injured cortex was manually outlined for each
animal at each time-point. Based on their T2 values, imaging voxels within the cortex
were classified as normal or abnormal. The range for normal T2 values was defined as
45 ms ≤ T2 ≤ 55 ms, with the lower limit corresponding to the 2.5th percentile and the
upper limit corresponding to the 97.5th percentile of all imaging voxels of all sham-operated
controls across all time-points. Values below the lower limit or above the upper limit were
classified as abnormal. The number of abnormal voxels was counted and multiplied by
voxel size to obtain an estimate of the cortical lesion volume for each animal.

Gridded unfolded cortical map. As we unexpectedly found increased NF-L levels in
the D2 plasma of sham-operated animals (see results), we analyzed their D2 T2 MRI in
further detail to identify the locations of possible structural abnormalities. Nomajor cortical
lesions were detected, and we were able to accurately register the images to a template
brain (see [63]). First, the ipsilateral and contralateral cortex were manually outlined in
each 0.5-mm-thick imaging slice in the template brain. Then, unfolded cortical maps were
generated from the registered images as described previously [37]. The cortical profile of T2
was measured in each slice, starting at the rhinal fissure and continuing toward the brain
midline (Figure 8A). The T2 profiles of different slices were joined to form a 2-dimensional
mapping of T2 relaxation times over the cortical surface. The resulting 2-dimensional
cortical maps were filtered using an isotropic spatial Gaussian filter (standard deviation
0.5 mm), followed by an interpolation of the maps on a grid with a 0.5× 0.5 mm2 resolution.
The Mann-Whitney U-test along with the Benjamini-Hochberg procedure (average false
discovery rate of 0.05) [64] were used to correct for multiple comparisons and to test for
differences between the ipsilateral and contralateral cortical T2 values at each grid point.
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Figure 8. Cortical T2 magnetic resonance imaging (MRI) analysis in the sham-operated experimental
control group. (A) T2 images of the sham animals were registered to a template brain. Then, the
ipsilateral (left, blue outline) and the contralateral (right, orange outline) cortex wasmanually outlined
in each image slice (thickness 0.5 mm). In each slice, a cortical profile of the T2 relaxation time was
measured, starting at the rhinal fissure and continuing dorsally towards the brain midline as indicated
by the white arrow (bottom slice). (B) The cortical T2 profiles of different slices were combined,
filtered using a 2-dimensional isotropic Gaussian filter with a standard deviation of 0.5 mm, and
interpolated on a grid with a 0.5 × 0.5 mm2 resolution. We found an ipsilateral signal increase on D2,
D7, and D21 in areas close to the rhinal fissure at the rostrocaudal level (-3.5 mm from the bregma) as
the median of the ipsilateral T2 area was increased compared with that contralaterally. We also found
a parasagittal signal decrease on D7. Color coding of the heatmap: red indicates a positive ipsilateral
vs. contralateral difference in T2 (higher T2 ipsilaterally), and blue indicates a negative difference
(higher T2 contralaterally). An asterisk (*) at a given grid point indicates a statistically significant
difference for the median T2 (Mann-Whitney U-test, after correcting for multiple comparisons using
the Benjamini-Hochberg procedure with an average false discovery rate of 0.05).

4.6. Video-EEG Monitoring

At 5 months post-TBI (D147), rats were anesthetized and implanted with 3 skull
electrodes. Starting on D154 (1 week after electrode implantation), rats underwent con-
tinuous (24/7) video-EEG (vEEG) monitoring for 4 weeks to diagnose PTE [22]. Rats
were defined as having epilepsy if at least one unprovoked electrographic seizure was
detected (Supplementary Figure S4). The electroencephalographic seizure was defined as a
high-amplitude rhythmic discharge that clearly represented an atypical EEG pattern (i.e.,
repetitive spikes, spike-and-wave discharges, poly-spike-and-wave discharges, or slow-
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waves with frequency and amplitude modulation) that lasted >10 s [65]. The prevalence of
epilepsy in the EPITARGET cohort was 27% (31/114).

4.7. Histology and Preparation of Cortical Unfolded Maps

Perfusion. To assess the location and extent of the FPI and exclude non-TBI related
epileptogenic lesions (e.g., abscess), rats were intracardially perfused for histology after
completing the vEEG (D182). Briefly, rats were deeply anesthetized with pentobarbital
(60 mg/kg, i.p.) and perfused transcardially with 0.9% NaCl followed by 4% paraformalde-
hyde in 0.1 M sodium phosphate buffer (PB), pH 7.4. The brain was removed from the skull,
fixed in 4% paraformaldehyde for 4 h, cryoprotected in 20% glycerol in 0.02 M potassium
phosphate-buffered saline (KPBS, pH 7.4) for 24 h, frozen in dry ice, and stored at −70 ◦C
for further processing.

Frozen coronal sections of the brain were cut (25-µm thick, 1-in-12 series) using
a sliding microtome. The first series of sections was stored in 10% formalin at room
temperature and used for thionin staining. Other series of sections were collected into a
tissue collection solution (30% ethylene glycol and 25% glycerol in 0.05 M PB) and stored at
−20 ◦C until processed.

Nissl staining. The first series of sections was stained with thionin, cleared in xylene,
and cover-slipped using Depex® (BDH Chemical, Poole, UK) as a mounting medium.

Preparation of cortical unfolded maps. To assess the cortical lesion area and the
damage to different cytoarchitectonic cortical areas after TBI, thionin-stained sections were
digitized (40×, Hamamatsu Photonics, NanoZoomer-XR, NDP.scan 3.2). Unfolded cortical
maps were then prepared from the digitized histologic sections as described in detail by [66]
and by applying in-house software from https://unfoldedmap.org (accessed on 4 October
2022) adapted to the rat brain [67].

4.8. Statistical Analysis

Data were analyzed using GraphPad Prism 9 and RStudio (v. 1.1.463) by R (v. 4.0.2).
Differences in the mean NF-L plasma levels between groups were assessed with the Mann-
Whitney U test (unpaired data) or the Wilcoxon matched-pairs signed rank test (paired
data). Differences in mean NF-L plasma levels in TBI rats over different time points
were assessed by the Friedman test followed by the Wilcoxon post hoc test. Correlations
between the plasma NF-L levels and behavioral outcome measures or lesion size in MRI
or histology were assessed with the Spearman rank correlation test (ρ). Evolution of the
composite neuroscore over the testing period was assessed by the Friedman test followed
by the Wilcoxon post hoc test. Categorization of rats with TBI into those with or without
cognitive impairment (CI+ or CI−, respectively) on D35-D39 was performed with the
cut-point analysis, using the cutpointr package in R. The optimal cut-off value for each
parameter was defined as the maximal sum of sensitivity and specificity. The sensitivity
and specificity of plasma NF-L as a prognostic biomarker for cognitive impairment and
epileptogenesis were assessed with receiver operating characteristic (ROC) analysis using
the pROC package in R. Statistical significance of the AUC was evaluated by the Mann-
Whitney U test. A p-value less than 0.05 was considered significant. Data are expressed as
the mean ± standard deviation of the mean (SD).

5. Conclusions

This is the first systematic study of plasma NF-L levels in a model of PTE with
structural, behavioral, and vEEG follow-up. Our data show that TBI and even a craniotomy
lead to an increase in plasma NF-L levels. After lateral FPI, the higher the NF-L levels,
the greater the cortical brain damage and somatomotor impairment. We did not find
an association between plasma NF-L levels and the evolution of chronic hippocampus-
dependent memory impairment. Nor did we find a correlation between plasma NF-L and
somatomotor recovery or epileptogenesis. Our data indicate that although the dynamics
of post-injury plasma NF-L levels seem faster in the rat model compared with that in
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human TBI, the association of plasma NF-L with TBI-related factors such as severity of
TBI and brain damage and magnitude of functional impairments is similar between the
rat model and human TBI. Our data show that plasma NF-L is a sensitive biomarker to
monitor post-injury structural and functional severity after lateral FPI and could serve as a
promising noninvasive response biomarker in preclinical treatment trials.
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waves with frequency and amplitude modulation) that lasted >10 s [65]. The prevalence of
epilepsy in the EPITARGET cohort was 27% (31/114).

4.7. Histology and Preparation of Cortical Unfolded Maps

Perfusion. To assess the location and extent of the FPI and exclude non-TBI related
epileptogenic lesions (e.g., abscess), rats were intracardially perfused for histology after
completing the vEEG (D182). Briefly, rats were deeply anesthetized with pentobarbital
(60 mg/kg, i.p.) and perfused transcardially with 0.9% NaCl followed by 4% paraformalde-
hyde in 0.1 M sodium phosphate buffer (PB), pH 7.4. The brain was removed from the skull,
fixed in 4% paraformaldehyde for 4 h, cryoprotected in 20% glycerol in 0.02 M potassium
phosphate-buffered saline (KPBS, pH 7.4) for 24 h, frozen in dry ice, and stored at −70 ◦C
for further processing.

Frozen coronal sections of the brain were cut (25-µm thick, 1-in-12 series) using
a sliding microtome. The first series of sections was stored in 10% formalin at room
temperature and used for thionin staining. Other series of sections were collected into a
tissue collection solution (30% ethylene glycol and 25% glycerol in 0.05 M PB) and stored at
−20 ◦C until processed.

Nissl staining. The first series of sections was stained with thionin, cleared in xylene,
and cover-slipped using Depex® (BDH Chemical, Poole, UK) as a mounting medium.

Preparation of cortical unfolded maps. To assess the cortical lesion area and the
damage to different cytoarchitectonic cortical areas after TBI, thionin-stained sections were
digitized (40×, Hamamatsu Photonics, NanoZoomer-XR, NDP.scan 3.2). Unfolded cortical
maps were then prepared from the digitized histologic sections as described in detail by [66]
and by applying in-house software from https://unfoldedmap.org (accessed on 4 October
2022) adapted to the rat brain [67].

4.8. Statistical Analysis

Data were analyzed using GraphPad Prism 9 and RStudio (v. 1.1.463) by R (v. 4.0.2).
Differences in the mean NF-L plasma levels between groups were assessed with the Mann-
Whitney U test (unpaired data) or the Wilcoxon matched-pairs signed rank test (paired
data). Differences in mean NF-L plasma levels in TBI rats over different time points
were assessed by the Friedman test followed by the Wilcoxon post hoc test. Correlations
between the plasma NF-L levels and behavioral outcome measures or lesion size in MRI
or histology were assessed with the Spearman rank correlation test (ρ). Evolution of the
composite neuroscore over the testing period was assessed by the Friedman test followed
by the Wilcoxon post hoc test. Categorization of rats with TBI into those with or without
cognitive impairment (CI+ or CI−, respectively) on D35-D39 was performed with the
cut-point analysis, using the cutpointr package in R. The optimal cut-off value for each
parameter was defined as the maximal sum of sensitivity and specificity. The sensitivity
and specificity of plasma NF-L as a prognostic biomarker for cognitive impairment and
epileptogenesis were assessed with receiver operating characteristic (ROC) analysis using
the pROC package in R. Statistical significance of the AUC was evaluated by the Mann-
Whitney U test. A p-value less than 0.05 was considered significant. Data are expressed as
the mean ± standard deviation of the mean (SD).

5. Conclusions

This is the first systematic study of plasma NF-L levels in a model of PTE with
structural, behavioral, and vEEG follow-up. Our data show that TBI and even a craniotomy
lead to an increase in plasma NF-L levels. After lateral FPI, the higher the NF-L levels,
the greater the cortical brain damage and somatomotor impairment. We did not find
an association between plasma NF-L levels and the evolution of chronic hippocampus-
dependent memory impairment. Nor did we find a correlation between plasma NF-L and
somatomotor recovery or epileptogenesis. Our data indicate that although the dynamics
of post-injury plasma NF-L levels seem faster in the rat model compared with that in
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human TBI, the association of plasma NF-L with TBI-related factors such as severity of
TBI and brain damage and magnitude of functional impairments is similar between the
rat model and human TBI. Our data show that plasma NF-L is a sensitive biomarker to
monitor post-injury structural and functional severity after lateral FPI and could serve as a
promising noninvasive response biomarker in preclinical treatment trials.
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Post-traumatic epilepsy (PTE) is a seizure 

disorder that can develop months or even 
years after a traumatic brain injury (TBI). The 
lack of biomarkers to identify epileptogenesis 

after TBI has hindered the development of 
antiepileptogenic treatments to prevent PTE. 

This thesis investigated the potential of plasma 
microRNAs and neurofilament light chain 

protein to act as biomarkers for the severity of 
the brain injury and the development of post-
traumatic epileptogenesis in an animal model 

of PTE.
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