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ABSTRACT 41 

Emerging evidence suggests that the meningeal compartment plays instrumental roles in various 42 

neurological disorders and can modulate neurodevelopment and behavior. While this has sparked great 43 

interest in the meninges, we still lack fundamental knowledge about meningeal biology. Here, we utilized 44 

high-throughput RNA sequencing (RNA-seq) techniques to investigate the transcriptional response of 45 

the meninges to traumatic brain injury (TBI) and aging in the sub-acute and chronic time frames. Using 46 

single-cell RNA sequencing (scRNA-seq), we first explored how mild TBI affects the cellular and 47 

transcriptional landscape in the meninges in young mice at one week post-injury. Then, using bulk RNA 48 

sequencing, we assessed the differential long-term outcomes between young and aged mice following a 49 

TBI. In our scRNA-seq studies, we found that mild head trauma leads to an activation of type I interferon 50 

(IFN) signature genes in meningeal macrophages as well as the mobilization of multiple distinct sub-51 

populations of meningeal macrophages expressing hallmarks of either classically activated or wound 52 

healing macrophages. We also revealed that dural fibroblasts in the meningeal compartment are highly 53 

responsive to TBI, and pathway analysis identified differential expression of genes linked to various 54 

neurodegenerative diseases. For reasons that remain poorly understood, the elderly are especially 55 

vulnerable to head trauma, where even mild injuries can lead to rapid cognitive decline and devastating 56 

neuropathology. To better understand the differential outcomes between the young and the elderly 57 

following brain injury, we performed bulk RNA-seq on young and aged meninges from mice that had 58 

received a mild TBI or Sham treatment 1.5 months prior. Notably, we found that aging alone induced 59 

massive upregulation of meningeal genes involved in antibody production by B cells and type I IFN 60 

signaling. Following injury, the meningeal transcriptome had largely returned to its pre-injury signature in 61 

young mice. In stark contrast, aged TBI mice still exhibited massive upregulation of immune-related 62 

genes and markedly reduced expression of genes involved in extracellular matrix remodeling and 63 

maintenance of cellular junctions. Overall, these findings illustrate the dynamic and complex 64 

transcriptional response of the meninges to mild head trauma. Moreover, we also reveal how aging 65 

modulates the meningeal response to TBI.  66 
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 69 

BACKGROUND 70 

Traumatic brain injury (TBI) affects millions of people each year and can result in devastating long-term 71 

outcomes (1-10). While TBI affects individuals of all ages, the elderly experience more severe 72 

consequences than do younger individuals with similar injury severity (11). The reason for this differential 73 

response to brain injury with respect to aging is not fully understood. Multiple findings have indicated that 74 

prolonged activation of the immune system following TBI may contribute to some of the negative TBI-75 

associated sequelae (12-19). Interestingly, several studies point to differences in the immune response 76 

in elderly individuals that may contribute to more severe consequences following injury (17, 20-26). 77 

However, our understanding of the disparate central nervous system (CNS) responses between elderly 78 

and young individuals following TBI is still in its infancy.  79 

 80 

Recent findings have implicated the meninges, a tri-layered tissue that resides between the brain 81 

parenchyma and skull, as an early responder to TBI and as a pivotal contributor to the CNS immune 82 

response following injury (27, 28). Meningeal enhancement with post-contrast fluid attenuated inversion 83 

magnetic resonance imaging (MRI) can be seen in 50% of patients with mild TBIs and no apparent 84 

parenchymal damage (28). This enhancement has been shown to occur within minutes of injury (29). 85 

Moreover, many individuals who experienced mild TBIs still exhibited extravasation of contrast into the 86 

sub-arachnoid space, indicating that the blood-brain-barrier was compromised (29). While most patients 87 

experienced resolution in meningeal enhancement 19 days after injury, about 15% had persistent 88 

enhancement three months post-injury, indicating that some patients experienced prolonged periods 89 

without complete meningeal repair following mild TBI (27). These protracted periods of meningeal 90 

enhancement likely represent ongoing inflammation within the compartment, yet the different cellular and 91 

molecular components that drive this inflammation have not been fully investigated.  92 

 93 
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The meningeal response to brain injury can be divided into several phases: acute, sub-acute, and chronic 94 

(28). Initial studies of the acute phase response after a mild TBI detail a meningeal response that consists 95 

of rapid meningeal cell death due to vascular leakage and reactive oxygen species release, which results 96 

in secondary parenchymal damage within the first several hours of injury (27, 28). The initial injury is 97 

followed by meningeal neutrophil swarming (present within an hour of injury) that is essential for 98 

regeneration of the initially damaged glial limitans (28). Disrupted meningeal vasculature is then repaired 99 

during the week following injury by non-classical monocytes (27). While these acute meningeal 100 

responses have been investigated, much less is understood about how brain injury shapes the meningeal 101 

environment more chronically, and if this response is affected by aging. Furthermore, it is unknown 102 

whether chronic meningeal changes following brain injury in aged individuals can contribute to 103 

neurodegenerative processes. 104 

 105 

In addition to housing lymphatic vessels that drain molecules and cells to peripheral lymph nodes (30, 106 

31), the meninges also contain a full array of innate and adaptive immune cells that are in constant 107 

communication with neurons and glia (32-34). In homeostasis, cytokine signaling from meningeal 108 

immune cells has been shown to be critical for shaping behavior (33, 35-37). For instance, IFN- is 109 

important in maintaining social behavior networks, whereas IL-4 production by meningeal T cells has 110 

been shown to influence learning and memory (35, 36). Recent studies also suggest that IL-17a secretion 111 

by γδ T cells in the meninges can impact anxiety-like behaviors and memory (33, 37). Of particular 112 

relevance, recent work has shown that an age-related decline of CCR7 expression by meningeal T cells 113 

may contribute to cognitive impairment, brain inflammation and neurodegenerative disease (38). In 114 

addition to meningeal T cell production of cytokines, it is known that immune cells within the cerebrospinal 115 

fluid (CSF) in the subarachnoid space can also produce signaling molecules and interact with brain-116 

derived products and antigens (39, 40). Brain interstitial fluid (ISF) and CSF intermix in the subarachnoid 117 

space and both recirculate throughout the brain via the glymphatic system and drain through the 118 

meningeal lymphatic network to the periphery (30, 31, 41-50). This system provides meningeal cells and 119 

cells within the CSF with access to brain antigens and proteins. Despite mounting evidence 120 
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demonstrating that meningeal cells can impact various aspects of neurobiology, we still lack a complete 121 

picture of how the meninges respond to processes that have been broadly linked to neurological disease, 122 

such as brain injury and aging. Likewise, little is known in regards to how aging impacts meningeal biology 123 

both under steady-state conditions and in response to TBI.     124 

 125 

Here, we investigated how the meningeal transcriptional environment is altered following TBI and in aging 126 

utilizing high-throughput sequencing techniques, namely single-cell RNA sequencing (scRNA-seq) and 127 

bulk RNA sequencing (RNA-seq). We focused on sub-acute (one week post-TBI) and chronic (1.5 128 

months post-TBI) time points after brain injury to better understand how the cellular makeup and gene 129 

expression profiles in the meninges change with time and with age. Furthermore, we aimed to reveal how 130 

chronic changes in the meningeal transcriptional landscape may contribute to, or be a product of long-131 

term neurodegenerative changes. Herein, we find that the heterogeneous cellular makeup of the 132 

meninges is altered one week following TBI with an increase in the frequency of macrophages and 133 

fibroblasts. Moreover, we further show that the meningeal transcriptional environment is massively 134 

altered in aging, including a sweeping upregulation of genes involved in antibody production and type I 135 

interferon (IFN) signaling. When examining the genes that were upregulated in aged mice as compared 136 

to young mice 1.5 months following TBI, we found that there is a broad downregulation in genes important 137 

for extracellular matrix remodeling and collagen production, and an overall activation of the immune 138 

system. This prolonged activation of the immune system is unique to the aged TBI mice, as young mice 139 

exhibit few alterations in the meningeal transcriptome 1.5 months following injury. These findings highlight 140 

the dynamic nature of the meningeal transcriptome in response to TBI and aging, and shed light on some 141 

of the differences between young and aged individuals in responding to brain injury.  142 

 143 

METHODS 144 

Mice  145 
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All mouse experiments were performed in accordance with the relevant guidelines and regulations of the 146 

University of Virginia and were approved by the University of Virginia Animal Care and Use Committee. 147 

Young C57BL/6J wild-type (WT) mice were obtained from Jackson Laboratories. All WT aged mice were 148 

approximately 20 months of age and were obtained from the National Institute on Aging (NIA) Aged 149 

Rodent Colonies. The mice from the NIA Aged Rodent Colonies were originally derived from the Jackson 150 

colonies. Upon arrival, aged mice were housed in University of Virginia facilities for at least 2 months 151 

before use. Other young mice ordered directly from the Jackson Laboratories were housed in the local 152 

University of Virginia facility for at least 2 weeks before use. Mice were housed in specific pathogen-free 153 

conditions under standard 12-hour light/dark cycle conditions in rooms equipped with control for 154 

temperature (21 ± 1.5°C) and humidity (50 ± 10%). Male mice were used for all studies.  155 

 156 

Traumatic brain injury  157 

This injury paradigm was adapted from the published Hit and Run model (51, 52). Mice were anesthetized 158 

by 4% isoflurane with 0.3 kPa O2 for 2 minutes and then the right preauricular area was shaved. The 159 

mouse was placed prone on an 8 x 4 x 4-inch foam bed (type E bedding, open-cell flexible polyurethane 160 

foam with a density of approximately 0.86 pounds per cubic feet and a spring constant of approximately 161 

4.0 Newtons per meter) with its nose in a nosecone delivering 1.5% isoflurane (purchased from Foam to 162 

Size, Ashland VA). The head was otherwise unsecured. The device used to deliver TBI was a Controlled 163 

Cortical Impact Device (Leica Biosystems, 39463920). A 3 mm impact probe was attached to the impactor 164 

device which was secured to a stereotaxic frame and positioned at 45 degrees from vertical. In this study, 165 

we used a strike depth of 2 mm, 0.1 s of contact time and an impact velocity of 5.2 meters (m) per second 166 

(s). The impactor was positioned at the posterior corner of the eye, moved 3 mm towards the ear and 167 

adjusted to the specified depth using the stereotaxic frame. A cotton swab was used to apply water to 168 

the injury site and the tail in order to establish contact sensing. To induce TBI, the impactor was retracted 169 

and dispensed once correctly positioned. The impact was delivered to the right inferior temporal lobe of 170 

the brain. Following impact, the mouse was placed supine on a heating pad and allowed to regain 171 

consciousness. After anesthesia induction, the delivery of the injuries took less than 1 minute. The time 172 
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until the mouse returned to the prone position was recorded as the righting time. Upon resuming the 173 

prone position, mice were returned to their home cages to recover on a heating pad for six hours with 174 

soft food. For Sham procedures, mice were anesthetized by 4% isoflurane with 0.3 kPa O2 for 2 minutes 175 

and then the right preauricular area was shaved. The mouse was placed prone on a foam bed with its 176 

nose secured in a nosecone delivering 1.5% isoflurane. The impactor was positioned at the posterior 177 

corner of the eye, moved 3 mm towards the ear and adjusted to the specified depth using the stereotaxic 178 

frame. A cotton swab was used to apply water to the injury site and the tail in order to establish contact 179 

sensing. Then, the impactor was adjusted to a height where no impact would occur, and was retracted 180 

and dispensed. Following the Sham procedure, the mouse was placed supine on a heating pad and 181 

allowed to regain consciousness. Mice were allowed to recover on the heating pad in their home cages 182 

for 6 hours with soft food before being returned to the housing facilities.  183 

 184 

Tissue collection  185 

Mice were euthanized with CO2 and then transcardially perfused with 20 ml 1x PBS. For all meningeal 186 

collections, the meninges on the skullcap dorsal to the ear canal were collected. The dorsal meninges 187 

do not include the direct site impacted by the TBI. For meningeal whole mount preparation, the skin and 188 

muscle were stripped from the outer skull and the skullcap was removed with surgical scissors and fixed 189 

in 2% PFA for 12 hours at 4°C. Then the meninges (dura mater and some arachnoid mater) were carefully 190 

dissected from the skullcaps with Dumont #5 forceps (Fine Science Tools). Meningeal whole-mounts 191 

were then moved to PBS and 0.05% sodium azide in PBS at 4 °C until further use. For meninges 192 

collection for scRNA-seq, the skullcap was removed as previously described, and placed into DMEM 193 

medium. Meninges were then scraped from the skullcap and processed further to create a single cell 194 

suspension as described in the method’s section entitled ‘Meningeal preparation for scRNA-seq’ below. 195 

For meninges collection for bulk RNA-seq, the skullcap was removed as described above, and placed 196 

into DMEM medium. The meninges were scraped from the skullcap and were immediately snap-frozen 197 

at −80°C in TRIzol (15596018, Life Technologies), until further use. Brains were removed and kept in 4% 198 

PFA for 24 h and then cryoprotected with 30% sucrose for 3 days. A 4 mm coronal section of brain tissue 199 
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that surrounded the site of injury was removed using a brain sectioning device and then frozen in Tissue-200 

Plus OCT compound (Thermo Fisher Scientific). Fixed and frozen brains were sliced (50-μm thick 201 

sections) with a cryostat (Leica) and kept in PBS + 0.05% sodium azide in PBS at 4 °C until further use. 202 

 203 

RNA extraction and sequencing  204 

For RNA extraction from the meningeal tissue, the meninges were harvested as described in the ‘Tissue 205 

Collection’ methods section above and snap-frozen in 500L TRIzol Reagent (15596018, Life 206 

Technologies) and stored at −80°C until further use. For each of the four experimental groups (Young 207 

Sham, Aged Sham, Young TBI and Aged TBI) 2 dorsal meningeal samples were combined to create 1 208 

biological replicate. Three biological replicates were used for each experimental group yielding a total of 209 

12 samples comprised of 2 meninges each. After defrosting on ice, 10 silica beads were added to each 210 

tube and the tissue was homogenized for 30 seconds using a mini bead beater. Following 211 

homogenization, the samples were centrifuged for 12,000 xg for 10 minutes at 4°C. The supernatant was 212 

transferred to a new tube and incubated at room temperature for 5 minutes. Next, 0.1 mL of chloroform 213 

was added to the supernatant, vortexed, incubated for 2 minutes at room temperature and then 214 

centrifuged at 12,000 xg for 15 minutes at 4°C. The top aqueous phase was transferred into a new 215 

Eppendorf tube and the RNeasy Micro Kit (74004, Qiagen) was used to isolate the RNA. RNA was frozen 216 

at −80°C until sent for sequencing. For sequencing, total RNA samples were sent to GENEWIZ for library 217 

preparation and paired-end sequencing.  218 

Meningeal preparation for scRNA-seq 219 

The day before meningeal harvest, Eppendorf tubes were coated with FACS buffer (1% BSA, 1mM EDTA 220 

in PBS) overnight. Mice were euthanized with CO2 and then transcardially perfused with ice-cold PBS 221 

with heparin (0.025%). The skull caps were prepared as described in ‘Tissue Collection’. Meninges were 222 

peeled from the skull cap and placed in ice-cold DMEM for the entirety of collection. The meninges from 223 

5 mice that had received TBI 1 week prior were pooled as one biological replicate. The meninges from 5 224 

mice that had received a Sham procedure 1 week prior were pooled as one biological replicate. These 2 225 
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samples were then processed for scRNA sequencing. Meninges were then digested for 15 minutes at 226 

37°C with constant agitation using 1 mL of pre-warmed digestion buffer (DMEM, with 2% FBS, 1 mg/mL 227 

collagenase VIII (Sigma Aldrich), and 0.5 mg/mL DNase I (Sigma Aldrich)). The enzymes were 228 

neutralized with 1 mL of complete medium (DMEM with 10% FBS) and meninges were then filtered 229 

through a 70 µm cell strainer. An additional 2 mL of FACS buffer was added, samples were centrifuged 230 

at 400 xg for five minutes, and samples were resuspended in FACS buffer. After 2 washes, cells were 231 

resuspended in FACS buffer with DAPI (0.2 µg/mL). Singlet gates were selected using pulse width of the 232 

side scatter and forward scatter. Live cells were selected based on the lack of DAPI staining. Cells were 233 

sorted into 1.5 mL tubes with ice cold DMEM. Following sorting, cells were centrifuged again at 450 xg 234 

for 4 mins and the media was aspirated. Cells were resuspended in 200 μL 0.04% BSA in PBS (0.04% 235 

non-acetylated BSA) and centrifuged again. Cells were counted in 20 μL of 0.04% BSA in PBS using 236 

trypan blue. Approximately 4,000 cells per sample were loaded onto a 10X Genomics Chromium platform 237 

to generate cDNAs carrying cell- and transcript-specific barcodes and sequencing libraries constructed 238 

using the Chromium Single Cell 3’ Library & Gel Bead Kit 2. Libraries were sequenced on the Illumina 239 

NextSeq using pair-ended sequencing, resulting in 50,000 reads per cell. 240 

 241 

scRNA-seq analysis 242 

The raw sequencing reads (FASTQ files) were aligned to the Genome Research Consortium (GRC) 243 

mm10 mouse genome build using Cell Ranger (v1.3.1) which performs alignment, filtering, barcode 244 

counting and unique molecular identifier (UMI) counting. RStudio (v1.2.5033) was used for all 245 

downstream analyses and Seurat (v.3.9.9) was used for filtering out low-quality cells, normalization of 246 

the data, determination of cluster defining markers and graphing of the data on UMAP (53, 54). Only one 247 

sequencing run was performed therefore there was no need for batch correction. Initially, there were 248 

2261 cells collected from the Sham mice and 4022 cells collected from the TBI mice. Low-quality cells 249 

were excluded in an initial quality-control (QC) step by removing cells with fewer than 150 unique genes 250 

and cells expressing more than 5,000 unique genes in effort to remove doublets and triplets (Sham total: 251 

2257, TBI total: 4018). Cells with transcriptomes that were more than 20% mitochondrial-derived were 252 
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removed and cells with more than 5% hemoglobin among their expressed genes were also removed 253 

(Sham total: 2049, TBI total: 3775). Using Seurat, genes with high variance were selected using the 254 

FindVariableGenes() function, then the dimensionality of the data was reduced by principle component 255 

analysis (PCA) and identified by random sampling of 20 significant principal components (PCs) for each 256 

sample with the PCElbowPlot() function. Cells were clustered with Seurat’s FindClusters() function. 257 

Absolute cell counts for each population can be found in Table 1. scCATCH (v2.1) was used for 258 

automated cluster naming (55), and all cluster names were manually checked due to the lack of literature 259 

regarding meningeal cell populations. Next, differential gene expression analysis was performed within 260 

the clusters using the ZINB-WaVE (v1.12.0) and DESeq2 (v1.30.0) packages (56). Cytoscape (v3.8.0) 261 

and ToppCluster (https://toppcluster.cchmc.org/) were used for network analyses (57, 58). Data was 262 

organized and graphs were created using ggplot2, tidyverse, treemapify, circlize, Seurat and dplyr (59, 263 

60). Pseudotime analysis was conducted using Monocle3 (v0.2.3.0) (61). All code used for analysis is 264 

available upon request. 265 

 266 

Bulk RNA-seq analysis  267 

The raw sequencing reads (FASTQ files) were aligned to the GRC mm10 mouse genome build using the 268 

splice-aware read aligner HISAT2 (62). Samtools was used for quality control filtering (63). Reads were 269 

sorted into feature counts with HTSeq (64). DESeq2 (v1.30.0) was used to normalize the raw counts 270 

based on read depth, perform principal component analysis, and conduct differential expression analysis 271 

(65). The p-values were corrected with the Benjamini-Hochberg procedure to limit false positives arising 272 

from multiple testing. The gene set collections from MSigDB were used for differential gene set 273 

enrichment analysis (66). The analysis itself was performed using the Seq2Pathway, fgsea, tidyverse, 274 

and dplyr software packages. Heatmaps were generated using the pheatmap R package while other 275 

plots were made with the lattice or ggplot2 packages. All code used for analysis is available upon request.  276 

 277 

Immunohistochemistry, imaging, and quantification 278 
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For immunofluorescence staining, meningeal whole mounts and floating brain sections in PBS and 0.05% 279 

sodium azide were blocked with a solution containing 2% goat serum or 2% donkey serum, 1% bovine 280 

serum albumin, 0.1% triton, 0.05% tween-20, and 0.05% sodium azide in PBS for 1.5 h at room 281 

temperature (RT). This blocking step was followed by incubation with appropriate dilutions of primary 282 

antibodies in blocking solution at 4ºC overnight. The primary antibodies and their dilutions include: anti-283 

Collagen I (Abcam, ab21286, 1:200), anti-J chain (Invitrogen, SP105, 1:200), anti-Lyve-1-efLuor 488 284 

(eBioscience, clone ALY7, 1:200), anti-Iba1 (Abcam, ab5076, 1:300), anti-GFAP (Thermo Fisher 285 

Scientific, 2.2B10, 1:1000), anti-MHC Class II 660 (eBioscience, M5/114.15.2, 1:100), anti-Ifnar1 286 

(Thermo Fisher Scientific, SR45-08, 1:150), anti-CD31 (Millipore Sigma, MAB1398Z, clone 2H8, 1:200), 287 

anti-B220 (Thermo Fisher Scientific, RA3-6B2, 1:200) and anti-NeuN (EMD Millipore, Mab277, clone 288 

A60, 1:500). Meningeal whole mounts and brain sections were then washed three times for 10 min at 289 

room temperature in PBS and 0.05% tween-20, followed by incubation with the appropriate goat or 290 

donkey Alexa Fluor 488, 594 or 647 anti-rat, -goat or -rabbit (Thermo Fisher Scientific, 1:1000) or -291 

Armenian hamster (Jackson ImmunoResearch, 1:1000) IgG antibodies for 2h at RT in blocking solution. 292 

The whole mounts and brain sections were then washed 3 times for 10 min at RT before incubation for 293 

10 min with 1:1000 DAPI in PBS. The tissue was then transferred to PBS and mounted with ProLong 294 

Gold antifade reagent (Invitrogen, P36930) on glass slides with coverslips.  295 

 296 

Slide preparations were stored at 4 °C and imaged using a Lecia TCS SP8 confocal microscope and LAS 297 

AF software (Leica Microsystems) within one week of staining. Quantitative analysis of the acquired 298 

images was performed using Fiji software and Imaris software. Imaging parameters for brightness, 299 

contrast, and threshold values were applied uniformly throughout each experiment. Additionally, tears in 300 

the meninges were excluded when performing the analyses. For assessment of IFNAR1+Iba1+ number 301 

and volume in meningeal whole mounts, 5 meningeal whole mounts were included per experimental 302 

group. Images at 63x were taken at four uniform positions along the transverse sinus (2 on each side of 303 

the confluence of the sinuses). Number and volume of IFNAR1+ puncta colocalized with Iba1+ cells was 304 

calculated for each image using Imaris. All four images were averaged together to calculate the average 305 
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number or volume of puncta per mouse. For the assessment of collagen expression and J-chain 306 

quantification, 5 meningeal whole mounts were included per experimental group. For collagen, 10x 307 

images were taken of meningeal whole mounts. To quantify the collagen, the corrected total cellular 308 

fluorescence (CTCF) was used, which takes into account the area of the meninges, the average 309 

fluorescent intensity of that area, and the fluorescent intensity of the background, as given by the formula: 310 

Mean fluorescence of meningeal whole mounts - (area of meningeal whole mount x mean fluorescence 311 

of background). For J-chain quantification, a uniformly sized 20x image of the superior sagittal sinus was 312 

taken for each sample with 5 samples in each experimental group. The number of J-chain puncta was 313 

then quantified (puncta threshold: 5-10 microns) using the “Analyze Particle” tool. For quantification of 314 

B220+ cells, 20x scans (n=5 per group) were taken of the entire transverse sinus. The number of B220+ 315 

cells were manually counted and quantified by a blinded experimenter. For CD31 staining, percent area 316 

was quantified from whole mount meninges scanned at 10x. For MHC II staining, eight meningeal whole 317 

mounts per experimental group were imaged at 10x. The number of MHC II puncta was quantified after 318 

a threshold of 200-400 microns squared had been applied.  319 

 320 

For the assessment of gliosis in the injured and uninjured brains in Supplementary Fig. 1, two 321 

representative brain sections from the site of the lesion (approximately −0.74 to 0 bregma) or the 322 

corresponding area in Sham animals were fully imaged and at least 4 animals were included per 323 

experimental group. The full brain section was adjusted for brightness and contrast uniformly for each 324 

experiment and each hemisphere was traced, and then the threshold was uniformly set for each 325 

experiment to select for stained cells. The percent area of coverage of each immunohistochemical 326 

markers was calculated for the hemisphere ipsilateral to the injury site (right) for each brain section. The 327 

mean percent area fraction was calculated using Microsoft Excel. For Supplementary Fig. 1, high 328 

magnification images (63x) were taken directly adjacent to the site of the injury. 329 

 330 

Statistical analysis and reproducibility  331 
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Sample sizes were chosen on the basis of standard power calculations (with α = 0.05 and power of 0.8). 332 

Experimenters were blinded to the identity of experimental groups from the time of euthanasia until the 333 

end of data collection and analysis. Statistical analysis was performed using RStudio (v1.2.5033) and 334 

GraphPad Prism (v8.4.3). Individual statistical analyses for each experiment are indicated in the 335 

corresponding figure legends.   336 

 337 

Data availability 338 

All data and genetic material used for this paper are available from the authors on request.  339 

 340 

Code availability  341 

All code used for analysis is available at [https://github.com/danielshapiro1/MeningealTransciptome] or 342 

upon request.  343 

 344 

RESULTS 345 

 346 

Mild TBI incites alterations in the cellular composition of the meninges  347 

To gain insights into how TBI impacts meningeal biology, we subjected mice to a mild closed-skull injury 348 

and then performed scRNA-seq on the meninges one week post-injury (Figure 1a). In this model of mild 349 

TBI, mice received a single hit to the right inferior temporal and frontal lobes using a stereotaxic 350 

electromagnetic impactor (Supplementary Figure 1a) (52). Of note, we have previously shown that head 351 

injury in this model does not result in appreciable alterations in balance, motor coordination, reflex, and 352 

alertness (52). Consistent with the mild nature of this TBI model, we also do not observe any appreciable 353 

differences in CD31 blood vasculature staining at 24 hrs following head trauma (Supplementary Figure 354 

1b,c). Moreover, we only detect modest increases in gliosis (Iba1 and GFAP staining) (Supplementary 355 

Figure 1d,e,f) and MHCII+ staining in the meninges at 24 hrs post-TBI (Supplementary Figure 1g,h,i).   356 

 357 
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For all of our sequencing studies in this paper, we strategically chose to isolate only the dorsal meningeal 358 

tissue, as this region of the meninges does not include the tissue affected by the direct injury site. 359 

Therefore, the sequencing data generated from these studies should better reflect the global meningeal 360 

changes that result from a localized injury site rather than the tissue damage and response at the 361 

immediate injury site. Joint clustering of both the Sham and TBI meninges revealed 21 unique cell 362 

populations including endothelial cells, fibroblasts, Schwann cells, and ciliated ependymal cells from the 363 

pia (Figure 1b,c, Table 1, Supplementary Figure 2). Additionally, the meninges contained a full repertoire 364 

of immune cells including macrophages, B cells, T cells, NK cells, dendritic cells, plasmacytoid dendritic 365 

cells, and neutrophils (Figure 1b,c, Table 1, Supplementary Figure 2). Other cell populations were less 366 

well-defined and included cells expressing genes important for clotting and proliferating cells (Figure 1b,c, 367 

Table 1, Supplementary Figure 2). When separated out by Sham and TBI treatments, all 21 populations 368 

were still present in both groups (Figure 1d, Table 1), however the frequencies were varied (Figure 1e). 369 

Following brain injury, there was a higher frequency of one group of macrophages which we denoted as 370 

“Activated Macrophages 1” as they exhibit high expression of complement-related genes (Figure 1c,e). 371 

Moreover, the frequency of fibroblasts was substantially increased following head trauma (Figure 1e). 372 

While there was a reduction in frequency of some other cell types, namely the B cell populations, it is 373 

unclear whether this was relative to the expansion of the other subsets or an actual decrease in number 374 

(Figure 1e). In order to ensure the short digestion and processing steps of the sample preparation did 375 

not result in significant upregulation of stress-related genes in both Sham and TBI samples, we examined 376 

a collection of genes that have been known to be upregulated after tissue processing and in stress-377 

related conditions (67-69) (Supplementary Figure 3). Very few sequenced cells expressed these genes 378 

and there were not substantial differences between the TBI or Sham experimental groups, suggesting 379 

minor contributions of processing on gene expression and similar effects across experimental groups 380 

(Supplementary Figure 3). Overall, these data highlight the heterogeneous nature of the meningeal tissue 381 

and also demonstrate that the frequencies of macrophage and fibroblast populations are increased one 382 

week post-TBI.  383 

 384 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 17, 2022. ; https://doi.org/10.1101/2022.06.16.496485doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.16.496485
http://creativecommons.org/licenses/by-nc-nd/4.0/


 15 

Effects of mild TBI on the meningeal macrophage transcriptome  385 

Given our data demonstrating an appreciable expansion of the meningeal macrophage population 386 

following injury (Figure 1e) as well as emerging data suggesting instrumental roles for these cells in TBI 387 

pathogenesis (27, 28), we decided to focus first on the response of meningeal macrophages to head 388 

trauma (Figure 1e). Differential gene expression analysis of the “Activated Macrophage” populations 389 

(Activated Macrophages 1 & 2) demonstrated 321 upregulated genes and 369 downregulated genes 390 

following head injury when using a false discovery rate of <0.1 (Figure 2a). When we performed a network 391 

analysis on the significantly upregulated genes from these populations, we found an enrichment of 392 

pathways related to immune system activation. Upregulated genes in the activated population included 393 

those important for cytokine secretion, immune cell differentiation, motility, and chemotaxis (Figure 2b). 394 

Furthermore, the most highly enriched gene ontology (GO) biological processes modulated in response 395 

to head trauma were found to be related to immune system activation and the stress response (Figure 396 

2c). We also noticed that some of the most significantly upregulated genes contributing to the immune-397 

related GO terms were important for the type I IFN response including Ifnar1, Ifi203, Irf2bp2, and Irf5, 398 

amongst others (Figure 2d). At the protein level, we confirmed that 1 week after injury or a Sham 399 

procedure, there was a substantial increase in IFNAR1 expression by Iba1+ macrophages in the TBI 400 

group when compared to the Sham group when examining both the volume (Figure 2f) and number 401 

(Figure 2g) of IFNAR1+ puncta along the transverse sinus in high magnification images of meningeal 402 

whole mounts (Figure 2e,g). Interestingly, recent studies suggest that elevated type I IFN signaling in the 403 

brain parenchyma is a driver of detrimental outcomes in TBI  pathogenesis (70, 71). Taken together, 404 

these findings suggest that meningeal macrophages upregulate inflammation-related genes one week 405 

following brain injury and may contribute to the type I IFN signature that is seen following TBI. 406 

 407 

Previous findings also suggest that there are several subtypes of meningeal macrophages that respond 408 

to TBI (27). Therefore, we decided to look more closely at the subpopulations within the original 409 

macrophage clusters. We re-clustered the three macrophage populations (Activated Macrophages 1 & 410 

2, and Macrophages 3) combined from Sham and TBI meninges, which yielded six different meningeal 411 
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macrophage clusters (Figure 2h). The largest population of macrophages expressed high levels of ferritin 412 

(“Ferritin Expressing”) (Figure 2h, Supplementary Figure 4a). The top two cluster-defining genes within 413 

the “Ferritin Expressing” macrophages were ferritin light chain (Ftl1) and ferritin heavy chain (Fth1) 414 

(Figure 2h, Supplementary Figure 4a). There were two additional populations, deemed ‘Anti-415 

Inflammatory’ and ‘Resolution Phase’ macrophages, that appeared to be alternatively activated, anti-416 

inflammatory macrophages that are likely implicated in the healing response following injury. The top 417 

cluster-defining gene in the “Anti-Inflammatory” macrophage cluster was Mrc1 (also referred to as 418 

CD206), which is known to be present on macrophages that play a role in the healing response after TBI 419 

(27). Other highly-significant subcluster-defining genes in the “Anti-Inflammatory” macrophage population 420 

included Stab1, Nrros, and Dab2, which are known to be expressed on healing macrophages, and are 421 

important for repressing reactive oxygen species and limiting type I IFN responses (72-74) 422 

(Supplementary Figure 4a,b). “Resolution Phase” macrophages do not fall into either the M1 classically 423 

activated or M2 alternatively activated macrophage categories and are believed to play a regulatory role 424 

following an inflammatory event (75). They tend to be enriched for antigen presenting genes, chemokine 425 

genes, and proliferation-related genes (75). Indeed, the meningeal macrophages in the “Resolution 426 

Phase” cluster were defined by their expression of antigen presentation-related genes (H2-Eb1, H2-Ab1, 427 

H2-Aa, Cd74, Ctss) and anti-inflammatory genes such as Lair1, an inhibitory receptor that prevents over-428 

activation of cytokine production (76) (Supplementary Figure 4a,c). In contrast to these “Anti-429 

Inflammatory” and “Resolution Phase” clusters, the final two macrophage populations exhibited gene 430 

signatures more commonly associated with inflammatory macrophages (Figure 2h). The “Inflammatory 431 

1” macrophage cluster was defined by its differential expression of Ccr2 and adhesion molecules such 432 

as Alcam and Lgals3 (Supplementary Figure 4a,d). The second inflammatory macrophage subset 433 

“Inflammatory 2” was defined by its expression of genes important for chemotaxis including Ccr7, Ccl22, 434 

and Ccl5 (77, 78) (Supplementary Figure 4a,e).   435 

 436 

To determine how injury affected these distinct meningeal macrophage populations, we separated the 437 

cells into Sham and TBI groups and examined their frequencies (Figure 2i,j). Interestingly, there was an 438 
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overall relative increase in the “Anti-Inflammatory” and “Resolution Phase” macrophages in the TBI 439 

group, indicating that one week after injury, the response of the meningeal macrophages appears to shift 440 

towards wound healing and inflammation resolution (Figure 2i,j). There was also a relative reduction in 441 

the “Ferritin Expressing” macrophages following injury (Figure 2i,j). Overall, these findings demonstrate 442 

that although the macrophages collectively upregulated genes essential for inflammation following TBI, 443 

the frequencies of “Resolution Phase” and “Anti-Inflammatory” macrophages also increased and may 444 

play a role in the wound healing process.  445 

 446 

Mild TBI induces the upregulation of neurological disease-associated genes in meningeal 447 

fibroblasts 448 

Next, we wanted to further investigate the “Fibroblast” population, as it was expanded 1 week following 449 

injury in the single cell dataset (Figure 1d,e). After head injury, the “Fibroblast” population exhibited 368 450 

activated genes and 320 repressed genes (Figure 3a). There were several patterns in the activated genes 451 

following injury, including genes important for collagen production and extracellular matrix remodeling 452 

(Nisch, Ppib, Pmepa1, Ddr2) and genes critical for cell motility and growth (Ptprs, Pfn1, Cd302, Tpm3) 453 

(Figure 3b). To validate these sequencing findings, we utilized immunohistochemical staining for 454 

collagen, which is produced by fibroblasts, in meningeal whole mounts. Consistent with the sequencing 455 

results, we observed a significant increase in collagen density one week after TBI (Figure 3c,d,e). 456 

Furthermore, we were also interested in determining whether the fibroblast population was contributing 457 

to the inflammatory response following TBI. Of the significantly upregulated genes identified in fibroblasts 458 

post-TBI, many of them were related to components of immune system activation and cytokine signaling 459 

(Figure 3f).  460 

 461 

To explore the cellular and disease pathways that are most affected in fibroblasts post mild head trauma, 462 

we identified the KEGG terms enriched by the differentially upregulated genes in the fibroblast group 463 

after TBI in comparison to the Sham group. Interestingly, disease pathways related to neurodegenerative 464 

diseases, including Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis, and prion 465 
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disease, were some of the most highly upregulated pathways altered in fibroblasts after TBI (Figure 3g). 466 

Many of the same terms that contribute to the oxidative phosphorylation KEGG term also contribute to 467 

the various disease-related KEGG terms, indicating a change in the metabolic state of the fibroblasts 468 

may be underlying disease-related processes.  469 

 470 

Given that fibroblasts are present in all three meningeal layers (79), we decided to investigate which 471 

layers the fibroblasts inhabited, and which layer was likely responsible for the increase in fibroblasts 472 

following TBI. To accomplish this, we examined the expression of molecules that are commonly used to 473 

identify the distinct layer of the meninges in which the fibroblast population is likely to reside (79-85). 474 

More specifically, recent studies have shown that dural fibroblasts can be identified using the makers Alpl 475 

and Foxc2 (80-82), whereas Ptgds and Ald1a2 are unique markers of arachnoid fibroblasts (83, 84) and 476 

Col18a1 is specific to pial fibroblasts (79, 85). As expected, we found that a majority of the fibroblasts in 477 

the meninges were from the dura, the thickest layer of the meninges and the layer that is targeted by the 478 

method of dissection used in these studies (32, 86). Fewer pia- or arachnoid-resident fibroblasts were 479 

present, as anticipated (Figure 3h). When we looked at the expression level of dural fibroblast genes 480 

before and after TBI, we saw that several of the markers (e.g., Foxc2, Fxyd5) were significantly 481 

upregulated following injury, and other dural markers, while not expressed at significantly higher levels, 482 

were clearly expressed by a higher proportion of total cells (e.g., Alpl, Mgp) (Figure 3i). This indicates 483 

that the dural compartment likely undergoes an increase in fibroblast cell frequency one week after brain 484 

injury, which is also consistent with the increase in collagen density seen in the meninges 1 week after 485 

TBI (Figure 3c,d,e). Overall, we observed that the meningeal fibroblast population is highly responsive to 486 

TBI and that they upregulate genes enriched in disease-related pathways, immune system activation, 487 

and the wound healing response.   488 

 489 

Transcriptional modulation of meningeal lymphocytes in response to mild TBI  490 

Since we observed shifts in the frequencies of some immune cell populations after TBI (Figure 1d,e), 491 

we were interested in determining which genes were differentially expressed in meningeal T and B cells 492 
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after head injury, especially given recent reports that have identified instrumental roles for meningeal 493 

lymphocytes in regulating multiple aspects of neurobiology, behavior, and CNS disease (33, 35-37, 39). 494 

We independently combined the two T cell populations (“Activated T Cells” and “CD3+ T Cells”) and the 495 

B cell populations (“B Cells 1”, “B Cells 2”) to assess differential gene expression. Overall, 151 genes 496 

were upregulated and 286 were downregulated following injury in the T cell population, 102 genes were 497 

upregulated and 158 were downregulated following injury in the B cell population, and 183 genes were 498 

upregulated and 149 were downregulated following injury in the dendritic cell population (Figure 4a). 499 

Some of the smaller populations such as NK cells, neutrophils, and plasmacytoid dendritic cells 500 

exhibited few to no differentially regulated genes, likely due to the small number of cells present in each 501 

of these populations (Figure 4a).  502 

 503 

We were next interested in determining which different T and B cell subsets were present within the 504 

meninges, so we re-clustered the cells within these two populations (Figure 4b,c). We found that within 505 

the T cell subsets, there was a clear CD8+ T cell population and two T helper cell populations: Th2 cells 506 

and Th17 cells (Figure 4b). The Th2 cell sub-cluster expressed highly-significant cluster-defining markers 507 

including Il1rl1 and Gata3, which are characteristic of the Th2 subset (87) (Figure 4b, Supplementary 508 

Figure 5a,b). Alternatively, the Th17 sub-cluster expressed characteristic markers such as Il23r, Il17re, 509 

and Rorc (88) (Figure 4b, Supplementary Figure 5a,c). The fourth sub-cluster of T cells appears to be 510 

comprised of NKT and NK cells, as this population expressed high levels of common NK markers, 511 

including Klrb1c, Ncr1, Klrd1, and Klrk1, and some of these same cells also expressed components of 512 

the CD3 co-receptor (Cd3d, Cd3d, and Cd3g) (Figure 4b, Supplementary Figure 5a,d). The final 513 

population represents cells that are likely dying T cells, based on their high expression of mitochondrial 514 

genes and Malat1 (Figure 4b). 515 

 516 

Re-clustering of the B cell populations revealed 5 sub-clusters (Figure 4c). One sub-cluster appeared to 517 

be comprised of mature B cells given its high expression of B cell maturity marker Cd37 and the B cell 518 

receptor components (Cd79a and Cd79b). (Supplementary Figure 6a) (89). A second cluster, deemed 519 
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“Activated B Cells”, was characterized by significant expression of HLA-related genes including H2-Aa, 520 

H2-Eb1, and H2-Ab1, and survival-related genes including Gimap3, Gimap4, and Gimap6. These 521 

activated B cells also highly expressed genes important for adhesion, including Sell, which encodes for 522 

L-selectin and is a marker for mature B cells (90) (Supplementary Figure 6a,b). A third cluster appeared 523 

to be differentiating or immature B cells based on their high expression of Rag1 and Rag2 524 

(Supplementary Figure 6a,c). A fourth cluster, deemed “Proliferating Cells” expressed high levels of Myc 525 

and Ccnd2 amongst other cell cycle related genes (Supplementary Figure 6a,d). The final population 526 

represents cells that are likely dying B cells due to their high expression of Malat1 (Figure 4c). 527 

 528 

In order to determine T and B cell maturation trajectory within the meninges, we performed 529 

pseudotemporal analyses using Monocle3 (61). The T cell populations did not demonstrate a strong 530 

trajectory in their differentiation status, which is expected given that the populations we identified (Th2, 531 

Th17, CD8+ T cells) are all relatively advanced within T cell maturation (Figure 4d). However, when we 532 

examined the pseudotemporal trajectory of the B cells, we observed a path that confirmed our initial 533 

cluster assignments (Figure 4e). We observed that the B cells earliest in the differentiation trajectory, as 534 

demonstrated by the lowest values on the pseudotime scale, were the “Immature B Cells” and 535 

“Proliferating Cells” populations, whereas the “Activated B Cells”, that are likely producing antibodies, 536 

and “Mature B cells” were the furthest along in the differentiation trajectory (Figure 4e). 537 

 538 

Next, we were interested in looking more closely at some of the genes that were significantly upregulated 539 

in both the T and B cell populations to determine how these adaptive immune populations were affected 540 

following injury. The T cell populations upregulated many genes important for survival (Gimap1, Gimap6), 541 

activation (Arrb2, Ppia, Cd48), cytokine signaling (Mif, Il2rg), and antigen recognition (Cd247), all of which 542 

contributed to an overall increase in inflammatory response gene expression (Figure 4f). Concomitantly, 543 

the T cells also upregulated various genes that are known to be involved in the dampening of immune 544 

responses such as Socs1 (Suppressor of Cytokine Signaling-1) and Cd52 (Figure 4f) (91, 92).   545 

 546 
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Investigating the genes that were upregulated in the B cell populations following injury, we found that 547 

many of these genes fell into the category of “B Cell Maturation”, including Cd83, Ube2d3, and Doc3 548 

(Figure 4g). Other upregulated genes included those important for B cell activation and signaling (Blnk, 549 

Cd19), antigen presentation (Cd79b, H2-D1), and inflammation (Ppia, Hmgb1) (Figure 4g). The 550 

upregulation of these genes suggests that TBI drives the activation and maturation of B cell populations 551 

in the meningeal compartment. Overall, these data demonstrate that both T and B cells upregulate genes 552 

involved in activation of adaptive immune responses following head trauma. This upregulation seems to 553 

be controlled, as multiple regulatory genes are also simultaneously activated.  554 

 555 

Prominent effects of aging on the meningeal transcriptome that can be further modulated by mild 556 

TBI  557 

Given the considerable brain injury-induced alterations in the meningeal transcriptional and cellular 558 

landscape that we observed in young mice, we were next interested in investigating whether these 559 

changes were preserved or altered with age. It has previously been suggested that inability to properly 560 

resolve inflammatory responses in the brain post head trauma contributes to the aggravated disease 561 

course commonly seen in the elderly. Therefore, we were also particularly interested to explore potential 562 

differences in the resolution of meningeal immune responses following TBI between young and aged 563 

mice. To this end, we performed bulk RNA sequencing on the meningeal tissue at 1.5 months post TBI 564 

or Sham treatment in both young (10 weeks of age) and aged (20 months of age) mice (Figure 5a), as 565 

we predicted that the meningeal injury would have largely resolved 1.5 months post-TBI in young mice. 566 

Principal component analysis (PCA) revealed that age was the main driver of differential gene 567 

expression, as young and aged groups clustered furthest apart (Figure 5b). However, while the young 568 

mice that had received either Sham or TBI clustered together in the PCA plot, the aged Sham and TBI 569 

mice clustered further apart, indicating that the effects from TBI may have more long-lasting effects on 570 

gene expression in aged mice when compared to young mice (Figure 5b). Indeed, when we looked at 571 

the number of differentially expressed genes between all four experimental groups, we saw that there 572 

were only a total of 22 differentially expressed genes when comparing Young Sham with Young TBI, 573 
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while there were a total of 364 differentially expressed genes when comparing Aged Sham with Aged 574 

TBI (Figure 5c,d). Interestingly, 1772 differentially expressed genes were identified when comparing 575 

Young Sham mice with Aged Sham mice, and 2936 differentially regulated genes were identified when 576 

comparing Young TBI mice with Aged TBI mice (Figure 5c,d). This indicates that aging profoundly affects 577 

meningeal gene expression and that mild head trauma in aging results in even larger changes in gene 578 

expression (Figure 5c,d). Moreover, while the young mice exhibit very few gene expression changes 1.5 579 

months following TBI, the aged mice experience many more alterations in gene expression that last for 580 

a longer period of time, which suggests that recovery post-TBI may be delayed with aging.  581 

 582 

Because aging itself resulted in substantially different gene expression patterns, we decided to look more 583 

closely at these differences. Upon examining the top 20 upregulated and downregulated genes in the 584 

Aged Sham mice as compared to the Young Sham mice, we noticed a striking upregulation in genes 585 

important for antibody production by B cells (Figure 6a). In fact, one half of the top 20 upregulated genes 586 

fell into this category (Figure 6a). When we examined the top GO biological processes that were enriched 587 

by the significantly activated genes in the Young Sham mice versus Aged Sham mice comparison, we 588 

saw that immune and defense responses were among the most highly upregulated (Figure 6b), indicating 589 

that the cells within the aged meninges have grossly upregulated their immune response, even in 590 

homeostatic conditions.  591 

 592 

Due to the striking nature of the upregulation of antibody production-related genes, and recent findings 593 

that report an increase in IgA-secreting plasma cells with age (93), we more closely examined some of 594 

these genes (Figure 6c). We found highly significant upregulations in genes related to the immunoglobulin 595 

heavy chain (Ighm, Ighg2b, Igha), light chain (Igkc), and components of IgA or IgM antibodies (Jchain) 596 

(Figure 6c). Using immunohistochemistry on meningeal whole mounts, we confirmed that aged meninges 597 

have significantly increased J chain deposition that is concentrated along the sinuses (Figure 6d,e). Next, 598 

we wanted to determine whether the increased antibody-related gene production we saw in aged mice 599 

was due to an overall increased number of B cells. Interestingly, we saw that the number cells expressing 600 
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B220 along the meningeal transverse sinus in mice was significantly lower in aged mice (Figure 6f,g), 601 

which is in contrast to other recent studies have shown that B cells comprise a larger proportion and 602 

number of cells in aged dural meninges (94, 95). Differences in our data in compared to this published 603 

data may reflect regional differences in B cell populations along the transverse sinus given the impaired 604 

meningeal lymphatics seen in aged mice. Furthermore, B cells may comprise an overall greater 605 

proportion of cells in aged meninges, but given the overall decreased cellularity in aged meninges, may 606 

represent a smaller absolute number when compared with young meninges. These data show aged 607 

meninges harbor mature B cells that have a higher expression of antibody production-related genes. 608 

Overall, this suggests that the composition of the B cell population in aged mice may be substantially 609 

different than in young mice; however, future studies are needed to formally evaluate this in greater detail.  610 

 611 

In addition to the antibody-related gene upregulation, we also observed increased expression of type I 612 

interferon (IFN)-related genes (Figure 6h). Type I IFNs have been shown to be upregulated in the brain 613 

parenchyma in various neurological disorders, where they are generally thought to play deleterious roles 614 

in promoting disease pathogenesis (70, 71, 96-98). Our data indicate that this type I IFN signature is also 615 

seen within the meningeal compartment of aged mice. Amongst others, we saw highly significant 616 

increases in type I IFN related genes including Ifit1, Ifit2, Irf7, Ifi213, and Mx1 (Figure 6h). These findings 617 

demonstrate that aging promotes profound alterations in the meningeal transcriptome. Moreover, the 618 

upregulation of antibody genes and type I IFN related-genes suggests an overall elevation in immune 619 

activation status in the aged meninges. 620 

 621 

Injury in aged mice results in prolonged inflammatory responses 622 

In order to assess the unique transcriptional response to TBI in aged compared to young mice, we 623 

analyzed the transcriptional response that is exclusive to the Young TBI vs Aged TBI comparison and 624 

not shared with the Young Sham vs Aged Sham comparison. Of the differentially expressed genes, there 625 

were 1186 genes that were shared amongst these two comparisons, 1750 genes that were unique to the 626 

Young TBI vs Aged TBI comparison and 586 genes that were unique to the Young Sham vs Aged Sham 627 
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comparison (Figure 7a). While aging and TBI each individually lead to changes in gene expression which 628 

have some overlap, the double hit of TBI with old age was found to induce an even larger change in gene 629 

expression than either condition alone.  630 

 631 

Next, we more closely examined the 1750 differentially expressed genes unique to the Young TBI vs 632 

Aged TBI group that were not shared with the Young Sham vs Aged Sham comparison (Figure 7a). Using 633 

the GO molecular function terms, we saw that of the 1101 repressed genes, many of these genes are 634 

involved in binding processes, including protein binding and cytoskeletal binding (Figure 7b). When we 635 

looked more closely at the top repressed genes unique to the Aged TBI versus Young TBI comparison, 636 

we observed that many of these genes encode for collagenases (Col4a1, Col4a2, and Col5a2) and other 637 

molecules involved in regulating cellular junctions (Jup) (Figure 7c). These pathways likely aid in the 638 

wound healing response of the meninges but are downregulated after brain injury in aging.  639 

Additionally, we looked into the genes that were uniquely activated in the Aged TBI mice as compared to 640 

the Young TBI mice. We found that genes associated with immune activation were profoundly 641 

upregulated in aged TBI mice in comparison to their young TBI counterparts (Figure 7d). The most 642 

enriched GO biological processes included the “defense response” and “immune system process” (Figure 643 

7d). Some of the genes that contributed to the upregulation of these immune-related terms included those 644 

associated with immunoglobulin production (Ighg2c), T and B cell signaling (Cd24a, Zap70, Cxcr6), and 645 

cell death (Casp12, C2) (Figure 7e). In summary, these findings highlight some of the distinct changes 646 

seen in the aged meningeal tissue following TBI. Specifically, we find that mild TBI in aged mice results 647 

in prolonged activation of immune genes and decreased expression of genes involved in extracellular 648 

matrix remodeling and the maintenance of cellular junctions. Furthermore, we report that while the 649 

meningeal transcriptome in young mice returns almost completely to baseline resting levels by 1.5 650 

months post mild head injury, the aged meninges, in contrast, continue to exhibit substantial and 651 

protracted transcriptional alterations related to head injury.  652 

 653 
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DISCUSSION 654 

Findings from these studies highlight the heterogeneous and dynamic nature of the meninges in response 655 

to TBI and aging. Following TBI in young mice, there is an enrichment of fibroblast and macrophage 656 

populations in the meninges, as well as an upregulation in genes associated with immune activation. 657 

Interestingly, the gene expression patterns of the meninges are drastically altered in aging, with large 658 

upregulations in genes involved in immunoglobulin production and type I IFN signaling. Upon injury, the 659 

aged meninges downregulate the production of genes related to collagenase production and other genes 660 

important for extracellular matrix maintenance and cell junction formation, while they continue to 661 

upregulate genes involved in immune signaling. Moreover, the aged meninges experience a much more 662 

prolonged and substantial response to injury than the meninges in young mice, which have largely 663 

returned to baseline by 1.5 months post-injury.  664 

 665 

While our overall knowledge of meningeal biology in TBI remains limited, recent work has begun to 666 

uncover roles for meningeal macrophages in head trauma (27, 28). For instance, studies by Roth et al. 667 

demonstrated that the release of reactive oxygen species (ROS), which occurs as part of meningeal 668 

macrophage cell death, can trigger subsequent tissue damage in the brain parenchyma (28). 669 

Interestingly, they showed that blocking ROS release by dying meningeal macrophages is also effective 670 

in minimizing cell death in the brain parenchyma.  Collectively, these results suggest that the meningeal 671 

response to TBI directly affects cells in the brain as well (28). More recently, this same group also 672 

demonstrated that meningeal macrophages play important roles in coordinating meningeal remodeling 673 

and vascular repair following mild head trauma (27). Here, they showed that distinct macrophage 674 

populations function within defined regions in and around the injury site. For example, they identified that 675 

inflammatory myelomonocytic cells work in the core of the lesion where dead cells are abundant, whereas 676 

wound-healing macrophages are present along the perimeter of the injury where they work to restore 677 

blood vasculature and clear fibrin (27).  678 

 679 
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Recent studies have also begun to uncover critical roles for meningeal lymphocytes in various 680 

neurological disorders as well as in the regulation of basic neurological functions and behavior  (32, 33, 681 

35-37, 86, 94, 95, 99). Yet, surprisingly little is currently known with regard to how head trauma impacts 682 

adaptive immunity in the meninges. Here, we show that adaptive immune cells found in the meninges of 683 

young mice upregulate genes essential for activation and maturation at one week post-TBI. Furthermore, 684 

in both aging alone and in aged mice following brain injury, we observed a massive upregulation of genes 685 

important for antibody production by B cells. Interestingly, emerging studies have proposed that IgA-686 

producing plasma B cells survey the meninges and that their IgA secretion provides an “immunological 687 

barrier” to prevent potential pathogens from gaining access into the brain parenchyma (93). While 688 

speculative, perhaps this upregulation in antibody production genes in the meninges is a protective 689 

strategy that is mobilized to counteract the loss of blood-brain barrier (BBB) integrity that can occur both 690 

in aging and following TBI (51, 100). Nevertheless, further studies are required to follow up on the 691 

significance and function of this massive elevation in antibody-related genes that is seen in the meninges 692 

as a result of aging and head trauma.  693 

 694 

For the studies that appear in this paper we paid special attention to the transcriptional response that 695 

occurs in meningeal macrophages, fibroblasts, and lymphocytes given their high abundance in the 696 

meninges as well as emerging evidence suggesting important roles for these immune cell lineages in TBI 697 

pathogenesis. However, it should be noted that there are many other populations of cells present in the 698 

meninges in which we were not able to adequately assess differential gene expression due to their small 699 

population sizes. In future studies, it will be important to further interrogate the functions of these less 700 

abundant cell populations in TBI. Notably, the presence of plasmacytoid dendritic cells within the 701 

meninges is intriguing as they are known to be potent producers of type I IFNs (101). It is possible that 702 

plasmacytoid cells could be contributing to the type I IFN signature seen with aging and TBI in the 703 

meninges; however, future work is needed to formally investigate this. 704 
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It is also known that sex differences play a role in outcomes after TBI both in human and animal models 705 

(102). While men have a higher likelihood of sustaining a TBI, women have a higher likelihood of suffering 706 

worse outcomes (102). Due to the number of other variables we were already considering for this study 707 

(age, time and injury status), we were unable to include sex as a variable for our sequencing data. This 708 

leaves further opportunities for investigation into how sex impacts the meningeal transcriptome in the 709 

context of both TBI and aging. High throughput sequencing techniques provide unique opportunities to 710 

understanding how sex affects CNS tissues at a cellular and transcriptional level. 711 

While the meningeal immune response to head trauma in aged mice appears to be largely upregulated, 712 

the meningeal immune response in young mice following injury appears to be held in check. One week 713 

following injury, although there is an upregulation in genes important for the inflammatory response in 714 

the macrophage and adaptive immune cell populations, there are other upregulated genes that are 715 

important for dampening this same immune response and for promoting wound healing. For instance, 716 

the subsets of macrophages whose frequencies increase the most following injury are “Anti-717 

Inflammatory” and “Resolution Phase” macrophages, both of which have been reported to exert wound-718 

healing properties in injury models (27, 75). Furthermore, while T cells were observed to upregulate 719 

genes associated with immune activation, survival, and adhesion, they also displayed increased 720 

expression of genes involved in dampening cytokine signaling and controlling the immune response in 721 

the meninges of young mice (e.g., Cfl1, Socs2, and Cd52). Moreover, the vast majority of these 722 

differentially expressed genes seen in young meninges at one week post-injury return to resting levels 723 

by 1.5 months following head trauma, suggesting a resolution of inflammation and a restoration of 724 

homeostasis in young mice. In contrast, aged mice do not appear to have this same success in resolving 725 

inflammatory responses following head trauma. In addition to the baseline inflammatory state of aged 726 

meninges that is characterized by increased expression of genes related to type I IFN signaling and 727 

antibody production, aged mice that received a TBI were found to further upregulate genes involved in 728 

driving inflammatory responses. Moreover, these injured aged mice were also shown to downregulate 729 

numerous genes involved in extracellular matrix reorganization and collagen production, which are two 730 
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processes that are necessary for proper tissue regeneration. These transcriptional alterations in aged 731 

meninges persist beyond a month following injury, with no indications of resolution.  732 

 733 

It is well known that aged individuals have a higher morbidity and mortality than young individuals when 734 

experiencing a similar severity brain injury (11). The explanation for why the elderly experience these 735 

poorer outcomes following TBI is likely complex and multifaceted. Many studies have highlighted baseline 736 

changes in the aged brain that has been speculated to prime the elderly for differential responses 737 

following injury, including changes in the BBB, microglial dysfunction, and an overall increase in 738 

neuroinflammation (23, 100, 103). Furthermore, other findings support changes in the response to injury 739 

in the aged brain, including alterations in the type and number of immune cells recruited to the injury site, 740 

further increases in inflammatory gene signatures in the brain parenchyma, and elevated production of 741 

potentially neurotoxic molecules such as ROS and type I IFNs (17, 20, 21, 23-26, 70, 71, 96-98, 104). 742 

Our findings indicate that the meninges may also play a role in this differential response to head trauma 743 

seen in aging. In particular, it is possible that the increased baseline type I IFN gene signature and 744 

antibody production observed in aging potentially renders the aged brain prone to more severe clinical 745 

outcomes post-TBI.  746 

 747 

Recent studies have implicated the meningeal lymphatic system, which resides in the dura, in modulating 748 

inflammation in the brain following TBI and sub-arachnoid hemorrhage (52, 105, 106). In these studies, 749 

impairments in the meningeal lymphatic system prior to brain injury were found to result in increased 750 

gliosis and worsened behavioral outcomes (52, 105). Interestingly, the meningeal lymphatic system is 751 

also known to be impaired in aging (107-109), and we have previously shown that the rejuvenation of the 752 

meningeal lymphatic vasculature in aged mice dampens the subsequent gliosis following TBI (52). How 753 

the meningeal lymphatic system might modulate meningeal immunity before and after injury remains to 754 

be investigated. Furthermore, whether the meningeal lymphatic impairment in aging contributes to the 755 

overall increase in inflammation seen in the aged meninges is another area for future investigation.  756 

 757 
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Conclusions 758 

Overall, the findings presented here provide new insights into the meningeal response to brain injury and 759 

aging. We show that TBI results in broad gene expression changes in discrete cell populations following 760 

injury in young mice. Specifically, we demonstrate that there is an increase in the frequency of fibroblasts 761 

and macrophages one week following injury in young mice. Furthermore, we provide evidence that the 762 

transcriptional environment in the aged meninges is drastically altered. At baseline, the aged meninges 763 

show increases in gene expression patterns associated with type I IFN signaling and antibody production 764 

by B cells. However, upon injury, the aged meninges further upregulate genes involved in immune system 765 

activation, while downregulating genes critical for tissue remodeling. Improved understanding of how the 766 

meninges respond to brain injury in youth and aging will help shed light on why the elderly have poor 767 

outcomes following TBI and may help to identify opportunities for targeted therapies to improve outcomes 768 

following TBI.  769 

 770 
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ABBREVIATIONS 774 

AR, antigen recognition; BBB, blood brain barrier; CNS, central nervous system; CS, cytokine signaling; 775 

CSF, cerebrospinal fluid; DEG, differentially expressed gene; FDR, false discovery rate; GO, gene 776 

ontology; IFN, interferon; ISF, interstitial fluid; MRI, magnetic resonance imaging; p.adj, adjusted p-value; 777 

PC, principal component; PCA, principal component analysis; RNA-seq, RNA sequencing; ROS, reactive 778 

oxygen species; scRNA-seq, single-cell RNA sequencing, TBI, traumatic brain injury; UMAP, uniform 779 

manifold approximation and projection   780 
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FIGURE LEGENDS 1083 

 1084 

Figure 1. Alterations in the composition of meningeal cell populations following brain injury. Male 1085 

C57BL/6J wild-type (WT) mice at 10 weeks of age were subjected to a mild closed-skull injury above the 1086 

right inferior temporal lobe or Sham procedure. One week later, the meninges from 5 mice per group 1087 

were harvested, pooled, and processed for scRNA-seq. a) Schematic of scRNA-seq protocol. b) Uniform 1088 
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Manifold Approximation and Projection (UMAP) representation of the cell populations present in the 1089 

meninges where both Sham and TBI groups are included. Colors are randomly assigned to each cell 1090 

population. c) Dot plot representation of cluster defining genes for each cell population, where each gene 1091 

represents the most significant cluster-defining marker for each population. The color and size of each 1092 

dot represents the average expression and percent of cells expressing each gene, respectively. d) UMAP 1093 

representations of the cell populations present in the meninges separated by Sham (sage) and TBI 1094 

(purple). e) Frequencies of cell populations in Sham vs. TBI samples represented as a gradient bar chart. 1095 

Graphs were calculated using Seurat by normalizing the dataset, finding the variable features of the 1096 

dataset, scaling the data, and reducing the dimensionality. Each data point in a UMAP plot represents a 1097 

cell. P values were calculated using a two sample z-test. ****P<0.0001, *P<.05, bar chart pairs without * 1098 

were not statistically significant. 1099 

 1100 

Figure 2. Transcriptional response of meningeal macrophages to mild TBI. Male WT mice at 10 1101 

weeks of age received a TBI or Sham procedure. One week later, the meninges from 5 mice per group 1102 

were harvested, pooled, and processed for scRNA-seq. a) Quantification of the number of upregulated 1103 

and downregulated macrophage genes following injury (FDR<0.1). b) Network analysis of significantly 1104 

upregulated genes in meningeal macrophages following injury. Text size is proportional to the number of 1105 

genes enriched in that cluster. Node size is roughly proportional to the number of GO terms in that cluster 1106 

(node size was manually adjusted so may not be exactly proportional to GO terms included). Dot size is 1107 

proportional to the number of genes contributing to each GO term. Dot color is proportional to p-value, 1108 

where colors closer to white have lower p-values. Connecting lines represent GO terms with shared 1109 

genes, more lines represents a higher number of shared genes between nodes. c) Dot plot showing the 1110 

25 most enriched GO terms with significantly upregulated genes following TBI in the meningeal 1111 

macrophage population. The color and size of each dot represents the size of the GO term and the 1112 

number of upregulated genes that contribute to each term, respectively. d) Feature plots depicting several 1113 

significantly upregulated genes following injury (FDR<0.1). The color of each data point represents the 1114 

expression level of the indicated gene within that cell. Mice at 10 weeks of age received a TBI or Sham 1115 
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procedure. One week later, the mice were harvested and meningeal whole mounts were processed for 1116 

immunohistochemistry. e) Representative 63x images in Sham and TBI mice of cells along the transverse 1117 

sinus stained for DAPI (blue), Iba1 (grey) and IFNAR1 (green). Quantification of the volume of 1118 

IFNAR1+Iba1+ puncta (f) and number of IFNAR1+Iba1+ puncta in high magnification 63x images (g) 1119 

along the transverse sinuses. Each data point represents an individual mouse. h) UMAP representation 1120 

showing re-clustering of the meningeal macrophage populations. i) UMAP representation of the 1121 

macrophages present in the meninges separated by Sham (sage) and TBI (purple). j) Frequencies of 1122 

meningeal macrophage populations in Sham vs. TBI samples represented as a gradient bar chart. 1123 

Graphs were calculated using Seurat by normalizing the dataset, finding the variable features of the 1124 

dataset, scaling the data, and reducing the dimensionality. Differential gene expression was calculated 1125 

using the ZINB-WaVE function for zero-enriched datasets and DESeq2. Each data point in a UMAP plot 1126 

represents a cell. P values for (f-g) were calculated using unpaired two-sample students t-tests and P 1127 

values for (j) were calculated using a two sample z-test. *P<0.05, ****P<0.0001. Bar chart pairings without 1128 

* were not statistically significant. FDR; false discovery rate. 1129 

 1130 

Figure 3. Dural fibroblasts express genes involved in tissue remodeling, cell migration, and 1131 

immune activation in TBI. Male WT mice at 10 weeks of age received a TBI or Sham procedure. One 1132 

week later, the meninges from 5 mice per group were harvested, pooled, and processed for scRNA-seq. 1133 

a) Quantification of the number of upregulated and downregulated fibroblast genes following injury 1134 

(FDR<0.1). b) Dot plot representation of highlighted fibroblast genes that were significantly upregulated 1135 

following injury (FDR<0.1). The color and size of each dot represents the average expression and percent 1136 

of cells expressing each gene, respectively. c-d) Representative images of meningeal whole mounts 1137 

stained for collagen (green) (c) and a 16 color heatmap of the collagen staining intensity (d), where red 1138 

is most intense and blue is least intense. e) Quantification of collagen staining intensity using corrected 1139 

total cellular fluorescence (CTCF). CTCF is calculated as mean fluorescence of meningeal whole mounts 1140 

- (Area of meningeal whole mount x Mean fluorescence of background). Each data point represents an 1141 

individual mouse. f) Network map depicting significantly upregulated genes that enriched immune 1142 
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system-related GO terms (FDR<0.1). The lines within the circle indicate which genes contribute to each 1143 

GO term. g) Scatter plot representation of the top enriched KEGG terms with significantly upregulated 1144 

genes in the fibroblast population (FDR<0.1). Dot size is proportional to term size. Genes contributing to 1145 

one KEGG term may also contribute to other KEGG terms. h) Dot plot depicting dural, arachnoid, and 1146 

pial fibroblasts markers where the size of the circles represents the percent of cells expressing each 1147 

gene. i) Feature plots of genes characteristic of dural fibroblasts in both Sham and TBI conditions. The 1148 

color of each data point represents the expression level of the indicated gene within that cell. Graphs 1149 

were calculated using Seurat by normalizing the dataset, finding the variable features of the dataset, 1150 

scaling the data, and reducing the dimensionality. Differential gene expression was calculated using the 1151 

ZINB-WaVE function for zero-enriched datasets and DESeq2. Each data point in a UMAP plot represents 1152 

a cell. Error bars depict mean ± s.e.m. P values were calculated using a two sample t-test assuming 1153 

unequal variances. *P<.05. FDR; false discovery rate, p.adj; adjusted p-value. 1154 

 1155 
 1156 
Figure 4. Transcriptional response of meningeal lymphocytes to mild TBI. Male WT mice at 10 1157 

weeks of age received a TBI or Sham procedure. One week later, the meninges from 5 mice per group 1158 

were harvested, pooled, and processed for scRNA-seq. a) Quantification of the number of upregulated 1159 

and downregulated genes in different immune cell populations following injury (FDR<0.1). b-c) UMAP 1160 

representation showing re-clustering of the (b) T cell and (c) B cell populations present within the 1161 

meninges. d-e) UMAP representation of pseudotime cellular trajectory profiles showing (d) T cell and (e) 1162 

B cell maturation trajectories. The circle with the number “1” represents the root node. The color of each 1163 

data point represents advancement in pseudotime, with dark purple representing “early” pseudotime and 1164 

yellow representing “late” pseudotime. The line represents the “path” of pseudotime with intersections 1165 

representing possible different differentiation events. Grey data points represent cell populations that 1166 

were not connected in pseudotime with the selected node. f) Circos plot depicting differentially expressed 1167 

genes in the T cell populations within the TBI meninges (FDR<0.1) associated with different cellular 1168 

processes. The proportion of the circle’s circumference allocated to each cellular process represents the 1169 

number of T cell genes associated with that process that are differentially expressed in the TBI meninges. 1170 
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The lines connecting genes within the circle indicate which genes were shared amongst cellular 1171 

processes. Colors were randomly assigned. g) Treemap depicting significantly upregulated genes in the 1172 

B cell population and the cellular process to which each gene contributes. The size of the square around 1173 

each gene represents the Wald statistic, which is used to calculate the overall significance of the change 1174 

in gene expression (a larger square indicates a larger Wald statistic, which leads to a lower adjusted p-1175 

value). The color of the boxes represents log2FC, where purple represents a lower log2FC and yellow 1176 

represents a higher log2FC. An asterisk (*) indicates that the log2FC of the gene was higher than the 1177 

scale (Ighv14-4 had a log2FC of 18.08). Graphs were calculated using Seurat by normalizing the dataset, 1178 

finding the variable features of the dataset, scaling the data, and reducing the dimensionality. Each data 1179 

point in a UMAP plot represents a cell. Differential gene expression was calculated using the ZINB-WaVE 1180 

function for zero-enriched datasets and DESeq2. Pseudotime graphs were created using Monocle. AR, 1181 

antigen recognition; CS, cytokine signaling; FDR; false discovery rate, log2FC; log 2 fold change. 1182 

 1183 

Figure 5. Effects of aging and mild TBI on the meningeal transcriptome. a) Schematic depicting 1184 

experimental layout. Male WT mice at 10 weeks of age or 20 months of age received a TBI or Sham 1185 

procedure. 1.5 months later, bulk RNA-seq was performed on the 4 experimental groups with 3 biological 1186 

replicates per group (each biological replicate consisted of meningeal RNA samples from 2-3 1187 

independent mice). b) Principal component analysis (PCA) showing clustering of samples. c) Graphical 1188 

representation of the upregulated and downregulated genes in all four experimental groups 1.5 month 1189 

post TBI. d) Volcano plots illustrate the number of differentially expressed genes with statistically 1190 

significant differences denoted in blue and red (FDR<0.1). Blue data points represent significantly 1191 

downregulated genes and red data points represent significantly upregulated genes. FDR and p-values 1192 

were calculated with DESeq2 using the Wald test for significance following fitting to a negative binomial 1193 

linear model and the Benjamini-Hochberg procedure to control for false discoveries. FDR; false discovery 1194 

rate. 1195 

 1196 
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Figure 6. Aging promotes the upregulation of meningeal genes involved in type I IFN and antibody 1197 

signaling. Male WT mice at 10 weeks of age or 20 months of age received a TBI or Sham procedure. 1198 

1.5 months later, bulk RNA-seq was performed on the 4 experimental groups with 3 biological replicates 1199 

per group (each biological replicate consisted of meningeal RNA samples from 2-3 independent mice). 1200 

a) Heatmap representation of the top 20 most significantly upregulated and downregulated (FDR<0.1) 1201 

genes in the Young Sham vs. Aged Sham groups. The red asterisk (*) indicates genes associated with 1202 

antibody production. b) Dot plot of GO term biological processes shows enrichment of immune-related 1203 

pathways with differentially expressed genes between young mice as compared to aged mice. Color and 1204 

size of each dot represent the size of the GO term and the number of upregulated genes that contribute 1205 

to each term, respectively. c) Violin plot depicting counts of significantly activated antibody and B cell 1206 

related genes in response to age (FDR<0.1). The number above each comparison on the graph 1207 

represents the adjusted p-value calculated for each gene using DESeq2. The central line within each plot 1208 

represents the median of the data set. The upper and lower boundaries of the box represent the third 1209 

(Q3) and first (Q1) quartiles respectively. The violin plot encompasses the three biological replicates. The 1210 

width of the violin plot represents the frequency of observations at that given y-value. Therefore, the wider 1211 

the violin plot, the higher the frequency of observations. The meninges of 5 young Sham mice and 5 aged 1212 

Sham mice were harvested for each immunohistochemical experiment. (d) Representative images from 1213 

a young Sham mouse and aged Sham mouse showing a region of the SSS stained with J-chain (red) 1214 

and Lyve-1 (grey) (e) and quantification of J-chain puncta in meningeal whole mounts along the SSS. f) 1215 

Representative images of the transverse sinus in young and aged mice stained with B220 (green) and 1216 

Lyve-1 (grey). The dashed box on the top two images corresponds to the higher magnification images 1217 

depicted below. g) Quantification of the number of B220 cells along the entire transverse sinus. h) Violin 1218 

plot depicting counts of significantly activated type-I interferon related genes in response to age 1219 

(FDR<0.1). The violin plot parameters are the same as describe for (c). FDR and p-values in (a-c,i) were 1220 

calculated with DESeq2 using the Wald test for significance following fitting to a negative binomial linear 1221 

model and the Benjamini-Hochberg procedure to control for false discoveries. Error bars in (e,g) depict 1222 
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mean ± s.e.m. P values in (e,g) were calculated using an unpaired two-sample t-test assuming unequal 1223 

variances. *P<.05, **P<0.01. FDR; false discovery rate.  1224 

 1225 

Figure 7. Aging and mild TBI together promote a unique meningeal transcriptional signature. Male 1226 

WT mice at 10 weeks of age or 20 months of age received a TBI or Sham procedure. 1.5 months later, 1227 

bulk RNA-seq was performed on the 4 experimental groups with 3 biological replicates per group (each 1228 

biological replicate consisted of meningeal RNA samples from 2-3 independent mice).  a) Venn diagram 1229 

depicting unique and shared differentially regulated genes between the Young Sham vs Aged Sham and 1230 

Young TBI vs Aged TBI groups (FDR<0.1). Circle size is roughly correlated with gene number. b) Dot 1231 

plot showing GO term molecular functions enriched by the repressed genes unique to the Young TBI vs 1232 

Aged TBI comparison. The color and size of each dot represents the size of the GO term and the number 1233 

of upregulated genes that contribute to each term, respectively. c) Violin plots depicting counts of 1234 

significantly repressed extracellular matrix related genes (FDR<0.1). d) Bar plot shows enrichment of GO 1235 

term biological processes related to the immune system with the genes unique to the Young TBI vs Aged 1236 

TBI comparison. The color of each bar represents the number of upregulated genes that contribute to 1237 

each GO term. e) Violin plots depicting counts of significantly activated immune-related genes (FDR<0.1). 1238 

(c,e) Each statistic represents the adjusted p-value calculated for each gene using DESeq2. The central 1239 

line within each plot represents the median of the data set. The upper and lower boundaries of the box 1240 

represent the third (Q3) and first (Q1) quartiles respectively. The violin plot encompasses the three 1241 

biological repeats. The width of the violin plot represents the frequency of observations at that given y-1242 

value. Therefore, the wider the violin plot, the higher the frequency of observations. FDR and p-values 1243 

were calculated with DESeq2 using the Wald test for significance following fitting to a negative binomial 1244 

linear model and the Benjamini-Hochberg procedure to control for false discoveries.  1245 

 1246 

SUPPLEMENTARY FIGURE LEGENDS 1247 

Supplementary Figure 1. Initial brain and meningeal response following TBI.  Male C57BL/6J wild-1248 

type (WT) mice at 10 weeks of age received a TBI or Sham procedure and then the brains or meninges 1249 
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were harvested for immunohistochemistry at 24 hours. a) Schematic depicting the location of the TBI in 1250 

relation to dorsal anatomical structures. b) Representative images of meningeal whole mounts stained 1251 

with DAPI (blue), CD31 (green) and Lyve-1 (grey). c) Quantification of the percent area of CD31 in each 1252 

meningeal whole mount. Each data point represents an individual mouse. d) Representative images of 1253 

brains with injury site (right) taken 24 hours following TBI stained with DAPI (blue), Iba1 (green), NeuN 1254 

(grey) and GFAP (yellow). e) Representative high magnification images (63x) of Iba1+ and GFAP+ cells 1255 

(microglia/macrophages and reactive astrocytes respectively) and f) quantification of the percent area of 1256 

GFAP and Iba1 positive cells in the hemisphere ipsilateral to the injury 24 hours after TBI. Each data 1257 

point represents an individual mouse. g-i) Meningeal whole mounts stained with MHCII (red) taken 24 1258 

hours post TBI. Dashed boxes represent zoomed areas of transverse sinus shown in (g). i) Quantification 1259 

of the % area MHCII staining in each meningeal whole mount. Each dot represents one mouse. Error 1260 

bars depict mean ± s.e.m. P values were calculated using the students t-test. *P<.05. 1261 

 1262 

Supplementary Figure 2. Cluster-defining genes for single cell populations. Male WT mice at 10 1263 

weeks of age received a TBI or Sham procedure. One week later, the meninges from 5 mice per group 1264 

were harvested, pooled, and processed for scRNA-seq. Tables depicting the top 20 most significant 1265 

cluster-defining genes for clusters 1-21, which were produced by normalizing the dataset, finding the 1266 

variable features of the dataset, scaling the data, and reducing the dimensionality. Each gene is displayed 1267 

with its corresponding P_adj. P_adj, adjusted p-value. 1268 

 1269 

Supplementary Figure 3. Stress and processing related genes after single cell RNA-sequencing. 1270 

Male WT mice at 10 weeks of age received a TBI or Sham procedure. One week later, the meninges 1271 

from 5 mice per group were harvested, pooled, and processed for scRNA-seq. Violin plots depicting 1272 

various genes split by experimental group: Sham (sage) and TBI (purple). Each dot represents an 1273 

individual cell. The width of the violin plot represents the frequency of observations at that given y-value. 1274 

Therefore, the wider the violin plot, the higher the frequency of observations. Plots without sage or purple 1275 

coloring did not have enough cells expressing the gene to create the plot. Graphs were calculated using 1276 
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Seurat by normalizing the dataset, finding the variable features of the dataset, scaling the data, and 1277 

reducing the dimensionality. 1278 

 1279 

Supplementary Figure 4. Cluster-defining genes for macrophage subpopulations. Male WT mice 1280 

at 10 weeks of age received a TBI or Sham procedure. One week later, the meninges from 5 mice per 1281 

group were harvested, pooled, and processed for scRNA-seq. a) Tables depicting the top 10 most 1282 

significant cluster-defining genes for the five identified macrophage populations. b-e) Feature plots 1283 

showing expression patterns of (b) Anti-Inflammatory, (c) Resolution Phase, (d) Inflammatory 1, and (e) 1284 

Inflammatory 2 macrophage cluster-defining genes. The color of each data point represents the 1285 

expression level of the indicated gene within that cell. Graphs were calculated using Seurat by 1286 

normalizing the dataset, finding the variable features of the dataset, scaling the data, and reducing the 1287 

dimensionality. P_adj, adjusted p-value. 1288 

 1289 

Supplementary Figure 5. Cluster-defining genes for T cell subpopulations. Male WT mice at 10 1290 

weeks of age received a TBI or Sham procedure. One week later, the meninges from 5 mice per group 1291 

were harvested, pooled, and processed for scRNA-seq. a) Tables depicting the top 10 most significant 1292 

cluster-defining genes for the four identified T cell populations. b-d) Feature plots showing expression 1293 

patterns of (b) Th2, (c) Th17 and (d) NK/NKT T cell subset cluster-defining genes. The color of each data 1294 

point represents the expression level of the indicated gene within that cell. Graphs were calculated using 1295 

Seurat by normalizing the dataset, finding the variable features of the dataset, scaling the data, and 1296 

reducing the dimensionality. P_adj, adjusted p-value. 1297 

 1298 

Supplementary Figure 6. Cluster-defining genes for B cell subpopulations. Male WT mice at 10 1299 

weeks of age received a TBI or Sham procedure. One week later, the meninges from 5 mice per group 1300 

were harvested, pooled, and processed for scRNA-seq. a) Tables depicting the top 10 most significant 1301 

cluster-defining genes for the four identified B cell populations. b-d) Feature plots showing expression 1302 

patterns of (b) Activated, (c) Immature and (d) Proliferating B cell subset cluster-defining genes. The color 1303 
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of each data point represents the expression level of the indicated gene within that cell. Graphs were 1304 

calculated using Seurat by normalizing the dataset, finding the variable features of the dataset, scaling 1305 

the data, and, reducing the dimensionality. P_adj, adjusted p-value. 1306 

 1307 

Table 1. Counts of each cell population separated by Sham and TBI.  Male WT mice at 10 weeks of 1308 

age received a TBI or Sham procedure. One week later, the meninges from 5 mice per group were 1309 

harvested, pooled, and processed for scRNA-seq. The cell counts for each cell population are shown 1310 

after data processing. 1311 
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