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Abstract

Mild traumatic brain injury (TBI) comprises the largest percentage of TBI-related injuries, 

with pathophysiological and functional deficits that persist in a subset of TBI patients. In 

our three-hit paradigm of repetitive and mild traumatic brain injury (rmTBI), we observed 

neurovascular uncoupling via decreased red blood cell velocity, microvessel diameter, and 

leukocyte rolling velocity 3 days post-rmTBI via intra-vital two-photon laser scanning microscopy. 

Furthermore, our data suggest increased blood-brain barrier (BBB) permeability (leakage), with 

corresponding decrease in junctional protein expression post-rmTBI. Mitochondrial oxygen 

consumption rates (measured via Seahorse XFe24) were also altered 3 days post-rmTBI, along 

with disrupted mitochondrial dynamics of fission and fusion. Overall, these pathophysiological 

findings correlated with decreased protein arginine methyltransferase 7 (PRMT7) protein levels 

and activity post-rmTBI. Here, we increased PRMT7 levels in vivo to assess the role of 

the neurovasculature and mitochondria post-rmTBI. In vivo overexpression of PRMT7 using 
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a neuronal specific AAV vector led to restoration of neurovascular coupling, prevented BBB 

leakage, and promoted mitochondrial respiration, altogether to suggest a protective and functional 

role of PRMT7 in rmTBI.
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1. Introduction

Traumatic brain injury (TBI) can be caused by a penetrating force, hit to the head, or 

rotating injury from high impact sports, falls, and/or automobile accidents (C. Xu et al., 

2022), (Cheng et al., 2019), (Namjoshi et al., 2014). TBI-related injuries manifest as a 

myriad of physiological, behavioral, and neuropsychiatric symptoms that can persist months 

to years (Das et al., 2022; Howe et al., 2022). Mild TBI, contributes to the largest proportion 

of TBI injuries and can have detrimental neurodegenerative outcomes as repetitive injuries 

accumulate over time (Moro et al., 2022). In addition, TBI is a heterogeneous disorder 

that has a multitude of pathologies (Das et al., 2022), such as: cerebral blood flow (CBF) 

derangements (Das et al., 2022), (Stephens et al., 2018), (Li et al., 2020), blood-brain barrier 

(BBB) permeability/leakage (George et al., 2022), (Szarka et al., 2019), (Huang et al., 2023), 

and mitochondrial dysfunction (Sun et al., 2022) (Demers-Marcil and Coles, 2022), (Du et 

al., 2022), (S. Zhang et al., 2022), which all serve as areas of possible intervention.

In fact, decreased CBF post-TBI can increase the severity of injury as well as functional 

deficits (Ware et al., 2020), (Vedung et al., 2022). Disruption of the BBB can occur 

early after injury; and in some cases, persist years after injury often associated with poor 

outcomes (Cash and Theus, 2020). BBB leakage can occur even after a single mild TBI hit 

in humans, as detected via magnetic resonance imaging (George et al., 2022), (Johnson et 

al., 2013), (Wang and Li, 2016). Furthermore, leukocytes, as well as platelet aggregation 

(due to possible hemorrhage), have been observed to bind to the endothelium (via adhesion 

molecules) and migrate to the parenchyma to further contribute to secondary damage post-

TBI (Hartl et al., 1997), (Schwarzmaier et al., 2010), (Schwarzmaier et al., 2013). Moreover, 

the brain is thought to consume ~20% of the body’s oxygen consumption for oxidative 

phosphorylation and subsequent ATP production, therefore, even the slightest disturbance 

in mitochondrial bioenergetics and/or dynamics can have profound detrimental outcomes 

on neuronal function (Vagnozzi et al., 2007), (Kim et al., 2017). Repetitive and mild TBI 

(rmTBI) can cause mitochondrial dysfunction (Vagnozzi et al., 2007), (Balasubramanian et 

al., 2021) by altering oxygen consumption rates, as well as mitochondrial fission and fusion 

dynamics, that can affect overall functional outcomes in rmTBI patients (Khacho et al., 

2017), (Moore et al., 2020).

Protein arginine methyltransferase 7 (PRMT7) is an emerging therapeutic target in various 

pre-clinical and clinical disease pathologies, such as in cancer (Oksa et al., 2022), (C. 

Liu et al., 2022), metastasis (L. Liu et al., 2021), delayed developmental disorders in 

humans (Poquerusse et al., 2022), (Agolini et al., 2018), and impaired social skills in 
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murine knockout models (S. Y. Lee et al., 2020), (W. Zhang et al., 2021), (S. Y. Lee et 

al., 2019), (Ma et al., 2022), (Fiorica and Wheeler, 2019). PRMT7 has been shown to 

methylate the sodium leak channel, whereas PRMT7 knockout mice led to intrinsically 

higher neuronal excitability in the hippocampal dentate granule cells v. wild-type, to suggest 

PRMT7-mediated methylation is necessary to maintain neuronal resting membrane potential 

(S. Y. Lee et al., 2019). Additionally, the absence or knockdown of PRMT7 caused a 

decrease in hyperpolarization-activated cyclic nucleotide-gated channels protein levels and 

increased resting membrane potential of the CA1 region of the hippocampus (S. Y. Lee 

et al., 2020), further highlighting the importance of PRMT7 in learning/memory function. 

Furthermore, our recent investigations suggest a role for PRMT7 in our previous rmTBI 

studies that correlated with pathologies such as neuroinflammation (Acosta et al., 2023). 

This correlation between PRMT7 deficiency and pathology set the foundation for this 

study to investigate a functional role of PRMT7 by using AAV gene therapy. Here, we 

report that the in vivo overexpression of PRMT7 prevented neurovascular uncoupling, BBB 

permeability/leakage, increased leukocyte rolling, and improved mitochondrial function, to 

further delineate a functional role for PRMT7 in rmTBI.

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 Health Sciences Center Shreveport. C57BL/6J 

male mice were purchased from Jackson Laboratory at 7 weeks old. Male mice ages 8–12 

weeks, weighing approximately 20–32 g. Mice were held in standard LSU health veterinary 

conditions with a controlled climate and a 12-h light to dark cycle. Upon completion of 

rmTBI experimentation, mice were placed into an induction chamber at (5% isoflurane and 

900 cc of O2) for sacrifice. Mice were randomly placed into the following experimental 

groups: SHAM, SHAM + PRMT7-AAV, 3 days post-rmTBI, 3 days post-rmTBI + PRMT7-

AAV, 7 days post-rmTBI, and 7 days post-rmTBI + PRMT7-AAV to assess molecular 

changes in vivo.

2.2. Experimental paradigm

The CHIMERA was utilized for the experimental model of rmTBI. Age-matched male mice 

(8–12 weeks) were anesthetized using 5% isoflurane and 900 cc of O2 for 2 min followed 

by placement onto the CHIMERA apparatus. Mice were maintained using a nose cone and 

a heat lamp was placed over each mouse to prevent hypothermia-induced neuroprotection 

(Busto et al., 1989; Dietrich and Bramlett, 2010). After equal duration of anesthesia (~ 4–5 

min), the mice were either removed immediately (SHAM) or subjected to a TBI hit (0.7 

J). SHAM mice were exposed to anesthesia and O2 only (no hit) or rmTBI, once daily for 

3 days. Overexpression of PRMT7-AAV in C57BL/6J mice was achieved via injection of 

AAV/PHP.eB-hSYN1-GFP.mPRMT7-WPRE 3–4 weeks prior to rmTBI to enable maximum 

overexpression prior to rmTBI. PRMT7-AAV overexpressed mice were then exposed to 

anesthesia (SHAM) or rmTBI once daily for 3 days.
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2.3. In vivo overexpression of neuronal PRMT7 via adeno-associated virus

The viral vector AAV/PHP.eB-hSYN1-GFP.mPRMT7-WPRE was purchased from Vector 

BioLabs (lot number: 220207#39; serotype AAV/PHP.eB) and diluted in Lactated Ringer’s 

solution upon injection. Overexpression virus was injected intravenously at 1 × 1011 vectors/

genome into each mouse (Couto et al., 2021). Four weeks later, overexpression of PRMT7-

AAV was validated via qRT-PCR and ProteinSimple® analyses in mouse hippocampus and 

cortex tissue samples. In addition, overexpression was validated via histological sections 

visualized by confocal microcopy of GFP-tagged PRMT7-AAV in mouse brain sections.

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

RNA was extracted using the QIAGEN RNeasy Mini Kit (Cat. No. 74104, QIAGEN, 

Hilden, Germany). RNA samples were assessed using the NanoDrop (Model: NanoDrop 

One; serial number: AZY1706087; Thermo Fisher Scientific, Waltham, MA). cDNA was 

synthesized from 500 ng of extracted mRNA with SuperScript™ III Reverse Transcriptase 

(Cat. No. 18080051, Thermo Fisher Scientific, Waltham, MA). 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 was as follows: 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 mins, 95 °C for 10 s, 60 °C for 30 s, for 40 cycles. Target genes were normalized 

with the house-keeping gene GAPDH (forward 5’-CATCACTGCCACCCAGAAGACTG-3′ 
and reverse 5’-ATGCCAGTGAGCTTCCCGTTCAG-3′) (Narayan and 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. Capillary-based immunoassay via ProteinSimple®

Capillary electrophoresis immunoassay (Simple Western analyses) was performed using 

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

Minneapolis, MN). Proteins were extracted from tissue lysates 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®) (1 μg/μl) and added to 

a fluorescent marker with dithiothreitol. Samples were denatured at 95 °C for 5 mins. 

Capillary cartridges with a target protein size of 12–230 kDa were used for analysis. 

Antibodies were diluted in the manufacturer provided antibody diluent (Protein Simple, Bio-

techne, Minneapolis, MN) as follows: PRMT7 (1:100; D1K6R, Cell Signaling Technology, 

Danvers, MA), MMA (1:50; 8015S, Cell Signaling), DRP1 (1:10,000; NB110–55288, 

Novus Biologics), OPA1 (1:5000; NBP1–71656 (1E8–1D9) Novus Biologicals), ZO-1 

(1:100; ab96587, Abcam), Occludin (1:100; 13409–1-AP, ProteinTech), GFAP (1:500; 

3670S, Cell Signaling Technology), iba1 (1:50; 43733, Genetex). Antibody targets were 

detected with an HRP-conjugated secondary anti-rabbit and anti-mouse. Protein levels 

were evaluated by the area under the curve obtained via the Compass for SW software 
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(version 4.0.0, Protein Simple®, Bio-techne, Minneapolis, MN). Relative protein expression 

was calculated by protein peak intensity (area under the curve) divided by the Total 

Protein loaded as per the manufacturer. Representative computer-generated pseudo-blots 

are presented throughout the figures where applicable (Protein Simple®, Bio-techne, 

Minneapolis, MN).

2.6. Two-photon laser scanning microscopy

C57BL/6J mice from both injured (rmTBI) and uninjured cohorts (SHAM) were assessed 

using two-photon laser scanning microscopy. SHAM and rmTBI mice were anesthetized 

at 3% isoflurane and maintained at 1% for image acquisition. A thin longitudinal incision 

was made across the scalp in the midline stretching from the neck to the front of the head. 

A thin-skull preparation was done to ensure clear evaluation of the cortical vessels during 

image acquisition. The thin-skull procedure produced a circular cranial window ~2 mm from 

the bregma and 2 mm from the centerline of the skull. The surgically prepared mice were 

then visualized via the Zeiss LSM 510 multi-photon microscope. Mice were monitored via 

rectal probe and maintained at 37 °C via heating pad. Mice were injected with the following 

dyes via tail vein injection: fluorescein isothiocyanate-dextran (FITC) (0.2 mg/kg Cat. no. 

FD2000S, MilliporeSigma) to visualize red blood cells and micro-vessels and acridine 

orange (7 mg/kg Cat. no. 318337, MilliporeSigma) to visualize leukocytes (Cahoon et al., 

2014), (Byvaltsev et al., 2019), (Lin et al., 2010), (R. H. Lee et al., 2017). For BBB leakage 

studies, 40 kDa FITC-dextran (Nyul-Toth et al., 2021) was injected into the tail vein to 

measure fluorescent intensity in the cerebral vessel and the neighboring perivascular space.

Only cortical blood vessels with a diameter of ~10–20 μm were analyzed with a 20 X 

objective. A total of ~3–4 linescans were acquired for each mouse. The slope was calculated 

for each linescan using ImageJ software and the average red blood cell velocity (labelled 

with FITC, a surrogate measurement for CBF) (Lin et al., 2010) or leukocyte (labelled with 

acridine orange) speed was measured (Lagrange et al., 2018). Whisker-barrel stimulation 

was produced by a motorized rotating device with a “flag-like” shape attached to the motor 

that was placed perpendicular to the mouse vibrissae rotating at 4 Hz for 30 s (Rodgers 

et al., 2006). Whisker-barrel stimulation was implemented on SHAM, SHAM + PRMT7-

AAV, 3 days after rmTBI, and 3 days after rmTBI + PRMT7-AAV, while implementing 

two-photon microscopy imaging of cortical microvessels in real-time.

2.7. Seahorse XFe24 analyzer (mitochondrial bioenergetics)

Mitochondrial bioenergetics (oxygen consumption rate, OCR) of CA1 hippocampal tissue 

slices were analyzed via Seahorse XFe24 Analyzer (Agilent Technologies, Santa Clara, CA). 

SHAM and rmTBI mice were anesthetized with 4% isoflurane to enable removal of the 

brain tissue (cortex and hippocampus) at the end-point (3 days post-rmTBI). Murine brains 

were then placed into artificial cerebral spinal fluid buffer (aCSF). aCSF mixture consisted 

of the following: [120 mM NaCl (Cat. No. S7653), 3.5 mM KCl (Cat. No. P9333), 1.3 mM 

CaCl2 (Cat. No. C1016), 1 mM MgCl2 hexahydrate (Cat. No. M9272), 0.4 mM KH2PO4 

(Cat. No. P5655), 5 mM HEPES (Cat. No. H7006), 10 mM glucose (Cat. No. G7528), and 

1 mg/ml of bovine serum albumin, at a 7.4 pH at 4 °C (MilliporeSigma, Burlington, MA)]. 

Mouse brains were sliced into 200 μm corona sections with Leica VT1000E vibratome while 
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submerged in aCSF at 4 °C, transferred to aCSF at 20 °C. A 1-mm biopsy punch (Sklar 

Instruments; 96–0912) of the CA1 region of the hippocampus was placed independently 

into the wells of the Seahorse XFe24 Islet Capture Microplate (Cat. No. 103518–100; 

Agilent Technologies, Santa Clara, CA) containing 700 μl of aCSF. Once plated into wells, 

tissue slices were incubated in a step-wise method within the first 30 min to reach room 

temperature followed by 1 h at 37 °C, as suggested by the standard Agilent Technologies 

protocol. OCR measurements are made temporally at both basal levels and following each 

drug administration. OCR measurements were performed at the following time-points: 

basal conditions with aCSF media (to maintain tissue viability), 20 μg/ml oligomycin 

(ATP-synthase inhibitor, Cat. No. O4876), 10 μM carbonyl cyanide 4-(trifluoromethoxy) 

phenylhydrazone (FCCP, a mitochondrial uncoupler, Cat. No. C2920), and 20 μM antimycin 

A (a complex III inhibitor, Cat No. A8674 MilliporeSigma (MilliporeSigma, Burlington, 

MA). Upon completion, the following OCR measurements are generated: ATP production, 

ATP-linked respiration, maximal respiration, and reserve capacity. Mitochondrial reserve 

capacity was calculated by the average of tissue sections that displayed an OCR of 40–210 

pmol/min (Couto et al., 2021).

2.8. 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, two-way or 

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. Validation of PRMT7-AAV overexpression in vivo

Cartoon illustration of experimental design with the timeline of AAV/PHP.eB-hSYN1-

GFP.mPRMT7-WPRE intravenous viral injections. Mice were injected 3–4 weeks prior 

to rmTBI to reach peak neuronal expression post-rmTBI (Fig. 1 A). PRMT7 protein 

expression was analyzed to verify overexpression in the cortex and hippocampus. There 

was a significant increase in PRMT7 protein expression in the (Fig. 1 B) cortex of SHAM 

+ PRMT7-AAV injection (6.733 ± 0.6394) (Arbitrary Units, AU) relative to SHAM + 

non-injected mice (0.6535 ± 0.01231 AU) as well as in the (Fig. 1C) hippocampus of 

SHAM + PRMT7-AAV injection (7.518 ± 1.841 AU) relative to SHAM + non-injected mice 

(1.876 ± 0.09916 AU). In addition, mRNA expression was significantly upregulated in the 

(Fig. 1 D) cortex of SHAM + PRMT7-AAV injected mice (1.778 ± 0.2964 AU) relative to 

SHAM + non-injected mice (1.000 ± 0.03189 AU) and had a strong trending increase in 

the hippocampus (Fig. 1 E) of SHAM + PRMT7-AAV injected mice (1.513 ± 0.2390 AU) 

relative to SHAM + non-injected mice (1.003 ± 0.03924 AU) (p-value = 0.055). Results 

were expressed as mean ± SEM analyzed via Student’s t-test.

3.2. Histological validation of PRMT7-AAV overexpression

Histological sections were qualitatively analyzed and presented with a robust increase in 

GFP-tagged PRMT7-AAV overexpression in the cortex and hippocampus. Vehicle treated 

(Lactated Ringer’s) mice did not exhibit GFP expression in (Fig. 2 A) cortex (Fig. 2 B) 
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DAPI (blue stained) for nuclei and (Fig. 2C) composite as compared to the cortex from mice 

injected with AAV/PHP.eB-hSYN1-GFP.mPRMT7-WPRE vector to demonstrate the robust 

GFP expression (Fig. 2 D) in the cortex, (Fig. 2 E) DAPI, and (Fig. 2 F) composite image. 

Neuronal PRMT7-AAV overexpression in the hippocampus exhibited similar expression 

patterns as the cortex with no GFP in the (Fig. 2 G) vehicle-treated mice, (Fig. 2H) DAPI, 

(Fig. 2 I) composite image, as compared to the AAV/PHP.eB-hSYN1-GFP.mPRMT7-WPRE 

injected mice exhibiting robust (Fig. 2 J) GFP expression, (Fig. 2 K) DAPI for nuclei, and 

(Fig. 2 L) composite image.

3.3. Overexpression with PRMT7-AAV increased PRMT7 protein expression and mono-
methylarginine in the cortex and hippocampus

PRMT7 and MMA protein levels were assessed in SHAM, SHAM + PRMT7-AAV mice, 

as well as rmTBI mice + PRMT7-AAV (3 and 7 days post-rmTBI) in whole-brain tissue. 

PRMT7 was significantly reduced 3 (0.8448 ± 0.02815 AU) and 7 days post-rmTBI (0.7342 

± 0.04749 AU) mice with no virus as compared to SHAM (1.000 ± 0.02628 AU) mice with 

no virus (Fig. 3 A). Mono-methylarginine (MMA, PRMT7 end-product) was also reduced 

3 (0.5328 ± 0.1399 AU) and 7 days (0.4897 ± 0.09024 AU) with no virus as compared 

to SHAM (1.032 ± 0.1572 AU) (Fig. 3 B) with no virus. PRMT7-AAV overexpressed 

mice had a significant upregulation in PRMT7 protein levels at 3 (8.767 ± 1.588 AU) and 

7 days (9.477 ± 1.779 AU) relative to SHAM (no virus) (1.000 ± 0.02628 AU) (Fig. 3 

C). In addition, there was a significant increase in MMA production with PRMT7-AAV 

overexpression at 3 (2.239 ± 0.4482 AU) and 7 days (2.752 ± 0.4820 AU) post-rmTBI 

relative to SHAM (no virus) (0.7647 ± 0.06188 AU) (Fig. 3 D). In Figs. 3 C & D, all 

data were calculated based on SHAM group represented by a solid black line in the bar 

graph(s). Results were expressed as mean ± SEM analyzed via one-way ANOVA with 

Tukey’s post-hoc test.

3.4. PRMT7-AAV overexpression prevented neurovascular uncoupling and cerebral blood 
flow derangements 3 days post-rmTBI

We investigated neurovascular coupling via whisker-barrel stimulation (4 Hz, 30 s) in 

conjunction with two-photon laser scanning microscopy (Fig. 4 A) by measuring cortical 

microvessel reactivity (Summers et al., 2017), (Lecrux et al., 2017), (Kheradpezhouh et al., 

2017), (Latimer et al., 2019). Red blood cell velocity and vessel diameters were analyzed via 

two-photon laser scanning microscopy in SHAM, rmTBI, and PRMT7-AAV overexpressed 

mice before and after whisker-barrel stimulation with representative images of each group 

shown in Fig. 4 B. Blood vessel diameters were analyzed to suggest a marked decrease in 

diameter 3 days post-rmTBI (− 2.129 ± 1.581%) relative to SHAM (1.570 ± 0.6167%) (p 
= 0.0621), followed by restoration 3 days post-rmTBI (1.621 ± 0.8283%) in PRMT7-AAV 

overexpressed mice relative to 3 day rmTBI mice with no virus (p = 0.0606) (Fig. 4 C). In 

addition, there was a significant decrease in red blood cell velocity at 3 days post-rmTBI 

(2.560 ± 0.4005 mm/s) relative to SHAM (5.392 ± 0.4662 mm/s), followed by restoration at 

3 days (6.490 ± 0.8900 mm/s) in PRMT7-AAV overexpressed mice relative to 3 days rmTBI 

mice with no virus (Fig. 4 D). Results were expressed as mean ± SEM analyzed via one-way 

ANOVA with Tukey’s post-hoc test.
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3.5. PRMT7-AAV overexpression prevented blood-brain barrier leakage 3 days post-
rmTBI in C57BL/6J mice

Mice were intravenously injected with (40 kDa) FITC-dextran to assess the degree of blood-

brain barrier leakage (Nyul-Toth et al., 2021) post-rmTBI relative to SHAM and PRMT7-

AAV overexpressed mice (Fig. 5 A). Representative images of cortical blood vessels are 

presented at baseline and 30 min after in each experimental group (Fig. 5 B). There was a 

significant increase in BBB leakage at 3 days post-rmTBI (39.21 ± 4.661%) (represented 

by % change in extravascular FITC) relative to SHAM (17.62 ± 3.335%) followed by 

restoration to nominal levels at 3 days post-rmTBI (4.730 ± 4.927%) in PRMT7-AAV 

overexpressed mice relative to 3 days post-rmTBI mice with no virus (Fig. 5 C). There 

was also a significant difference in FITC extravasation between 3 days post-rmTBI (39.21 

± 4.661%) mice and SHAM + PRMT7-AAV (1.928 ± 7.309%) overexpressed mice (Fig. 5 

C). Results were expressed as mean ± SEM analyzed via one-way ANOVA with Tukey’s 

post-hoc test.

3.6. PRMT 7-AAV overexpression enhanced blood-brain barrier junctional proteins post-
rmTBI

BBB tight junction proteins occludin and ZO-1 were investigated to assess BBB leakage in 

the cortex and hippocampus. In the cortex, occludin protein expression was decreased at 3 

days (0.514 ± 0.162 AU (p = 0.0925) and 7 days (0.559 ± 0.138 AU) post-rmTBI relative 

to SHAM (1.00 ± 0.065 AU) (Fig. 6 A) followed by a significant upregulation in occludin 

protein levels in PRMT7-AAV overexpressed mice at 3 (1.407 ± 0.123 AU) and 7 days 

(1.207 ± 0.162 AU) relative to rmTBI mice with no virus in the cortex, respectively (Fig. 

6 A). There were no significant changes observed in ZO-1 protein levels within the cortex 

(Fig. 6 B). In addition, there were no significant changes in occludin protein levels in the 

hippocampus (Fig. 6 C) however, there was a significant upregulation of ZO-1 protein at 3 

days post-rmTBI (1.310 ± 0.087 AU) in the hippocampus (no virus) (Fig. 6 D) relative to 

sham (1.00 ± 0.066 AU) (no virus). Results were expressed as mean ± SEM analyzed via 

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

3.7. PRMT 7-AAV overexpression enhanced leukocyte rolling velocity

Leukocyte rolling velocity was assessed as area traveled over time via intravenous injection 

of acridine orange using two-photon scanning microscopy. Representative images of 

leukocytes traveling through the blood vessel (Fig. 7 A) as well as leukocyte line-scan 

images (Fig. 7 B). There was a significant decrease in leukocyte rolling velocity at 3 days 

post-rmTBI (3.138 ± 0.5188 mm/s) relative to SHAM (10.12 ± 1.093 mm/s) (Fig. 7 C). 

PRMT7-AAV overexpression enhanced leukocyte rolling velocity 3 days post-rmTBI (9.730 

± 1.067 mm/s) relative to 3 days post-rmTBI mice with no virus (Fig. 7 C). Results were 

expressed as mean ± SEM analyzed via one-way ANOVA with Tukey’s post-hoc test.

3.8. PRMT7-AAV overexpression attenuated gliosis in hippocampus

Astrocyte marker and astrogliosis indicator, glial fibrillary acidic protein (GFAP) was 

probed in the hippocampus, as well as the microglia marker and microgliosis indicator 

ionized calcium binding adaptor molecule 1 (iba1). Mouse hippocampal GFAP was 
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enhanced 3 days post-rmTBI v. SHAM (although not significant) but decreased in PRMT7-

AAV overexpressed mice at 3 days post-rmTBI (0.255 ± 0.056 AU) v. 3 days post-rmTBI 

mice with no virus (0.598 ± 0.155 AU) (p = 0.0856) (Fig. 8 A). Moreover, there was a time-

dependent increase in hippocampal iba1 in rmTBI mice, followed by modest attenuation of 

iba1 protein levels at all time-points in PRMT7-AAV overexpressed mice (Fig. 8 B). Results 

were expressed as mean ± SEM analyzed via two-way ANOVA with Tukey’s post-hoc test.

3.9. PRMT 7-AAV overexpression improved mitochondrial reserve capacity 3 days post-
rmTBI

Oxygen consumption rates were analyzed via Seahorse XFe24 analyzer to assess 

mitochondrial bioenergetics ex vivo (Fig. 9 A). Mouse CA1 region of the hippocampus 

were analyzed from SHAM, SHAM + PRMT7-AAV, rmTBI, and rmTBI + PRMT7-AAV 

overexpressed mice. There were no changes in maximal respiration (Fig. 9 B), however, 

PRMT7-AAV overexpressed mice had significantly increased reserve capacity 3 days post-

rmTBI (123.0 ± 3.068 AU) relative to SHAM (102.2 ± 3.039 AU), 3 days post-rmTBI 

(104.9 ± 4.855 AU), and SHAM + PRMT7-AAV (95.24 ± 5.468 AU) (Fig. 9 C). In 

addition, (Fig. 9 D) proton leak-linked respiration and (Fig. 9 E) basal respiration remained 

unchanged in each of the experimental groups. Moreover, there was a significant decrease in 

ATP-linked respiration at 3 days post-rmTBI + PRMT7-AAV (64.53 ± 0.7621 AU) relative 

to 3 days post-rmTBI with no virus (96.65 ± 7.487 AU) (Fig. 9 F). Lastly, ATP production 

was also decreased 3 days post-rmTBI (57.36 ± 1.129 AU) + PRMT7-AAV relative to 3 

days post-rmTBI mice (90.50 ± 6.424 AU) with no virus (Fig. 9 G). Results were expressed 

as mean ± SEM analyzed via one-way ANOVA with Tukey’s post-hoc test.

3.10. PRMT7-AAV overexpression enhanced mitochondrial fusion (OPA1) and fission 
(DRP1) proteins 7 days post-rmTBI

Dynamin related protein 1 (DRP1, mitochondrial fission marker) and optic atrophy 1 (OPA1, 

mitochondrial fusion marker) were probed in the cortex and hippocampus. This fission 

marker DRP1 was unchanged in the cortex (Fig. 10 A). However, the fusion marker OPA1, 

was significantly reduced in the cortex at 7 days post-rmTBI (0.764 ± 0.061 AU) relative to 

SHAM (1.00 ± 0.076 AU), followed by a significant increase at 7 days post-rmTBI (1.042 

± 0.037 AU) + PRMT7-AAV mice relative to 7 days post-rmTBI mice with no virus (Fig. 

10 B). DRP1 was significantly decreased in the hippocampus 7 days post-rmTBI (0.724 ± 

0.120 AU) relative to SHAM (1.00 ± 0.016 AU) and increased via PRMT7-AAV (1.073 ± 

0.034 AU) relative to 7 days post-rmTBI mice with no virus (Fig. 10 C). In addition, OPA1 

was also significantly reduced in the hippocampus at 7 days post-rmTBI (0.731 ± 0.101 AU) 

relative to SHAM (1.000 ± 0.049 AU) but enhanced in PRMT7-AAV mice at 7 day (1.053 ± 

0.042 AU) post-rmTBI relative to 7 days post-rmTBI with no virus (Fig. 10 D). Results were 

expressed as mean ± SEM analyzed via two-way ANOVA with Tukey’s post-hoc test.

4. Discussion

The goals of this study were to determine if overexpression of PRMT7-AAV in vivo could 

attenuate CBF derangements, BBB permeability/leakage, and mitochondrial dysfunction as 

our three-hit rmTBI paradigm contributed to decreased PRMT7 protein levels and activity 
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(through MMA protein analyses) post-rmTBI (Figs. 3 A, B). PRMT7 has been implicated 

in several clinical diseases ranging from cancer, cardiovascular disease, to developmental 

disorders and neurological function (Oksa et al., 2022), (C. Liu et al., 2022), (L. Liu et 

al., 2021), (Poquerusse et al., 2022), (Agolini et al., 2018), (S. Y. Lee et al., 2020), (W. 

Zhang et al., 2021), (S. Y. Lee et al., 2019), (Ma et al., 2022), (Fiorica and Wheeler, 

2019), (Ahn et al., 2022). Here, we show overexpression of PRMT7-AAV via AAV/PHP.eB-

hSYN1-GFP.mPRMT7-WPRE, as observed by the significant increase in PRMT7 protein 

expression in both the cortex and hippocampus (Figs. 1 B, C), and positive PRMT7-AAV 

GFP-tagged histological sections (Figs. 2 A–L). Following validation of PRMT7-AAV 

overexpression in our SHAM mice, we tested the levels of PRMT7 and its end-product 

MMA at 3 and 7 days post-rmTBI in PRMT7-AAV mice and found PRMT7 protein 

levels to be significantly enhanced (Fig. 3 C), as well as it’s end-product MMA as a 

measure of PRMT7 activity (Fig. 3 D). Neuronal overexpression of PRMT7-AAV in vivo 
prevented neurovascular uncoupling (Fig. 4), mitigated BBB permeability/leakage (Figs. 

5–6), enhanced leukocyte rolling velocities (Fig. 7), improved gliosis (Fig. 8), and restored 

mitochondrial bioenergetics/dynamics (Figs. 9–10). The upregulation of PRMT7 protein and 

activity after injury signifies a potential role in which PRMT7 can prevent injury in our 

model of rmTBI. Our data supports a functional role in which neuronal overexpression of 

PRMT7-AAV is involved in a protective capacity in the pathological progression of rmTBI.

TBI leads to a multitude of pathologies that originate from the initial (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version of this 

article.) impact as well as a cascade of injuries that ensue, also known as secondary injury 

(McKee and Daneshvar, 2015), (Namjoshi et al., 2014), (Wilson et al., 2017). Secondary 

injuries involve damage to tissue and cells that regulate CBF, astrocytes, endothelial cells, 

pericytes as well as the integrity of the BBB (Toth et al., 2016). CBF derangements are well-

documented in both pre-clinical studies of murine models as well as in human TBI patients 

(Vedung et al., 2022), (L. Xu et al., 2021), (Toth et al., 2016), (Ware et al., 2020), (Clark 

et al., 2021), (Sandsmark et al., 2019), (Kenney et al., 2016). CBF dynamics are regulated 

post injury by complex systems such as autoregulation and neurovascular coupling (Toth 

et al., 2016), (Vedung et al., 2022). CBF autoregulation involves a combination of pressure-

induced myogenic responses, regional metabolic demand, and sympathetic mechanisms 

(Das et al., 2022), (Stephens et al., 2018), (Li et al., 2020). This maintenance ensures a 

continuous supply of oxygen and nutrients to meet the dynamic requirements of cerebral 

tissue to prevent instances of hypoxia and ischemia (Toth et al., 2016), (Vedung et al., 2022). 

Mechanisms in place include neurovascular coupling to meet energy requirements of active 

neurons and/or glial cells as well as pressure-induced vasomotor auto-regulation to modulate 

the diameter of cerebral resistance vessels (Toth et al., 2016), (Vedung et al., 2022).

A major advantage of the rmTBI via CHIMERA is the ability to observe cerebral vascular 

deficits because it does not cause severe brain hemorrhage found in other models of 

TBI [controlled cortical impact (Muller et al., 2021) and fluid percussion injury, (Katz 

and Molina, 2018)]. Since contrast dyes such as FITC are introduced into the animal 

for vascular imaging, brain hemorrhage-induced bleeding by invasive models of TBI can 

prevent accurate imaging and analysis and is one of the main drawbacks of other TBI 

models. Therefore, we used CHIMERA coupled with whisker-barrel stimulation and two-
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photon laser scanning microscopy to measure cortical microvessel diameters and red blood 

cell speed (a surrogate measure of CBF as published previously from our lab, (Lin et 

al., 2010) to suggest reduced cortical RBC velocity and microvessel diameters 3 days post-

rmTBI. This was reversed (enhanced RBC and microvessel diameters) in the presence of 

PRMT7-AAV to suggest restoration of neurovascular coupling. This is further corroborated 

with clinical findings to suggest increased injury severity and persistent functional deficits 

post-injury is correlated with an overall decrease in CBF (Ware et al., 2020), (Vedung 

et al., 2022). Given the role of PRMT7 in cell stress responses (Szewczyk et al., 2020), 

(Haghandish et al., 2019) as well as its role in DNA damage repair (Karkhanis et al., 2012), 

(A. Jeong et al., 2022), (Brobbey et al., 2022), PRMT7 could elicit protective effects by 

cellular preconditioning (Dave et al., 2001), (Koch et al., 2012), as well as a response to the 

injury via cell stress response pathways.

Our model of rmTBI also led to enhanced BBB permeability (more leakage), decreased 

junctional protein expression and leukocyte rolling velocity post-rmTBI (George et 

al., 2022), (Szarka et al., 2019), (Huang et al., 2023). However, mice overexpressed 

with PRMT7-AAV prevented BBB leakage, enhanced junctional protein expression, and 

increased leukocyte rolling velocities, similar to SHAM levels. Although still controversial, 

faster leukocyte velocities may be more beneficial to counteract inflammation and clear the 

inflammatory response (Schnoor et al., 2015), (Tsujikawa and Ogura, 2012), while slower 

circulating leukocytes can penetrate neighboring tissues triggering inflammation (Sundd et 

al., 2011),(Kadono et al., 2002). Moreover, PRMT7-AAV overexpression modestly reduced 

reactive astrogliosis via decreased GFAP levels, and improved microgliosis as evident 

from the reduced iba1 protein expression. Though still controversial, some reports have 

suggested elevated astrogliosis acutely at 1, 2 and 7 days post-rmTBI (Chen et al., 2017), 

(Haber et al., 2017), (Namjoshi et al., 2017), while others observed no changes (Nolan et 

al., 2018), (Gangolli et al., 2019). This can be attributed to the heterogeneity of various 

parameters of rmTBI, such as joules of kinetic energy, time intervals between hits, number 

of rmTBI hits, strain and age of mice in the experiments. Moreover, primary TBI injury 

can lead to BBB disruption and subsequent leakage of serum proteins to induce subsequent 

neuroinflammation (Babcock et al., 2022), (George et al., 2022), (Michinaga and Koyama, 

2019). In turn, this process leads to enhanced BBB permeability to contribute to a cascade 

of secondary injury (Babcock et al., 2022), (George et al., 2022), (Michinaga and Koyama, 

2019). BBB leakage post-injury could enable homeostatic leukocyte velocities, as there 

would be less surface adhesion molecules for leukocytes to adhere to for diapedesis and 

subsequent neuroinflammation (Y. W. Liu et al., 2018).

In addition, PRMT7-AAV overexpression improved mitochondrial bioenergetics by 

significantly increasing reserve capacity, decreasing ATP production, and ATP-linked 

respiration in 3 days rmTBI mice v. 3 days rmTBI with no virus. Previous reports suggest 

PRMT7 deficiency has been linked to reduced oxidative metabolism (H. J. Jeong et al., 

2016), supporting the notion that PRMT7 can influence mitochondrial function. In addition, 

PRMT7 has been reported to be activated upon cellular stress such as oxidative stress and 

endoplasmic reticulum stress, which occur post-TBI (Haghandish et al., 2019). This can 

explain, in part, why we observed functional enhancement of PRMT7 activity only after 

injury in our PRMT7-AAV overexpressed mouse model of rmTBI.
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Altered mitochondrial bioenergetics can negatively impact the delicate process of 

mitochondrial fission and fusion. Mitochondrial dynamics (fission and fusion) are closely 

involved with the maintenance of neuronal cell survival, growth, and death (Fischer et al., 

2016). Mitochondria undergo a continuous and dynamic process of dividing and fusing 

for the removal of damaged and/or dying mitochondria. A disturbance in this dynamic 

process can lead to deleterious outcomes for the mitochondrial function, especially in 

the context of neurons as this process is crucial in mobilizing mitochondria across great 

axon lengths to meet the energy demands throughout cerebral tissue; (Gao et al., 2017) 

and can lead to excess reactive oxygen species generation, apoptosis, and poor cognitive 

outcome post-TBI (Song et al., 2019). Therefore, we assessed the mitochondrial master 

regulators of fission (DRP1) and fusion (OPA1), which were decreased at 7 days post-rmTBI 

and were restored with overexpression of PRMT7-AAV. Our data suggest restoration of 

mitochondrial dynamics and bioenergetics upon PRMT7-AAV overexpression post-rmTBI. 

The restoration of the BBB, CBF derangements, and leukocyte rolling velocities suggest 

decreased cerebral energy demand in response to attenuated injury post-rmTBI, which can 

improve mitochondrial function.

5. Conclusion

Endogenous PRMT7 deficiency and activity in our model of rmTBI exacerbated CBF 

derangements, BBB permeability, and mitochondrial dysfunction. In vivo PRMT7-AAV 

overexpression was able to mitigate the above rmTBI pathologies, highlighting the potential 

protective role in neurodegeneration post-rmTBI. To our knowledge, this is the first report 

that describes a protective and functional role of PRMT7 within rmTBI murine models.
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rmTBI repetitive and mild traumatic brain injury
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CBF cerebral blood flow

RBC red blood cell

CHIMERA closed head impact of engineered rotational acceleration
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Fig. 1. 
rmTBI mice overexpressed with PRMT7-AAV enhanced protein levels. A) Cartoon 

illustrating the experimental design of PRMT7-AAV overexpression virus (AAV/PHP.eB-

hSYN1-GFP.mPRMT7-WPRE) in rmTBI. Mice were injected intravenously 3–4 weeks 

prior to experimentation, exposed to three repetitive and mild TBI hits, separated by 24 h 

intervals and assessed at 3 and 7 days post-rmTBI. PRMT7 protein expression (~73 kDa) 

was significantly elevated in the B) cortex (green bar/black lines) and the C) hippocampus 

(green bar/black lines) relative to SHAM mice (white bars), measured by capillary-based 

immunoassay and normalized to total protein. Computer software generated pseudo-blots 

are presented below each of the corresponding protein graphs where applicable. PRMT7 

mRNA expression was also assessed and revealed significant upregulation in the D) cortex 

and a trending increase in the E) hippocampus (green bar/black lines) relative to SHAM 

(white bars). Results were expressed as mean ± SEM. *p ≤ 0.05, as compared to age-

matched rmTBI mice, evaluated by Student’s t-test. (n = 3–5).
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Fig. 2. 
rmTBI mice were overexpressed with GFP-tagged PRMT7-AAV. PRMT7-AAV 

overexpression virus (AAV/PHP.eB-hSYN1-GFP.mPRMT7-WPRE) was injected 

intravenously and analyzed via histology. Vehicle-treated mice were injected with equal 

volume of Lactated Ringer’s and visualized with confocal microscopy. Vehicle-treated 

mice did not exhibit GFP-tagged PRMT7-AAV overexpression in histological sections in 

the cortex A) vehicle B) DAPI stained for nuclei C) composite image. In PRMT7-AAV 

overexpressed mice, there was robust GFP-tagged PRMT7-AAV expression within the 

neurons of the D) cortex, E) DAPI for nuclei, F) composite image. The hippocampus 

revealed the same trend with no GFP expression in the G) vehicle-treated mice, H) DAPI, I) 

composite, as compared to the J) GFP-PRMT7 AAV treated mice, K) DAPI, L) composite 

image. Scale bar = 100 μm.
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Fig. 3. 
Brain PRMT7 protein levels and activity (via MMA) were decreased after rmTBI in 

C57BL/6 J mice, but enhanced with PRMT7-AAV. A) Protein expression of PRMT7 was 

reduced 3 and 7 days post-rmTBI (blue bars) relative to SHAM (white bar). B) Reduced 

expression of PRMT7 in rmTBI mice also had reduced levels of mono-methylarginine 

(MMA = PRMT7 enzymatic end-product) (blue bars) as compared to SHAM (white bar). C) 

Overexpression of PRMT7 via PRMT7-AAV was confirmed in all AAV groups (green bar/

black lines) and was significantly higher as compared to SHAM mice (black line) without 

PRMT7-AAV. D) Overexpression of PRMT7-AAV resulted in higher PRMT7 activity, as 

higher MMA (MMA = PRMT7 enzymatic end-product) was present in all AAV groups 

(green bar/black lines) v. no AAV SHAM group (black line). In Figs. 3 C & D, all 

data were calculated based on SHAM group represented by a solid black line. Proteins 

were measured by capillary-based immunoassay and normalized to total protein. Computer 

software generated pseudo-blots are presented below each of the corresponding protein 

graphs where applicable. *p ≤ 0.05, **p ≤ 0.001 vs. SHAM, via one-way ANOVA followed 

by Tukey’s post-hoc analysis. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.)
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Fig. 4. 
Overexpression of PRMT7-AAV prevented neurovascular uncoupling 3 days post-rmTBI 

in C57BL/6J mice. A) Neurovascular coupling was evaluated based on vascular tonicity 

changes in response to whisker stimulation (30 s, 4 Hz) concurrent with two-photon 

laser scanning microscopy. B) Representative images of cortical microvessel visualization 

via intravenous FITC-dextran injection (Z = 100 μm depth). The thin-skulled procedure 

produced a circular cranial window ~2 mm from the bregma and 2 mm from the centerline 

of the skull. C) Microvessel diameters were measured before/after whisker stimulation 
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in SHAM mice (white bars), 3 days post-rmTBI in mice without (blue bars), SHAM + 

PRMT7-AAV mice (green bar), and in 3 days post-rmTBI mice + PRMT7-AAV (green bars/

black lines). The 3 day rmTBI mice (blue bar) had decreased vessel diameter in response to 

whisker stimulation contrary to their SHAM counterparts (white bar). Microvessel diameters 

were increased in rmTBI mice (green bar/black lines) with PRMT7-AAV overexpression 

to suggest recovery of neurovascular uncoupling. In addition, D) Red blood cell (RBC) 

velocity was significantly decreased 3 days post-rmTBI (blue bar) relative to SHAM (white 

bar) but reversed to nominal levels in 3 day rmTBI + PRMT7-AAV (green bar/black lines). 

*p ≤ 0.05, ***p ≤ 0.001 determined via one-way ANOVA with Tukey’s post-hoc analysis. 

(For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.)
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Fig. 5. 
Overexpression of PRMT7-AAV prevented blood-brain barrier leakage 3 days post-rmTBI 

in C57BL/6J mice. A) Schematic representation of the experimental paradigm. B) 

Representative images of FITC used to visualize brain micro vessels and measure leakage 

into the perivascular space. C) Higher levels of extravascular low molecular weight (40 kDa) 

FITC were detected in 3 days post-rmTBI mice (blue bar), relative to sham (white bar) 

and sham PRMT7-AAV (green bar). PRMT7-AAV overexpression was able to rescue BBB 

leakage as indicated by the significant reduction in FITC extravasation 3 days post-rmTBI 

(green bar/black lines) relative to 3 day post-rmTBI mice with no virus. Fluorescence 

intensity was measured 30 min post-injection within the perivascular region of interest (ROI, 

red box). At least 3–4 ROIs were analyzed per animal. *p ≤ 0.05, ****p ≤ 0.0001, evaluated 

by one-way ANOVA with Tukey’s post-hoc analysis. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. 
Overexpression of PRMT7-AAV enhanced occludin protein levels post-rmTBI in C57BL/6J 

mice. A) Occludin levels exhibited trending decreases in the cortex at 3 and 7 days post-

rmTBI (blue bars) relative to SHAM (white bar). PRMT7-AAV overexpression significantly 

elevated occludin protein levels (green bar/black lines). B) ZO-1 protein expression was 

unchanged in the cortex, while no changes in occludin levels were observed in the C) 

hippocampus. ZO-1 was significantly upregulated in the D) hippocampus at 3 days post-

rmTBI with no virus (blue bar) relative to SHAM (white bar). Proteins were measured by 

capillary-based immunoassay and normalized to total protein. Computer software generated 

pseudo-blots are presented below each of the corresponding protein graphs when applicable. 

*p ≤ 0.05, **p ≤ 0.01, as evaluated by two-way ANOVA followed Tukey’s post-hoc 
analysis. (For interpretation of the references to colour in this figure legend, the reader 

is referred to the web version of this article.)
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Fig. 7. 
Leukocyte rolling velocity was enhanced in mice overexpressing PRMT 7 (via AAV) 3 

days post-rmTBI. Two-photon laser scanning microscopy images of rolling leukocytes in 

microvessels at different time points are shown with A) a red circle with highlighted dot 

as the leukocyte and B) typical line-scans (512 lines/s) for the measurement of leukocytes 

labelled with acridine orange. C) 3 days post-rmTBI mice (blue bar) have significantly 

decreased leukocyte velocities (mm/s) as compared to aged-matched sham mice (white bar). 

PRMT7-AAV mice (green bar/black lines) had increased velocities at 3 days post-rmTBI 

v. 3 days post-rmTBI mice with no virus (blue bar). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 

Evaluated by one-way ANOVA with Tukey’s post-hoc analysis. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 8. 
Overexpression of PRMT7-AAV improved gliosis in hippocampus. PRMT7-AAV 

overexpressed mice were assessed for astrogliosis and microgliosis. A) There were trending 

increases in GFAP protein expression at 3 and 7 days post-rmTBI (blue bars) relative to 

SHAM (white bar). PRMT7-AAV overexpression revealed strong trending decreases in 

GFAP expression at 3 and 7 days post-rmTBI (green bar/black lines) relative to 3 and 7 

days rmTBI mice with no virus. B) There were trending increases in iba1 levels in 3 and 7 

days post-rmTBI mice (blue bars) relative to SHAM (white bar); accompanied by trending 

decreases in iba1 protein expression in 3 and 7 days + PRMT7-AAV overexpressed rmTBI 

mice (green bar/black lines) relative to 3 and 7 day rmTBI mice with no virus (blue bars). 

Proteins were measured by capillary-based immunoassay and normalized to total protein. 

Computer software generated pseudo-blots are presented below each of the corresponding 

protein graphs where applicable. *p ≤ 0.05 evaluated by one-way ANOVA with Tukey’s 

post-hoc analysis. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.)
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Fig. 9. 
PRMT7-AAV enhanced mitochondrial reserve capacity in the CA1 region of the 

hippocampus. Oxygen consumption rates were measured at 1, 3 and 7 days post-rmTBI 

and the results suggest 3 days post-rmTBI had the most robust changes, therefore, we 

intervened at day 3 with PRMT7-AAV. A) Tracing of oxygen consumption rates (OCR) 

of each time point SHAM (white) 3 day (blue) SHAM + PRMT7-AAV (green) 3 days post-

rmTBI + PRMT7-AAV overexpression (green bar/black lines). B) While we observed no 

significant changes in maximal respiration, C) reserve capacity was significantly enhanced 

with overexpression of PRMT7-AAV + 3 days post-rmTBI (green bar/black lines) relative 

to SHAM (white bar), 3 days post-rmTBI (blue bar), and SHAM + PRMT7-AAV (green 

bar). In addition, there were no changes in D) proton-leak-linked respiration or E) basal 

respiration. F) ATP-linked respiration was reduced at 3 days post-rmTBI + PRMT7-AAV 

(green bar/black lines) relative to 3 days post-rmTBI mice + no virus (blue bar). G) ATP 

production was significantly decreased at 3 days post-rmTBI + PRMT7-AAV (green bar/

black lines) relative to 3 day rmTBI mice + no virus (blue bar). Results were expressed 

as mean ± SEM. *p ≤ 0.05, evaluated by one-way ANOVA with Tukey’s post-hoc test (n 
= 4–6). (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.)
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Fig. 10. 
PRMT7-AAV normalized mitochondrial fission and fusion dynamics after rmTBI in 

C57BL/6 J mice. Fission (DRP1) and fusion (OPA1) mitochondrial markers were assessed 

in the cortex and hippocampus. A) DRP1 protein levels were unchanged in the cortex, while 

B) OPA1 protein levels were decreased in the cortex at 7 days post rmTBI (blue bar) relative 

to SHAM (no virus – white bar), whereas PRMT7-AAV (green bar/black lines) increased 

OPA1 to nominal levels as compared to 7 days post-rmTBI mice + no virus (blue bars). 

C) DRP1 levels were lower in the hippocampus at 7 days post rmTBI (blue bar) relative to 

SHAM (white bar) and PRMT7-AAV enhanced DRP1 levels at 7 days post-rmTBI (green 

bar/black lines) relative 7 days post-rmTBI + no virus (blue bar). Lastly, D) OPA1 levels 

were reduced in 7 days rmTBI mice (blue bar) relative to SHAM (white bar) and enhanced 

to control levels with the administration of PRMT7-AAV (green bar/black lines). Proteins 

were measured by capillary-based immunoassay and normalized to total protein. Computer 

software generated pseudo-blots are presented below each of the corresponding protein 

graphs when applicable. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001; as evaluated by two-way 

ANOVA followed by Tukey’s post-hoc analysis.
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