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Abstract
Introduction: Traumatic brain injury (TBI) a�icts over 3 million Americans every year. Patients over 65
years of age suffer increased mortality as well as greater long-term neurocognitive and neuropsychiatric
morbidity compared to younger adults. Microglia, the resident macrophages of the brain, are complicit in
both. Our published and preliminary data have demonstrated a signi�cant age-effect in which aged
microglia are more prone to adopt a constitutively activated state associated with worse neurocognitive
and neuropsychiatric outcomes. Therefore, we hypothesized that aged microglia would fail to return to a
homeostatic state after TBI but instead adopt a long-term injury-associated state within the brain of aged
mice as compared to young-adult mice after TBI. Methods: Young-adult (14-weeks) and aged (80-weeks)
C57BL/6 mice underwent TBI via controlled cortical impact vs. sham injury. We utilized single-cell RNA
sequencing to examine age-associated cellular responses after TBI. Four months post-TBI or sham injury,
brains were harvested, and CD45+ cells (N=4,000 cells) were isolated via �orescence-activated cell
sorting. cDNA libraries were prepared via the 10x Genomics Chromium Single Cell 3' Reagent Kit, followed
by sequencing on a HiSeq 4000 instrument. The raw data were processed using the Cell Ranger pipeline
mapped to the mm10 mouse reference genome and Seurat following standard work�ow. Seurat and
GOrilla were used for downstream clustering, differential gene expression, and pathway analysis. All cell
types were annotated using canonical markers and top expressed genes. ProjecTILs was additionally
used to interpret T cell states. Results: Microglia from young-adult and aged mice have distinct
transcriptional pro�les pre-injury and markedly different transcriptional responses post-injury compared
to young-adult mice. Pre-injury, aged mice demonstrated a disproportionate immune cell in�ltration,
including T cells, as compared to young-adult mice (aged versus young: 45.5% vs. 14.5%). Post-injury, the
disparity was ampli�ed with a proportional decrease in homeostatic microglia and greater increased
in�ltrating T cells compared to young-adult mice (Microglia: 27.5% vs. 71%; T cell: 45.5% vs. 4.5%). Of
note, aged mice post-injury had a subpopulation of unique, age-speci�c, immune-in�ammatory microglia
resembling gene pro�les of neurodegenerative disease-associated microglia (DAM) with enriched
pathways involved in leukocyte recruitment and Alzheimer’s disease pathogenesis (FDR < 0.05).
Contrastingly, post-injury, aged mice demonstrate a heterogenous T-cell in�ltration with gene pro�les
corresponding to CD8 effector memory, CD8 native-like, CD4, and double-negative T cells (75.9%, 2.5%,
12.9%, and 8.6%, respectively) and enriched pathways including tau protein binding, macromolecule
synthesis, and cytokine-mediated signaling pathways (FDR < 0.05). Conclusion: We hypothesized that
aged microglia would fail to return to a homeostatic state after TBI and adopt a long-term, injury-
associated state within the brain of aged mice as compared to young-adult mice after TBI. In particular,
our data suggest an age-dependent reduction of homeostatic microglia post-injury yet an upregulation in
a unique microglial subpopulation with a distinct immuno-in�ammatory pro�le. Furthermore, aged
subjects demonstrated a markedly disproportionate in�ammatory in�ltrate after TBI predominated by the
presence of CD8+ T cells. In addition, post-injury, brain trauma reorganized the T cell milieu, especially
CD8 effector memory T cells, via upregulating genes associated with macromolecule biosynthesis
process and negative regulation of neuronal death, possibly linking TBI with its long-term sequelae and
complications. Taken together, our data showed that age-speci�c gene signature changes in the T-cell
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in�ltrates and the microglial subpopulation contributes to increased vulnerability of the aged brain to TBI.
Age should be an a priori consideration in future TBI clinical trials.

Introduction
Traumatic brain injury (TBI) is often referred to as a “silent epidemic” (Coburn K, 1992). TBI is an
underrecognized global health threat with the highest incidence occurring in North America and Europe
(Rusnak, M 2013, Rutland-Brown, 2006). In the United States, the Centers for Disease Control and
Prevention estimates that nearly 3 million people sustained a TBI annually, contributing to over one-third
of trauma-related deaths, with an estimated annual cost of over $80 billion (Corso et al., 2006; Pearson et
al., 2012b; Whitlock Jr. and Hamilton, 1995; CDC, 2013; Gardner R et al, 2018). Furthermore, signi�cant
long-term complications can occur, resulting in motor, cognitive, and behavioral disorders (Belanger et al.,
2016; Carman et al., 2015). The incidence of TBI follows a bimodal distribution primarily a�icting young-
adults (15-24 years) and senior citizens (>65 years) (CDC, 2014). In fact, the highest rate of TBI is
reported in older patients (de�ned here-in as >75 years) who also have the highest mortality rates,
hospitalization rates, and worst functional outcomes after TBI as compared to other age groups (Fraser
et al., 2019; Faul, 2010; Rozzenbeek et al., 2013). For long-term survivors of TBI, less than 50% of older
patients become functionally independent as assessed by Glasgow Outcome Scale- Extended (GOS-E) six
months after injury (Maidn et al, 2020). Older adults also suffer increased long-term neurocognitive and
neuropsychiatric morbidity after TBI as compared to young adults (Maidn et al, 2020). 

Recent publications from our laboratory have shown a difference in pathophysiology and behaviors in
young adult and aged mice 30 days post-TBI (Islam, et al, 2021). Speci�cally, at the behavioral level, aged
mice have higher level of species-normal anxiety-like behavior and lower exploratory behavior as
compared to young adult mice. Additionally, aged mice also have conserved associative learning and
memory after TBI as compared to young adult mice. At the pathology level, aged mice have attenuated
edema, neuronal loss, and regeneration as well as increased white matter connectivity as compared to
young adult mice. In contrast, young adult mice demonstrated signs of neurogenesis after TBI (Islam, et
al, 2021). It is evident that aged and young subjects have a differential pathophysiology in response to
brain injury. However, the mechanisms of this age-speci�c difference remain unclear. We surmise that the
observed differential pathophysiology between aged and young mice are a result of an aged immune
system failing to provide an environment to support repair and regeneration post TBI (Weyand C, 2016).

Microglia, the central nervous system (CNS) resident innate immune cell, participate in a variety of
homeostatic CNS functions (Alam A, 2020). They respond to injury immediately and, in doing so, become
activated, resulting in a dramatic morphologic transformation, as well as marked changes in gene
expression, collectively leading to a cascade of in�ammatory events within the brain parenchyma (Loane,
2016). However, some microglia may fail to return to a state of homeostasis and lose certain functions
such as motility and phagocytic activity, ultimately resulting in chronic, low-level, neuroin�ammation
which can contribute to neurodegeneration in the long-term (Loane & Faden, Izzy S 2019, Block ML, 2007;
Gao X, 2008; Streit et al, 2009; Deleidi. 2015). Regardless of injury state, the microglia within aged brains
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can also adopt to a chronic in�ammatory state via mechanisms that are only partially understood
(Angelova D, et al, 2019). These “primed” microglia are then capable of having an exaggerated
in�ammatory response to subsequent trauma. Indeed, this exaggerated response to subsequent stimuli
may be one of the mechanisms leading to worse outcomes in aged patients after TBI (Keane, L, 2021). 

Growing evidence has suggested a gradual T cell in�ltration to the CNS with normal aging (Gemechu
2012). In fact, a recent single cell RNA sequencing (scRNA-seq) analysis reveals that a) aged mouse
brains have a uniquely enriched T cell in�ltration, as compared to their younger counterparts, and b) these
T cells are distinct from T cells within the blood in that they make higher levels of interferon-γ, a cytokine
important for T cell activation (Dulken B, 2019). Whether T cells in�ltrate into the aged brain passively via
age-related disruptions in the blood brain barrier or actively via antigen recognition has yet to be
determined. Furthermore, once T cells in�ltrate into the brain parenchyma, little is known about their
phenotypes and the signals required to exert downstream events at the site of neuronal damage or
in�ammation (Schetters et al 2018). Additionally, healthy brains are now known to have clearance
pathways such as glymphatic system and meningeal lymphatic system to drain soluble waste proteins
and assist immune cells to penetrate the brain parenchyma (Louveau A, et al, 2017). However, with aging,
these systems become dysfunctional, potentially leading to the accumulation of T-cell in�ltrates in the
CNS (Benveniste H, et al, 2019; Mesquita S, et al, 2018). Lastly, whether this age-speci�c T cell in�ltration
contributes to the age-related low-grade neuroin�ammation remains to be discovered (Deleidi, M, 2015).

It remains plausible that this T cell in�ltration is mediated by age-related signals stemming from
microglia, given that the latter are the main antigen-presenting cell (APC) in the brain parenchyma and, in
parallel to this, T cell in�ltration seems to be associated with brain regions (e.g., white matter) that are
linked to age-speci�c microglia activation (Schetters et al 2018, Moreno-Valladares et al, 2020, Betterman
et al, 2021). Indeed, T cells have been identi�ed as a principal cell type generating secondary brain injury
in stroke. (Loane 2016, Wnag 2016). Modest T cell in�ltration has also been noted in the
neuroin�ammatory response mediated by microglia in various neurodegenerative diseases, such as
Alzheimer disease (AD), Parkinson disease (PD), Amyotrophic Lateral Sclerosis (ALS), and Multiple
Sclerosis (MS) (Schetters, 2018, Gonzalez, 2014, Perry 2010, Iba et al 2020). Studies of microglia
transcriptomics have also shown an upregulation of genes involved in APC-T cell interactions (Schetters,
2018). In post-mortem TBI patients, T cells appear accumulated within the lesion area one-week post TBI
and persist there over time (Dressler, 2007); nonetheless, the exact role of T cells within the aged and
injured brain, and whether speci�c T cell subsets are involved, remains unknown.   

Taken together, both normal aging and TBI result in dramatic cellular changes in both microglia and T
cells; however, almost all preclinical studies of TBI exclude aged subjects. This has generated a critical
unmet need in determining the age-speci�c mechanisms of differential outcome in aged versus young
subjects after TBI. To address this critical unmet need, we utilized our well-established model of TBI in
parallel groups of aged and young mice. We aimed to determine the age-speci�c mechanisms of
differential outcome after TBI by isolating microglia and in�ltrating immune cells at a chronic time point
and then applied single-cell RNA-sequencing approaches to identify unique, age-speci�c, populations of
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microglia and T cells. We postulated that age-dependent differences in the microglial transcriptome
would provide insight into the differential in�ammatory in�ltrate and functional outcomes observed
between age groups. Therefore, we hypothesized that aged microglia would fail to return to a
homeostatic state after TBI but instead adopt a long-term injury-associated state within the brain of aged
mice as compared to young-adult mice after TBI.

Results
Histologic Analysis 

We randomly assigned 80-week-old (old) and 14-week-old (young) C57BL/6 male mice (Jackson
Laboratories, Bar Harbor, ME, n=5/group) to either CCI or to sham injury using established protocols as
previously described by our group (Schwulst 2019). Our CCI model of severe TBI generates a signi�cant
cavitary lesion in the ipsilateral cortex and hippocampus with surrounding neuronal cell death and
morphologic changes in microglia and astrocytes in both ipsilateral and contralateral hemispheres,
indicative of microglial activation and astrocyte hypertrophy (Karve et al 2016; Izzy et al, 2019, Fox et al,
1998, Osier et al, 2015). Damage to the hippocampus induces signi�cant cognitive impairment and
memory loss (Girgis et al 2016). The hippocampus is comprised of four Cornu Ammonis (CA) sub�elds
and is connected to the dentate gyrus (DG). The CA-DG circuitry plays an important role in synaptic
plasticity underlying learning and memory (Arneson et al, 2018). Glial cells are also vital in synaptic
plasticity and memory through their interaction with adjacent neurons (Arneson et al, 2018, Todd et al
2006). Histologic analysis of mouse brains from aged and young mice was performed 30 days after
either severe TBI or sham injury. Two of the �ve aged mice died on post-injury day three. None of the
young mice died. Brains from the remaining mice were included in the histological analysis. Gross
examination and histologic evaluation of animals at 30 days demonstrated similar severity of injury
between groups. Signi�cant ipsilateral cortical loss was seen along with both ipsilateral and contralateral
deep brain tissue distortion (Figure 1). However, despite identical biomechanical injury parameters, aged
mice demonstrated markedly attenuated levels of edema and neurodegeneration as compared to young
mice after TBI (Figure 2).    

Neurodegeneration was assessed by staining for neuronal nuclei (NeuN), a marker speci�c for mature
and viable neuronal nuclear proteins. Decreased NeuN staining is indicative of a lack of mature neurons.
Signi�cant neuronal cell loss was evident in both the cortex and hippocampus at 30 days post TBI
(Figure 2A and 2B) in both young and aged mouse brains. However, there was greater neuronal loss in
young mouse brains after TBI as compared to aged mouse brains (p = 0.009). There was no evidence of
neuronal loss in either young or aged mice after sham injury.   

CNS injuries evoke a series of cellular responses including the activation of astrocytes and microglia, a
process known as “reactive gliosis” (Burda et al 2016). Glial �brillary acidic protein (GFAP) staining was
used to identify gliosis. GFAP stained sections demonstrated severe gliosis in the hippocampus of both
young and aged TBI mouse brains. However, when whole brain gliosis was assessed, the brains of young
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TBI mice again demonstrated a greater overall level of gliosis as compared to aged TBI brains (p =
0.0088). While young TBI mice had markedly more neuronal loss as compared to aged TBI mice, the
more extensive gliosis suggests more robust repair and regeneration within the brains of young TBI mice
as compared to the brains of aged TBI mice. Microglia were assessed by staining for ionized calcium-
binding adaptor molecule 1 (IBA1), a pan-microglia marker that stains both resting and activated cells. As
a result, we detected signi�cant IBA1 staining at the injured sites (Figure 3A). In particular, there was
signi�cantly more IBA1 staining in the peri-injury brain tissue in aged mice as compared to young TBI
mice (p=0.004, Figure 3B). Because expression of IBA1 increases with microglial activation but not the
absolute number of either resting or activated microglia (Hopperton et al, 2018), we reasoned that the
substantial increase in IBA1 coverage in aged mice post TBI was attributable to increased microglia
activation. 

Taken together, the histologic data indicates that aged mice have attenuated levels of edema and
neurodegeneration, yet prominent reactive gliosis as compared to young mice after identical
biomechanical injuries. 

scRNA-Seq Analysis 

The histologic analysis herein recon�rms our previously published data showing that aged mice have
attenuated neuronal loss and preserved white matter connectivity after TBI compared to young mice
(Loane 2016). In contrast, young mouse brains demonstrate neurogenesis after TBI, while aged mouse
brains do not (Loane 2016). As microglia are complicit in all above-mentioned processes (Donat et al,
2017, Chio et al 2015), we reasoned that changes in the microglial transcriptome may re�ect unique
features of the age associated TBI outcomes. Since microglia also interact with immune cells (e.g., T
cells) to promote neuroin�ammation, a hallmark of TBI (Schetters 2018, Schimmel et al 2017), we
isolated both microglia and in�ltrating immune cells from the brains of mice four-months post TBI or
sham injury. Since gene regulation determines cellular functions, scrutinizing large-scale genomic
changes can reveal molecular determinants that are responsible for such age-speci�c effects. By
isolating microglia and in�ltrating immune cells at the single cell level rather than utilizing cell
conglomerates, we were able to focus on studying the signals from the most culpable cell types
implicated in TBI immunopathogenesis. 

To this end, we used 10x Genomics’ (Pleasanton, CA) scRNA-seq to determine the transcriptome of
microglia and in�ltrating immune cells isolated from aged male mice (n=4, two pooled mice per group,
80-weeks) at four months post-TBI or sham injury. These data were then compared to those from cells
derived from brains that were, in turn, isolated from young-adult male mice (n=4, two pooled mice per
group, 14-weeks) at four months post-TBI or sham injury (Figure 4A). In total, 14,247 cells from 8 mice
were sequenced: 4,216 cells from young mice undergoing sham surgery, 2,532 cells from young mice
undergoing TBI, 4,080 cells from aged mice undergoing sham surgery, and 3,419 cells from aged mice
undergoing TBI. After quality control and adjusting for noise, a range of 10%~30% of cells were removed
(Table 1).
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Age TBI
status

Cells
sequenced

Median
genes per
cells

Mean
reads
per cell

Total no. of
cells            
(after QC)

Total no.
of
microglia

Total no. of
              T
cells

Young Sham 4,216 720 74,483 2847 1551 195

Young TBI 2,532 1,713 118,784 1651 1084 70

Aged Sham 4,080 1,270 72,436 3747 1893 1000

Aged TBI 3,419 1,520 88,262 2891 777 1274

Table 1. Sample information.

By visualizing the data in two dimensions through Uniform Manifold Approximation and Projection
(UMAP), we observed the transcriptomic distribution of computed clusters (Figure 4B). To characterize
the cell identity of the computed clusters, we utilized the immune cell markers (�g. S1) curated from the
literature (Allen Brain Atlas, UCSC Cell Browser, PanglaoDB, Hammondet al, Masuda et al, and Ochocka et
al) to annotate individual cell identity. The majority of cells were identi�ed as microglia (MG) and T cells,
and the minor populations include CNS border-associated macrophages (CAM), natural killer (NK) cells,
monocytes or monocyte-derived macrophages (MoMΦ), neutrophils (NP), and unknown cells speci�c to
young subjects (Figure 4B). These young-speci�c unknown cells (Y.UK) are characterized by a high
expression of genes associated with Scd2, a marker for pre-microglia (Szulzewsky, et al, 2016; Ochocka et
al, 2021), and genes encoding proliferation-related proteins (such as Prkcz, Tubb3 and Rit2) (Shi, et al
2013). More signi�cantly, we identi�ed a striking disparity between aged mice and young mice in their
immune response post brain injury.  In particular, pre-injury, aged mouse brains demonstrated an
increased proportion of in�ltrating immune cells including T-cells, B-cells, and NK-cells as compared to
the brains of young-adult mice (T-cells: 28% vs 7.5%; B-cells: 6% vs 1.5%; NK-cells: 3.5% vs 0.5%) (Figure
4C). Post-injury, aged mice had a markedly different composition of in�ltrating immune cells within the
injured brain compared to young-adult mice at 4 months post-TBI. Most notable was a signi�cantly
higher proportion of T-cell in�ltrates into the injured brain parenchyma of aged mice compared to the
brains of young-adult mice after TBI (45.5% vs 4.5%) (Figure 4C). Additionally, the percentage of
microglia demonstrated a differential response to injury between young and aged mice. Post-injury,
young mice increased their proportion of microglia, which might be due to decreased proportion of Y.UK
(MG: 71% vs 58%; Y.UK: 14% vs 28.5%). Given that Y.UK had an upregulation of genes encoding pre-
microglia, this young-speci�c cluster may re�ect maintenance properties of microglia. In contrast, aged
mice had a proportionately greater decrease in microglia post-injury, although their proportion decreased
due to in�ltration of T-cells (MG: 27.5% vs 53%). Taken together, these results demonstrate dynamic
changes in immune cell composition in young versus aged mouse brains both at baseline as well as after
injury.  

Assessment of T-cell subset

To further identify the molecular features contributing to the age-speci�c differential response post-TBI,
we performed scRNA-seq analyses on major cell subpopulations, namely T-cells and MG. Our analysis
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showed that aged sham mice have a marked recruitment of in�ltrating immune cells, composed of
predominantly T-cell in�ltrates, compared to young sham mice (Figure 4C). By further annotating different
T subtypes using canonical markers and ProjecTILS, a R package combining reference single-cell atlases
to interpretation of T cell states (Andreattae, et al, 2021; Figure 5A; �g. S2), we noted that T cells in aged
sham groups are mainly composed of CD8+ T cells, which include both effector memory (EM) and naïve-
like (i.e., century memory and naïve; NL) CD8+T cells, followed by CD4 and double negative T (DN) T cells
(number of cells annotated: CD8+ EM: n=1784, CD8 NL: n=79, CD4: n=248, DNT: n=154; Fig. 5A and Fig.
5B), as previously reported (Ritzel R, et al, 2016, Dulken B, 2019, Panwar, A et al, 2020, Moreno-Valladares,
M et al, 2020). Notably, we identi�ed that, four months post-injury, this T-cell in�ltration expands with an
even greater percentage of CD8, CD4, and DN T-cells (post- vs pre-injury in aged mice: CD8 EM: 51.8% vs
46.4%; CD8 NL: 39.2% vs 38.0%; CD4: 63.3% vs 29.8%; DNT: 68.2% vs 25.3%; Fig. 5C). This is in striking
comparison to young adult mice, where only a small percentage of the in�ammatory in�ltrate comprising
T-cells regardless of injury status (post- vs pre-injury in aged mice: CD8 EM: 51.8% vs 46.4%; CD8 NL:
39.2% vs 38.0%; CD4: 63.3% vs 29.8%; DNT: 68.2% vs 25.3%; Fig. 5C). Comparing RNA transcriptomes of
CD8 EM T cells from aged sham and aged TBI by differential expression showed increased expression of
cytokine and jun kinase (JNK) kinase signaling transduction molecules Jak1 (encoding janus kinase
1) and Fos (encoding fox proto-oncogene) in aged TBI mice as compared to aged sham mice (Kaech S, et
al, 2002; Fig. 5D). Interestingly, CD8 EM T cells from aged TBI mice had decreased expression of genes
associated with essential T cell functions such as the T cell activation CD69, iron regulation
Fth (encoding ferritin heavy chain), calcium binding S100a6 (encoding S100 calcium binding protein A6),
and adhesion molecules Vim (encoding Vimentin) (Cronin S, et al, 2019, Szabo P, et al, 2019) compared to
aged sham mice. These �ndings suggest that CD8 EM T cells from aged mice adopted a functional
change long-term post-injury. As for CD8 NL T cells from aged TBI mice, they preferentially upregulated
genes involving in cellular migration such as Dock2 (encoding dedicator of cytokinesis 2), Macf1
(encoding actin cross-linking factor 1), T cell growth and proliferation TSN (encoding tumor
supernatant) and SRSF5 (encoding serine and arginine rich splicing factor 5), and downregulated genes
involved in apoptosis and quiescence such as Bcl2 (encoding B cell lymphoma) and Klf2 (encoding
kruppel-like factor 2) as compared to aged sham mice (Nishihara, H et al, 2002, Chen, H et al, 2006,
Sebzda, E et al, 2008; Fig. 5E). Differential expression analysis of CD4 and DN T showed upregulation of
Egr1 (encoding early growth response 1), a stimulator for T-cell activation and IL-2 production and genes
encoding surface chains such as Cd3e, Cd3g (Bird, L, 2007; �g. S3). Analysis of pathways on
differentially expressed genes in CD8 EM T cells from aged TBI mice contained enriched pathways
including tau protein binding, macromolecule biosynthesis process, and negative regulation of neuronal
death (Fig. 5F), which supported previous �ndings that aged mice have attenuated neuronal loss as
compared to young adult mice and CD8 EM T cells might play a pathological role post-injury (Islam M, et
al, 2021). Analysis of pathways on differentially expressed genes in CD8 NL T cells contained enriched
pathways, including cytokine-mediated signaling pathway and positive regulation of mRNA splicing (Fig.
5G). Thus, enhanced T cell proliferation and cytokine signaling can be observed in CD8 NL T cells from
aged TBI mice. 
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A moderate T-cell in�ltration, particularly CD8 T cells, is a known age-related phenomenon, damaging the
brain by potentially modulating synaptic plasticity, potentiating in�ammation, and contributing to
cognitive decline (Ritzel R, et al, 2016, Unger MS, et al, 2020, Betterman K et al, 2021). Our data indicates
that brain trauma further triggers the accumulation of T cell-cell in�ltrates, which lasted up to four-month
post-injury. Additionally, brain trauma reorganized the T cell milieu, especially CD8 EM T cells, via
upregulating genes associated with macromolecule biosynthesis process and negative regulation of
neuronal death, possibly linking TBI with its long-term sequelae and complications. Taken together, these
observations potentially explain the differential response we previously observed between young and
aged subjects post-TBI and could be of clinical relevance (Islam M, et al, 2021).  

Assessment of Microglia (MG) Subset

In the subsequent scRNA-seq analysis of the microglia population, we identi�ed subclusters of microglia
that originated predominantly from either young adult mice or aged mice (Fig. 6A). Based on these
observations, �ve subsets of microglial cells with distinct transcriptional pro�les were identi�ed: young
mice-enriched microglial subcluster 1 (Young MG1), young mice-enriched microglial subcluster 2 (Young
MG2), aged mice-enriched microglial subcluster 1 (Aged MG1), aged mice-enriched microglial subcluster
2 (Aged MG2), and microglial subclusters with no dominant origins (MG1). Differential expression
analysis demonstrated that Aged MG1 adopts gene signature of DAM, a novel microglia type associated
with neurodegenerative diseases (Keren-Shaul, H, et al, 2017). Speci�cally, this subcluster presented a
notable gene signature with high expression level Apoe (encoding apolipoprotein E), Cst7 (encoding
cystatin-F), Lpl (encoding lipoprotein lipase) (Keren-Shaul, H, et al, 2017) shared by both aging microglia
and DAM (Knag SS, et al, 2018, Keane L, et al, 2021). Additionally, Aged MG1 had high expression of
Lgals3 (encoding galectin), Lyz2 (encoding lysozyme 2), Cd63 (encoding an exosome marker CD63
antigen), as well as MIF-CD74 signaling molecules Mif (encoding macrophage migration inhibitory
factor), and CD74 (encoding H-2 class II histocompatibility antigen γ chain), indicating that this Aged
MG2 is associated with immune-in�ammatory responses in aged brains (Ghoochani, A, et al, 2016, Jin C,
et al, 2021). Likewise, MG1 and young MG1 subclusters had high expression of genes associated with
microglial cell activation and chemokine-related in�ammation such as Plp1 (encoding proteolipid protein
1), Ccl3 (encoding C-C motif chemokine ligand 3), Ccl4 (encoding C-C motif chemokine ligand 4), and
Ccl12 (encoding C-C motif chemokine ligand 12) (Hammond et al, 2019, Tatar C, et al, 2010). On the
contrary, differential expression analysis demonstrated that Aged MG2 subcluster had high expression of
microglial genes, especially homeostatic markers, including P2ry12 (encoding purinergic receptor P2Y12),
Cx3cr1 (encoding C-X3-C motif chemokine receptor 1), Lgmn (encoding legumain),
and Tmem119 (encoding transmembrane protein 110). In contrast, young MG2 subcluster had high
expression of immediate early genes such as Jun (encoding transcription factor AP-1), Junb (encoding
transcription factor jun-B), Egr1 (Ochocka, N, 2021). Post-injury, we observed a reduction in the proportion
of microglia from aged mice in most microglial subclusters, but this might be due to increased T-cell
in�ltration (Fig. 6B).
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To further elucidate the roles of microglia in the differential post-TBI outcomes seen in aged vs young
subjects, we examined expression levels of highly upregulated genes in microglia from aged mice post
injury (signi�cantly upregulated genes in aged TBI compared to aged sham) versus young mice post
injury (signi�cantly upregulated genes in young TBI as compared to young sham). Common (n=212) and
sample-speci�c (n=111 in Aged_TBI and n=1098 in Young_TBI) highly upregulated genes were identi�ed
and compared. Consequently, we found that the majority of genes upregulated in the aged TBI brains are
also expressed by young TBI brains and their RNA expression levels are even higher in young TBI brains
than old TBI brains (Fig. 6C). Among them, we identi�ed Ccr5, a gene encoding a chemokine receptor
mainly distributed in microglia and known to recruit T cells during in�ammation under disease status
(Joy et al., 2019, Huerta et al., 2004, Li T, et al, 2019).   This �nding correlates to the noted increased
percentage of T-cells in the brains of aged mice post-injury. We also identi�ed Lrp1, encoding a major
receptor for APOE and amyloid-β (Aβ), linking TBI with AD pathogenesis (Yang et al, 2016). Microglia
from Aged_TBI also particularly upregulated genes such as Rock1 (encoding a serine/threonine kinase),
Pdcd10 (encoding programmed cell death protein 10), Il1a (encoding interleukin-1), Ifngr1 (encoding
interferon-gamma receptor 1), contributing to post TBI microglia-mediated neuroin�ammation (Mulherkar
et al, 2020, Todd B et al, 2021). Downstream pathway analysis of these highly upregulated genes in aged
TBI contained enriched pathways including leukocyte migration involved in in�ammatory response,
amyloid-beta clearance, positive regulation of nervous system development, and negative regulation of
cell death (Fig. 6D), which supported our previous �ndings that aged mice have attenuated neuronal loss
as compared to young adult mice (Islam M, et al, 2021) and indicated that, through this updated study,
aged microglia adopted a functional change long-term post TBI potentially contributing to the age-
speci�c TBI outcomes. 

Conclusion
We hypothesized that aged microglia would fail to return to a homeostatic state after TBI but instead
adopt a long-term, injury-associated state within the brain of aged mice as compared to young-adult mice
after TBI. Our �ndings indicate that the aged brain exhibits greater vulnerability to brain trauma due to
aged immune system, resulting in chronically upregulated immune cell in�ltrates and non-homeostatic,
injury-associated in�ammatory microglia. Notedly, pre-injury, aged mice demonstrated an increased
proportion of in�ltrating immune cells, particularly T cells compared to young-adult mice. Post-injury, this
disparity was ampli�ed with a greater proportionally increased T-cell in�ltrates. These proportionally
increased T-cell in�ltrates had gene pro�les corresponding to CD8 EM, CD4, and DN T cells with enriched
pathways including tau protein binding, macromolecule synthesis, and cytokine-mediated signaling
pathways. Post-injury, the proportions of microglia became markedly decreased in aged brains compared
to young brains. Nevertheless, we identi�ed a subpopulation of age-speci�c, in�ammatory microglia
which phenocopied that of DAM by upregulating a variety of genes such as Apoe4, Cst7, and Lpl.
Additionally, this microglia subpopulation established a distinct immuno-in�ammatory pro�le with top
markers including Lgals3, Mif, Cd74, Lyz2, as well as known age-related ribosome and exosome markers.
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Post-injury, this microglia subpopulation adopted an injury-dependent state upregulating genes with
functional implications in leukocyte recruitment, AD pathogenesis, and neuroin�ammation. 

As a crucial effector element of the adaptive immune system in the CNS, a group of in�ltrated T cells
have been previously noted as pathogenic and induce in�ammation in experimental autoimmune
encephalomyelitis (EAE) mice that model MS (Fletcher JM). Yet, studies have also indicated that some
in�ltrated T cells can limit neuronal damage caused by mechanical injury and neurodegeneration
(Ellwardt E, 2016). Depending on the brain condition and in�ltrated T cell subtypes and lineage, T cells
can play both destructive and bene�cial roles (Schetters, 2018); however, what regulates this balance
remains unknown. Our study indicates that aging can impact this balance by marked recruitment of CD8+

cytotoxic T cells. Recent reports have described that CD8+ T cells cause a long-term neurological
impairment after TBI, which align with our �ndings in single cell- transcriptomics, and they support our
published data demonstrating worse behavioral outcomes in aged mice post-TBI as compared to their
young counterparts (Daglas, 2019, Islam M, 2021). The �ndings of increased CD4 and DN T in�ltrates in
the mouse brains are also equally intriguing, as their roles in aging have been recently uncovered.
Speci�cally, CD4 T-cells become more regulatory and cytotoxic, contributing to chronic in�ammation and
immunity decline with age (Elyahu Y, 2019). Likewise, increased DN T-cell in�ltrates, though comprising
only 1 to 5% of the total T cell population, have been associated with neuroin�ammation and might
cause further brain damage (Ford S, 2007, Young KJ, 2003, Brandt D 2018, Meng H, 2019). Overall, our
data depict a complex and dynamic landscape of age-speci�c T-cell in�ltrates, which might be the
associated with differential injury outcomes between aged and young subjects.

In healthy brains, microglia protect neurons and react to counteract any disturbances in immunological
homeostasis (Szalay G, et al, 2016). With age, microglia are primed to react abnormally and become
neurotoxic and destructive (Luo, X, et al, 2010). In line with several recent scRNA-seq studies, our study
also demonstrated a unique, age-speci�c, immune-in�ammatory microglia subset resembling gene
pro�les of DAM which might be responsible for microglial senescence and dysfunctions in aged subjects
(Hammond 2019, Jin C 2021, Sala-Frigerio, 2019). Importantly, our results indicated that this microglia
subset might be the culprit for differential TBI outcomes seen in aged subjects as compared to their
younger counterparts. Long-term post-TBI, this subset upregulates genes enriched in pathways such as
leukocyte migration involved in the in�ammatory response, amyloid-beta clearance, positive regulation of
nervous system development, and negative regulation of cell death. Since microglia are known for their
transcriptomic heterogeneity on a temporal and spatial axis, our �ndings illuminate an important aspect
of microglial diversity in connection with aging and help identify a speci�c subset with specialized
functions in the context of TBI (Masuda, T, et al, 2020). Nevertheless, whether this microglia subset is the
dominant driver for the age-effect post-TBI remains to be elucidated. Additionally, how these age-speci�c
microglia become activated in the aged brain remains understudied. So far, one study reported that the
cell surface receptor, CD74, may function as a speci�c signal transducer in microglia of aged brains (Jin
C 2021, Sala-Frigerio, 2019). CD74 is the central receptor for MIF, which has been found to be signi�cantly
upregulated in the brains of aged subjects, and its level is a potential biomarker for early-stage AD,
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contributing to glial activation, cognitive impairment, and tau pathology (Nasiri E, 2020). Thus, we reason
that TBI may further induce enhanced CD74-MIF in addition to recruiting peripheral immune cells to the
brain to evoke worse neuropsychiatric and neurocognitive outcomes seen in aged subjects. 

Several limitations of the present study should be noted. For instance, since microglia are known for their
heterogeneity on a spatial axis, our study failed to capture the proper spatial representation of different
microglia subsets. To overcome this hurdle, future studies can integrate spatial information with scRNA-
seq to extract more location-dependent transcriptional pro�les for investigating downstream events
(Lahnemann et al, 2020). Nevertheless, we argue that understanding the molecular differences at the
single-cell level in aged versus young mice affected by TBI has the potential to provide one of the
rationales for clinical observations that, i.e., geriatric patients have worse TBI outcomes than younger
patients. Compared to the conventional bulk RNA analyses, scRNA-seq is capable of studying microglia
multiplicity comprehensively in an unbiased fashion and identifying disease- or injury-directed subsets
(Masuda, 2020). Quantifying microglia heterogeneity has the potential to predict TBI outcomes as
microglia in TBI result in different phenotypes, manifested as different morphologies and gene
expression, depending on chronicity and the stage of the injury (Donat C, et al, 2017). Additionally,
uncovering microglia heterogeneity will have a broad implication for neurodegenerative diseases as both
microglia activation and microglia senescence have been reported as mechanisms for neurodegeneration
(Hickman S, 2018, Angelova D, 2019). Another pitfall of our current study is that we failed to detect
different T cell lineages (i.e., γδ versus αβ T). To the best of our knowledge, detecting γδ T cells from αβ T
cells is limited utilizing scRNA-seq, in both human and animal studies, as detection of γδ T cells requires
not only large sample sizes but also a signature of γδ T cells combined with NK and T CD8+-discarding
genes (Pizzolato, 2019). To overcome this, we can detect T cell lineages via �ow cytometric assessment
or single-cell T-cell Receptor (TCR) sequencing in future studies (Lee, M, et al, 2020, Gherardin, N, et al,
2021). Understanding T cell lineages will reveal crucial insight into the pathology of TBI, as γδ T cells
have been known to promote the in�ammatory responses in the CNS (Wo, J, et al, 2020). Lastly, we
excluded female mouse brains in the present study as sex, in general, and estrous cycle, in particular,
results in differential TBI outcomes. Future studies should include female mice, which will add additional
value to the �eld, as there are currently no available scRNA-seq datasets from geriatric female mouse
brains (Jin et al 2021). Overall, our study unmasks cellular composition changes and transcriptome
alterations in response to TBI in aged versus young mice. This has been an understudied �eld in current
research efforts, as age is the primary confounder in the context of injury or chronic disease and adds
complexity to the investigation of biology. However, the study of age-effect in TBI is of the utmost
importance as older patients suffer the highest mortality and greatest long-term neurocognitive and
neuropsychiatric morbidity compared among all the age groups (Fraser et al., 2019; Faul, 2010;
Rozzenbeek et al., 2013). 

Taken together, our data explain the differential response between young and aged subjects post-TBI and
could be of medically relevant extrapolations. Future studies will focus on further quantifying identi�ed T
subtypes and elucidating their functional roles in this age-effect. Furthermore, as T-cells in�ltrate in
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connection to heightened microglial reactivity and exacerbated cognitive decline, it is crucial to further
uncover the interactions between microglia and in�ltrating T-cells or their subtypes, which could
ultimately lead to a potential age-speci�c therapeutic development (Betterman K, 2021).
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Figure 1

Controlled Cortical Impact induces a severe traumatic brain injury. 10 um Coronal sections stained with
hematoxylin and eosin at 30 days post-injury. The center column demonstrates that relative cavity size
was similar between young and aged mice. The right and left column represent the ipsilateral and
contralateral sides of injury, respectively. 5x magni�cation reveal more cavitation of the dentate gyrus
(DG) and CA3 regions of the hippocampus in young TBI brains as compared to aged TBI brains. There is
also greater edema seen in both the ipsilateral and contralateral hemispheres of young TBI brains as
compared to aged TBI brains. Sham injury brains demonstrated no difference between young and aged.
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Figure 2

Controlled cortical impact results in greater neuronal loss and astrocytosis in young mice as compared to
aged mice after TBI. (A). Neuronal nuclei (NeuN) stained 10 um coronal sections of young and aged
mouse brains 30 days post-TBI or sham injury (n-3-5/group). (B). Glial Fibrillary Acidic Protein (GFAP)
stained coronal sections of young and aged mouse brains 30 days post-TBI or sham injury (n-3-5/group).
(C). % Degenerated neurons, i.e., % NeuN-positive cells, in the dentate gyrus and CA3 regions of the
hippocampus (n= 3-5/group; * p< 0.05, ** p<0.01). (D). Levels of gliosis (GFAP positivity) within the
cortex, hippocampus, and subcortical grey matter in the brains of young and aged mice (n=3-5/group; **
p<0.01).
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Figure 3

Controlled cortical impact results in greater IBA1+ staining in aged mouse brains as compared to young
mouse brains after TBI. (A). Representative images depicting ionized calcium-binding adaptor molecule 1
(IBA1) stained 10 um coronal sections of young and aged mouse brains 30 days post-TBI or sham injury.
Scale bars, 250 μm. (B). Whole brain levels of IBA1+ microglia. Only aged TBI mouse brains had a
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signi�cant increase in the IBA1 expression within the cortex, hippocampus, and subcortical grey matter
(n-3-5/group; ** p<0.01, *** p<0.001).

Figure 4

Identi�cation of immune cell populations in sham injured and TBI brains. (A). Scheme of the
experimental work�ow. Created with BioRender.com. (B) UMAP plot demonstrating clustering obtained for
each group (aged sham, aged TBI, young sham, and young TBI), two biological replicates were combined.
Cluster annotations: MG microglia, Y.UK young-speci�c unknown cells, CAM CNS border-associated
macrophages, NK natural killer cells, NP neutrophils, MoMΦ monocytes/monocytes-derived
macrophages. (C) Pie charts demonstrating proportion of the identi�ed cell types across samples. In
aged sham mice, the percentages for MG, T, Y.UK, B, CAM&MΦ, NK, NP, MoMΦ are 53%, 28%, 1.5%, 6%, 4%,
3.5%, 2%, 2%. In aged TBI mice, the percentages for MG, T, Y.UK, B, CAM&MΦ, NK, NP, MoMΦ are 27.5%,
45.5%, 2.5%, 11.5%, 3.5%, 3.5%, 4%, 2%. In young sham mice, the percentages are 58%, 7.5%, 28.5%, 1.5%,
2%, 0.5%, 0.5%, 2.5%. Lastly, in young TBI mice, the percentages are 71%, 4.5%, 14%, 2%, 4%, 1%, 0.5%, 3%.

Figure 5
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Identi�cation of T cell subtypes in sham injured and TBI brains. (A) UMAP plot demonstrating clustering
obtained for each T subtypes, annotated using canonical markers validated by reference datasets
curated in ProjecTIL (Andreattae, et al, 2021). T subtype annotations: CD8+ EM: CD8 effector memory T
cells (N=1784), CD8 NL: CD8 naïve-like includes CD8+ century memory and naïve T cells (N=79), CD4:
CD4 T cells (N=248), DNT: double negative T cells (N=154). (B) Same UMAP plot as in (A) but split to
show overall T populations by samples. (C) Stacked bar charts demonstrating proportion of the identi�ed
T subtypes across samples. The percentage for each sample in CD8_EM T subset: aged sham 46.4%,
aged TBI 51.8%, young sham 0.5 %, and young TBI 1.3%. The percentage for each sample in CD4 T
subset: aged sham 29.8%, aged TBI 63.3%, young sham 2.4 %, and young TBI 4.4%. The percentage for
each sample in DNT subset: aged sham 25.3%, aged TBI 68.2%, young sham 3.2 %, and young TBI 3.2%.
The percentage for each sample in CD8_NL T subset: aged sham 38.0%, aged TBI 39.2%, young sham
15.2%, and young TBI 7.6%. (D) Volcano plots showing differentially expressed genes of CD8 EM, (E) CD8
NL T cells from aged mice undergoing TBI versus sham. (F) Pathway analysis of differentially expressed
genes between TBI and sham CD8 EM T cells in the aged brains with top enriched pathways shown. (G)
Pathway analysis of differentially expressed genes between TBI and sham CD8 NL T cells in the aged
brains with top enriched pathways shown.

Figure 6

Identi�cation of microglia subclusters in sham injured and TBI brains. (A) UMAP plot demonstrating
clustering obtained for microglia population, annotated by their sample origins. Microglia subcluster
annotations: Young MG1: young mice-enriched microglial subcluster 1 (N=952), Young MG2: young mice-
enriched microglial subcluster 2 (N=459), Aged MG1: aged mice-enriched microglial subcluster 1 (N=584),
Aged MG2: aged mice-enriched microglial subcluster 2 (N=1115), MG1: microglial subclusters with no
dominant origins (N=2132). (B) Stacked bar charts demonstrating proportion of the annotated microglia
subclusters across samples. The percentage for each sample in A.MG2: aged sham 60.4 %, aged TBI
21.9%, young sham 6.4 %, and young TBI 11.4%. The percentage for each sample in MG1: aged sham
37.1%, aged TBI 14.5%, young sham 32.1%, and young TBI 16.3%. The percentage for each sample in
Y.MG1: aged sham 9.0%, aged TBI 2.4%, young sham 57.2 %, and young TBI 31.3%. The percentage for
each sample in Y.MG2: aged sham 2.8%, aged TBI 5.9%, young sham 40.3%, and young TBI 51.0%. The
percentage for each sample in A.MG1: aged sham 50.9%, aged TBI 26.9%, young sham 9.4 %, and young
TBI 12.8%. (C). Scatter plot depicting expression levels of differentially upregulated genes in Aged TBI
and Young TBI. (D). Pathway analysis of upregulated genes expressed by microglia isolated from aged
TBI mice with top enriched pathways shown.
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