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A B S T R A C T

The complex pathology of mild traumatic brain injury (mTBI) is a main contributor to the difficulties in
achieving a successful therapeutic regimen. Thyroxine (T4) administration has been shown to prevent the
cognitive impairments induced by mTBI in mice but the mechanism is poorly understood. To understand the
underlying mechanism, we carried out a single cell transcriptomic study to investigate the spatiotemporal effects
of T4 on individual cell types in the hippocampus and frontal cortex at three post-injury stages in a mouse model
of mTBI. We found that T4 treatment altered the proportions and transcriptomes of numerous cell types across
tissues and timepoints, particularly oligodendrocytes, astrocytes, and microglia, which are crucial for injury
repair. T4 also reversed the expression of mTBI-affected genes such as Ttr, mt-Rnr2, Ggn12, Malat1, Gnaq, and
Myo3a, as well as numerous pathways such as cell/energy/iron metabolism, immune response, nervous system,
and cytoskeleton-related pathways. Cell-type specific network modeling revealed that T4 mitigated select mTBI-
perturbed dynamic shifts in subnetworks related to cell cycle, stress response, and RNA processing in oligo-
dendrocytes. Cross cell-type ligand-receptor networks revealed the roles of App, Hmgb1, Fn1, and Tnf in mTBI,
with the latter two ligands having been previously identified as TBI network hubs. mTBI and/or T4 signature
genes were enriched for human genome-wide association study (GWAS) candidate genes for cognitive, psychi-
atric and neurodegenerative disorders related to mTBI. Our systems-level single cell analysis elucidated the

Abbreviations: TBI, Traumatic brain injury; mTBI, mild TBI; GWAS, Genome-wide association study; T4, Thyroxine; T3, Triiodothyronine; Ttr, Transthyretin; UMI,
Unique molecular identifier; UMAP, Uniform manifold approximation and projection; DEGs, Differentially expressed genes; FDR, False discovery rate; GRNs, Gene
regulatory networks; NPCs, Neural progenitor cells; OPCs, oligodendrocyte progenitor cells; BBB, Blood-brain-barrier; Gng12, G protein subunit gamma 12; Malat1,
Metastasis associated lung adenocarcinoma transcript 1; Myo3a, Myosin IIIA; Ppia, Peptidylprolyl isomerase A; Ftl1, Ferritin light polypeptide 1; App, β-Amyloid
Precursor Protein; Hmgb1, High-mobility Group Box-1; Rps19, Ribosomal Protein S19; Ptn, Pleiotrophin; Fn1, Fibronectin 1; Lgals3, Galectin 3; Cxcl12, CXC Motif
Chemokine Ligand 12.
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temporal and spatial dynamic reprogramming of cell-type specific genes, pathways, and networks, as well as cell-
cell communications as the mechanisms through which T4 mitigates cognitive dysfunction induced by mTBI.

1. Introduction

Traumatic brain injury (TBI) has an estimated incidence of 69
million per year and is a primary cause of injury-induced death world-
wide [1]. Based on statistics from Centers for Disease Control and Pre-
vention, approximately 61,000 TBI-related deaths were recorded in the
United States in 2019, averaging 166 deaths per day [2]. Mild TBI
(mTBI) accounts for approximately 81 % of TBI cases globally, affecting
~55.9 million people each year [1]. Recent studies have shown mTBI
exhibit distinct pathophysiology from moderate/severe TBI, represent-
ing a different disease state and therefore requiring its own treatment
regimen [3–5].

TBI/mTBI disease pathology has both a temporal and spatial
component, in that TBI-induced brain dysfunction can start acutely and
persist for many years after injury and affect multiple brain regions,
particularly the hippocampus and frontal cortex, which are associated
with different disease pathologies [6–9]. In addition, numerous molec-
ular pathways have been implicated in the pathogenesis of TBI/mTBI,
including excitotoxicity, mitochondrial dysfunction, oxidative stress,
lipid peroxidation, neuroinflammation, axon degeneration, and
apoptotic cell death [8–13].

The broad spectrum of spatial, temporal, and molecular dysfunctions
associated with TBI hamper our ability to achieve a successful thera-
peutic regimen. In particular, current treatments for moderate/severe
TBI such as glutamate receptor antagonists, inhibitors of calcium-related
signals, antioxidants, anti-inflammatory drugs, anti-apoptotic agents,
and neurotrophic factors, as well as the targeting of reactive oxygen
species using methylprednisolone for mTBI, have yielded limited de-
grees of success [12].

Multiple recent lines of evidence support that the thyroid hormone
pathway may be a more effective therapeutic avenue which can target a
broad spectrum of molecular pathways involved in TBI/mTBI. Thyroid
hormones such as thyroxine (T4) and triiodothyronine (T3) are essential
for normal brain development and function and have roles in diverse
physiological processes such as temperature regulation, energy balance
and metabolism. Previous studies have shown reduced T4 and T3 levels
in patients who suffered head trauma and that these levels were nega-
tively correlated with injury severity and poor outcome [14]. Post-TBI
administration of T3 has been shown to significantly improve motor
and cognitive recovery, reduce lesion volume, inhibit neuro-
inflammation, and induce the expression of neuroprotective neuro-
trophins BDNF and GDNF [15]. Additionally, our previous studies using
single-cell RNA sequencing (scRNAseq) to investigate the cell-type
specific dynamics of mTBI revealed transthyretin (Ttr), a T4 trans-
porter, as a potential therapeutic target [8]. Ttr transports T4 to the
brain, where it is converted into the active hormone T3, which can bind
and activate thyroid hormone receptors to regulate various brain func-
tions. We have shown that the T4 treatment significantly reversed not
only the cognitive impairment caused by mTBI but also mTBI-induced
perturbations in metabolic pathways based on hippocampal bulk RNA
sequencing analysis [8]. However, the spatial, temporal and cell type
specific mechanisms through which T4 mitigates mTBI have yet to be
investigated.

Here, we focused on investigating the transcriptome and functional
pathways and networks following T4 intervention in mTBI using
scRNAseq on two main brain regions impacted by mTBI, the frontal
cortex and hippocampus, at acute (24 h), subacute (7-day), and sub-
chronic (21-day) stages. We applied a systems biology approach
involving within- and between-cell-type network modeling and the
integration of human genome-wide association studies (GWAS) to un-
derstand the cellular and molecular aspects of how T4 prevents mTBI-

induced cognitive impairments (Fig. 1a).

2. Methods

2.1. Animals and fluid percussion injury (FPI) model of mTBI

Ten-week-old male C57BL/6J (B6) mice from Jackson Laboratory
weighing between 20 and 25 g were maintained under standard housing
conditions (room temperature 22–24 ◦C) with 12 h (h) light/dark cycle.
Mice were randomly divided into either the sham (7 mice per timepoint)
or mTBI group (14 mice per timepoint), and mTBI mice were further
divided into two groups with or without T4 treatment (7 mice with TBI
only, 7 mice with TBI plus T4 per timepoint). Brain injury was induced
using a fluid percussion injury technique. Craniotomy was performed
under a microscope (Leica), where a 3.0-mm diameter hole was made
2.5 mm posterior to the bregma and 2.0 mm lateral (left) of the midline
with a high-speed drill (Dremel, Racine, WI, USA). The animals with
intact dura underwent the fluid percussion injury procedure. Specif-
ically, a plastic cap was first fixed over the hole with adhesive and dental
cement. When the dental cement hardened, the cap was filled with 0.9 %
saline solution. Anesthesia was discontinued, and the injury cap was
connected to the fluid percussion device. A fluid percussion at 1.5–1.7
atm was administered, which resembles a model for mTBI as demon-
strated in previous studies [8,9,16]. The animals in the sham group also
underwent an identical preparation except for the percussion. T4 (1.2
μg/100 g bodyweight) or saline (control) was administered via i.p. in-
jection at 1 h and 6 h post-FPI. The T4 dosage was chosen based on
previous studies where a therapeutic effect was observed [8,9,17]. Mice
were sacrificed and tissue collection was conducted at 24 h, 7-day and
21-day post treatment. Hippocampus and frontal cortex from each
mouse were used for scRNAseq using the Drop-seq method.

2.2. Ethics

This study was performed following the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, USA. The experi-
mental protocol was approved by the Chancellor’s Animal Research
Committee of the University of California at Los Angeles.

2.3. Behavioral assessments

The memory retention of mice from Sham, TBI, and T4 treatment
groups were assessed using the Barnes Maze test seven days post-injury
(n = 7/group), as previously described [8,9]. The learning phase
involved training animals with two trials per day over four consecutive
days, followed by a test of memory retention two days after the last
learning session.

The Barnes maze used in this study was constructed from 1.5 cm
thick acrylic plastic, measuring 120 cm in diameter, and featured 40
evenly spaced holes, each 5 cm in diameter, along its edges. The maze
was well-lit with 900 lm from four overhead halogen lamps, creating an
aversive environment that prompted the mice to search for a concealed
dark escape chamber located beneath one of the holes along the maze’s
perimeter.

To monitor the trials, a video camera was positioned directly over-
head at the center of the maze, recording all test sessions simulta-
neously. Each trial began with the placement of the mouse in the center
of the maze, covered by a cylindrical starting chamber. After a 10-s
delay, the starting chamber was lifted. The training sessions ended
either when the animal successfully entered the escape chamber or when
a pre-determined time limit of 5 min was reached, whichever came first.

G. Zhang et al.
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To prevent potential interference from previous animals, all surfaces
were routinely cleaned before and after each trial, ensuring the elimi-
nation of any olfactory cues.

2.4. Single-cell isolation for scRNAseq

For single cell profiling, tissues from a subset of mice from each of the
9 groups (n = 3/group/tissue) were subject to scRNAseq analysis for a
total of 54 samples. One cortex sample from 21-day T4 group did not
pass QC and was removed from downstream analysis. Single-cell sus-
pensions were prepared as previously described [8,9,18]. Briefly, the
hippocampus and frontal cortex were dissected from the ipsilateral side
of the brain, sliced into thin pieces, and transferred into 4ml HABG
medium containing Hibernate A, B27 supplement, and 0.5 mM Gluta-
max (Fisher Scientific, Hampton, NH, USA) then incubated in a water
bath at 30 ◦C for 8mins. Subsequently, the HABG media was removed
and prewarmed papain solution (2mg/ml HA-Ca) was added to the
tissues and incubated for 30 mins at 30 ◦C with shaking. The papain
solution was then washed out with 2 ml prewarmed HABG. The tissue
was triturated approximately ten times for 45 s using a siliconized 9-in
Pasteur pipette with a fire-polished tip. After 1 min, the supernatant was
gently transferred to the top of the prepared OptiPrep density gradient
(Sigma Aldrich, St. Louis, MO, USA) without breaking the gradient. After
centrifugation of 800g for 15min at 22 ◦C, the top 6ml containing
cellular debris was discarded. The bottom fraction was collected and
diluted with 5 ml HABG and centrifuged for 3min at 22 ◦C at 200g
followed by removal of the supernatant containing the debris. Finally,
the cell pellet was loosened by flicking the tube and re-suspended in 1ml
of 0.01 % BSA in PBS. The cell suspension was filtered through a 40-μm
strainer (Fisher Scientific, Hampton, NH, USA) followed by cell
counting.

2.5. Single cell barcoding and library preparation

Drop-seq was performed as previously described, using protocol
version 3.1 [19]. The single-cell suspensions were prepared at a final
concentration of 100 cells/μl. The cell suspension, oil (EvaGreen, Bio-
Rad, Hercules, CA, USA), and lysis buffer mixed with barcoded beads
(ChemGenes, Wilmington, MA, USA) were co-flowed through a micro-
fluidic device (FlowJEM, Toronto, Canada) at fixed speeds (oil: 15,000
μl/h, cells: 4000 μl/h, and beads 4000 μl/h) to generate droplets. We
dispensed 4000 beads into each PCR tube and ran 4 + 11 cycles. Pooled
PCR tubes proceeded to cDNA library preparation. The cDNA library
quality was checked using a BioAnalyzer high-sensitivity chip (Agilent,
Santa Clara, CA, USA). The cDNA library was then fragmented and
indexed using the Nextera DNA Library Preparation kit (Illumina, San
Diego, CA, USA). The library quality was checked on a BioAnalyzer high-
sensitivity chip and concentration was quantified by Qubit assays
(ThermoFisher, Canoga Park, CA, USA) before sequencing.

2.6. Sequencing of single cell libraries

Sequencing was performed on an Illumina HiSeq 4000 (Illumina, San
Diego, CA, USA) using the Drop-seq custom read 1B primer (GCC TGT
CCG CGG AAG CAG TGG TAT CAA CGC AGA GTA C) (IDT, Coralville,
IA, USA) and paired-end 100 bp reads were generated. Read 1 consists of
the 12 bp cell barcode, followed by the 8 bp unique molecular identifier
(UMI), and the last 80 bp on the read are not used. Read 2 contains the
single-cell transcripts.

2.7. Single cell data pre-processing and quality control

The fastq files of the Drop-seq sequencing data were processed to
digital expression gene matrices using Drop-seq tools version 1.13 (htt
ps://github.com/broadinstitute/Drop-seq) and dropEst as previously
described [9]. We followed a modified version of the snakemake-based
dropSeqPipe (https://github.com/Hoohm/dropSeqPipe) workflow as
previously described [9]. Briefly, reads with low-quality barcodes were
removed, and the cleaned reads were aligned to the mouse reference
genome mm10 using STAR-2.5.0c. The reads which overlapped with
exons were tagged using a RefFlat annotation file of mm10. The Drop-
seq Tools function DetectBeadSynthesisErrors was used to estimate a
bead synthesis error rate of 5–10%, within the acceptable range. Finally,
we generated a digital gene expression matrix for each sample where
each row is the read count of a gene, and each column is a unique single
cell. The transcript counts of each cell were normalized by the total
number of UMIs for that cell. These values are then multiplied by 10,000
and log-transformed. Single cells were identified from background noise
using a threshold of at least 200 genes and 300 transcripts. To further
control the data quality, cells containing gene numbers between 200 and
3000, and that had mitochondrial gene content of <15 % were used for
analysis.

2.8. Identification of cell clusters

After quality control, the Seurat V4 package [20] was used for
dimension reduction and the Louvain algorithm [21] was used to cluster
the cells. All cells were then projected onto two dimensions using uni-
formmanifold approximation and projection (UMAP). Cells with similar
transcriptional expression patterns are plotted closer together forming a
cluster. Canonical correlation analysis (CCA) [22] was used to integrate
and align data across different timepoints or conditions. The optimal
cluster number was determined using Jackstraw permutation.

2.9. Identification of marker genes and cluster cell types

Cell cluster-specific marker genes were identified using the Find-
ConservedMarkers function in Seurat. Briefly, the Wilcoxon Rank Sum
Test was performed within each set of samples and a meta p-value across
all conditions was computed to assess the significance of each gene as a
marker for a cluster across datasets of different timepoints and

Fig. 1. Overall study design of the T4 treatment study, Barnes Maze memory test, and cell type clustering from scRNAseq across two tissues. a) Schematic of study
design. Nine groups of mice (n = 7/group) including sham, mTBI, and mTBI+T4 treatments across 24 h, 7-day, and 21-day timepoints were investigated. Mice from
the 7-day timepoint underwent spatial learning and memory evaluation using the Barnes Maze. The hippocampus and frontal cortex tissues of a subset of mice from
each of the 9 groups (n = 3/group) were then subject to scRNAseq analysis. scRNAseq data was subsequently analyzed to identify the differentially expressed genes
and perturbed pathways and networks in individual cell types, altered cell-cell communications, and human disease relevance of the TBI effect and T4 treatment
effect at individual timepoints and in each brain region. b) Barnes Maze memory test for mice from the 7-day timepoint. T4 treatment reversed the TBI-induced
increase in latency time for mice to find the escape hole. Longer latency time indicates compromised memory function. Statistics were computed using one-way
ANOVA with Tukey correction for multiple comparisons. *p < 0.05, **p < 0.01, ns = not significant, n = 7 per group. C and D) Distinct expression of unique
marker genes for each cell type in the frontal cortex (c) and hippocampus (d). e and f) UMAP embeddings of cells according to cell types (e) and tissues (f; frontal
cortex vs. hippocampus). Each point in e and f represents a single cell. Cells were clustered based on transcriptome similarity using Louvain clustering, and cell types
were labeled based on the expression of canonical cell type markers in (c) and (d). Within each tissue n = 3 independent animals per group were used for scRNAseq.
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conditions. To be considered in the analysis, a gene had to be expressed
in at least 10 % of the single cells from at least one of the groups.
Multiple testing was corrected using the Bonferroni method on the meta
p-values. The genes with an adjusted p-value<0.05 were defined as cell-
type-specific marker genes. To determine cell types, cell cluster-specific
marker genes were compared against known cell marker genes for
hippocampus [23] and frontal cortex [24] as well as single cell anno-
tated datasets from DropVIZ atlas [25] as previously described [8,9].

2.10. Euclidean distance analysis to determine global shifts in each cell
cluster between treatments

To quantify the effect of TBI and T4 treatment on each cell type,
average gene expression profiles were calculated across cells within each
group and cell type, such that each treatment group contains a repre-
sentative cell for each cell type. The global transcriptomic shift for each
cell type was then measured using Euclidean distance between the
representative cells for the mTBI vs. sham and T4 vs. mTBI group
comparisons. Due to the high gene expression variation, we selected the
top 1000 expressed genes and standardized their expression. To deter-
mine significance of the transcriptomic effect in each comparison, we
generated a null distribution of Euclidean distances for each cell type by
measuring the distance between groups of randomly sampled cells from
the given cell type of the two groups being compared. After 1000 per-
mutations, we compared the Euclidean distance between the real
treatment groups and the null distribution to determine the significance.
Bonferroni correction was used for multiple testing corrections across
cell types.

2.11. Identification of differentially expressed genes (DEGs) and pathway
annotation

DEG analysis between T4 treatment and mTBI groups as well as
between mTBI and sham control samples within each identified cell type
at each time point was done using a Wilcoxon Rank Sum Test. For DEG
analysis, we considered only the genes which were expressed in at least
10 % of the cells from one of the two groups in a given comparison. DEGs
were defined as genes with a Bonferroni corrected adjusted p-value
<0.05. The DEGs were then used in pathway analysis, where enrichment
of pathways from KEGG, Reactome, BIOCARTA, GO Molecular Func-
tions, and GO Biological Processes were assessed using Fisher’s exact
test. Significant pathways were defined with the Benjamini–Hochberg
corrected false discovery rate (FDR) < 0.05.

2.12. Within-cell-type gene network analysis

Within-cell-type gene regulatory networks (GRNs) were inferred in
each tissue for each cell type across all timepoints and treatments. We
used SCING [26] to construct the GRNs, which uses a bootstrapped
gradient boosting regression to infer robust gene interactions. Sub-
networks, or modules, were detected in each cell type GRN using the
Leiden clustering algorithm, and the AUCell scoring method from SCE-
NIC [27] measured module activity in each cell based on ranked
expression of module genes. We annotated the modules with enriched
pathways using enrichR [28]. To predict the effect of mTBI and T4 on
module activity, we used the lm() function in R to create a linear
regression model to predict module expression from treatment, time
point, and their interactions. We treated each variable as categorical and
interpreted their respective coefficients as the variable’s effect on
module expression relative to the corresponding control group (i.e.
sham as control for treatment groups or 24 h as control for timepoint
effect). We controlled the FDR using Benjamini Hochberg correction.
Network visualizations were performed using Cytoscape [29].

2.13. Between-cell-type communication analysis

Ligand-target gene connections were predicted in each tissue type
and at each timepoint with Nichenet, which combined cell expression
data with prior knowledge on ligand-target signaling paths, signal
transduction, and gene regulatory interactions [30]. Astrocytes, endo-
thelial cells, mature oligodendrocytes, neurons, and Neural progenitor
cells (NPCs) were defined as the receiver/target cell populations,
whereas all cell types were defined as the sender populations. Significant
DEGs (adjusted p-value <0.05) between mTBI vs. sham and T4 vs. mTBI
for the target cell populations were used to predict the corresponding
upstream ligands and intercellular communications. Genes consistently
predicted as ligands at every timepoint for each tissue were further
examined for differential expression patterns in mTBI vs. sham and T4
vs. mTBI. A cell type was considered a sender of a particular ligand if the
expression of the ligand was greater than the sum of the average
expression of the ligand and half of one standard deviation of all the cell
types. A maximum of five DEGs, based on adjusted p-value, was visu-
alized for each comparison and cell type in each circle plot.

2.14. Disease association analysis

To assess whether our mouse mTBI- and T4-induced gene signatures
are associated with human diseases and traits, we collected candidate
genes from the GWAS catalog database [31] and then determined
whether our cell type specific DEGs were enriched for human disease/
trait genes. The DEGs used for the enrichment analysis had a P-value
<0.01. Enrichment of disease/trait associated genes was based on a
hypergeometric test followed by multiple testing corrections with the
Benjamini-Hochberg method. Disease/trait gene enrichment that was
considered significant had an FDR < 0.05 and an overlap of ≥ 3 genes.

2.15. Immunostaining

The tissue was embedded in OCT and sectioned at 10 um thickness
placed on positively charged slides. The section was fixed with 4 %
formaldehyde for 15 min at room temperature followed by three times
of PBS wash for 5 min each. Block the tissue in Blocking buffer (1× PBS
/5 % goat serum/ 0.3 % Triton™ X-100) for 60 min. The primary
antibody prepared in Antibody Dilution Buffer (1× PBS/1 % BSA/0.3 %
Triton™ X-100) was added after blocking and incubate at 4 degrees
overnight. Wash the slides in PBS three time for 5 min each and add
diluted secondary antibody for 1 h incubation in darkness. Counterstain
with DAPI for 1 min. Cover the slide with mountant for imaging after
three times of PBS wash for 5 min each.

3. Results

3.1. T4 treatment reverses memory impairment caused by brain injury

We carried out sham surgery, fluid percussion injury (FPI) at 1.5–1.7
atm, which induces a form of mTBI as established in previous studies
[8,9,16] and FPI followed by T4 injection intraperitoneally at 1.2 μg/
100 g bodyweight dosage twice at 1 h and 6 h post-injury. The T4 dosage
regimen was chosen based on previous studies where a protective effect
on cognition was observed [8,14,15]. The sham and mTBI groups were
also injected with saline vehicle as the control for T4 treatment. Subsets
of mice from each treatment group were kept for 24 h, 7-day, and 21-day
(n = 7/group/timepoint) before further experimentation.

To test the spatial learningandmemoryaffectedbymTBI andmTBI+T4
treatments, a Barnes maze test was applied 7 days after injury [32].
Memory testing was not carried out at other timepoints becausemice at 24
h post-injury were not capable of performing memory tests and previous
studies have shown that mice at 21-day post-injury achieved cognitive
recovery frommTBI [33]. T4 treatment significantly improved thememory
performance at 7-day post-injury as revealed by the restoration of the

G. Zhang et al.
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latency time to a level that closely matched that of the sham group at the
subacute phase (Fig. 1b), confirming our previous results [8].

3.2. Identification of cell types from the frontal cortex and hippocampus

To understand the molecular mechanisms of T4 treatment, we car-
ried out scRNAseq on the hippocampus and frontal cortex from each
treatment group at each timepoint (n = 3/group/timepoint). These two
brain regions were chosen because they were previously identified as the
main target regions of TBI [34–36]. Across 54 samples from three groups
of mice at three timepoints, we sequenced 133,523 single cells that
passed quality control (Supplementary Fig. S1). One cortex sample did
not pass quality control and was removed from downstream analysis.
Cell clusters were identified across tissues, and cluster identities were

determined using canonical marker genes identified from the previous
single cell studies in atlas [23–25]. Among these clusters, 14 general cell
types were identified in the cortex (Fig. 1c) and 16 in the hippocampus
(Fig. 1d) based on the distinct expression of known marker genes in
individual cell types in the two brain regions. There were 14 general cell
types that were concordant between the hippocampus and cortex
(Fig. 1c-f), but the choroid plexus and Rel + neuronal clusters were
unique to the hippocampus.

We further extracted the neuronal cluster and carried out sub-
clustering analysis to identify neuronal subtypes, revealing hippocampal
neuronal subtypes such as CA1/CA3 pyramidal neurons and dentate
gyrus (DG) granular cells, and frontal cortex neuronal subtypes such as
L2/3 and L6 neurons, various interneurons, and GABA1/GABA2 neu-
rons (Supplementary Fig. S2a and S2b).

Fig. 2. Spatiotemporal changes of cell proportions in response to mTBI or T4 treatments. Statistics were computed using one-way ANOVA with Tukey correction for
multiple comparisons. *p < 0.05, **p < 0.01, n = 3 per group/timepoint. Pairs of contrasting red and cyan asterisks denote the opposite change directions between
mTBI (red) and T4 treatments (cyan). Cell types uniquely altered in T4 treatment are annotated with cyan asterisks.

G. Zhang et al.
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These results support that our scRNAseq studies successfully
retrieved known cell types and subtypes in each of the brain regions
examined.

3.3. Spatiotemporal shifts of cell proportions following T4 treatment
across timepoints

We first assessed the cell proportion changes affected by mTBI and
T4 treatments. As shown in Fig. 2, mTBI induced changes in the pro-
portions of numerous cell types in the hippocampus at 24 h, both hip-
pocampal and cortex cell types at 7-day, but fewer changes at 21-day
post-injury. In contrast, T4 treatment affected the proportions of a
smaller number of cell types, many of which had the same direction of
change as mTBI compared to sham animals. However, we note that T4
reversed the mTBI-induced decrease of the hippocampal mural 3 pop-
ulation at 7-day post-mTBI (labeled with red asterisk in Fig. 2b) as well
as the mTBI-induced increase in the hippocampal endothelial cell pop-
ulation at 21-day post-mTBI to similar levels as the sham group (labeled
with red asterisks in Fig. 2c). Additionally, in the hippocampus, T4
treatment uniquely increased endothelial cells at 7-days and increased
the choroid plexus population at 21-days (labeled with cyan asterisks in
Fig. 2b-c). Notably, choroid plexus is not part of the hippocampus but
can easily be included during hippocampus dissection [37]. Endothelial
and mural cells are important for blood-brain-barrier (BBB) integrity
and function while choroid plexus plays a role in neural repair [38].
Therefore, T4 treatment altered the proportions of multiple cell types in
or near the hippocampus that either counteracted mTBI-induced
changes or enhanced protective and reparative cell types in response
to injury. In contrast, T4-specific cell proportion changes in the frontal
cortex were only found for NPCs.

3.4. Spatiotemporal shifts of the global transcriptome following mTBI and
T4 treatments

Even without cell proportion changes, shifts in the gene expression
profiles can also signify sensitivity or vulnerability of a cell type to injury
or treatments. Indeed, visualization of the cell clusters by tissue, time-
point, and treatment groups revealed subtle shifts in the cells between
groups in each brain region at each timepoint (Fig. 3a; frontal cortex
plots in top row, hippocampus plots in bottom row; time points in col-
umns). To quantify the global transcriptomic shifts within each cell type
between treatment groups, we used a Euclidean distance based method
[8], which measures the distance between two treatment groups in the
gene expression profiles represented by the top 1000 highly expressed
genes in each cell type. A larger Euclidean distance is an indicator of
stronger transcriptomic responses to treatment. Most cell types in both
the cortex and hippocampus exhibited transcriptomic shifts in response
to mTBI (mTBI vs. sham) but not T4 treatment (T4 vs. mTBI) at the acute
(24 h) and subacute (7-day) stages (Fig. 3a top/middle panels; red dots).
At the subchronic 21-day post-TBI, only a few cell types showed sig-
nificant global transcriptomic response to mTBI in the hippocampus
(Fig. 3b bottom panels). In terms of T4 treatment effect on the global
transcriptome, significant changes only occurred at and after the 7-day
stage. In the frontal cortex, mature oligodendrocytes (7-day), neurons,
and neural progenitor cells (21-day) were responsive to T4 (Fig. 3b left
middle/bottom panels, cyan dots); in the hippocampus, endothelial cells
(7-day), astrocytes (21-day), and mature oligodendrocytes (7-day and
21-day) responded to T4 treatment (Fig. 3b right middle/bottom
panels). These results indicate that mTBI had dramatic effects on the
global transcriptome across cell types and tissues at the acute and sub-
acute phases, whereas T4 treatment mainly caused global tran-
scriptomic shifts in a select set of cell types from mTBI at the subacute
and subchronic phase, suggesting a slower and more selective effect of
T4 treatment compared to the mTBI effect.

3.5. The spatiotemporal dynamics of DEGs affected by mTBI and T4
treatments

To complement the global transcriptome analysis above which cap-
tures cumulative, less selective effects on the transcriptome, we identi-
fied significant DEGs at FDR < 0.05 in individual cell types, tissues, and
timepoints in response to mTBI (mTBI vs. sham; red bars in Fig. 3c; all
DEG lists in Supplementary Table S1) or T4 treatment (T4 vs. mTBI; cyan
bars in Fig. 3c; all DEG lists in Supplementary Table S2). These DEGs
represent changes in specific genes with more prominent effect sizes.
Glial cells including oligodendrocytes, astrocytes, and microglia
consistently had large numbers of DEGs in both the hippocampus and
cortex across all timepoints after mTBI (Fig. 3c, red bars). The mTBI
effects on neurons in the hippocampus were the highest at the early
timepoint (24 h) but decreased with time. However, cortical neurons
had the largest number of DEGs at 7-day post mTBI. mTBI also induced
DEGs in various neuronal subpopulations in both tissues, particularly at
the 24 h and 7-day timepoints (Supplementary Fig. S2c; full DEG list in
Supplementary Table S3). We note, however, the number of significant
DEGs was small in these subtypes of neurons, likely due to the limited
sample sizes for each neuronal subtype.

T4 treatment exhibited strong effects on endothelial cells and glial
cells (oligodendrocytes, astrocytes, and microglia) in both brain regions
as reflected by the higher DEG numbers for these cell types (cyan bars in
Fig. 3c). T4 treatment also showed differential temporal dynamics in the
two tissues evaluated: for the hippocampus the highest number of T4
DEGs were observed at the 7-day stage, particularly in mature oligo-
dendrocytes and OPCs; for the cortex the number of T4 DEGs increased
with time, with 21-day having the highest number of DEGs, particularly
in mature oligodendrocytes, endothelial cells, and microglia (cyan bars
in Fig. 3c). In neuronal subpopulations, however, few DEGs were
affected by T4 treatment (cyan bars in Supplementary Fig. S2c; Sup-
plementary Table S3).

Comparing the DEGs between the mTBI effect and T4 effect, we
found that T4 treatment had smaller DEG numbers compared to the
mTBI treatment effect (cyan bars compared to red bars in Fig. 3c, Sup-
plementary Fig. S2b), but many of the T4 DEGs overlapped with those
affected by mTBI for the majority of the cell types (black bars in Fig. 3c).
These results suggest that T4 treatment targets a subset of genes that
were affected by mTBI. We note that differences in the cell numbers
were not a major confounder of the DEG numbers in this comparison, as
similar numbers of cells were studied from mTBI and T4 groups for each
cell type/subtype (Supplementary Fig. S3).

3.6. T4 reversed select DEGs affected by mTBI

There were numerous mTBI-affected genes whose expression levels
were reverted closer to the sham level after T4 administration in both
the hippocampus (Fig. 4a) and the frontal cortex (Fig. 4b).

Among the hippocampal DEGs, the T4 transporter transthyretin (Ttr)
was upregulated by mTBI at the subacute phase across all the cell types
of the hippocampus, and was reversed by T4 treatment. Interestingly, at
the subchronic phase it was downregulated by mTBI across all cell types
except choroid plexus, but upregulated after T4 treatment. Other top
mTBI-affected DEGs that were altered across cell types and reversed by
T4 included G protein subunit gamma 12 (Gng12), metastasis associated
lung adenocarcinoma transcript 1 (Malat1), myosin IIIA (Myo3a) and
Peptidylprolyl isomerase A (Ppia). Interestingly, the degree and direc-
tion of changes for many of these genes are not necessarily consistent
across timepoints. Ferritin light polypeptide 1 (Ftl1) was significantly
altered by mTBI in the majority of the hippocampal cells at 24 h and 7-
day timepoints, but was only reversed by T4 in microglia at 7-day and
21-day timepoints. Ftl1 plays an important role in iron metabolism and
storage, and abnormal iron levels have been shown to be linked to
neurodegenerative diseases [39]. Human FTL, orthologous to mouse
Ftl1, is upregulated in activated microglia in Alzheimer’s Disease
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Fig. 3. mTBI and T4 treatments induced transcriptomic shifts across cell types in the frontal cortex and hippocampus. (a) UMAP embeddings showing cells colored
by treatment groups (blue for sham, red for TBI, green for T4) within individual cell types for each tissue (frontal cortex - top panels; hippocampus - bottom panels)
across different timepoints (24 h - left panels, 7-day - middle panels, and 21-day - right panels). (b) Dotplots showing the quantification of transcriptomic shifts using
a Euclidean distance measure between groups (TBI effect between mTBI and sham groups in red, T4 treatment effect between T4 and mTBI groups in cyan) in
individual cell types for each tissue (frontal cortex - left, hippocampus - right) and timepoints (24 h - top panel, 7-day - middle panel, 21-day - bottom panel). The log
fold change (logFC) on the y-axis quantifies the global transcriptome shift in the Euclidean distance space between treatment groups, compared to null distribution
(randomly shuffling cells between groups and re-calculating Euclidean distance). Each dot is colored by treatment (mTBI vs. sham in red; T4 vs. mTBI in cyan). The
size of each dot relates to the adjusted p-value in the Euclidean distance analysis and statistical significance, with colored dots reaching an adjusted p-value <0.05
whereas gray points not achieving statistical significance. (c) Comparison of DEG counts for mTBI effect (mTBI vs. sham), T4 effect (T4 vs. mTBI), and shared between
mTBI and T4 effects, in each cell type in the frontal cortex (left) and hippocampus (right) across timepoints (24 h - top panel, 7-day - middle panel, 21-day -
bottom panel).
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patients [40]. Notably, Ftl1 was consistently upregulated by mTBI but
downregulated by T4 treatment in microglia across all the timepoints,
suggesting that T4 administration restored iron homeostasis. Gng12
encodes a protein that belongs to the Guanine nucleotide-binding pro-
tein (G protein) family and has a role in inflammation and cancer

[41,42], mTBI increased Gng12 but T4 suppressed this gene across cell
types and timepoints, likely mitigating inflammation. Malat1 encodes a
long non-coding RNA that is highly abundant in the nervous system and
plays a role in neuronal cell injury [43]; this gene was increased bymTBI
and decreased by T4 at 7-day but the direction was opposite at 24 h and

Fig. 4. The reversal of mTBI-induced DEGs by T4 treatment across cell types and timepoints in hippocampus and frontal cortex. (a) Select reversed DEGs shared
across cell types in the hippocampus. (b) Select reversed DEGs shared across cell types in the frontal cortex. Each row depicts a DEG and each column indicates a cell
type, with cell types indicated on the x-axis. The genes which are significantly differentially expressed (adjusted p-value <0.05) in specific cell types are indicated by
a star and the size of the dot corresponds to the − log10 (p-value). The colour of each dot indicates TBI effect (red) or T4 effect (cyan). Data for different timepoints
are shown in different blocks (24 h - left block, 7-day - middle block, 21-day - right block). The y-axis is the log (fold change) of the gene between groups.
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21-day post-injury. Myo3a is a cytoskeleton gene and variants are
related to hearing and vision loss [44,45], and this gene was primarily
increased by mTBI but inhibited by T4 at 21-day post-injury. Ppia me-
diates inflammation and has shown both beneficial effects intracellu-
larly [46] and detrimental function extracellularly [47]. The
autoantibody to Ppia is also identified in the serum of mice with TBI [48]
and humans with spinal cord injury [49]. Ppia was increased by mTBI at
24 h and 7-day timepoints but was decreased at 21-day, and T4
increased this gene at 21-day.

In the cortex, top consistent DEGs across cell types and timepoints
that were reversed by T4 included Gnaq, Ipcef1, Mgat5, Mrps28, Myo3a,
Myo7a, Rimklb, and mt-Rnr2 (Fig. 4b). All of these genes except mt-Rnr2
were induced by mTBI at 24 h in 5–10 cell types; this induction persisted
but was weaker at the 7-day timepoint, until these genes were finally
downregulated at 21-days. These same genes’ expression patterns were
reversed by T4 at 21-days. mt-Rnr2 exhibited a unique pattern where it
was repressed by mTBI at 24 h in 11 cell types, then induced at 7-days in
12 cell types, and induced to a lesser extent at 21-days. T4 reversed the
expression of mt-Rnr2 in 9 cell types at 21-days. These genes encompass
a wide variety of functions. Gnaq is part of a family of heterotrimeric G
protein subunits involved in the negative regulation of neuronal excit-
ability, and when deleted along with G11 in the forebrains of mice, leads
to increased seizure susceptibility, neuronal degeneration and reactive
gliosis in the hippocampal CA1 region [50]. Gq/G11 signaling in thyroid
follicular cells is also necessary for TSH-induced thyroid hormone syn-
thesis and release [51]. Ipcef1, interaction protein for cytohesin ex-
change factors 1, is induced in dorsal root ganglion in response to nerve
injury [52]. Mgat5, a member of the glycosyltransferase family, is
involved in early brain development and differentiation of neural stem
and progenitor cells [53].Myo3a andMyo7a are implicated in regulating
actin bundles [54]. As energy needs are high directly post mTBI, we
found that Mrps28 encoding the mitochondrial ribosomal protein 28,
and mt-Rnr2, mitochondrially encoded 16S RNA were both affected,
although in opposite directions. mt-Rnr2 is also known as Humanin,
which suppresses Alzheimer’s disease-related neurotoxicity [55] and
was shown to mitigate mTBI by restoring energy metabolism in our
recent study [9]. The fact that T4 treatment also modulates mt-Rnr2
supports some shared mechanisms between the two.

The interesting individualized dynamics and tissue/timepoint spec-
ificity of each gene suggested that at different injury stages, the decision
to enhance or inhibit a gene target requires careful consideration. The
largely reversal effect of T4 treatment on these mTBI-affected genes with
diverse functions from cell/energy metabolism and iron storage to
inflammation, neuronal excitability, and brain development, supports
that T4 restores a broad spectrum of functions perturbed by mTBI across
cell types and tissues.

3.7. Functional annotation of DEGs affected by mTBI and T4

To further infer the functions of the DEGs play in TBI pathogenesis
and T4 intervention, we conducted pathway enrichment analysis using
KEGG [56], Reactome [57], Biocarta, and Gene Ontology [58] data-
bases. We found diverse pathways related to cellular metabolism, metal
ion homeostasis, immune system, inflammation, hypoxia, neurogenesis
and neuronal functions to be enriched among the mTBI-affected DEGs,
and these pathways showed a dynamic pattern in the two tissues across
the three injury stages (Fig. 5; Supplementary Fig. S4, Table S4). In the
hippocampus, the 24 h acute phase post-TBI exhibited a mixture of
upregulated and downregulated pathways; the subacute (7-day) phase
showed mainly downregulated pathways; the 21-day subchronic phase
saw mostly upregulated pathways (Supplementary Fig. S4). In the cor-
tex, upregulated and downregulated pathways were more evenly
distributed in the 24 h acute phase, while downregulated pathways were
dominant in the 7-day subacute and 21-day subchronic timepoints
(Supplementary Fig. S4).

Compared to the mTBI effect on pathways, T4 treatment DEGs had

fewer enriched pathways (Supplementary Fig. S5, Table S5). These
pathways were related to cell metabolism, cell cycle, glial differentia-
tion, hypoxia, ion homeostasis, cytoskeleton, immune/inflammation
and neuronal functions. In the hippocampus, T4 upregulated more
pathways at 24 h but downregulated most pathways at 7-days and 21-
days; in the cortex, T4 treatment upregulated more pathways at 24 h
and 7-days, but mostly downregulated pathways at the 21-day stage.

We found numerous metabolic, inflammatory, and neuronal path-
ways affected by mTBI were also affected by T4 treatment (Fig. 5), but
the directions of the average expression changes of the DEGs in these
pathways were variable depending on the tissue, cell type, and time-
point. For example, nervous system related pathways were down-
regulated in neural cell types of both brain regions during acute and
subacute phases by mTBI. T4 treatment reversed the inhibition of select
pathways such as long-term potentiation in the cortical neurons and
NPCs at the acute phases but not in the other cell types or timepoints.
Cell metabolism pathways such as oxidative phosphorylation also
showed spatiotemporal dynamics, involving upregulation in certain cell
types and timepoints and downregulation in the others by both mTBI
and T4 treatment. The upregulation in cortical neurons and astrocytes
during acute and subacute phases post-TBI was further enhanced by T4
treatment, but this trend does not necessarily hold true for other cell
types. Immune related pathways also had nuanced dynamics. For
example, at 24 h post-TBI, immune pathways were extensively elevated
across immune cells of both brain regions, and T4 treatment further
elevated these pathways in select cell types in the cortex, but less so in
the hippocampus. In the subacute (7-day) phase, mTBI suppressed im-
mune pathways in both the cortex and hippocampus post-TBI, whereas
T4 treatment increased these pathways in the cortex but further down-
regulated them in the hippocampus. Some of these pathways, such as
oxidative phosphorylation in energy metabolism and long-term poten-
tiation, could be protective responses to mTBI and further enhancement
by T4 in select cell populations may help improve the TBI outcome.

3.8. Cell type-specific gene regulatory networks reveal recovery of select
gene network programs with T4 treatment

To understand gene regulatory dynamics across treatments and
timepoints, we constructed cell type-specific GRNs with SCING [26] and
detected GRN subnetworks or modules through Leiden clustering [59]
(Supplementary Table S6). Unlike pathway analysis of DEGs which
group genes based on known functional categories, GRN analysis offers
complementary data-driven information on regulatory relationships
among genes and how T4 may counteract mTBI-perturbed gene
networks.

Using a linear regression on GRN module expression with treatment
and timpoint as independent variables, we identified GRN modules with
significantly different expression between mTBI and sham groups but no
significant difference between T4-treated and sham mice (Fig. 6a). This
suggests that T4 intervention in mTBI recovers certain gene programs to
a level similar to that of sham mice. These GRN modules were mainly
identified from cortical astrocytes and oligodendrocytes as well as from
hippocampal oligodendrocytes and OPCs. Pathway analysis on the genes
in these GRN modules revealed enrichment for various biological pro-
cesses. Module5 from hippocampal OPCs was enriched for cell cycle,
stress response, and proteasome activity, while Module0 from cortical
astrocytes was enriched for vesicle-mediated transport, gene regulation,
and RNA splicing (Fig. 6a, Supplementary Table S6). As an example,
overlaying mTBI vs. Sham and T4 vs. mTBI DEGs with the hippocampal
OPCModule5 showed dynamic upregulation of genes in this subnetwork
by mTBI at 24 h (Fig. 6b), 7-days (Fig. 6c), and 21-days (Fig. 6d). T4
treatment mostly downregulated a different subset of genes in this
highly connected GRN subnetwork at 7-days post-injury (Fig. 6c) and
reversed a few select genes at 24 h and 21-day timepoints, likely to
counteract dysregulation and restore the balance in network activity.
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Fig. 5. Top enriched pathways responsive to both mTBI or T4 treatments across timepoints and cell types. Each dot is colored by the average fold change between
treatment groups (mTBI vs. sham for mTBI effect; T4 vs. TBI for T4 effect) for that cell type for significant DEGs which overlap the indicated pathway. The size of each
dot is proportional to the enrichment score. Red indicates upregulation and blue indicate downregulation.
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3.9. Cell-cell communication network analysis identifies key cell type-
specific and cross-cell-type shared ligands targeting top DEGs of mTBI and
T4 treatment effects

To characterize the interactions between different cell types
impacted by mTBI and/or T4 treatment, we identified ligands that were
predicted to target large numbers of significant DEGs in key cell types
affected by mTBI and/or T4, including mature oligodendrocytes, as-
trocytes, endothelial cells, NPCs, and neurons in hippocampal and
cortical tissue (Fig. 7). In both the hippocampus and cortex, ligands
shared across cell types that were predicted for DEGs from each com-
parison (TBI vs. sham and T4 vs. TBI) and for every time point (24 h, 7-
days, 21-days) included β-Amyloid Precursor Protein (App), High-
mobility Group Box-1 (Hmgb1), Ribosomal Protein S19 (Rps19), and
Pleiotrophin (Ptn) (Fig. 7a-d for hippocampus; 7e-h for frontal cortex).
Each of these ligands were predicted to target DEGs shared between
mTBI effect (TBI vs. sham) and T4 treatment effect (T4 vs. TBI), but the
patterns varied between ligands. For example, App was more strongly
downregulated by mTBI across cell types and timepoints in the hippo-
campus (Fig. 7a) with a weaker trend in the cortex (Fig. 7e), and both
tissues displayed a mixture of up- or downregulation by T4 that varied
between timepoints (Fig. 7a, e). Ligands Hmgb1, Rps19, and Ptn
demonstrated a different trend, with their expression levels mostly
upregulated by mTBI during the 24 h acute and 7-day subacute phases in
both brain regions but trended more towards downregulation by T4
across timepoints. Visualization of the cross-cell-type interactions
mediated by these ligands (Fig. 7b-d for hippocampus; Fig. 7f-h for

frontal cortex) also support that they participate in regulating not only
the shared DEGs between mTBI and T4 effects (marked by yellow
tracks), but also mTBI- (marked by red tracks) or T4-specific DEGs
(marked by blue tracks). Aggregation of β-amyloid, the product of App
cleavage, is a one of the pathological hallmarks of Alzheimer’s disease,
and our cell-cell communication analyses revealed App in relation to
genes impacted by mTBI and T4, highlighting the known proposal that
TBI is a risk factor for Alzheimer’s disease [60]. App has been shown to
exert neuroprotective effects following TBI by binding to heparan sulfate
proteoglycans [61]. Hmgb1 promotes neuroinflammation and has been
linked to the pathogenesis of TBI [62,63]. Additionally, our data
confirmed previous findings that Ptn, a neurotrophic factor critical in
neuroregeneration, is upregulated specifically in the subacute phase of
TBI [64].

Other more cell-type specific ligands such as Osteopontin (Spp1) and
Tumor Necrosis Factor (Tnf) were also found to be shared between brain
regions and treatment effects. Spp1 was predicted to be a ligand sent by
fibroblasts, macrophages, and mural cells in both brain regions, but the
direction of changes in Spp1 varied between cell types and tissues,
presenting a more nuanced fine-tuning of Spp1 modulated cell-cell
communications depending on the cell type and tissue context. Never-
theless, mTBI and T4 induced opposite directions of change in Spp1
expression, supporting that T4 treatment opposed the mTBI-induced
changes. At all timepoints in the hippocampus and cortex, Tnf was a
microglia-specific ligand targeting primarily shared DEGs between
mTBI effect and T4 treatment effect (genes listed in yellow track), as well
as DEGs with mTBI-specific effect (genes in red track) in the

Fig. 6. Cell type module association across treatments and timepoints. (a) Heatmap of treatment and time point association to module expression (left), and average
module expression for each time point and treatment (right). Asterisks next to pathway or GWAS trait names indicate suggestive enrichment (FDR < 0.1) whereas
other pathways listed are at FDR < 0.05. (b-d) Hippocampus Oligodendrocyte Precursor cell type module associated with cell cycle and stress response across time
points. Larger nodes denote DEGs. Bottom and top halves of network nodes represent DEG direction of mTBI effect (mTBI vs. Sham) and T4 effect (T4 vs. mTBI),
respectively. Red, blue, and gray colors represent up, down, and no regulation, respectively.
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hippocampus (Fig. 7b-d). In the frontal cortex, however, Tnf was pre-
dicted to additionally target DEGs with T4-specific effects (genes in blue
track in Fig. 7f-h) in various cortical cell types. Proinflammatory factors
Spp1 and Tnf were previously identified as TBI-associated hub genes in a
TBI rat study, and both genes were upregulated when in the cerebral
cortex of the TBI rat model compared to control at four hours post-TBI
[65].

In addition to the above ligands shared between brain regions, we
also found tissue-specific ligands including Fn1 and Lgals3 in the hip-
pocampus and CXC Motif Chemokine Ligand 12 (Cxcl12) in the cortex,
suggesting their tissue-specific regulatory roles. Fibronectin 1 (Fn1) and
Galectin 3 (Lgals3) were upregulated by mTBI but downregulated by T4
treatment at the 24 h acute phase in hippocampal macrophages. Fn1 is
involved in extracellular matrix and cell adhesion and was also identi-
fied as a TBI hub gene and potential TBI biomarker [65]. Lgals3 is a
driver of inflammation and has been shown to be upregulated at the
protein level after TBI, but this upregulation was reversed by T4 treat-
ment [66]. Cxcl12 was downregulated by mTBI across all timepoints but
was upregulated by T4 at the subchronic 21-day timepoint in the
fibroblast and mural2 cell populations. Cxcl12 is a key chemokine that
can mediate peripheral blood cell recruitment to the TBI brain [67].
Overall, these various ligands identified may play central roles in
orchestrating cell-cell communications for both the mTBI effect and the
T4 treatment effect.

3.10. Disease and trait association analysis of genes affected by mTBI and
T4 treatment

Lastly, to assess the human pathophysiology relevance of the DEGs
identified frommTBI effect (mTBI vs. sham) and T4 effect (T4 vs. mTBI),
we evaluated whether they were enriched for candidate genes impli-
cated in human diseases and traits based on the human GWAS catalog
[31]. In both the hippocampus and cortex, many of the cell-type specific
DEGs affected by mTBI and/or T4 were enriched for genes involved in
brain related diseases and traits such as cognitive performance,
depression, insomnia, schizophrenia and Alzheimer’s disease (Fig. 8, full
list in Supplementary Tables S7 and S8), supporting that both the injury
itself and the T4 intervention modulate disease-associated genes across
cell types. However, key differences between the two treatments were
also present. In the hippocampus, oligodendrocyte progenitors and
mature oligodendrocytes were among the cell types whose DEGs
affected by mTBI across timepoints showed the most enrichment for
many brain related diseases and traits. In contrast, T4 treatment affected
DEGs were enriched for disease associated genes primarily at the 7-day
time point. For the oligodendrocyte progenitors from the cortex, disease
gene enrichment was mainly observed at the 24 h time point after mTBI
but at 21-days after T4 treatment. mTBI DEGs from astrocytes from both
the hippocampus and cortex showed enrichment for several diseases,
but T4 DEGs had minimal enrichment. In neuronal cells, mTBI DEGs
from both tissues showed significant enrichment of several brain related
disorders. In contrast, significant disease gene enrichment was mainly
observed for T4 DEGs in cortical neurons but less so for hippocampal
neurons. These results suggest both shared and distinct effects of mTBI
and T4 treatments on disease phenotypes.

3.11. Validation of top DEGs at the protein level using
immunohistochemistry

We selected several top DEGs such as Ttr, Ppia, and Gnaq to examine
their protein expression in microglia and astrocytes at different time-
points of two brain regions. We confirmed that the protein expression
matched the corresponding gene expression within the selected cell
types at specific timepoints (Fig. 9, Fig. 10).

4. Discussion

Due to the complexity of mTBI, effective therapeutics is currently
lacking. The thyroid hormone pathway has emerged as a new thera-
peutic avenue based on recent evidence, including results from our
spatiotemporal scRNAseq studies of mTBI [8,9]. Previously, we showed
the ability of acute T4 administration within 6 h post-mTBI to prevent
the cognitive impairment induced by mTBI [8] and here we replicated
this finding in an independent set of experiments. However, how tar-
geting the thyroid hormone pathway mitigates mTBI remains unclear. In
this study, using a systems-level approach we investigated the spatio-
temporal molecular mechanisms of T4 treatment in two important brain
regions (hippocampus and frontal cortex) and three post injury stages
(acute, subacute, and subchronic). The current study aims to elucidate
which timepoint (acute - 24 h vs. subacute − 7-day vs. subchronic - 21-
day), brain region (hippocampus vs. frontal cortex), cell types (neuronal
or various glial cells), and genes, pathways, and networks are important
for the observed beneficial effect of T4 treatment on cognitive recovery.

In terms of temporal sensitivity, we found that while mTBI induced
more dramatic effects at the acute and subacute stages, T4 treatment had
minimal effect in the acute phase but exhibited more pronounced in-
fluence at later stages. This suggests that either the strong effect of mTBI
in the acute phase overwhelms the acute effects of T4, or T4 takes time to
execute its effect.

Between the two brain regions, we found that T4 treatment induced
earlier changes in the hippocampal cell populations starting from the 7-
day subacute phase, whereas the changes in the frontal cortex tended to
occur later at the 21-day subchronic stage. This is particularly apparent
in the cell proportion (Fig. 2), global transcriptome shift (Fig. 3b), and
DEG number (Fig. 3c) analyses, where T4 administration induced more
changes in the hippocampal cell populations earlier than in the frontal
cortex cell types. These results suggest that the recovery of hippocampal
functions is faster when T4 is administered, which could be caused by
faster and/or more preferred distribution of T4 from the intraperitoneal
injection site to the hippocampal region. Further T4 tracing studies are
necessary to explain the differences in spatial specificity and dynamics.
Notably, Ttr, the T4 transporter, was uniquely altered by T4 in the
hippocampus but not in the frontal cortex, which may indicate a T4
transport advantage of the hippocampus. Alternatively, hippocampal
cell populations may have higher sensitivity to T4 if dosage distribution
bias can be excluded.

In terms of cell type selectivity of T4 effect, different analyses offered
complementary views. In the cell proportion analysis (Fig. 2), T4 pri-
marily counteracted the decrease in Mural3 cells at 7-days and the in-
crease in endothelial cells at 21-days caused by mTBI to normalize these
cell types to the sham control levels. More interestingly, T4 uniquely

Fig. 7. Cell-cell communication between hippocampal and cortical cell types. (a, e) Expression patterns of ligand genes predicted to target mature oligodendrocyte,
astrocyte, endothelial, NPC, and neuron DEGs in the hippocampus (a) and frontal cortex (e) for mTBI effect (mTBI vs. sham) and T4 effect (T4 vs. mTBI) at 24 h, 7-
day, and 21-day. Dot colors indicate the log2 fold change (Log2FC) of each ligand for each treatment effect at each timepoint. Dot sizes indicate the percentage of
cells expressing the ligands at each condition. (b-d, f-h). Ligands and their corresponding target genes (DEGs) that they are predicted to influence at 24 h, 7-day, and
21-day in the hippocampus (b-d) and cortex (f-h). The corresponding cell types and target genes for each ligand are listed on the outer border and inner border tracks,
respectively. Target genes along the blue track are DEGs from the mTBI effect (mTBI vs. sham) only, genes along the red track are DEGs from the T4 effect (T4 vs.
mTBI) only, and genes along the yellow track are shared DEGs between mTBI effect (TBI vs. sham) and T4 effect (T4 vs. mTBI). DEGs are colored based on the
direction of the fold-change in the corresponding comparison (red = up, blue = down, black = opposite direction in mTBI effect vs. T4 effect). The expression change
for cell type-specific ligands is listed for the mTBI effect (mTBI vs. sham) and T4 effect (T4 vs. mTBI) below the ligand name. Ligands from multiple cell types are not
labeled with the direction of change information as the directions can be different between cell types.
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Fig. 8. Human disease/trait enrichment analysis of genes responsive to mTBI and T4 across timepoints and tissues presented in a dot plot. Brain disease related
candidate gene sets were retrieved from the GWAS catalog, which were used for enrichment analysis of the DEGs affected by mTBI or T4 treatment (p-value <0.01). A
disease/trait was considered to be significantly enriched for mTBI/T4 DEGs using FDR <0.05 and gene overlap number ≥ 3 as cutoffs. The size of the dots is
proportional to the fold enrichment score. For visualization purposes the enrichment limit was set to 10. Red and blue colors were used to display the disease
enrichment results for mTBI DEGs and T4 DEGs, respectively. Colour shades correspond to the -log10(FDR). Cell type abbreviations: Oligodendrocyte progenitor
(Oligo Prog), Mature Oligodendrocyte (Mat Oligo), Endothelial Cells (Endo Cells), Neural Progenitor Cells (NPC), Immature Oligodendrocyte (Immat Oligo).
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Fig. 9. Immunofluorescent staining validation of proteins encoded by selected DEGs affected by T4, identified from scRNAseq. Validation of protein expression
changes in TTR and PPIA in response to TBI with or without T4 for 21 days (a-c) and 7 days (d, e) in hippocampal astrocytes and microglia, respectively. GFAP and
IBA1 were used as astrocyte and microglia markers, stained in red and pink, respectively. The target proteins, TTR and PPIA, were stained in green. Arrows indicate
the overlap between the markers and the target proteins.
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caused an increase in endothelial cells and oligodendrocyte progenitor
cells at 7-days, which may enhance BBB repair and replace damaged or
dysfunctional mature oligodendrocytes. At 21-days, T4 also uniquely
boosted the choroid plexus population, which plays a critical role in
neural repair [68]. These cells are not part of the hippocampus but are
typically included during hippocampal dissection [37]. All these
changes occurred in or near the hippocampus, again supporting that this
brain region and its related cell types are main T4 targets. To supplement
the cell proportion analysis, we used a Euclidean distance-based method
to measure global transcriptomic changes in individual cell types
(Fig. 3b). Such analysis identifies cell types which may not show cell
proportion changes but have major reprogramming in the tran-
scriptome. This analysis revealed significant changes in hippocampal
cell types including endothelial cells at 7-day, mature oligodendrocytes
at 7- and 21-day, astrocytes at 21-day, as well as cortical cell types
including mature oligodendrocytes at 7-day and neurons and NPCs at
21-day. Lastly, we also assessed cell type sensitivity based on the sig-
nificant DEG counts from individual cell types (Fig. 3c). This analysis
mostly identifies genes with more prominent effect sizes and showed
that the largest numbers of DEGs were from mature oligodendrocytes,
endothelial cells, and microglia from both brain regions and cross
timepoints. Taken together, these various complementary methods
consistently identified mature oligodendrocytes and endothelial cells as
sensitive cell types to T4 treatment. Additional T4 target cells identified
from at least one of the three methods include OPCs, mural cells, choroid
plexus, and astrocytes in or near the hippocampus, microglia from both
brain regions, and cortical neuronal populations. Many of these cell
types are important for injury and neural repair. For instance,

oligodendrocytes form the myelin assembly in the CNS, wrapping
around neuron axons, which ensures the fast conduction of nerve im-
pulse [69] and metabolic support [70,71]. TBI could cause the pro-
gressive demyelination and degeneration of axons [72]. Remyelination
is fulfilled mainly by newly generated oligodendrocytes [73], and OPCs
contribute to remyelination and glial scar formation. Thyroid hormones
have been suggested to play a role in glial scar formation. Reactive
gliosis can be beneficial in minimizing and repairing the initial damage
but can also have harmful consequences such as glial scar formation and
limiting neural plasticity [74].

To address which genes, pathways, and networks are modulated by
T4 treatment and which ones may be responsible for the protective ef-
fect of T4, we also carried out multiple complementary analyses. First,
based on DEGs identified from individual cell types at each timepoint,
we found interesting genes whose expression was altered by mTBI but
the change was reversed by T4 across cell types and timepoints. These
genes were found to be involved in diverse functions including iron
metabolism/storage (Ftl1), cell/energy metabolism and mitochondria
function (Ttr, mt-Rnr2, Mrps28), inflammation (Ggn12, Ppia), neuronal
activity (Gnag), neural differentiation (Mgat5, Malat1), and cytoskeleton
(Myo3a, Myo7a, Ipcef1). Similar functional categories were also
captured in the pathway enrichment analysis of the mTBI-affected DEGs
that were also modulated by T4 treatment. Previous studies have shown
that TBI can induce alterations in numerous metabolic, inflammatory,
neuronal signaling, and neurogenesis pathways, which we also observe
in our data. Here, we extended these pathways to their brain region-,
time-point, and cellular specificity. Thyroid hormone treatment has also
been shown to have protective effects from traumatic brain injury both

Fig. 10. Immunofluorescent staining validation of cortical GNAQ affected by T4 for 7 days, identified from scRNAseq. GFAP and IBA1 were used as markers for
astrocytes and microglia, stained in red and pink, respectively. GNAQ was stained in green. Arrows indicate the overlap between the markers and GNAQ.
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in our previous work and by other labs. However, our current study is
the first to evaluate the molecular mechanisms by which T4 exerts its
protective effect in a spatiotemporal manner at a single cell resolution,
and found enrichment of metabolic, immune and neuronal pathways at
a cell type resolution. Numerous individual genes in these pathways
were also confirmed. For example, a previous study identified that
expression of Slc1a2 and Slc1a3 were reduced in the hippocampus in 7-
day TBI [75], and we found that glutamate transporters Slc1a2 and
Slc1a3 were decreased in astrocytes at acute and subacute phases after
TBI in both hippocampus and cortex. Moreover, we found that Slc1a2
expression was reversed by T4 treatment. Among inflammation related
cytokines or chemokines, Ccl3 was previously reported to be increased
in serum after TBI [76,77]. In our study, we found Ccl3 to be consistently
activated in microglia at the acute phase in both cortex and hippo-
campus, and T4 treatment suppressed Ccl3 at the subchronic phase in
cortex.

We also supplemented these standard analyses with advanced
network modeling approaches, including both within-cell-type GRNs
and cell-cell communication networks, to identify network targets and
regulators. GRN analysis showed that specific subnetworks from cortical
astrocytes and oligodendrocytes as well as from hippocampal oligo-
dendrocytes and OPCs were upregulated by mTBI but were normalized
to control levels by T4 treatment. As cell-type GRN is not based on DEGs
but gene regulatory relationships within each cell type, this analysis
revealed additional processes compared to the DEG and pathway ana-
lyses, such as stress response, cell cycle, vesicle transport, transcriptional
regulation within the select glial cells to be mitigated by T4 treatment.
Lastly, our cell-cell communication analysis revealed potential secreted
ligands from numerous cell types that likely regulate cross-cell-type
gene regulation that is important for both mTBI and T4 actions. These
ligands include numerous inflammation regulators Hmgb1, Spp1, Tnf,
Lgal3, and Cxcl12, important neuroplasticity factors App and Ptn, and a
glycoprotein of the extracellular matrix and adhesion molecule Fn1. T4
treatment reversed the expression levels of several of these ligands,
suggesting that T4 may normalize the TBI-perturbed cell-cell commu-
nications by modulating these regulatory ligands. These diverse gene-,
pathway-, and network-level analyses provide insight into the broad
molecular functions of T4 in the brain which likely underlie the efficacy
of T4 treatment.

Our studies were carried out in a mouse model of mTBI. To assess the
relevance of our results to human pathophysiology, we also integrated
our mTBI and T4 DEGs with candidate disease genes implicated in
human GWAS. This analysis confirmed that the DEGs affected by the
injury itself and those modulated by T4 treatment are relevant to
cognitive performance, psychiatric disorders such as depression and
schizophrenia, and neurodegenerative disorders such as Alzheimer’s
disease. These results suggest that T4 treatment may be able to alleviate
these clinical conditions known to be associated with TBI due to the
significant gene overlaps between our T4 mouse study and human
diseases.

In summary, our investigation across tissues and timepoints offers a
comprehensive spatiotemporal understanding of the cellular and mo-
lecular mechanisms in T4 induced reversal of mTBI dysfunction using
single cell and systems biology analyses (Table 1). Our data showed that
glial cells such as oligodendrocytes, astrocytes, microglia, OPCs, endo-
thelial cells, and mural cells as well as choroid plexus near hippocampus
and neuronal populations in the frontal cortex to be particularly
important for T4-dependent treatment effects, many of which were
among the vulnerable cell types in mTBI. Diverse genes and pathways
related to cell metabolism, iron homeostasis, immune response, cyto-
skeleton, and nervous system were affected by T4 treatment, and these
pathways showed brain-region, cell-type, and injury stage specificity
and dynamics. Comparison between the T4 effect and mTBI effect on
individual cell types in both brain regions revealed the convergence of
numerous DEGs, pathways, gene subnetworks, cell crosstalk, and dis-
ease/trait association that likely underlie the protective effect of T4

treatment on cognitive and neuropsychiatric functions after mTBI. Our
results provide molecular support that T4 administration affects a broad
spectrum of genes, biological processes, and networks to prevent the
progression of mTBI-induced brain dysfunction and diseases. This
broader effect of T4 may offer an improved efficacy over other thera-
peutic options that focus on specific pathways and targets.

We also acknowledge that our study has the following limitations.
First, this study focused on the molecular aspects of T4 treatment and
only limited phenotypic assessment was carried out. Future compre-
hensive evaluation of T4 effect on mTBI such as Modified Neurological
Severity Scores (mNSS), blood-brain barrier integrity assessments, and
pathological changes are necessary. Second, there are indeed known
limitations that are inherent in single cell transcriptomics technology
such as high levels of noise, amplification bias and differences in capture
efficiency. These can result in high sample variability between the
different cells and the inability to observe changes in genes that have
low expression. Third, it is plausible that the effects of peripheral T4
injection on gene expression in the brain can be partially mediated
through peripheral systems. T4 can also pass the BBB to have direct
effect on the brain. Here, we chose to use peripheral injection due to its
translational potential. The effects we observed in the brain could be the
direct effect on the brain, the indirect effect from the periphery, or the
combination of the two. It is an important future direction to tease apart
the direct versus indirect effects through direct injection of T4 into the
brain or using CNS-penetrating thyromimetics and compare the results
with the peripheral injection of T4. Forth, we only focused on 3 time-
points for the current study however, other timepoints such 48 h, 72 h,
2-month, 3-month could also gain insights on the dynamic effects of T4.
Our future studies will aim to decipher the peripheral vs central effects
of T4 and further understand the temporal dynamics of T4 treatment.
Finally, our studies revealed numerous cell types, genes, pathways, and
networks to be affected by T4 treatment, which warrant future studies to
validate these findings and further understand which of the cell types,
pathways, and regulators play a causal role in the protective effect of T4
and which ones may cause unwanted side effects by modifying these
potential targets. Such studies will further elucidate the mechanistic
cascades of T4 but are out of scope for the current study.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbadis.2024.167344.
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Table 1
Summary table of sensitive cell types, pathways and diseases responsive to both mTBI or T4 treatments across timepoints.
Colored text indicate confirmed pathways where the red colour indicates activated pathways and blue colour indicates repressed pathways.

Tissue Timepoint Main 
effect Sensitive cell types Pathways Disease 

 
T4 reversed GRN module 

C 
O 
R 
T 
E 
X 
 

24h 

TBI 

Mural cells 
Endothelial cells 
Neural progenitor  
Microglia 
Mature oligodendrocytes  
Astrocytes 
 

CCR5 pathway, TNFa signaling, ensheathment of 
neurons, axon guidance, oxidative phosphorylation, 
adheren junction 

Cognitive performance, 
depression, Schizophrenia 

 
Module 0 in astrocytes was 

enriched for vesicle-mediated 
transport, gene regulation, 
and RNA splicing genes 

 

T4 
Microglia 
Mature oligodendrocytes 
Endothelial cells 

CCR5 pathway, TNFa signaling, response to metal ion Alzheimer’s disease 

7d 

TBI 

Mural cells 
Immature oligodendrocytes 
Microglia 
Mature oligodendrocytes 
Oligodendrocyte progenitors 
 

Gaba synthesis, oxidative phosphorylation, 
neurogenesis, iron uptake and transport, oxidation 
reduction process, axon guidance, long term 
potentiation 

Cognitive performance, 
depression, Alzheimer’s 

disease 

T4 
Mature oligodendrocytes 
Astrocytes 
Endothelial cells 

Immune system process, oxidative phosphorylation, 
CCR5 signaling 

Cognitive performance, 
depression, Schizophrenia 

21d 

TBI 
Microglia 
Mature oligodendrocytes  
Endothelial cells 

Inflammatory response, CCR5 pathway, regulation of 
axonogenesis, long term potentiation, neurogenesis 

Cognitive performance, 
Schizophrenia, brain shape 

T4 

Neural progenitor cells 
Neurons  
Microglia 
Mature oligodendrocytes 
Endothelial cells 
 

Regulation of actin cytoskeleton, long term potentiation 
and depression, regulation of nervous system 
development 

Cortical thickness 

H 
I 
P 
P 
O 
C 
A 
M 
P 
U 
S 

 

24h 

TBI 

Microglia 
Mature oligodendrocytes 
Neurons 
Macrophage 
Oligodendrocyte progenitors 
Neural progenitor cells 

Oxidative phosphorylation, hypoxia, neuron 
development, axon guidance, neurogenesis, regulation 
of cell death 

Cognitive performance, 
depression, Schizophrenia, 
brain shape 

Module 5 in oligodendrocyte 
progenitors enriched for  

cell cycle, stress 
response, proteasome 

activity genes 

T4 
Microglia 
Mature oligodendrocytes  
Astrocytes 

TNFa signaling, response to metal ion, focal adhesion, 
TGF Beta signaling Cognitive performance 

7d 

TBI 

Ependymal 
Mural cells  
Microglia 
Mature oligodendrocytes 
Oligodendrocyte progenitors 
 

Long term potentiation, TNFa signaling, TGF Beta 
signaling, Gaba synthesis, regulation of synaptic 
plasticity, leukocyte activation, vesicle mediated 
transport  

Cognitive performance 

T4 

Microglia 
Mature oligodendrocytes 
Oligodendrocyte progenitors 
Endothelial cells 

TGF Beta signaling, ensheathment of neurons, Reg. of 
synaptic plasticity 

Cortical thickness, 
depression 

21d 

TBI 

Microglia 
Fibroblast 
Neural progenitor cells  
Mature oligodendrocytes 
Oligodendrocyte progenitors 
 

TNFa signaling, TGF Beta signaling, neurogenesis, 
long term depression and potentiation 

Cognitive performance, 
Schizophrenia, brain shape 

T4 

Microglia 
Mature oligodendrocytes 
Endothelial cells 
Astrocytes 

Neurogenesis, TNFa signaling, hypoxia, response to 
metal ion 

Cognitive performance, 
brain shape 
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