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Abstract

Chronic traumatic encephalopathy (CTE) is a progressive neurodegenerative tauopathy found in individuals with
a history of repetitive head impacts (RHI). Previous work has demonstrated that neuroinflammation is involved
in CTE pathogenesis, however, the specific inflammatory mechanisms are still unclear. Here, using RNA-sequenc-
ing and gene set enrichment analysis (GSEA), we investigated the genetic changes found in tissue taken from the
region CTE pathology is first found, the cortical sulcus, and compared it to neighboring gryal crest tissue to iden-
tify what pathways were directly related to initial hyperphosphorylated tau (p-tau) deposition. 21 cases were
chosen for analysis: 6 cases had no exposure to RHI or presence of neurodegenerative disease (Control), 5 cases
had exposure to RHI but no presence of neurodegenerative disease (RHI), and 10 cases had exposure to RHI and
low stage CTE (CTE). Two sets of genes were identified: genes that changed in both the sulcus and crest and
genes that changed specifically in the sulcus relative to the crest. When examining genes that changed in both
the sulcus and crest, GSEA demonstrated an increase in immune related processes and a decrease in neuronal
processes in RHI and CTE groups. Sulcal specific alterations were observed to be driven by three mechanisms:
anatomy, RHI, or p-tau. First, we observed consistent sulcal specific alterations in immune, extracellular matrix,
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vascular, neuronal, and endocytosis/exocytosis categories across all groups, suggesting the sulcus has a unique
molecular signature compared to the neighboring crest independent of pathology. Second, individuals with a
history of RHI demonstrated impairment in metabolic and mitochondrial related processes. Finally, in individuals
with CTE, we observed impairment of immune and phagocytic related processes. Overall, this work provides the
first observation of biological processes specifically altered in the sulcus that could be directly implicated in CTE

pathogenesis and provide novel targets for biomarkers and therapies.

Keywords: CTE, RNA-seq, Repetitive head trauma, Inflammation, Tau, TBI

Introduction

Chronic traumatic encephalopathy (CTE) is a
progressive neurodegenerative disease found in in-
dividuals with a history of exposure to repetitive
head impacts (RHI) typically received through play-
ing contact sports such as American football,
hockey, soccer, boxing, or rugby, or through military
service-related injuries like blasts [3, 23, 24]. Cur-
rently, CTE can only be definitively diagnosed after
death through neuropathologic autopsy. The path-
ognomonic lesion that defines the disease consists
of perivascular hyperphosphorylated tau (p-tau)
found in neurons and sometimes astrocytes, initially
at the depths of the cortical sulcus in the frontal cor-
tex [3]. Through computational modeling and hel-
met sensor data, it was observed that the sulcus and
blood vessels receive the greatest amount of dam-
age after head trauma, directly linking RHI induced
trauma to CTE pathogenesis [11]. However, the spe-
cific biological response after trauma that drives CTE
pathology is still unclear.

Under normal circumstances, inflammation is a
necessary part of the injury cascade. In the brain,
neuroinflammation has been observed to be neces-
sary for wound healing responses after damage, trig-
gering an innate and adaptive immune response to
fight infectious agents, and recruit beneficial im-
mune cells to areas of need [6]. However, prolonged
or chronic inflammation can be harmful and can re-
sult in tissue damage and long-term pathology. RHI
has been shown to induce a chronic neuroinflamma-
tory environment in both mouse and human studies
[9, 10, 32]. Additionally, previous work from our la-
boratory has demonstrated that elevated microglial
recruitment via the chemokine CCL2, and glial acti-
vation was related to greater years playing contact
sports and is a prominent feature in CTE [4, 7]. We

observed that microglia-mediated neuroinflamma-
tion may exist in a feedback loop with p-tau pathol-
ogy. Neuroinflammation induces p-tau deposition,
which in turn induces more neuroinflammation
leading to a vicious cycle, similar to the inflamma-
tory cascade hypothesis in Alzheimer’s disease (AD)
[12, 16]. However, the concept of neuroinflamma-
tion is broad, encompassing inflammatory, anti-in-
flammatory, senescent, and immunoregulatory fea-
tures that previous histology-based studies were un-
able to easily segregate [6]. Therefore, there is a crit-
ical need to understand the individual inflammatory
phenotypes that emerge during RHI to have more
complete insight into the various mechanisms which
may directly result in CTE pathogenesis. To help fill
in knowledge gaps, high level bioinformatic analyses
are needed. Previous studies have demonstrated
that high throughput genomic techniques and bioin-
formatic pipelines are an optimal method to investi-
gate large scale changes in the brain and determine
specific pathways and effects in a more efficient
manner [1, 17].

Herein, we utilized bulk tissue RNA-sequencing
targeted to cortical anatomy, in order to investigate
the spectrum of inflammatory and neurodegenera-
tive phenotypes that occur as a result of RHI and
during early stage CTE. As the earliest neuropatho-
logic feature of CTE is p-tau pathology found at the
depth of the cortical sulcus, we chose to examine
what genetic changes occur specifically in the sulcus
compared to the neighboring gyral crest. By directly
comparing between the sulcus and crest within each
case, we will have unique insights into which genes
or biological processes are specifically altered in the
sulcus as opposed to genes that are part of a more
tissue wide response. We will utilize three separate
groups, individuals without any RHI or CTE (con-
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trols), individuals with RHI but no CTE (RHI), and in-
dividuals with early stage CTE (CTE). Comparison of
these three groups will allow direct analysis of dif-
ferent stages of disease. Furthermore, the results
will provide new understandings and insight into
what genes and biological processes might be di-
rectly related to initial CTE p-tau deposition as op-
posed to a general CNS response to trauma. Finally,
genes that are found to be specific to CTE related
pathology will become targets for future biomarker
or therapeutic intervention studies.

Methods
Subjects

A convenience sample of 15 brain donors with
a history of RHI exposure from contact sports were
selected from the Understanding Neurological In-
jury and Traumatic Encephalopathy (UNITE) brain
bank. Selection was based on availability of frozen
frontal cortex tissue and if the cases were male and
between the ages of 35-65 years old. Samples were
excluded from the study if they carried a neuropath-
ologic diagnosis of AD, neocortical Lewy bodies,
frontotemporal lobar degeneration (FTLD), or motor
neuron disease (MND) based on established neuro-
pathologic criteria for each disease [19, 20, 25, 26].
An additional 6 donors were obtained from the Na-

Table 1. Individual descriptive statistics
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tional Post-Traumatic Stress Disorder (PTSD) brain
bank (National Center for PTSD, VA Boston
Healthcare System, Boston MA). These 6 donors
were selected from a group that lacked a history of
RHI, did not have evidence of a neurodegenerative
disease at autopsy, and were not diagnosed with
PTSD in life. Samples were grouped into three cate-
gories: 6 cases with no history of repetitive head
trauma or neurodegenerative disease (Control), 5
cases with a history of repetitive head trauma but no
neurodegenerative disease (RHI), and 10 cases with
a history of repetitive head trauma and a diagnosis
of low stage CTE (CTE). There was no difference in
the mean age of death of each group: Control- 51.3
years old £ 8.2, RHI- 51.4 years old + 6.8, CTE- 49.5
years old £ 8.1. All cases were male and had a history
of playing American football. Individual descriptive
statistics for the age at death, years of exposure,
sport played, and RNA integrity number (RIN), are
provided in Table 1.

Next-of-kin provided written consent for par-
ticipation and donation. Institutional review board
approval for brain donation was obtained through
the Boston University Alzheimer’s Disease and CTE
center, Human Subjects Institutional Review Board
of the Boston University School of Medicine, and
Edith Nourse Rogers Memorial Veterans Hospital
(Bedford, MA).

Case ID Age at Death (yrs) Primary Sport Played Years of Exposure RIN

Control 1 42
Control 2 59
Control 3 59
Control 4 56
Control 5 51
Control 6 41
RHI 1 62
RHI 2 46
RHI 3 53
RHI 4 45
RHI 5 51
CTE 1 64
CTE 2 55
CTE3 46
CTE 4 46
CTES 46
CTE 6 61
CTE7 49
CTE 8 46
CTE9 38
CTE 10 44

None
None
None
None
None
Football
Football
Football
Football
Football
Football

None 0 7.4
0 8.0

0 9.3

0 8.2

0 9.2

0 8.6

3 9.0

11 8.9

8 9.0

6 8.2

19 8.4

9 7.0

Football 6 8.5
Football 10 8.2
Football 17 5.8
Football 16 8.8
Football 17 8.4
Football 6 g
Football 14 7.6
Football 14 73
Football 10 9.4
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Neuropathological Assessment

Post-mortem fresh frozen tissue from the
dorsolateral frontal cortex was obtained using pre-
viously described procedures [4]. Neuropathologic
diagnosis was obtained from formalin fixed paraffin
embedded tissue as previously described [21, 24].
Briefly, 22 sections of paraffin embedded tissue
were stained for hyperphosphorylated tau (p-tau),
alpha-synuclein, amyloid beta, TDP-43, luxol fast
blue, and hematoxylin and eosin using previously
described methods [22]. A neuropathologic diagno-
sis of CTE was made using National Institute of Neu-
rological Disorders and Stroke (NINDS) consensus
criteria [3, 21]. CTE cases could be subdivided based
on the presence, extent, and severity of p-tau depo-
sition through the brain. As the focus of the study
was to examine early changes, only cases that met
the “low stage CTE” criteria were used for analysis.
The low stage CTE designation encompasses CTE
stage 1&II [2, 21] and shows strong agreement with
the recent NINDS consensus staging for low stage
CTE [3]. Neuropathologic examination occurred
blinded to clinical results. All evaluations were re-
viewed by four neuropathologists (VA, BH, TS, AM);
discrepancies in the diagnosis were resolved by con-
sensus conference. Demographics, athletic history
(type of sports played, level, position, age of first ex-
posure to sports and years playing contact sports),
military history (branch, location of service and du-
ration of combat exposure), and traumatic brain in-
jury (TBI) history (including number of concussions)
were queried during a telephone interview as de-
tailed previously [30].

RNA-Sequencing

50ug of fresh frozen tissue was taken from the
dorsolateral frontal cortex grey matter at two loca-
tions for each case: the depth of the superior frontal
cortical sulcus (defined as the bottom third of the
sulcus) and the associated neighboring gryal crest at
the level of the anterior caudate nucleus. Frozen tis-
sue was process using a mortar and pestle, and
mMRNA was extracted and isolated using a Maxwell
RNA extraction kit (Promega) as per manufactures
instruction. An lon Apliseq Transcriptome Human
Gene Expression Kit (ThermoFisher Scientific) was
then used to convert mRNA to cDNA and establish
human transcriptome cDNA libraries as per manu-
factures instructions. Human transcriptome libraries

Cherry et al
page 4 of 18

were then sequenced using an lon Torrent S5 next
generation sequencer (ThermoFisher Scientific).
Samples were processed and run across two
batches. Batch one contained 6 control and 6 CTE
cases, and batch two contained 5 RHI and 4 CTE
cases and were compared separately to avoid batch
effects. Normalized counts for each sample were de-
termined using the lon Torrent Suit Software 5.10
and concatenated together into genes by sample
count matrix. The normalized counts were then
transformed with Rlog for principal component
analysis (PCA).

Differential Expression analysis

Genes with more than 50% zero counts within
each group were filtered out. Pairwise differential
expression (DE) analyses were conducted separately
for CTE vs RHI and CTE vs Control using DESeq2 bio-
conductor package, modeling counts as a function of
case status adjusting for age at death [18]. To ana-
lyze changes between the sulcus and crest within
each group, a ratio between the sulcus and crest
genes were calculated using the concatenated nor-
malized counts matrix. Genes that could not be de-
tected in all samples (genes with 0 counts for all
samples) were filtered out. A pseudocount of 0.01
was added to the counts to prevent infinity values
from zero divisions. The ratio was then calculated as
log 2 of sulcus counts divided by crest counts for
each gene within each sample. To attenuate ex-
treme ratios due to small count values in either tis-
sue, the ratios were arcsin transformed by first di-
viding by 0.5 and then applying the arcsin function
using the NumPy python package. This procedure
results in a log2 fold change of sulcus vs crest for
each gene in each sample. To identify genes that ex-
hibited significantly different expression between
tissues within each case status, one-sample, two-
tailed t-tests comparing with an expected mean log2
fold change of zero were performed for the fold
changes of each gene. p-values were adjusted for
multiple hypotheses using the Benjamini-Hochberg
procedure. Similarly, two-sample t-tests were run to
compare the sulcus vs crest fold changes for CTE vs
RHI, CTE vs Control, and RHI vs Control.

Gene set enrichment analysis (GSEA)

Gene set enrichment analysis for all DE gene
lists were performed using the fgsea R package in Bi-
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oconductor and Gene Ontology (GO) geneset anno-
tations from GOAtools python package [14, 29].
GSEA statistics were calculated using gene list sorted
by descending log2 fold change (from DE) or log 2
ratio t-statistics, and significance was assessed for
gene sets at FDR < 0.1. The resulting normalized en-
richment scores (NES) were then used to create
heatmaps. GSEA biological process were grouped
into 1 out of 11 biological categories by hand, based
on expert opinion. Categories were discussed and
confirmed among 3 authors (JC, AL, TS). Any differ-
ences were resolved through consensus conference.
The biological categories were: immune, vascular,
neuronal, extracellular matrix (ECM), mitochon-
drial/metabolism, signaling, cytoskeleton, transcrip-
tion/translation, endocytosis/exocytosis, protein
processing, and any process that didn’t fit the previ-
ous 10 category was assigned to “other”. Finally,
gene ontology analysis from common or unique
genes groups was carried out using Metascape [33].
All code and supplementary information needed to
reproduce  this analysis is available at
https://osf.io/exsfa/.

Results

Overall, 3 differential expression analyses were
carried out. A summary of each comparison is out-
lined in Figure 1. The first analysis was to directly
compare the differentially expressed genes in the
sulcus or crest to the matching region across control,
RHI, or CTE groups (Figure 1A, Comparison 1). The
second analysis was to directly compare the sulcus
vs. crest within each group (Figure 1B, Comparison
2). The final analysis was to compare how the sulcus
vs. crest relative ratios of each gene changed across
each disease group (Figure 1C, Comparison 3).

Differentially expressed genes had similar direc-
tions of effect in the sulcus and crest

We first examined the differentially expressed
(DE) genes found in the sulcus and crest to identify
the genes most affected in early CTE compared with
control and RHI groups (Table 2) (Figure 1A, Compar-
ison 1). The relative sulcus and crest DE genes that
were significantly altered (nominal p < 0.05) in at
least one region were plotted against each other to
examine if there were similar direction changes oc-
curring in the sulcus and crest (Figure 2). Changes
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Comparison 1
Control RHI/CTE

Comparison 2
Control ~ RHI CTE

C Comparison 3
Control RHI/ICTE

Figure 1. Summary of differential expression analysis used for
comparisons

Representative images demonstrating how which regions were
being used for comparison. A) Comparison 1 compares the dif-
ferentially expressed genes in the sulcus and crest to the corre-
sponding region between control, RHI, and CTE. B) Comparison
2 directly compares the sulcus to the crest within each group. C)
Comparison 3 uses the ratio created from comparison 2 and
compares that sulcus vs crest ratio from RHI and CTE groups to
the control group to determine how the sulcal specific genes
changes over the course of disease.

that were consistent across both sulcus and crest
could be interpreted as a general frontal cortex wide
response. First, we compared CTE to Control (Figure
2A). We observed that 95% of genes had the same
direction of effect in both the sulcus and crest. Only
109 (5.0% total DE genes) genes had an opposite di-
rection of effect (Figure 2A). When examining the
changes between CTE and RHI, we observed fewer
genes were altered compared to CTE vs Control (Ta-
ble 2). AlImost all of the genes had the same direc-
tion of effect (Figure 2B). Only 2 genes (0.4% total
DE genes), JMJD6 and VATIL, were elevated in the
sulcus but decreased in the crest. The genes with the
largest change, in addition to specific genes of inter-
est were highlighted. A full list of DE genes for the
CTE vs Control and CTE vs RHI analysis can be found
in Supplementary file 1.

freeneuropathology.org
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Table 2. Differentially expressed gene statistics for sulcus and crest analysis

Differential Expression Gene Set Enrichment Analysis
p<0.05 FDR adjustedp<0.1 | p<0.05 FDR adjustedp <0.1
CTE vs Control Sulcus 851 17 262 89
CTE vs Control Crest 1932 218 304 84
CTE vs RHI Sulcus 298 0 300 70
CTE vs RHI Crest 270 0 202 24
Gene set enrichment analysis (GSEA) was then riched neuronal processes (4.9%). Most signaling
performed on each set of genes to characterize bio- processes were negatively enriched (20.6%) com-
logical processes that are altered in CTE (Table 3). pared to positively enriched (4.9%). Mitochondria
Each GSEA process was then assigned to 1 of 11 processes were only found to be negatively en-
overall biological categories to better contextualize riched, while vascular processes were only found in
changes (Figure 3). When comparing CTE vs Control the positively enriched group (Table 3). 6 processes
(Figure 3A), 81 processes were observed to have an were found to have a mixed direction of effect. Of
FDR adjusted p < 0.1 in the sulcus or the crest. 41 those 6 processes, 2 were immune and 4 were extra-
processes were positively enriched and 34 were cellular matrix (ECM) related (Table 3).

negatively enriched in the same direction in both the
sulcus and crest. A complete breakdown of group as-
sighnments can be found in Table 3. The majority of
positively enriched processes were involved the im-
mune category with 70.7% of total processes. Con-
versely, only 14.7% of the negatively enriched pro-
cesses were immune processes. Neuronal processes
were the largest group of negatively enriched pro-
cesses with 35.5%. There were fewer positively en-

For CTE vs RHI (Figure 3B), 44 processes were
observed to have an FDR adjusted p < 0.1 in the sul-
cus or crest. 36 processes were positively enriched,
and 7 processes were negatively enriched in the
same direction. The largest positively enriched cate-
gory was immune processes with 38.9%. No immune
processes were negatively enriched. ECM processes
were the second largest positively enriched

A CTE vs Control B CTE vs RHI
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Figure 2. Comparative analysis of the differentially expressed genes found in the sulcus and crest

Analysis of DE genes from the sulcus and crest plotted against each other comparing (A) CTE vs Control and (B) CTE vs RHI. Genes were
plotted if they were significantly altered (p<0.05) in at least one region. Each dot represents one gene. Genes of interest and the top
expressed have been annotated.
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Table 3. GSEA biological processes that change in both sulcus and crest
CTE vs Control CTE vs RHI
Pos Enriched  Neg Enriched Mixed Pos Enriched Neg Enriched Mixed

Immune 29 5 2 14 0 0

Vascular 4 0 0 3 0 0

Neuronal 2 1 0 1 6 0

ECM 2 3 4 11 0 0

Signaling 2 7 0 2 0 1

Cytoskeletal 1 0 0 1 0 0

Transcription/Translation 1 0 0 0 1 0

Mitochondrial 0 4 0 0 0 0

Endo/exocytosis 0 0 0 1 0 0

Protein Processing 0 0 0 0 0 0

Other 0 4 0 3 0 0

category with 30.6% of processes. No ECM pro-
cesses were negatively enriched. Neuronal pro-
cesses were the majority of negatively enriched pro-
cesses (85.7%) and were higher than positively en-
riched neuronal processes. The only other nega-
tively enriched process was transcription/transla-
tion (14.3%). Vascular, signaling, cytoskeletal,
endo/exocytosis, and other processes were all simi-
larly expressed. One process, “signaling receptor ac-
tivity”, from the signaling category, was decreased
in the crest and increased in the sulcus (Figure 3).

There were significant differences in the sulcus
compared to the crest

We next chose to directly compare the sulcus
and crest within the controls, RHI, and CTE groups to
determine which genes were specifically altered in
the sulcus compared with the crest by computing an
arcsin transformed log2 ratio of sulcus vs crest nor-
malized counts within individuals (see Methods) (Ta-
ble 4) (Figure 1B, Comparison 2). Alterations within
each group could be related to the unique aspects of
each condition. Changes in the control sulcus are re-
lated to general anatomy, RHI sulcal changes are re-
lated to repetitive head trauma induced damage,

and CTE sulcal changes were related to p-tau depo-
sition. Within controls, we observed 671 genes had
an FDR adjusted p < 0.1. Of the FDR corrected genes,
579 were increased in the sulcus and 92 were de-
creased in the sulcus compared to the crest (Figure
4A). For cases in the RHI group, 1926 genes were
found to have a nominal p < 0.05. However, only 1
gene, MANEA, reached FDR corrected significance.
Of the nominally significant genes, 1127 were in-
creased and 799 were decreased in the sulcus com-
pared to the crest (Figure 4B). In subjects with CTE,
1147 genes reached FDR adjusted p < 0.1. 603 genes
were elevated in the sulcus and 433 genes were de-
creased in the sulcus compared to the crest (Figure
4C). The top 10 increased and decreased genes by
log2 fold change were annotated in each plot. A full
list of sulcus vs. crest gene changes can be found in
Supplementary File 2.

GSEA analysis clarifies biological response pro-
cesses that are occurring in the sulcus in each con-
dition

To further explore how the sulcal specific re-
sponse contributed to the larger biological re-
sponse, GSEA was performed using the genes that
were significantly altered in the sulcus compared to

Table 4. Differential expression statistics for Sulcus vs Crest comparison

Differential Expression Gene Set Enrichment Analysis
Sulcus Vs Crest p<0.05 FDRadjustedp<0.1| p<0.05 FDR adjusted p <0.1
Control 4200 671 553 301
RHI 1926 1 371 78
CTE 3388 1147 355 129
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Figure 3. Heatmap of sulcus and crest GSEA biological processes
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Using the DE genes from the sulcus and crest, GSEA biological processes were derived and plotted in a heatmap comparing (A) CTE vs
Control and (B) CTE vs RHI. Processes were included if they were significantly enriched (FDR adjusted p < 0.1) in at least one region. Each
GSEA biological process was assigned to 1 of 11 biological categories to better identify overall changes.

the crest. Using FDR adjusted p < 0.1, 301 significant
processes were observed in controls, 78 in RHI, and
129 in CTE. The observed processes represented bi-
ological changes specific to the sulcus compared to

the crest in each relative group. We then wanted to
compare enrichment of each biological process
across groups and determine if there were similar or
different directions of effect (Figure 5). For added

freeneuropathology.org



Free Neuropathology 2:21 (2021)
doi: https://doi.org/10.17879/freeneuropathology-2021-3453

Control SvC ratio genes

8-
o
-— 6= .
SLA2
g’ WDRES., . )
e F2RL2 .. + . |[exocaz
1 Loc1o0287718 | CD208 |/-ﬁ5m4
~— A ~ It by
Z . OonN1
g * wf:fcu = mmr
= ANKRDZ : LOC 10050681
N Al
g NRAP— % 3 -AB0 TOP1P1
2= SYNGR4Z-S g 7
o DRGX
..............
0 1

Fold Change (Log2)

oy

RHI SvC ratio genes

8-
MANEA
2 ;- 2
ot
=2l
3 GAPT LOC100506804
Pz . \_~
- 4  FFEC- L ; SHAD2A
] ONECUTH, [ [ POUZAFT - & Lot SN IPNAS
~|f 7 ee sy o e
= ORID—[ [/ ".* ., <02 pevorLp
5 HRG b ves " '\\-‘\TTTLLH
= 9 Loc100ss8859—y o NUNTG
! 3
TAS2R42
o —~CYPar 12
......
0 1

Fold Change {Log2)

O

CTE SvC ratio genes

8=
N
P LINCO0328 m\omm . . 286
= B ¢ . LOC286186
/
- 6= e - N A ~TNNT3
= CARTPT, 5 . / ol
o FAMBAA o~ _PACRG-AST
=1 o et
; FREM3_ ™ 24is :  ——LOC100128675
~= =fUNCO04BE—T5 « o AQP1
g NG &( 459
= CooIal ., —TMEM3!
Py " RASEF
> 2 uncoossz”
y 2
a 7 « Thpm:SLC2746
0 T 1

Fold Change (Log2)

Figure 4. Genes that are differentially expressed in the sulcus
compared to the crest

The sulcus was directly compared to the crest across (A) Control,
(B) RHI, and (C) CTE and sulcal specific DE genes were calculated.
Each dot represents one gene. Dots that are red represent genes
that met FDR adjusted p < 0.1 significance. The top 10 positive
and negatively enriched genes were annotated.
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clarity and biological relevance, each process was
assigned to 1 of 11 greater biological categories sim-
ilar to Figure 3. A heatmap was then created using
processes that were significantly enriched in at least
one category (Figure 5). The immune category had
51 (13.7%) processes. The majority of processes
were observed to be elevated in the sulcus com-
pared to the crest across all 3 sample groups. How-
ever, among the CTE group there was an increase in
the number of processes that had a negative enrich-
ment in the sulcus compare to the crest (Figure 5A).
Next, there were 30 (8.0%) transcription/translation
processes, the majority of which were positively en-
riched in the sulcus compared to the crest (Figure
5B). The category with the most assigned processes
was the neuronal category with 99 (26.5%) pro-
cesses. Almost all of the neuronal processes demon-
strated a negative enrichment in the sulcus. Of the
few processes that did have a positive enrichment,
there was a trend towards decreasing after RHI and
during CTE (Figure 4C). Next, there were 9 (2.4%) cy-
toskeletal processes. The ECM category had 34
(6.4%) processes. All the processes were positively
enriched in control cases. However, there was a pos-
sible progressive increase in negatively enriched
processes through RHI and CTE (Figure 5E). Mito-
chondria had 24 (6.4%) associated processes. The
RHI group only had 1 negatively enriched pathway
while control and CTE had a mixed split of positive
and negative processes (Figure 5F). The signaling
category had 56 (15.0%) processes and was evenly
split between positive and negative enrichment (Fig-
ure 5G). The vascular category had 14 (8.0%) pro-
cesses. The control group was entirely positively en-
riched in the sulcus but there was a switch to more
negatively associated processes in RHI and CTE (Fig-
ure 5H). The endocytosis/exocytosis category had
13 (3.5%) processes and was primarily negatively en-
riched in the sulcus (Figure 5lI). The protein pro-
cessing category had 16 (4.3%) processes and was a
mix of positive and negative processes. There ap-
peared to be an increase in negative processes asso-
ciated with CTE (Figure 5J). Finally, the 27 processes
that did not fit into the previous 10 categories were
placed into “other” (Figure 5K). Overall, throughout
all 11 categories, there was a high agreement in the
direction of effect in all cases. 73 (21.2%) processes
did not have the same direction of effect.
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Figure 5. Heatmap of sulcal spe-
cific GSEA biological processes

Using the genes that were signi-
ficantly altered in the sulcus
compared to the crest, we used
GSEA to identify biological pro-
cesses. Each process was then
assigned to a greater overall bio-
logical category: A) Immune, B)
Transcriptional/translational, C)
Neuronal, D) Cytoskeletal, E)
Extracellular matrix, F) Mito-
chondria/metabolism, G) Sig-
naling, H) Vascular, 1) Endocyto-
sis/exocytosis, J) Protein proces-
sing, K) Other.
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Figure 6. Heatmap of sulcal spe-
cific GSEA biological processes
that change in RHI and CTE com-
pared to control

The RHI and CTE GSEA processes
that were found to be specifi-
cally altered in the sulcus were
compared to the control. Each
process was again assigned to a
greater overall biological cate-
gory: A) Immune, B) Transcripti-
onal/translational, C) Neuronal,
D) Cytoskeletal, E) Extracellular
matrix, F) Mitochondria/meta-
bolism, G) Signaling, H) Vascular,
1) Endocytosis/exocytosis, J) Pro-
tein processing, K) Other.
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Next, using the ratio that was created by di-
rectly comparing the differentially expressed genes
in the sulcus to crest within each group, we com-
pared how those ratios changed in RHI and CTE rel-
ative to control (Figure 1C, Comparison 3). This anal-
ysis provided additional information into how genes
which were increased in the sulcus compared to the
crest change after exposure to head trauma and p-
tau pathology. 87 processes were found to be signif-
icantly altered in RHI vs Control, and 127 processes
were altered in CTE vs Control. The same 11 greater
biological processes were used to group GSEA pro-
cesses and all processes that were significant for at
least one of the two comparisons were included in a
heatmap (Figure 6A-K). There were 54 immune pro-
cesses altered (Figure 6A). This was the largest num-
ber of altered processes compared to the other 10
categories. The majority of immune processes were
observed to be decreased compared to controls.
Transcription/translation was the second largest
with 46 processes being altered (Figure 6B). The
neuronal category had 31 processes and the major-
ity were observed to be increased compared to con-
trol (Figure 6C). Cytoskeletal had 16 processes and
had more processes that decreased compared to in-
creased (Figure 6D). ECM had 25 processes and all of
them were decreased compared to control (Figure
6E). Mitochondria had 21 processes and the major-
ity were increased compared to controls (Figure 6F).
Signaling had 44, with the majority being decreased
compared to control (Figure 6G). Vascular had 16
processes with all but one observed to decrease
compared to controls (Figure 6H). Endocytosis/exo-
cytosis had 9 processes with an even split of changes
(Figure 6l). Protein processing had 22 processes with
an even split of changes (Figure 6J). Finally, the 12
processes that didn’t fall in the previous 10 catego-
ries were assigned to an “other” category and were
all decreased compared to control (Figure 6K). Over-
all, RHI and CTE had similar changes compared to
controls. For RHI-control and CTE-control compari-
sons that did not have the same direction of effect,
CTE-control comparisons always had reduced en-
richment of those processes.

Common and Unique genes found in the sulcus
across disease groups

Finally, using the differentially expressed gene
results comparing the sulcus to the crest (Figure 1B,
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Comparison 2), we wanted to examine if there were
any sulcal specific alterations that were unique or
common across each group (Figure 7). First, we ex-
amined what sulcal specific genes were commonly
altered in all three groups. 333 genes were differen-
tially expressed in the sulcus compared with the
crest among all three groups (Figure 7A). 331 of 333
genes had the same direction of effect among all
three diagnostic groups (Figure 7B). Only 2 genes,
KIAA2022 (up in RHI) and PLEKHH2 (down in RHI),
had a conflicting direction of effect in RHI compared
to control and CTE. To better understand the biolog-
ical relevance of those common genes, gene ontol-
ogy (GO) analysis was performed (Figure 7C). The
most highly significant GO term of the common
genes was “gliogenesis”, suggesting an altered glial
response is an innate feature of the sulcus compared
to other brain regions. When examining the rest of
the top 20 significant processes, many processes
were observed to encompass development, homeo-
stasis, and organization. We then wanted to deter-
mine which differentially expressed genes in the sul-
cus compared with the crest were unique to each di-
agnostic group. A stringent criteria was used to
avoid including any gene that was significant in one
group but also had p values close to significant in the
other two suggesting they could be common genes
if power were increased. Therefore, only genes that
had a nominal p < 0.05 in one group and a p > 0.25
in all others were marked to be “uniquely” altered.
1074 genes were found to be uniquely altered in the
control sulcus with 806 being increased and 268 be-
ing decreased compared to the crest (Figure 7D).
168 genes had an FDR < 0.1. When observing the GO
processes of the unique control genes, developmen-
tal and immune regulation processes appeared to be
the most prominent (Figure 7E). 389 genes were
found to be unique in the RHI group. 192 genes were
increased, and 197 genes were decreased in the RHI
sulcus (Figure 7F). No RHI unique gene met FDR cor-
rected significance. Using GO analysis, it was ob-
served that many of the processes were metabolic
or transcriptionally related (Figure 6G). Finally, 531
genes were uniquely altered in the CTE sulcus. 239
genes were increased, and 292 genes were de-
creased in the sulcus relative to the crest (Figure
7H). 136 genes met FRD corrected significance < 0.1.
GO analysis of CTE specific biological processes
demonstrated immune and cell damage biological
processes (Figure 71)..
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Figure 7. Analysis of common and unique genes and biological process found in the sulcus

Using the genes that were found to be significantly altered in the sulcus compared to the crest, we compared which genes were common
to all groups and which were unique to each condition. A stringent criteria was used to avoid including any genes that were significant in
one group but also had p values close to significant others suggesting they could be common genes if power was increased. Therefore,
only genes that had a p < 0.05 in one group and a p > 0.25 in all others were marked to be “uniquely” altered. A) A Venn diagram of the
common and unique genes found among all three groups. B) A heatmap of the common genes showing similar directions of effect of the
majority of genes. C) GO analysis of the common genes. D) A plot of the unique sulcal genes found in control cases. E) GO analysis of the
unique control genes. F) A plot of the unique sulcal genes found in RHI cases. G) GO analysis of unique RHI genes. H) A plot of the unique
sulcal genes found in CTE cases. |) GO analysis of unique CTE genes. In all plots, red dots denote genes that met FDR adjusted p < 0.1. GO
analysis was performed using any gene that met nominal p < 0.05 significance. The top 5 positive and negative genes for each group were

annotated.
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Discussion

Building on previous work suggesting that al-
tered neuroinflammation is an early event in CTE,
here we have demonstrated that there is a complex
inflammatory response encompassing several
unique biological categories occurring specifically in
the sulcus and might be directly related to CTE path-
ogenesis. When comparing the sulcus to the neigh-
boring gyral crest we observed that although there
was pronounced gene expression related changes
present in both regions, there was a further ampli-
fied and specific sulcal alterations that might be re-
lated to head trauma and CTE pathogenesis. When
comparing what genes and biological processes
were altered in the sulcus compared to the crest,
several higher order biological categories were ob-
served to consistently change across control, RHI,
and CTE. Immune, transcriptional/translation, ECM,
and vascular categories all were positively enriched
in the sulcus while neuronal and endocytosis/exocy-
tosis processes were commonly negatively enriched
in the sulcus. These findings demonstrate that even
in the absence of RHI exposure or CTE pathology, the
sulcus had a unique expression pattern compared to
the gryal crest and might help partly explain the sus-
ceptibility to head trauma and tau deposition. When
examining how the sulcal specific alterations might
change in response to trauma and disease, in the RHI
and CTE group there was a complex mixed increase
and decrease of inflammatory processes such as as-
trocyte development, scavenger receptor activity,
regulation of immune response, leukocyte migra-
tion, and antigen processing compared to the con-
trols. Additionally, neuronal processes were ele-
vated after RHI and during CTE relative to control
cases, possibly suggesting injured neurons might in-
duce compensatory mechanisms in efforts to miti-
gate RHI induced damage. These complex altera-
tions could also be observed in transcrip-
tional/translational, cytoskeletal, ECM, mitochon-
dria/metabolism, signaling, vascular, endocyto-
sis/exocytosis, and protein processing processes as
well. Finally, we observed that each of the three
groups had a set of genes and processes that were
uniquely altered in the sulcus. GO analysis demon-
strated that within the control group, specifically al-
tered genes were related to development and ho-
meostasis; within RHI, altered genes were metabolic
and mitochondria related; and within CTE, altered
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genes were immune and inflammation related.
Overall, we have built on previous work and ex-
panded our understanding of the complex neuro-
degenerative response that occurs after RHI and
during CTE.

Since p-tau deposition in the crest is less likely
in early CTE, genes that were found to be differen-
tially expressed in both the sulcus and the crest are
possibly less specific to CTE sulcal p-tau deposition
and more related to a general response to head
trauma. Consistent with previous reports on how re-
petitive head trauma affects the CNS, the most com-
mon genes that were altered in both the sulcus and
crest in CTE were immune and inflammatory related
(Figures 2&3). We observed that there was a signifi-
cant upregulation in complement genes C4A and
(4B suggesting a persistent innate immune re-
sponse and activation of the complement cascade
was present in the frontal cortex. Complement has
a wide variety of functions, but in the context of neu-
rodegeneration, it has been associated with in-
creased synaptic pruning and synaptic loss [27]. It is
possible the C4 activity is related to the PSD-95 syn-
aptic protein loss that has been reported in previous
CTE studies [5]. C4 has been suggested to play a role
in synaptic pruning in schizophrenia [28], and C4
gene expression and protein levels have recently
been linked to tau phosphatases and the develop-
ment of AD suggesting a possible mechanism in the
development of tau pathology [15]. Additionally, mi-
croglia related genes, such as CXCR1, were elevated
in CTE, which is in agreement with previous studies
examining microglia related changes in CTE [4, 7].
Astrocytic genes, GFAP and AQP1, were also found
to be increased in both the sulcus and crest. It has
been suggested that there is impairment of AQP4 af-
ter trauma, and it is possible that AQP1 was upregu-
lated in compensation [31]. Interestingly, there also
appeared to be a significant neutrophil response
found across the sulcus and the crest. Several neu-
trophil related genes such as CD177, S100AS,
S100A9, BPI, and LCN2, and multiple neutrophil
GSEA processes were highly increased. However, it
is possible that the observed neutrophil response
could be related to various causes of death as op-
posed to contact sport exposure. Future work will be
needed to closely examine if neutrophil markers
could be observed using biomarkers from living indi-
viduals to better explore the possible effects of TBI
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and a long-term neutrophil response. Altogether,
these results demonstrate that there is a prominent
neuroinflammatory response found in the frontal
cortex of subjects who experience repetitive head
trauma. However, it is likely that changes that occur
uniformly in both the sulcus and crest do not fully
explain the mechanisms behind p-tau deposition
and are only part of the equation of CTE mecha-
nisms. Therefore, it was crucial that we expand our
analysis to focusing on what changes could be ob-
served uniquely in the sulcus and might directly re-
late to CTE pathogenesis. Interestingly, we found
that multiple factors might be contributing to sulcal
specific alterations. Our findings suggested that sul-
cal specific changes were the result of either 1) anat-
omy, 2) repetitive head trauma, and 3) p-tau pathol-

ogy.

Although the sulcus and crest are only sepa-
rated by centimeters, our current result suggest that
each region has a unique environment even in the
absence on trauma or neurodegenerative disease.
When comparing the sulcus to the crest across each
group, there was high agreement in the direction of
effect observed in all the processes between con-
trol, RHI, and CTE. These results provide novel infor-
mation on basic neuroanatomy of how closely re-
lated tissue regions might be significantly different
and result in unique neuropathologic features. To
our knowledge, this is the first study to report such
findings. The largest category of processes was
found to be neuronal, and was downregulated in the
sulcus compared to the crest. There are two possible
explanations for this, either the sulcus has less neu-
rons and supporting cells or there is a persistent
neuronal impairment found in the sulcus across all
groups. Regardless which is correct, it is possible
that an impaired or reduced neuronal response
might predispose the sulcus to elevated damage
post head trauma. The next largest category of pro-
cesses were immune related. Interestingly, the ma-
jority of these processes were elevated compared to
the crest. This suggests that the sulcus might already
be “primed” to have an exaggerated immune reac-
tion. The primed phenotype could be consistent
with having more glial present or the current glia
might be predisposed to have a more severe im-
mune reaction. Additionally, the sulcus was ob-
served to be positively enriched in ECM and vascular
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processes compared to the crest, further demon-
strating the sulcus is comprised of a unique environ-
ment that responds differently during pathology
compared to other neighboring regions. Although it
is likely the physics of head trauma induced damage
and sulcal force concentration are the main driver of
sulcal specific pathology [11], the findings reported
here could describe additional mechanisms explain-
ing how the sulcus is preferentially affected after re-
petitive head trauma [3].

Consistent with our hypothesis and previous
observations, repetitive head trauma was also a sig-
nificant mechanism driving sulcal specific genetic al-
terations. The CTE and RHI group were observed to
be very similar in many genes and biological pro-
cesses that were altered in the sulcus compared to
controls (Figure 5). The changes that were observed
to be consistent between the RHI and CTE group
could be interpreted as trauma related alterations,
as a common feature of both groups is they share a
history of repetitive head trauma received from
playing American football. It was unexpected to ob-
serve more than half of the of immune biological re-
sponses in RHI and CTE were decreased in the sulcus
compared to control. Previous work had suggested
that neuroinflammation was a prominent feature of
head trauma and likely related to initial p-tau depo-
sition [7]. When examining which biological pro-
cesses were altered in the sulcus, it was observed
that the upregulated processes were more related
to foreign object recognition, antigen presentation,
and lysosomal function, while the downregulated
processes were related to inflammatory cytokine
production and other elements related to neuro-
degeneration. This is consistent with our previous
study demonstrating that after repetitive head
trauma there was relatively unchanged numbers of
total microglia, but increased levels of cells positive
for CD68, a lysosomal marker that is elevated during
increased phagocytosis and innate immune activa-
tion [8] Furthermore, TMEM106b genotype, which
is related to lysosomal and phagocytic alterations,
has been also found to relate to CTE severity [5].
Overall, the surprising downregulation of multiple
immune-related processes may suggest that an im-
paired immune response following RHI predisposes
individuals to developing initial tau pathology CTE.
Future studies examining cell type specific altera-
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tions and the effects of immune-related genetic pol-
ymorphisms will be necessary to test this hypothe-
sis.

Although the CTE and RHI group did overlap for
many alterations, we observed that the predomi-
nant unique RHI genes and GO processes were re-
lated to mitochondrial and metabolic activity. RHI is
a group of cases that is defined by having exposure
to repetitive head trauma, but no neurodegenera-
tive pathology. Therefore, it is intriguing to observe
that there was a strong metabolic deficit present
even before pathology occurs. Mitochondrial activ-
ity is heavily tied to the health of the cell and any
impairments could directly impact cell function.
These results suggest that after a history of repeti-
tive head trauma, mitochondrial dysfunction might
be the main element driving early symptoms and pa-
thology. Additionally, there have been several re-
ports of mitochondria related dysfunction occurring
as a consequence of head trauma [13]. It is unclear
if there are a specific cell type that is most affected
or what might be upstream of the mitochondrial
dysfunction, but these results point towards an-
other possible therapeutic target to treat disease
before p-tau deposition even begins.

Finally, we investigated the contribution of p-
tau pathology to the sulcal specific genetic altera-
tions. When directly comparing sulcal specific
changes found in RHI and CTE, very few differences
were observed. This was unsurprising as our CTE
group was restricted to cases with low stage CTE and
had minimal tau pathology. Therefore, it is likely
that exposure to repetitive head trauma was a
stronger driving force for sulcal specific changes
than p-tau pathology in these individuals. It is also
likely that many genes related to repetitive head
trauma are part of the p-tau deposition mechanisms
and are not necessarily unique to CTE. RHI and CTE
might not be district pathologic groups, rather they
exist in a spectrum. However, we were still able to
identify unique genes found altered only in the CTE
sulcus and therefore, likely related to p-tau deposi-
tion. The main CTE unique genes and GO processes
were related to immune and cell damage further
highlighting the possible connection between p-tau
deposition and the immune system. It is unclear if
these unique CTE genes are a consequence of p-tau
deposition or act as a mechanism that, in addition to
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other trauma related pathways, could lead to p-tau
deposition. However, these observed unique CTE bi-
ological processes are novel targets for future bi-
omarkers studies to help identify early stage dis-
ease.

There are several limitations in this study. RNA-
sequencing was done on bulk tissue so no comments
on the contribution of individual cells can be made
at this time. Future work utilizing single cell technol-
ogies will be needed to determine the specific ef-
fects of each cell on the sulcal environment during
CTE. Furthermore, it is difficult to determine the full
mechanistic effect in studies using post-mortem hu-
man tissue, as we can only look at a single point in
time at the end of the donor’s life. Mechanistic stud-
ies using mouse models or cell culture systems will
be needed to determine if the observed genes are
mechanistically related to pathologic or healthy
physiologic responses. Additionally, due to the in-
herent variation that is present in human studies, a
larger sample size is needed to identify more subtle
changes. As the present study only focused on early
disease, future work is also needed to compare the
changes found in low stage disease to high stage CTE
to determine if processes are similar. Finally, as all
of the observed changes were based on mRNA, pro-
teomic and histologic studies will be needed to ver-
ify if the results are also found at the protein level.

In conclusion, these results provide clear evi-
dence that there is a complex molecular response
occurring in the sulcus compared to the gyral crest.
Even without exposure to repetitive head trauma,
the sulcus had a persistent immune response. In re-
sponse to RHI, there was immune alteration, meta-
bolic/mitochondria dysfunction, vascular, and ECM
impairment. During CTE pathogenesis, the immune
response found in low stage CTE was not observed
to be tissue destruction, cell loss, overt neuroinflam-
mation, or other neurodegenerative related re-
sponses, rather, it was more focused on antigen
presentation, phagocytosis, and wound repair re-
sponses. In addition to complex immune changes,
early mitochondrial, vascular, ECM, and neuronal
activity are all affected during repetitive head
trauma induced damage and early tau deposition,
and represent possible avenues to halt CTE patho-
genesis and prevent disease. These results help re-
fine our understanding of the neuroinflammatory
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environment present during disease and will help
guide the discovery of future therapeutic strategies
and novel biomarkers. Future studies will be crucial
to further dissect and study the observed biological
processes provided here to better understand the
full spectrum of early disease.
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