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Abstract

Mild traumatic brain injury affects the largest proportion of individuals in the United States 

and world-wide. Preclinical studies of repetitive and mild traumatic brain injury (rmTBI) have 

been limited in their ability to recapitulate human pathology (i.e. diffuse rotational injury). We 

used the closed-head impact model of engineered rotation acceleration (CHIMERA) to simulate 

rotational injury observed in patients and to study the pathological outcomes post-rmTBI using 

C57BL/6J mice. Enhanced cytokine production was observed in both the cortex and hippocampus 

to suggest neuroinflammation. Furthermore, microglia were assessed via enhanced iba1 protein 

levels and morphological changes using immunofluorescence. In addition, LC/MS analyses 

revealed excess glutamate production, as well as diffuse axonal injury via Bielschowsky’s silver 

stain kit. Moreover, the heterogeneous nature of rmTBI has made it challenging to identify drug 

therapies that address rmTBI, therefore we sought to identify novel targets in the concurrent 

rmTBI pathology. The pathophysiological findings correlated with a time-dependent decrease 

in protein arginine methyltransferase 7 (PRMT7) protein expression and activity post-rmTBI 

along with dysregulation of PRMT upstream mediators s-adenosylmethionine and methionine 
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adenosyltransferase 2 (MAT2) in vivo. In addition, inhibition of the upstream mediator MAT2A 

using the HT22 hippocampal neuronal cell line suggest a mechanistic role for PRMT7 via MAT2A 

in vitro. Collectively, we have identified PRMT7 as a novel target in rmTBI pathology in vivo and 

a mechanistic link between PRMT7 and upstream mediator MAT2A in vitro.
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Protein arginine methyltransferase; Methionine adenosyltransferase 2; Traumatic brain injury; 
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1. Introduction

Traumatic brain injury (TBI) is a leading cause of death and disability world-wide for 

individuals 45 years of age and under and contributes to a global economic burden of ~$400 

billion USD annually (Namjoshi et al., 2014; Maas et al., 2017). TBI is caused by an 

external force such as a jolt, blow, or blunt penetrating trauma that can cause brain tissue 

deformation and subsequent behavioral, locomotor, and cognitive alterations (Namjoshi et 

al., 2014; Ginsburg and Huff, 2022; McKee and Daneshvar, 2015; Bodnar et al., 2019). 

The severity of TBI can vary from mild to severe depending on the location of the impact, 

object penetration, age, sex, and number of repetitive head injuries incurred throughout life 

(Namjoshi et al., 2014; McKee and Daneshvar, 2015). Repetitive and mild TBI (rmTBI) 

accounts for an estimated 82.3 % of all TBI-related traumas leading to long-term cognitive 

impairment and emotional distress (McKee and Daneshvar, 2015; Namjoshi et al., 2014).

Post-injury, TBI events are categorized into primary (caused by the initial impact) and 

secondary injury (consequences of the primary injury that can last for days, weeks, months, 

and years) (McKee and Daneshvar, 2015). In addition, TBI contributes to innumerable 

biochemical and physiological changes such as: neuroinflammation, diffused axonal injury 

(DAI), glutamate induced excitotoxicity, oxidative stress, mitochondrial dysfunction, blood-

brain-barrier (BBB) permeability, impaired cerebral blood flow, and ischemic/hypoxic 

damage (McKee and Daneshvar, 2015). For our rmTBI studies, we used the closed-head 

impact model of engineered rotational acceleration or CHIMERA as it is a (non-surgical) 

clinically relevant model of TBI that allows free head rotation upon impact generated from 

a compressed air-driven piston (Namjoshi et al., 2014). Prior research models (i.e open 

head controlled cortical impact, fluid percussion injury, weight drop model etc.) of TBI lack 

the clinical relevance of rotational injury seen in patients that are involved in automobile 

accidents, falls, and high impact sports. In addition, this model allows for high-throughput 

workflow, as it does not require surgery or use of analgesics (Namjoshi et al., 2014).

The heterogeneous nature of rmTBI has made it challenging to identify drug therapies as 

there is no single therapeutic that can mitigate the myriad of symptoms that arise from 

rmTBI. Due to this limitation along with very few FDA approved biomarkers/targets to 

diagnose TBI, we sought to identify novel targets in the disease pathology in our in vivo 
model of rmTBI. Novel therapeutic targets include protein arginine methyltransferases 

(PRMTs), which are enzymes responsible for methylating arginine residues located on 

histones and non-histone target proteins (Couto et al., 2020). The PRMT family consists of 
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enzymes (PRMT1-11) and are classified as Type I, II, or III depending on their end-product 

formation. Type I PRMTs (PRMT1-4, 6, 8) methylate L-arginine to produce asymmetric 

dimethylarginine (ADMA), Type II (PRMT5, 9) produce symmetric dimethylarginine 

(SDMA) and type III PRMT (PRMT7) produces mono-methylarginine (MMA) as its’ end-

product (Couto et al., 2020; Jain and Clarke, 2019). PRMT7 is of particular interest as it is 

the only type III PRMT (producing MMA as its’ end-product) (Couto et al., 2020; Jain and 

Clarke, 2019) and human deletion of this gene has been implicated in intellectual disability, 

microcephaly, and brachydactyly (Kernohan et al., 2017; Valenzuela et al., 2019; Rodari 

et al., 2022; Cali et al., 2022). Moreover, PRMT7 has been implicated in neurological 

function via methylation of hyperpolarization-activated cyclic nucleotide-gated and sodium 

leak channels affecting neurotransmission within pyramidal cells of mouse hippocampi; to 

suggest an essential role for PRMT7 to maintain neuronal viability (Lee et al., 2020; Lee et 

al., 2019).

Methionine adenosyltransferase 2 (MAT2A) is responsible for s-adenosylmethionine (SAM) 

production, the universal methyl donor in the body, via the combination of ATP and L-

methionine (C. Li et al., 2022). MAT2A and SAM are upstream mediators of PRMT activity 

as PRMT’s utilize SAM to methylate their downstream substrates (Kalev et al., 2021). 

MAT2A is the extrahepatic form of this enzyme and exists as a homodimer (Nordgren et 

al., 2011), whereas MAT2B is the regulatory subunit and has been reported to regulate 

and inhibit MAT2A activity (Quinlan et al., 2017). Dysregulation of MAT enzymes have 

been shown to contribute to various forms of cancer including, but not limited to, liver, 

gastric, leukemia, and brain tumor proliferation (C. Li et al., 2022; Maldonado et al., 2018); 

moreover, methionine dysregulation has also been implicated in clinical studies of TBI 

(Dash et al., 2016).

Our rmTBI paradigm showed similar pathologies from previous studies such as 

neuroinflammation, enhanced microglia, excess glutamate, and diffuse axonal injury 

(Namjoshi et al., 2014; Xiong et al., 2018; Schwulst et al., 2013; Drieu et al., 2022; Tasker, 

2012; McNamara et al., 2020). Furthermore, our aim was to identify concurrent potential 

therapeutic targets in vivo. Due to the clinical relevance and implication in neurological 

function, we sought to investigate a potential role for the PRMT7 enzyme in our model of 

rmTBI using C57BL/6 mice as well as to determine a mechanistic link between PRMT7 and 

upstream mediators MAT2A/B in vitro using HT22 hippocampal neuronal cell line.

2. Materials & Methods

2.1. Animal preparation

All experimental procedures were approved by the Institutional Animal Care and Use 

Committee of the Louisiana State University (LSU) Health Sciences Center Shreveport, 

LA. C57BL/6J male mice were purchased from Jackson Laboratory at 7 weeks old. Mice 

ages 8–12 weeks, weighing 20–32 g were used for all experiments. Mice were held in 

standard LSU Health Veterinary conditions with controlled air, humidity, and a 12 hr light to 

dark cycle. Upon completion of rmTBI experimentation, mice were placed into an induction 

chamber at (5 % isoflurane with 900 cc of O2). Paw reflex was used as an indicator of 

a complete anesthetized mouse. The mice were then decapitated, and the brain (cortex 
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and hippocampus) harvested for subsequent assays. Mice were randomly placed into the 

following experimental groups: (SHAM/Control), 1, 3, 7-day endpoints, to assess loss of 

righting reflex and molecular changes in vivo.

2.2. Loss of righting reflex (LRR)

Loss of righting reflex (LRR) indicates loss of consciousness in mice (Namjoshi et al., 

2014). Mice were anesthetized and placed onto the CHIMERA TBI device (Namjoshi et al., 

2014) after 2 min of induction with isoflurane (5 % isoflurane with 900 cc of O2). Velcro 

straps were placed across the abdomen and chest to secure the mouse. An air-actuated 

piston was used to strike the back of the mouse head (where the bregma and lambda suture) 

allowing free rotation at 0.7 J for three consecutive hits (24 hrs apart) to induce rmTBI, 

which produced a loss of consciousness of the mouse. Elapsed time after each hit was 

measured by placing the mouse laterally in a mouse cage on top of a 37 °C heating pad 

to allow for proper recovery. Each mouse rolled over to the prone position after gaining 

consciousness with all 4 paws on the heating pad known as righting time. The elapsed time 

of 15 min or less indicates mild TBI in rodents (Sauerbeck et al., 2018; Dewitt et al., 2013).

2.3. Capillary-based immunoassay via ProteinSimple®

Capillary electrophoresis immunoassay, or Simple Western analyses, were performed using 

the Wes/Jess™, according to the manufacturer’s protocol (ProteinSimple, Bio-techne, 

Minneapolis, MN). Protein isolation from the cerebral cortex and hippocampus was 

performed using T-PER® Tissue Protein Extraction Reagent (Cat. No. 78510, Thermo 

Fisher Scientific, Waltham, MA) with Halt™ Protease Inhibitor Cocktail (Cat. No. 87785, 

Thermo Fisher Scientific, Waltham, MA). Tissue lysates were diluted in sample buffer 

(Protein Simple®) to achieve a final concentration of 1 μg/μl and added to a master 

mix containing 40 mM fluorescent molecular weight marker with dithiothreitol (DTT). 

Samples were denatured at 95 °C for 5 min before loading into a 25 or 13-well plate 

and capillary cartridge with a target protein size of 12–230 kDa (Cat. No. SM-W001; 

ProteinSimple). All antibodies were diluted using an antibody diluent (ProteinSimple, Bio-

techne, Minneapolis, MN) as follows: iba1 (1:50; GeneTex GTX100042), PRMT7 (1:100; 

D1K6R), Monomethylarginine (MMA 1:50; 8015S), (Cell Signaling Technology, Danvers, 

MA), Bax (1:50; R&D Systems AF820), MAT2A (1:500; Novus NB110-94158), MAT2B 

(1:40; ProteinTech 15952-I-AP). Antibody targets were detected with an HRP-conjugated 

secondary anti-rabbit or anti-mouse. Protein levels were calculated by the area under the 

curve from chemiluminescence chromatograms obtained via the Compass for SW software 

(version 4.0.0, Protein Simple, Bio-techne, Minneapolis, MN). Relative protein expression 

was calculated by protein peak intensity divided by the total protein loading control provided 

by the manufacturer. Compass for SW software-generated pseudo-blots are presented with 

each protein of interest (ProteinSimple®, Bio-techne, Minneapolis, MN).

2.4. Real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR)

Mouse hippocampus and cortex were harvested and homogenized. mRNA was extracted 

using the QIAGEN RNeasy Mini Kit (Cat. No. 74104, QIAGEN, Hilden, Germany); 

with analyses of mRNA quality and quantity using the NanoDrop (Thermo Fisher 

Scientific, Waltham, MA). cDNA was synthesized from 500 ng of extracted mRNA with 
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Superscript™ III Reverse Transcriptase (Cat. No. 18080051, Thermo Fisher Scientific, 

Waltham, MA) according to the manufacturer’s recommendations in a T100™ Thermal 

Cycler (BioRad, Hercules, CA). qPCR was performed in a CFX96 Real-Time PCR 

Detection System using iQ™ SYBR® Green Supermix (Cat. No. 1708886, Bio-Rad, 

Hercules, CA). The PCR reaction consisted of the following constituents: 0.4 μl of 

cDNA, 10 μl of iQ™ SYBR® Green Supermix (Invitrogen, Carlsbad, CA), 200 nM of 

each primer, and nuclease free water. The cycling conditions for the qPCR amplification 

were as follows: 95 °C for 3 min, 95 °C for 10 s, 60 °C for 30 s, for 40 

cycles. Target genes were normalized with the housekeeping genes β-actin (forward 

5′-AGCCATGTACGTAGCCATCC-3′ and reverse 5′-CTCTCAGCTGTGGTGGTGAA-3′) 
or GAPDH (forward 5′-CATCACTGCCACCCAGAAGACTG-3′ and reverse 5′-
ATGCCAGTGAGCTTCCCGTTCAG-3′) (Narayan & Kumar, 2012). The mouse primer 

sequence for PRMT7 gene was obtained from Primer Bank (ID 21703807c1) database 

and synthesized by MilliporeSigma (MilliporeSigma, Burlington, MA) (forward 5′-
TTGCCAGGTCATCCTATGCC-’ and reverse 5′-GCCAATGTCAAGAACCAAGGC-3′).

2.5. Cytokine array

Mouse inflammation array (RayBiotech; QAM-INF-1-1) was used to detect the level of 

cytokines present in murine tissue lysates. This ELISA based analysis allowed for the 

quantification of the following cytokines: ICAM-1, IL-6, CD30-L, IL-5, IL-10, IL-1a, and 

IL-12p70, via a fluorescence laser scanner. Procedures were accordance to RayBiotech 

protocols and significant results were presented from the cortex and hippocampus. For 

further details, see our previous publication (Couto et al., 2021).

2.6. Histology (immunofluorescence)

Mice were anesthetized and transcardially perfused with 1 X phosphate buffered saline 

(PBS), followed by 4 % paraformaldehyde (Cat. No. P6148, MilliporeSigma, Burlington, 

MA) in 0.1 mmol/L of PBS. Brains were fixed in 4 % paraformaldehyde overnight at 4 

°C, followed by dehydration in 30 % sucrose in 0.1 mmol/L PBS for 72 hrs at 4 °C before 

sectioning. Tissue was sectioned into 30 μm slices on a sliding microtome stage chilled 

to —20 °C (Leica Biosystems, SM2000R) in NEG-50™ sectioning media (Cat. No. 6502, 

Thermo Fisher Scientific, Waltham, MA, USA), and placed in a 24-well dish in 1 X PBS. 

Tissue slices were mounted on adhesion slides (Cat. No. M1000W, StatLab, McKinney, TX) 

and submerged into 1 X PBS with 0.1 % Triton (Sigma) rinsed thrice. Slides were placed 

into a humidity chamber (M918-2; Simport Scientific Inc.) and blocked with 1 % BSA, 

0.1%, TritonX-100 in PBS for 1-hr incubation, followed by 3 × 15 min rinses. Primary 

antibody anti-rabbit iba1 (cat. no. 019–19741; Fujifilm) diluted 1:1000 in (1 % BSA, in 

0.1 % TritonX-100 in 1 X PBS) was placed onto slides in the humidity chamber for a 2 

hr incubation. Slides were rinsed again with 3 X (15 min each rinse) washes. Slides were 

incubated with secondary antibody Alexa-fluor 488 nm wavelength (A11070; Invitrogen 

by Thermo Fisher Scientific) goat-anti-rabbit antibody diluted 1:2000 in 1 X PBS/0.1% 

Triton and incubated in the humidity chamber for 2 hrs, followed by a 3 × 15 min rinse. 

Tissue was stained for 10 mins with (4′,6-diamidino-2-phenylindole; Sigma-Aldrich Cat. 

No. D9542) DAPI for nuclei visualization. Slides were rinsed with 3 × 15 min washes. 

Slides were mounted with Fluoromount G (Cat. No. 00-4958-02; Invitrogen by Thermo 
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Fisher Scientific) on coverslips (Cat. No. 48393-106; VWR) and imaged on a fluorescence 

microscope at 10 X and 60 X objectives (Nikon A1R Confocal & Super Resolution System, 

Nikon, Tokyo, Japan).

2.7. Enzyme-linked immunosorbent assay (ELISA)

Protein isolation from harvested murine brains from both the cerebral cortex and 

hippocampus was performed using T-PER® Tissue Protein Extraction Reagent (Cat. No. 

78510, Thermo Fisher Scientific, Waltham, MA) with Halt™ Protease Inhibitor Cocktail 

(Cat. No. 87785, Thermo Fisher Scientific, Waltham, MA). Tissue lysates were diluted in 

ELISA sample buffer and S-adenosylmethionine (SAM) levels were detected using the SAM 

specific ELISA from Cell Biologics (cat. no STA-672). SAM levels were detected in tissue 

lysates of both the cerebral cortex and hippocampus via FLUOstar Omega (BMG Labtech; 

S/N: 415–2374) and adhered to protocols provided by the manufacturer.

2.8. In vitro cell culture

HT22 mouse hippocampal neuronal cell line was purchased from Millipore Sigma (SKU 

SCC129). For our in vitro experiments we cultured HT22 cells in supplemented DMEM 

(cat. no. 11320-033; Gibco) media with 10 % FBS, 1 % penicillin/streptomycin (cat. no. 

15140122; ThermoFisher Scientific) and glutaMAX (cat. no. 35050079; Gibco). Cells were 

seeded at 30,000 cell density into 6-well plates until 70 % confluency. The cells were then 

treated with PF-9366 (cat. no. 30872; Cayman Chemicals) allosteric drug inhibitor (MAT2A 

inhibitor) at 25 μM (Wang et al., 2021) in 0.43 % DMSO for 24 hrs. Upon completion of 

experimentation, cells were washed twice with ice-cold 1X PBS over ice and lysed with 100 

μl of RIPA lysis and extraction buffer (cat no. 89900; ThermoFisher Scientific) and protease 

cocktail inhibitor (cat. no. 78429; ThermoFisher Scientific) with cell scrapers. Cell lysates 

were centrifuged at 10,000 × g for 10 min at 4 °C. Supernatant was then removed for protein 

quantification and subsequent protein analysis.

2.9. Histology (Bielschowsky’s Silver Stain Kit)

Mice were anesthetized and transcardially perfused with 1 X phosphate buffered 

saline (PBS, 20 ml, Cat. No. AAJ62036-K7, VWR, Radnor, PA), followed by 4 % 

paraformaldehyde (Cat. No. P6148, MilliporeSigma, Burlington, MA) in 0.1 mmol/L of 

PBS. The brains were removed and fixed in 4 % paraformaldehyde overnight at 4 °C 

immediately after perfusion. The brains were dehydrated in 30 % sucrose (Cat. No. S9378, 

MilliporeSigma, Burlington, MA) in 0.1 mmol/L PBS for 72 hrs at 4 °C before sectioning. 

The brains were sectioned into 30 μm slices on a sliding microtome with a −20 °C stage 

(Leica Biosystems, SM2000R) in NEG-50™ sectioning media (Cat. No. 6502, Thermo 

Fisher Scientific, Waltham, MA, USA), and placed on a 24-well dish in 1 X PBS before 

mounting them on adhesion slides (Cat. No. M1000W, StatLab, McKinney, TX). Once 

tissue sections were mounted on adhesion slides, the protocol was followed as indicated 

from Bielschowsky’s silver stain kit (Abcam-ab245877). Slides were mounted with DPX 

mountant histology medium (06522-100 ML; Sigma) with coverslips (Cat. No. 48393-106; 

VWR) and visualized on a bright-field microscope at 4 X objective.
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2.10. HPLC-MS/MS (neurotransmitter panel)

After each experimental endpoint, mice brains were harvested and dissected separating 

the cerebral cortex and hippocampus and stored at −80 °C for storage. Once all time 

points were completed, mouse cortex and hippocampus were weighed and annotated. An 

internal standard solution containing 6 isotope-labeled internal standards was used for 6 

analytes in 70 % acetonitrile solution. Tissue samples were homogenized in the internal 

standard solution at 10 μl of 70 % acetonitrile solution per mg of tissue for 1 min, 3 

X at 30 Hz with 2 metallic spheres to aid homogenization. Samples were injected and 

analyzed using an automated Q TRAP 6500 plus mass spectrometer equipped with a heated 

electrospray ionization source. LC separation was carried out on a C18 Ultra Performance 

Liquid Chromatography column for gradient elution. Neurotransmitter concentrations were 

quantified based on internal standards and expressed as nanomoles/gram (nmol/g).

2.11. Statistical analyses

A p value of <0.05 level of probability was considered significant. Results were expressed 

as means ± S.E.M. Statistical analysis were evaluated by student’s t-test, paired-samples 

t-test, two-way ANOVA, and by one-way ANOVA (Tukey’s post-hoc test) as appropriate 

with Graph-pad Prism v.8.0.2 (San Diego, CA).

3. Results

3.1. Repetitive and mild TBI (rmTBI) induced loss of consciousness in mice

Mice were exposed to 1 mild TBI hit (0.7 J) per day for 3 consecutive days (Fig. 1A) via 

the CHIMERA (Fig. 1B) and assessed for loss of righting reflex (LRR) (a measurement of 

loss of consciousness). Righting times in sham mice (anesthesia only) were (23.9 ± 5.63) 

(day 1), (28.3 ± 5.87) (day 2), and (36.8 ± 2.59) (day 3) in seconds. Righting times in 

rmTBI mice were (197 ± 42.6) (day 1), (158 ± 34.3) (day 2), and (161 ± 30.7) (day 3) in 

seconds. There was a statistical main effect [F (1, 16) = 38.8; p < 0.0001] between SHAM 

and rmTBI mice via two-way ANOVA with Tukey’s post-hoc analysis to suggest rmTBI 

mice lost consciousness relative to their SHAM counterparts (Fig. 1C).

3.2. Iba1 was elevated in repetitive and mild traumatic brain injury

Ionized calcium binding adaptor molecule 1 (iba1), a microglia marker and indicator for 

inflammation was examined in the cortex and hippocampus via capillary electrophoresis 

and immunofluorescence in both SHAM and rmTBI mice. Our results suggest a significant 

elevation of iba1 protein expression in the hippocampus at both 3 (0.02 ± 0.001) arbitrary 

units (AU) and 7 (0.02 ± 0.001 AU) days post-rmTBI relative to SHAM (0.01 ± 0.001) (Fig. 

2A). There were no significant changes of iba1 in the cortex, albeit the trend was similar to 

that of the hippocampus at 3 (0.020 ± 0.002 AU) and 7 (0.018 ± 0.004 AU) days post-rmTBI 

relative to SHAM (0.010 ± 0.002) (Fig. 2B). In addition, it has been previously shown that 

iba1 is increased and activated in the optic tract of rmTBI via the CHIMERA (Namjoshi 

et al., 2014); therefore, we probed for iba1 in the optic tract via immunofluorescence. 

We observed enhanced iba1 immunofluorescence in the optic tract to suggest increased 
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microglia number in rmTBI mice v. SHAM (Fig. 2C–N). Results are analyzed via one-way 

ANOVA with Tukey’s post-hoc test.

3.3. Cytokine production was enhanced post repetitive and mild traumatic brain injury

Cytokine array was conducted to assess cytokine production in both the cortex and 

hippocampus in rmTBI. Our results suggest the following increase in cytokine production 

in the cortex: ICAM-1 was significantly elevated at 7 days (130 ± 13.5 pg/mL) post-rmTBI 

relative to SHAM (49.8 ± 6.82 pg/mL); IL-6 was also significantly increased at 1 (85.6 ± 

13.4 pg/mL) and 3 (64.2 ± 7.98 pg/mL) days post-rmTBI relative to SHAM (0.88 ± 20.5 

pg/mL); CD30L was significantly increased at 1 day (110 ± 39.0 pg/mL) relative to SHAM 

(14.4 ± 2.41 pg/mL); IL-5 was significantly increased at 1 day (138 ± 22.6 pg/mL) relative 

to SHAM (42.8 ± 4.83 pg/mL), followed by a significant decrease at 7 days (77.7 ± 16.1 

pg/mL) relative to 3 days post-rmTBI (57.8 ± 9.91); IL-10 was significantly elevated at 

all time points 1 (449 ± 46.9 pg/mL), 3 (307 ± 27.7 pg/mL), and 7 (341 ± 37.3 pg/mL) 

days post-rmTBI relative to SHAM (167 ± 21.1 pg/mL). Results were analyzed via one-way 

ANOVA with Tukey’s post hoc (Fig. 3A–E). In the hippocampus, there was a significant 

increase in the following cytokines: IL-1alpha at 1 day (8.6 ± 0.7 pg/mL) post-rmTBI 

relative to SHAM (5.1 ± 0.94 pg/mL); CD30L was significantly elevated at 1 day (48 ± 7.1 

pg/mL) relative to SHAM (15 ± 1.4 pg/mL), followed by a significant decrease at 7 days 

(14 ± 3.4 pg/mL) relative to 1 day post-rmTBI; and IL-12p70 was significantly increased 

at 1 day (28 ± 3.1 pg/mL) relative to SHAM (17 ± 1.6 pg/mL). Results were analyzed 

via one-way ANOVA with Tukey’s post-hoc analysis and SEM via descriptive statistics. 

Significant cytokine results were presented from the cortex and hippocampus (Fig. 3F–H).

3.4. PRMT7 cortical protein expression was decreased after repetitive and mild traumatic 
brain injury (rmTBI)

PRMT7 protein expression was examined in the cerebral cortex and hippocampus at 1, 3, 

and 7 days post-rmTBI. PRMT7 cortical protein expression was significantly decreased at 

3 (0.58 ± 0.05) and 7 days (0.57 ± 0.03) as compared to sham (0.78 ± 0.03), but not at 1 

day (0.78 ± 0.01) arbitrary units (AU) post-rmTBI via one-way ANOVA with Tukey’s post 
hoc analysis (Fig. 4A). There were no significant changes in PRMT7 protein expression in 

the hippocampus at 1 (0.95 ± 0.04), 3 (0.91 ± 0.01), and 7 (0.90 ± 0.12) days post-rmTBI 

relative to sham (1.08 ± 0.08) (AU) (Fig. 4B). Lastly, there were no significant changes in 

PRMT7 mRNA expression in the cortex at 3 or 7 days post-rmTBI relative to SHAM as 

analyzed via one-way ANOVA with Tukey’s post hoc analysis (Fig. 4C and D).

3.5. Monomethylarginine protein expression is decreased in the hippocampus after 
repetitive and mild traumatic brain injury (rmTBI)

MMA was analyzed to assess the catalytic function of PRMT7 post-rmTBI via capillary 

electrophoresis. Our results suggest no significant changes in the cerebral cortex (Fig. 5A) 

at any time points at 1 day (0.71 ± 0.09), 3 days (0.76 ± 0.09), and 7 days (0.62 ± 0.17) 

arbitrary units (AU) after rmTBI as compared to sham (0.56 ± 0.06). MMA was decreased 

in the hippocampus at 1 (1.07 ± 0.08), 3 (0.41 ± 0.07), and 7 days (1.71 ± 0.24) relative to 

SHAM (4.69 ± 0.83) (AU) post-rmTBI via one-way ANOVA with Tukey’s post-hoc analysis 

(Fig. 5B).
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3.6. S-adenosylmethionine levels are increased in the hippocampus post-rmTBI

The primary methyl donor, S-adenosylmethionine (SAM), was measured via ELISA both 

in the cortex and hippocampus of SHAM and rmTBI mice. In the cortex, SAM followed 

the same trend as the hippocampus, although not significant (Fig. 6A). SAM levels were 

significantly enhanced in the hippocampus at 3 days (1.20 ± 0.08 pg/mL) post-rmTBI 

relative to SHAM (0.83 ± 0.04 pg/mL), followed by a significant decrease at 7 days (0.88 

± 0.09 pg/mL) relative to 3 days post-rmTBI (Fig. 6B). Results were analyzed via one-way 

ANOVA with Tukey’s post-hoc test.

3.7. MAT2B is enhanced in the hippocampus post-rmTBI

Methionine adenosyltransferase 2A/B (MAT2A and MAT2B) are responsible for producing 

S-adenosylmethionine (SAM; primary methyl donor for PRMT’s), therefore we probed for 

MAT2A and MAT2B via capillary electrophoresis in our SHAM and rmTBI mice. Our 

results suggest a decrease of MAT2A protein expression in the hippocampus, although not 

significant at 7 days (0.81 ± 0.07 AU) (p = 0.0562) post rm-TBI relative to SHAM (0.96 

± 0.02 AU) (Fig. 7A). In addition, there was a significant elevation of MAT2B protein 

expression at 7 days (0.090 ± 0.007AU) relative to SHAM (0.071 ± 0.002AU) (Fig. 7B). 

Within the cerebral cortex there were no significant changes in MAT2B or MAT2A protein 

expression at 1, 3, or 7 days post-rmTBI (Fig. 7C and D). Results were analyzed via 

one-way ANOVA with Tukey’s post-hoc test.

3.8. MAT2A inhibitor (PF-9366) reduced PRMT7 protein expression and activity

To determine if MAT2A inhibition can modulate PRMT7 protein expression and/or activity, 

we treated HT22 cells (mouse hippocampal cell line) with PF-9366 (allosteric MAT2A 

inhibitor at 25 μM for 24 h). Our results suggest that inhibition of MAT2A significantly 

decreased PRMT7 protein expression (1.30 ± 0.03 AU) relative to control (3.27 ± 0.05 AU) 

(Fig. 8A). In addition, MAT2A inhibition also reduced PRMT7 activity as indicated by a 

significant reduction of mono-methylarginine (1.87 ± 0.06 AU) relative to control (2.88 ± 

0.040 AU) (Fig. 8B). Lastly, MAT2A inhibition also led to a significant increase in MAT2A 

protein expression (3.86 ± 0.06 AU) relative to control (1.59 ± 0.03 AU) and a decrease in 

MAT2B protein expression (0.18 ± 0.02 AU) relative to control (0.36 ± 0.01 AU) (Fig. 8C 

and D). Results were analyzed via student’s t-test (Fig. 8A–D).

3.9. Repetitive and mild TBI (rmTBI) induced diffuse axonal injury

Diffuse axonal injury (DAI) was assessed qualitatively using Bielschowsky’s Silver Stain 

Kit. Mouse histological coronal sections of SHAM, 1, 3, 7-days post-rmTBI were stained to 

assess the extent of DAI in our model of rmTBI mice. Our results indicate an increase in 

diffuse axonal injury as demonstrated by the darker brown staining as a result of increased 

silver deposition throughout the cerebral tissue post-injury (Fig. S1 A–D).

3.10. Glutamate is enhanced after mild and repetitive traumatic brain injury

We assessed glutamate levels in the cerebral cortex and hippocampus post-rmTBI via 

high-performance liquid chromatography mass spectrometry (HPLC-MS/MS). Our results 

suggest no significant changes in glutamate levels in the cerebral cortex at any of the time 
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points at 1 (6241 ± 75.27), 3 (6913 ± 489.9), or 7 days (5882 ± 568.5) as compared 

to SHAM (6466 ± 309.1) nanomole per gram (nmol/g) (Fig. S2 A). However, in the 

hippocampus, there was a significant increase 3 days (6714 ± 107.8) v. SHAM (5522 ± 

235.3) with no changes at 1 (5777 ± 463.3) or 7 days (5780 ± 249.5) (nmol/g) post-rmTBI 

(Fig. S2 B). Results were analyzed via one-way ANOVA with Tukey’s post hoc (Fig. S2 

A–B).

3.11. BAX was elevated in mild and repetitive traumatic brain injury

Cell death was assessed post-rmTBI, via the apoptotic marker BAX and there were 

significant increases in BAX protein expression in the hippocampus 3 (0.03 ± 0.002) and 7 

days (0.03 ± 0.002) v. sham (0.02 ± 0.003) (AU) post-rmTBI (Fig. S2 D). However, there 

were no significant changes in BAX protein expression in the cerebral cortex at any of 

the time-points, 3 (0.02 ± 0.001) or 7 days (0.02 ± 0.006) relative to sham (0.02 ± 0.003) 

arbitrary units (AU) (Fig. S2 C).

4. Discussion

Pathophysiological events of neuroinflammation, diffuse axonal injury, and excess glutamate 

were assessed to validate injury with previously published pre-clinical studies of TBI (Y. 

Li et al., 2020; Namjoshi et al., 2014; Santiago-Castaneda, Huerta de la Cruz, Martinez-

Aguirre, Orozco-Santiago-Castaneda et al., 2022). In addition to these pathological findings, 

PRMT7 protein expression was significantly decreased in the cerebral cortex at 3 and 7 

days post-rmTBI and MMA production was significantly decreased at 1, 3, and 7 days 

post-rmTBI in the hippocampus suggesting a significant reduction in PRMT7 activity. 

These changes in PRMT7 protein expression and activity correlated with the pathological 

findings of neuroinflammation as denoted by enhanced cytokine production in both the 

cortex and hippocampus as well as enhanced iba1 protein levels and microglia via 

immunofluorescence. The optic tract was specifically assessed as it has been one of the 

most consistent pathological findings across CHIMERA TBI users (McNamara et al., 2020).

PRMT7 dysfunction has been implicated in neurological activity via methylation of 

hyperpolarization-activated cyclic nucleotide-gated channels and sodium leak channels, 

affecting the neurotransmission within pyramidal cells of mice hippocampi as well as 

contribute to enhanced neuronal excitability via methylation of Nav1.9 channels within 

nociceptors contributing to hypersensitivity in transgenic mice (Ma et al., 2022); indicating 

PRMT7’s essential role in maintaining neuronal integrity (Lee et al., 2019, 2020). In 

addition, PRMT7 has recently been described to have unique optimal physiological 

microenvironments affecting its catalytic activity (Lowe and Clarke, 2022). Lowe and Clarke 

have described optimal activity of PRMT7 at alkaline pH, sub physiological temperature 

(below 37 °C), and at lower ionic strengths below that of most intracellular environments 

(Lowe and Clarke, 2022). TBI-induced brain injury typically causes a decrease in pH due 

to elevated lactate production, increased acidosis, inflammation, and enhanced metabolic 

activity (Timofeev et al., 2013) all of which largely impact brain temperature (Mrozek 

et al., 2012; Rzechorzek et al., 2022) and can ultimately lead to a disruption of PRMT7 

activity in vivo. Specific molecular changes in the cortex and hippocampus were observed 
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in our rmTBI studies, which have also been reported from various pre-clinical brain injury 

studies (Tashlykov et al., 2007; Svirsky et al., 2020; Voelz et al., 2021; Baranovicova et al., 

2021) Anatomical differences and vascular supply between the cortex and hippocampus are 

major contributors to the functional differences between brain regions (Johnson, 2023). The 

vascular density is a fraction of the cortex, rendering the hippocampus more susceptible to 

ischemia-related injury (Johnson, 2023; Shaw et al., 2021). These established anatomical 

and physiological differences could explain in part why we see different PRMT7 enzymatic 

activity between the cortex and hippocampus as well as protein expression. Moreover, 

PRMT7 has been described to be highly expressed in the hippocampus relative to other 

brain regions (Lee et al., 2019), further supporting why PRMT7 activity is observed to be 

more affected in the hippocampus than the cortex. Our data supports a decrease in PRMT7 

activity in the hippocampus in response to injury as suggested by the significant decrease 

in MMA production post-injury. Taken together, our results suggest a novel role of PRMT7 

that correlate with our pathophysiological findings in our model of rmTBI.

Concomitant dysregulation of upstream PRMT mediators, methionine adenosyltransferase 

(MAT2A/B) and S-adenosylmethionine (SAM) also correlated with neuroinflammatory 

events, diffuse axonal injury, and excess glutamate pathologies. Methionine 

adenosyltransferase 2 (MAT2A) is responsible for SAM production, which is the universal 

methyl donor in the body, whereas MAT2B is the regulatory unit and can act to inhibit 

MAT2A activity (C. Li et al., 2022). MAT2A and the methyl donor SAM are upstream 

mediators of PRMT activity (Kalev et al., 2021). Our in vivo data suggest a decrease 

in MAT2A protein expression 7 days post-rmTBI suggesting a decrease in activity as 

evidenced by decreased SAM production (downstream product) at 7 days post-rmTBI in 

the hippocampus. This decrease in upstream PRMT mediators and/or activity can ultimately 

lead to a subsequent decrease in PRMT methylation activity. Moreover, MAT2A and B can 

form a heterotetradimer, in which MAT2B is able to elicit its’ regulatory properties and 

inhibit MAT2A activity (Nordgren et al., 2011; Quinlan et al., 2017). The upregulation of 

MAT2B protein expression at 7 days also suggests inhibition of MAT2A activity, which 

is supported by the decreased SAM production at 7 day relative to 3 days rmTBI in the 

hippocampus. Furthermore, previous studies have suggested that MAT2B also regulates 

MAT2A activity by making it more susceptible to feedback inhibition by SAM (LeGros et 

al., 1997) and can inhibit the catalytic activity of MAT2A when SAM or methionine levels 

are high causing a reduction in downstream product formation. A significant upregulation 

in SAM production was observed 3 days post-rmTBI within the hippocampus suggesting 

negative feedback inhibition of MAT2A. Moreover, enhanced SAM levels could be a 

compensatory response to the decrease in PRMT7’s catalytic function as denoted by the 

time dependent decreases in MMA production at 1, 3, and 7 days post-rmTBI. SAM is 

described to have tight regulation physiologically as it is estimated to be the second most 

involved cofactor in cellular function outside of ATP (Ducker and Rabinowitz, 2017), further 

supporting the time-dependent changes of SAM production in vivo.

Using HT22 hippocampal neuronal cell line we wanted to determine a mechanistic link 

between PRMT7 and upstream mediators MAT2A/B in vitro. PRMTs utilize SAM as the 

methyl donor to methylate histone and non-histone proteins (Zhang et al., 2021). Previous 

studies suggest MAT2A inhibition led to downstream disturbance in PRMT5 activity by 
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significantly reducing SAM production (Kalev et al., 2021; Konteatis et al., 2021; Marjon 

et al., 2016). Here, we show MAT2A inhibition in vitro can also modulate PRMT7 protein 

expression and activity via the allosteric MAT2A inhibitor PF-9366. Our data suggest that 

MAT2A inhibition led to a decrease in PRMT7 protein expression as well as enzymatic 

activity indicated by decreased MMA production (Fig. 8A and B). Moreover, we observed 

compensatory effects of MAT2A protein expression upon inhibition, similar to previous 

studies reporting compensatory effects (Quinlan et al., 2017; Konteatis et al., 2021) of 

MAT2A (Fig. 8C). A cartoon schematic diagram illustrates the changes in PRMT7 and 

upstream mediators both in vivo and in vitro (Fig. 9A and B). To our knowledge, we 

are the first to report MAT2A inhibition caused a significant reduction of PRMT7 protein 

expression and activity in vitro, as well as to suggest a role for PRMT7 in the rmTBI 

pathology in vivo.

5. Conclusions

Collectively, our three-hit paradigm of rmTBI enhanced iba1 protein expression, cytokine 

production, and induced diffuse axonal injury, via CHIMERA. In addition, our rmTBI 

paradigm contributed to a significant increase in glutamate levels to suggest excitotoxicity 3 

days post-rmTBI. These pathophysiological findings correlated with a decrease in PRMT7 

levels and activity as seen by the significant decrease in PRMT7 protein expression and 

MMA production post-rmTBI. Furthermore, the upstream mediators of PRMT7, MAT2A 

and MAT2B, were dysregulated in vivo. Inhibition of MAT2A using HT22 hippocampal 

neuronal cell line caused significant reduction of PRMT7 protein expression and MMA 

production, to suggest a link between MAT2A and PRMT7 activity in vitro. Overall, our 

results suggest that PRMT7 plays a major role in our murine model of rmTBI and a 

mechanistic link between PRMT7 and the upstream mediator MAT2A upstream mediator.
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PRMT protein arginine methyltransferase

PRMT7 protein arginine methyltransferase 7

DAI diffuse axonal injury

ADMA asymmetric dimethylarginine

SDMA symmetric dimethylarginine

MMA mono-methylarginine

CHIMERA closed head impact of engineered rotational acceleration

LRR loss of righting reflex
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Fig. 1. 
Loss of righting reflex (LRR) indicates loss of consciousness post-injury to validate 

repetitive and mild traumatic brain injury (rmTBI) in C57BL/6 male mice. (A) Cartoon of 

experimental design illustrating 3 repetitive hits separated by 24 h intervals at 0.7 J followed 

by assessment at 1, 3, and 7 days post-rmTBI. (B) We used a closed head impact model 

(CHIMERA) for the proposed TBI studies. The CHIMERA is a novel surgeiy-free model 

that allows for free rotation of the mouse brain to simulate real-world rotational and diffuse 

injury. (C) Loss of righting reflex was significantly increased in rmTBI (black line) mice as 

compared to age-matched (pink line) SHAM mice. Results were expressed as mean ± SEM. 

*p ≤ 0.05 as compared to age-matched rmTBI mice, evaluated by two-way ANOVA with 

Tukey’s post-hoc test.
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Fig. 2. 
Repetitive and mild traumatic brain injury (rmTBI) enhanced iba1 protein expression in 

the hippocampus and optic tract. (A) Iba1 was enhanced in the hippocampus 3-day & 7 

day post-rmTBI as compared to age-matched 8–12-week SHAM mice (black bar). (B) Iba1 

was enhanced in the cortex but was not statistically significant. (C–N) Iba1 was assessed 

via immunofluorescence to demonstrate enhanced microglia within the optic tract at 1, 3, 

and 7 days post-rmTBI relative to SHAM mice. Results were expressed as mean ± SEM. 

*p ≤ 0.05, as compared to age-matched rmTBI mice, evaluated by one-way ANOVA with 

Tukey’s post-hoc test, (n = 3). Scale bar = 100 μm.
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Fig. 3. 
Repetitive and mild traumatic brain injuiy (rmTBI) induced cytokine production in the 

cortex and hippocampus. Cytokine array was performed in both the hippocampus and cortex 

of SHAM and rmTBI mice. Cortex: (A) ICAM-1 was significantly increased at 7 days 

post-rmTBI (blue violin) relative to sham (black violin). (B) IL-6 was significantly enhanced 

at 1 and 3 days post-rmTBI (blue violins) relative to SHAM (black violin). (C) CD30L 

was significantly elevated 1 day post-rmTBI (blue violin) relative to SHAM (black violin). 

(D) IL-5 was significantly elevated 1-day post-rmTBI relative to SHAM (black violin) and 

significantly decreased at 3 days relative to 1 day (blue violin) post-rmTBI. (E) IL-10 was 

significantly enhanced at all time points 1, 3, and 7 days post-rmTBI relative to SHAM 

(black violin). Hippocampus: (F) IL-1α was significantly enhanced at 1-day post-rmTBI 

(blue violin) relative to sham (black violin). (G) CD30L was significantly elevated at 

1-day post-rmTBI (blue violin) relative to SHAM (black violin), followed by a significant 

decrease at 7 day relative to 1-day post-rmTBI. (H) IL-12p70 was significantly increased 

at 1-day post-rmTBI (blue bar) relative to SHAM (black violin). Violin polts represent the 

distribution of individual mice, and the middle dotted line represents the median; with the 

other two dotted lines representing quartiles. Results were expressed as *p ≤ 0.05, **p ≤ 

0.01, ***p ≤ 0.001, ****p ≤ 0.0001 evaluated by one-way ANOVA with Tukey’s post-hoc 

test with SEM descriptive statistics, (n = 3–6).
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Fig. 4. 
PRMT7 protein was altered in the cerebral cortex after repetitive and mild traumatic brain 

injury (rmTBI) (A) PRMT7 protein expression was significantly decreased in the cortex 
at 3 and 7 days (blue bar) relative to SHAM (black bar) and remain unchanged in the 

(B) hippocampus as compared to 8–12 weeks age-matched (black bar) SHAM mice. (C) 
PRMT7 mRNA levels remain unchanged at 3 and 7 days post-rmTBI in the cortex (blue 

bars) and D) unchanged at 3 and 7 days (blue bars) in the hippocampus post-rmTBI as 

compared to sham (black bar). Results were expressed as mean ± SEM. *p ≤ 0.05, evaluated 

by one-way ANOVA with Tukey’s post-hoc test, (n = 3–8).
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Fig. 5. 
Monomethylarginine (MMA) production was decreased in the hippocampus after repetitive 

and mild traumatic brain injury (rmTBI). MMA, the catalytic end-product of PRMT7 was 

measured using capillary electrophoresis in the cortex and hippocampus. (A) MMA was 

unchanged in the cortex and significantly decreased in the (B) hippocampus (1, 3 and 7 

day) as compared to SHAM mice (black bar). Results were expressed as mean ± SEM. *p ≤ 

0.05, evaluated by one-way ANOVA with Tukey’s post-hoc test, (n = 3–6).
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Fig. 6. 
S-adenosylmethionine was increased 3 days post-rmTBI in the hippocampus after 

repetitive and mild traumatic brain injury (rmTBI). ELISA was performed to measure 

S-adenosylmethionine (SAM) levels in the cortex and hippocampus of mice tissue lysates. 

(A) There were no significant differences in SAM concentration in the cortex, however, 

the levels followed the same trend seen in the hippocampus. (B) There was a significant 

elevation of SAM levels within the hippocampus 3 days (blue bar) post-rmTBI relative to 

SHAM (black bar), followed by a significant decrease at 7 days (blue bar) relative to 3 days 

post-rmTBI. Results were expressed as mean ± SEM. *p ≤ 0.05, **p ≤ 0.01, evaluated by 

one-way ANOVA with Tukey’s post-hoc test, (n = 4–5).
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Fig. 7. 
MAT2A was decreased and MAT2B was increased in the hippocampus post-rmTBI. 

MAT2A and MATB were assessed via capillary electrophoresis. (A) MAT2A (catalytic 

subunit) had a trending decrease at 7 days (blue bar) relative to SHAM (black bar). (B) 
MAT2B (regulatory subunit) was significantly enhanced 7 days (blue bar) post-rmTBI 

relative to SHAM (black bar). (C–D) MAT2A and MAT2B were unchanged in the cerebral 

cortex post-rmTBI. Results were expressed as mean ± SEM. *p ≤ 0.05, evaluated by 

one-way ANOVA with Tukey’s post-hoc test, (n = 3–6).
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Fig. 8. 
MAT2A inhibitor reduced PRMT7 protein expression and MMA production. PF-9366 

allosteric inhibitor was used (25 μM) to inhibit MAT2A in HT22 cells for 24 hrs. 

Inhibition of MAT2A significantly decreased (A) PRMT7 protein expression (B) decreased 

mono-methylarginine (MMa) production (C) increased MAT2A protein expression and 

significantly decreased (D) MAT2B protein expression. Results were expressed as mean 

± SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 evaluated by student’s t-test. 

(n = 3).
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Fig. 9. 
Schematic diagram of methionine-adenosyltransferase 2 A/B in vivo. (A) MAT2A is 

the catalytic subunit and MAT2B is the regulatory subunit and can associate to form 

a heterotetramer to synthesize s-adenosylmethionine (SAM) via methionine and ATP. 

Our in vivo studies of rmTBI reveal a dysregulation in the methionine metabolism that 

is potentially contributing to downstream disruption of PRMT7 protein expression and 

activity. Our results suggest PRMT7 protein expression and activity are downregulated 

post-rmTBI and could be attributed to the upstream dysregulation in methionine metabolism. 

(B) Methionine-adenosyltransferase 2 A/B in vitro. Our in vitro studies in HT22 cells 

using the MAT2A inhibitor (PF-9366) indicate that MAT2A inhibition affects not only 

PRMT7 protein expression, but activity as indicated by the significant decrease in mono-

methylarginine (MMA, PRMT7 end-product). Purple arrows = upregulation, red arrows = 

down-regulation. These results suggest a possible mechanism of PRMT7 post-rmTBI.
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