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Dissemination of brain inflammation in traumatic brain injury
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Traumatic brain injury (TBI) is recognized as a global health problem due to its increasing occurrence, challenging treatment, and
persistent impacts on brain pathophysiology. Neural cell death in patients with TBI swiftly causes inflammation in the injured brain
areas, which is recognized as focal brain inflammation. Focal brain inflammation causes secondary brain injury by exacerbating
brain edema and neuronal death, while also exerting divergent beneficial effects, such as sealing the damaged limitans and
removing cellular debris. Recent evidence from patients with TBI and studies on animal models suggest that brain inflammation
after TBI is not only restricted to the focal lesion but also disseminates to remote areas of the brain. The dissemination of
inflammation has been detected within days after the primary injury and persists chronically. This state of inflammation may be
related to remote complications of TBI in patients, such as hyperthermia and hypopituitarism, and may lead to progressive
neurodegeneration, such as chronic traumatic encephalopathy. Future studies should focus on understanding the mechanisms that
govern the initiation and propagation of brain inflammation after TBI and its impacts on post-trauma brain pathology.
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INTRODUCTION

Traumatic brain injury (TBI) encompasses mechanical brain injuries
with diverse causes, severities, pathological changes, and clinical
outcomes.'? Over the past few decades, the prevalence of TBI has
continuously increased, with 27.08 million new cases and over 55
million prevalent cases reported worldwide in 20162 This
devastating disease causes far-reaching physical, emotional, and
economic consequences for patients, their families, and the
society-at-large. However, treatment options remain limited to
surgical decompression and supportive care. The lack of
treatments is partially due to the heterogeneous nature of the
injury and the insufficient identification and understanding of the
precise mechanisms of secondary brain injury.*™®

The acute primary injury in TBI is characterized by the
destruction of the brain tissue by focal intracranial hemorrhage,
epidural and subdural hematomas, brain contusions, and direct
axonal injury.”® These injuries occur at the time of cranial impact
and cause immediate, irreversible neuronal damage. This primary
brain injury then initiates a series of secondary events, including
excitotoxicity, free radical generation, and the inflammatory
response.””'' These events trigger secondary brain injury, which
begins within minutes of the primary insult and often persist for
months or even years.? Researchers have increasingly focused on
the role of immune system in TBI, both in the acute and long-term
stages.

Within minutes after brain injury, damaged neural cells induce a
series of immune responses by releasing danger signals, such as
damage-associated molecular patterns (DAMPs).'*'* Microglia,
which are considered the intrinsic immune cells in the brain, are

the first responders to the injury, followed by activated astrocytes
and endothelial cells. Peripheral immune cells such as neutrophils,
monocytes, and lymphocytes are then recruited to the lesion.'>™"”
These cells secrete multiple inflammatory mediators (e.g.
cytokines and chemokines) that mediate robust and complex
interactions among the cells, resulting in post-TBI inflammation. In
addition to focal brain inflammation, accumulating evidence
obtained from patients and animal models suggests that brain
inflammation after TBI is not restricted to the lesions, but instead
disseminates to areas remote from the lesions. Furthermore, the
disseminated brain inflammation may be persistent and impact
brain pathology, causing progressive neurodegeneration. In this
review, we summarize the emerging evidence and features of
disseminated brain inflammation after TBI and examine the
potential mechanisms that govern the process of dissemination
and its clinical impacts. We also discuss future efforts that should
be undertaken to obtain a better understanding of the biological
consequences of the disseminated brain inflammation and
develop new treatment strategies targeting inflammation to
improve patients’ outcomes.

FOCAL BRAIN INFLAMMATION IN TBI

During the acute phase of TBI, the central nervous system (CNS)
barrier is immediately damaged by the mechanical impact at the
site of the injury, and together with injuries to the meninges, glial
limitans and brain parenchyma, injured brain cells release a series
of DAMPs, including adenosine triphosphate (ATP), heat shock
proteins (HSPs), high-mobility group box 1 (HGMB1), IL-33, and so
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on."*'819 Resident microglia are the first cells to react to these
danger signals via their pathogen-associated molecular pattern
(PAMP) sensors, including Toll-like receptors (TLRs) and purinergic
receptors.’®?' Within minutes of an insult, microglia in the
damaged area are activated, extending processes to the glial
limitans to maintain the barrier integrity by sealing the gaps left
by dead or damaged astrocytes, in addition to helping clear the
debris from dead cells through phagocytosis.'? Peripheral immune
components, such as the complement system and neutrophils, are
also activated and recruited to the injury site during this acute
stage.”> These responses are followed by the activation of
intracellular signaling pathways that amplify the inflammatory
response by increasing the production of chemokines, cytokines,
and reactive oxygen species (ROS). Monocytes/macrophages®
and T cells’® are then recruited to the brain, and inflammatory
reactions spread from the injury site to the surrounding tissue.

The pathological impact of focal brain inflammation following
TBI remains controversial. Several studies suggest a detrimental
effect. For example, minocycline, an antibiotic that suppresses
microglial activation, exerts beneficial effects when administered
to an animal model of TBL?* Conversely, in another study, the
detrimental effect of microglial activation on a cortical brain injury
model was discovered in nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase-2 (NOX2)™'~ mice.*® Additionally,
inhibition of C-C chemokine receptor type 2 (CCR2)-mediated
myeloid cell migration after TBI in animal studies also suggested a
benefit of inhibiting focal brain inflammation.”*> However, focal
brain inflammation in the acute stages of TBI also actively
participates in beneficial functions, such as barrier maintenance,
debris clearance, neurotrophin production, and immune regula-
tion."" Therefore, a detailed analysis of the roles of different
immune components and the temporal profiles of their detri-
mental/beneficial effects after TBI is required, particularly in the
context of the failure of systemic inhibition of immune functions
(e.g., methylprednisolone and progesterone) to improve the
outcomes of patients with TBI.?®

EVIDENCE OF THE DISSEMINATION OF BRAIN INFLAMMATION
IN TBI

In addition to inflammation localized to the lesion and surround-
ing area, evidence obtained from patients with TBI and animal
models suggests that immune responses disseminate to areas
remote from the injury in both the acute and chronic phases. The
disseminated inflammation features similar immune components
but evolves in a distinct profile compared to focal inflammation
(Table 1).

Glial activation

Microglia serve as resident immune cell sentinels of the central
nervous system. Microglia react to TBI within minutes by
projecting processes toward the sites of injury,' followed closely
by their morphological transformation and proliferation.? In
addition to this focal reaction, activated microglia have also been
detected in remote structures, including the thalamus and
hippocampus, located both ipsilateral and contralateral to the
injury as early as 7 days after TBl in mouse models.?’ These
contralateral brain structures, which harbor activated microglia,
include both cortical and sub-cortical regions that are anatomi-
cally located close to the midline. Microglial activation then
gradually disperses throughout the brain and persists for more
than 1 year after TBI in mice.”” Notably, the activation level and
density of microglia in the ipsilateral and contralateral hemi-
spheres during the chronic stage become comparable, suggesting
a global response. This phenomenon is mirrored in patients with
TBI; autopsy results have confirmed that microglial activation
persists for many years after TBIl in the corpus callosum, which
may be associated with the degeneration of the corpus
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callosum.?® Additionally, noninvasive PET scans of patients with
TBI using PK11195 as the marker (which can bind to TSPO, a
specific marker of activated microglia) revealed the presence of
activated microglia throughout the brain for years after a single
TBI, and the PK11195 signal was primarily detected in the bilateral
thalamus, putamen, occipital cortices and internal capsules.?*>°
Based on these studies, microglia are progressively activated
during the chronic stage of TBI, as a stronger PK11195 signal was
observed in those patients with a more remote history of trauma
(Fig. 1). Moreover, PET studies using DPA-713, another TSPO-
binding marker, of former American National Football League
players who had suffered repeated, mild TBI also observed a
significant increase in the DPA-713-bound signal throughout the
brain®'?? (Table 2).

Astrocytes play an important role in CNS homeostasis as a
critical component of the barriers between the blood, CSF and
meninges.3® Reactive astrogliosis after an injury restricts the
damage and inflammatory responses in the injured area by
forming a glial scar to protect the unaffected brain tissue.**
However, astrocytes also participate in the inflammatory response
after TBI by secreting cytokines/chemokines, recruiting peripheral
immune cells, and interacting with microglia.>>3¢ Similar to
microglia, activated astrocytes have also been detected in remote
brain regions in the acute and chronic phases of TBI in animal
models. While astrogliosis at the lesion site will gradually subside
within 1 week after TBI, astrocytes in the remote area are
persistently activated and gradually spread throughout the
brain.?’ Currently, pathology and imaging data from patients
supporting global astrocyte activation are still lacking.

Peripheral inflammatory cells

Regarding peripheral inflammatory cells, neutrophils arrive at the
site of brain injury within hours of the primary injury, while
macrophages, which are derived from circulating monocytes,
begin to migrate into the injured brain 1-2 days after TBI.'?
According to animal studies using flow cytometry, myeloid cells
(CD11b™ CD45"9") are observed in the contralateral hemisphere
after TBI in the acute and chronic stages®” suggesting the
involvement of neutrophils and macrophages in the dissemina-
tion of TBl-induced brain inflammation. However, further studies
are needed to characterize the spatial and temporal distributions
of these two cell types throughout the brain. The role of adaptive
immune cells in the pathophysiology of TBI remains poorly
understood. Lymphocytes infiltrate the lesion site hours after brain
injury and gradually accumulate over several days. To a lesser
extent, lymphocytes are also detected in the contralateral
hemisphere of a TBI mouse model during the acute phase and
persist for more than 1 year after injury.?’

Inflammatory mediators

Gene expression profiles also suggest the dissemination of
inflammation following TBI.>’7*° Changes in the expression of
inflammatory genes are detected as early as 24 h after injury and
can persist over several months in tissues located both
ipsilateral and contralateral to the brain injury. In addition,
differential gene expression has been noted between the site of
injury and more remote areas.>®*° Furthermore, the expression
profile of inflammatory genes shows time-dependent changes,
as suggested by a study reporting that a unilateral brain injury
induced by mild TBI cause changes in inflammatory gene
expression in both the ipsilateral and contralateral hippocam-
pus. These changes occurred in three distinct phases, suggest-
ing a time-dependent activation of inflammatory pathways
following TBI. In the early phase, the chemokine ligands CCL2
and CCL7, lipocalin-2, and tissue inhibitor of metalloproteinase
were upregulated within 24 h and returned to baseline levels
after 1 week. These changes were followed by an intermediate
phase (1 week) characterized by the upregulation of immune
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cell activators C-C chemokine receptor type 5 and low affinity Fc
fragment of IgG Illb (Fcgr2b), complement component C3,
major histocompatibility complex Il immune response-related
genes, CD74 and RT1 class Il. Finally, a late phase (1 month)
occurs that is categorized by increased expression of Kruppel-
like factor 4.7

A protein array also identified cytokines/chemokines that are
upregulated throughout the brain, beginning a few hours after TBI
and persisting for days. The levels of some proteins, such as
CXCL1, IL-13, and CCL2,*"*? are increased in both hemispheres,
while others exhibit hemispheric differences.** Outstanding
questions are whether these changes persist in the chronic phase,
and what are the relationships and differences between the two
phases. Additionally, according to histological studies, cycloox-
ygenase-2, which catalyzes the transformation of arachidonic acid
to prostaglandins, is upregulated in the neurons of the bilateral
cortex and hippocampus from 3 h to 3 days after injury in a rat TBI
model.** Thus, neurons in remote areas may contribute to the
development of inflammation in situ. However, signals mediating
the remote stimulation of neurons have not yet been clearly
identified, and further work is necessary in this area.

In summary, neuroinflammation has been detected throughout
the brain following TBI and becomes most apparent during the
chronic phase. Globally distributed activated microglia are one of
the most prominent characteristics of disseminated inflammation
following TBI.

POTENTIAL MECHANISMS GOVERNING THE DISSEMINATION
OF INFLAMMATION AFTER TBI

Mechanisms governing the dissemination of TBI-induced brain
inflammation remain unclear. However, several possible path-
ways have been proposed based on recently reported evidence.
Remote brain injuries are common in patients who are subjected
to repeated impacts, countercoup injury, and diffuse axonal
injury, which trigger immune responses in situ; therefore,
inflammation can occur in broad areas of the brain. This
hypothesis is supported by the finding that activated microglia/
astrocytes are often located in large white matter fiber tracts,
such as the corpus callosum, which are prone to injury in
patients with TBL.?® On the other hand, disseminated brain
inflammation may also participate in the damage of remote

TBI subjects

Fig. 1

white matter tracts, causing progressive degeneration of the
white matter and brain atrophy?®**** (Fig. 2a).

As shown in clinical studies, the levels of several inflammatory
cytokines are increased in the cerebrospinal fluid (CSF) from patients
with TBI, and the levels of several of these cytokines, including IL-1(3,
IL-18, and IL-6, are associated with clinical outcomes.**™® Since the
cytokine levels are generally similar between microdialysates (which
reflect the extracellular fluid) and CSF,*” these cytokines might be
released from the injury site into the CSF and subsequently circulate
though CNS to impact remote brain structures and promote the
dissemination of brain inflammation (Fig. 2b).

Additionally, CNS inflammation is often preceded by a BBB
disruption; inflammation and BBB leakage can exacerbate each
other. Furthermore, dysregulated coagulation commonly occurs
in patients with TBI and animal models, which can cause micro-
thrombosis and microbleeding accompanied by the disruption
of microvascular structures.**>° Microvascular injury has been
detected both in acute and chronic stages after TBI,>' and is
characterized by microbleeds and the deposition of blood
components in the brain parenchyma. These focal microbleeds
are related to the magnitude of brain injury.>>>* The areas of
these microbleeding sites have been reported to gradually
increase and spread to distal anatomical regions, even to the
contralateral hemisphere. The sites of microbleeds are accom-
panied by BBB breakdown, as assessed by serum IgG deposition,
microglial/macrophage activation, and astrogliosis.* White
matter demyelination has also been detected in bleeding
sites.>® These broadly distributed coagulation and platelet
defects may promote the dissemination of inflammation.
However, given the close interaction between the immune
system and coagulation system,”>*® inflammation may also
cause the dysregulation of coagulation (Fig. 2c).

Finally, autoantibodies and autoreactive T cells targeting
neurogenic antigens have been detected in the periphery during
the acute phase of TBL”' Autoantibodies can be detected years
following initial injury. These autoreactive cells and antibodies
may be self-destructive and account for the occurrence of long-
term sequelae. According to a recent study, head trauma in
adolescence, particularly if it is repeated, is associated with an
increased risk of multiple sclerosis.”® We thus speculate that acute
brain injury triggers persistent autoimmunity that attacks the
brain in a disseminated manner.

Control

Global microglial activation following TBI as detected using PK11195-PET imaging. The mitochondrial 18 kDa translocator protein

(TSPO) is expressed at high levels in activated microglia, macrophages, and, to a lesser extent, astrocytes; PK11195, a ligand for TSPO, is
labeled with the ''C isotope and has frequently been used as a contrast agent in positron emission tomography (PET) imaging of
neuroinflammation both in the clinic and in animal models. The signals are mainly related to microglial activation. PK11195-PET images are
merged with T1 magnetic resonance images (MRI) of 10 patients with traumatic brain injury (TBI) who underwent imaging at different time
points after injury, as well as a healthy control subject. Numbers below the images captured from subjects with TBI indicate months elapsed
from injury to image scanning. Compared to the control subject, the signal for bound PK11195 apparently increased globally in patients with
TBI, indicating a global distribution of activated microglia. Images are reproduced from Ramlackhansingh et al.?° with permission
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also expressed in peripheral monocytes and, to a lesser extent, astrocytes. Therefore, the information about inflammation delivered by this signal may be mediated by multiple cells

PET positron emission tomography, TB/ traumatic brain injury

“Defined based on the Mayo classification of patients who meet one or more following criteria: (1) death due to this TBI; (2) loss of consciousness of 30 minutes or more; (3) post-traumatic anterograde amnesia

for at least 24 h; (4) worst Glasgow Coma Scale full score recorded in the first 24 h <13; and (5) the presence of one or more of the following symptoms: intracerebral hematoma, subdural hematoma, epidural

hematoma, cerebral contusion, hemorrhagic contusion, penetrating TBI (dura penetrated), subarachnoid hemorrhage, or brain stem Injury

PDefined according to the score on the Glasgow Coma Scale, 9-13 points represents a moderate injury and < 8 points represents a severe injury
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THE POTENTIAL CLINICAL RELEVANCE OF DISSEMINATED
BRAIN INFLAMMATION IN TBI

The role of this disseminated immune response to TBI in
anatomical regions remote from the focal injury site remains
obscure. Some studies suggest that this inflammation may
contribute to the dysfunction of certain brain structures during
the acute and chronic phases of injury, resulting in neurological
complications and long-term degeneration after TBI.

Post-traumatic hyperthermia, a non-infectious elevation in body
temperature, is a common complication that occurs in 4-37% of
patients with TBI>’°® Post-traumatic hyperthermia can persist
from weeks to months and correlates with negative outcome in
several clinical studies of patients with TBIL>°°' Post-traumatic
hyperthermia is characterized by the loss of the diurnal
temperature variation, is relatively resistant to antipyretic medica-
tions, and occurs secondary to hypothalamic thermoregulation
center dysfunction.’’ In a rat model of severe TBI induced by
lateral fluid percussion, the authors reported a significant
inflammatory response in the periventricular nucleus of the
hypothalamus that was characterized by astrogliosis and the
infiltration of microglia/macrophages 1 week after brain injury,
suggesting hypothalamic dysfunction.’? However, a detailed
timeline of the initiation of hypothalamic inflammation and its
causal relationship to post-traumatic hyperthermia remains to be
determined.

Hypopituitarism is another common complication occurring in
15-50% of patients with TBL.®® This complication is characterized
by decreased serum levels of pituitary hormones, including
growth hormone (GH), adrenocorticotropic hormone (ACTH),
gonadotropins (FSH and LH), and thyroid-stimulating hormone
(TSH), with the growth hormone deficiency being most common
finding. An MRI study including 164 patients with TBI revealed a
decrease in the apparent diffusion coefficient (ADC) value in
diffusion weighted images (DWI) of the pituitary gland as early as
2 weeks after brain injury compared to healthy controls.®* In
patients manifesting hypopituitarism, ADC values of the pituitary
glands were even lower than in patients without this complica-
tion. In a rat model of cortical contusion injury, the authors
identified elevated glial fibrillary acidic protein (GFAP) and IL-1(3
levels in the anterior pituitary 2 months after injury that were
associated with reduced serum GH levels, implying that the
disseminated and persistent inflammation observed in the
pituitary after TBI may contribute to the dysfunction of the HPA
axis.%> In a 3-year follow-up study of 29 patients with TBI, serum
levels of an anti-pituitary antibody were detected using an indirect
immunofluorescence method in 13 (44.8%) patients and were
significantly correlated with hypopituitarism,®® further suggesting
the involvement of autoimmunity in post-TBI hypopituitarism.

Accumulating evidence suggests a link between TBI and
subsequent neurodegenerative diseases, such as Parkinson'’s
disease and dementia, including Alzheimer’s disease, although
the association with Alzheimer's disease is less certain.>*>®” In
addition, post-mortem studies have revealed a persistent global
neurodegeneration in survivors of a single moderate to severe TBI,
as well as in patients subjected to repeated mild TBI. This
pathology, which has recently spurred significant interest among
the scientific community and the lay public, has been termed
chronic traumatic encephalopathy (CTE),%®7° which is character-
ized by perivascular phosphate-tau (pTau) lesions surrounding
small vessels.” Both pathology and imaging studies have shown
long-lasting global activation of microglia in patients with
TBI,*®2%7% suggesting a role for persistent global inflammation in
the development of TBl-induced CTE. In addition, studies of
Alzheimer's disease mouse models have shown that reactive
microglia promote the appearance and spread of pTau.”"”’? The
observation may help explain the link between microglial
activation and CTE in patients with TBI. Furthermore, MRI studies
of rodent models of TBI have identified an increase in tissue water
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Fig. 2 Postulated mechanisms that govern the dissemination of brain inflammation after TBI. After the acute primary traumatic brain injury
(TBI), immune reactions orchestrated in the injury site are characterized by glial cell activation, the migration of peripheral immune cells,
including neutrophils, macrophage, and lymphocytes, as well as the production of many protein products, including cytokines and
chemokines. These multiple cellular and protein components induce the formation of focal brain inflammation (a and b: red dashed lines). a
TBI commonly induces a remote brain injury, such as diffuse axonal injury, and causes progressive white matter degeneration. Evidence from
patients and animal models indicates that globally distributed immune cells, particularly glial cells, are mainly located near or on the white
matter, suggesting that brain inflammation is disseminated along the damaged white matter. The disseminated inflammation may further
promote white matter degeneration. b Imnmune mediators are readily released to the cerebrospinal fluid (CSF) through the interstitial fluid,
and elevated CSF levels of inflammatory markers, such as IL-6, IL-8, etc., are detected in patients with TBI. Inmune cells also enter the CSF, and
these cellular and protein components thus disseminate to the central nervous system through the CSF, potentially triggering inflammation in
remote areas. ¢ TBI often induces the systemic dysregulation of coagulation characterized by thrombus formation and microbleeding
accompanied by BBB disruption. Blood components, including immune cells and proteins such as fibrinogen, are subsequently deposited in
the brain parenchyma, orchestrating inflammation. Therefore, inflammation disseminated to the distal areas of the brain after TBI may

originate from changes in the blood vessels in the related area

diffusion and blood-brain barrier permeability in the hippocam-
pus both ipsilateral and contralateral to the injury, with a delayed
initiation and attenuated magnitude observed in the ipsilateral
hippocampus compared to the contralateral side.”> Moreover,
emerging evidence suggests that structural changes in ipsilateral
and contralateral hippocampal CA1 neurons, which are mani-
fested as a decrease in dendrite spine density, can persist for 1.5
years after brain injury in mice.?” These data support an ongoing
process of cell death and structural changes in the bilateral
hippocampus after TBI, which may result from persistent brain
inflammation in these regions.

Notably, the mouse spinal cord has been shown to develop
neuronal edema accompanied by astrogliosis, microglia/macro-
phage accumulation, and oxidative damage as early as 24 h after
acute brain injury.”* These findings might partially explain the
increased risk of developing motor neuron disease in patients with
TBI”>”7 Additionally, based on data derived from experimental
studies, spinal cord injury (SCl) induces a broad inflammatory
response in the thalamus, hippocampus and cerebral cortex that is
associated with the development of pain and cognitive decline
after SCI.”® Furthermore, the secondary impacts of an injury to the
brain or spinal cord disseminate throughout the CNS, and
inflammation might play a role in this process.

POTENTIAL THERAPEUTIC IMPACTS OF THE MODULATION OF
DISSEMINATED INFLAMMATION FOLLOWING TBI

Researchers have not determined whether strategies targeting the
disseminated brain inflammation benefit patients with TBI. Several
studies have recently suggested that both pharmacological
antagonism and a genetic deficiency in CCR2 reduce macrophage
infiltration into the hippocampus and ameliorate the inflammatory
environment, leading to improved cognitive function in murine
modes of TBL.'>77° These data support the hypothesis that distal
inflammation contributes to hippocampal dysfunction and cogni-
tive decline following TBI, serving as a therapeutic target to
improve patient outcomes. According to another recent study, a
single allele deletion of the chemokine receptor CX3CR1 limits the
infiltration of peripheral immune cells and substantially prevents
chronic degeneration of the injured brain. Interestingly, these
changes improve long-term functional recovery in female, but not
male, mice after TBI,>” supporting a sex-related difference in this
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mechanism. The inhibition of peripheral immune cell infiltration
might protect the brain from chronic degeneration, which may
result from the inhibition of GBI.

Currently, only limited evidence supports a role for lymphocytes
in acute brain injury following TBl. One study using
recombination-activating gene 1 (RAG-1)-deficient mice (lacking
T and B cells) subjected to a closed skull model of head injury
reported no differences in injury severity or neurological deficits
between wild-type and RAG-1"~ mice.®® In another study, the
inhibition of lymphocyte egress with FTY720 failed to reduce the
lesion size and improve neurological outcomes in two different
mouse models of TBI.8' Thus, lymphocytes may play a minor role
in driving the expansion of the acute brain lesion in subjects with
TBI. However, further investigations are required to determine
whether globally distributed lymphocytes play a role in the
functional recovery from TBI, particularly in the chronic phase, and
whether suppression of acute lymphocyte migration impacts
long-term brain function.

CONCLUSIONS AND FUTURE PERSPECTIVES

TBI in patients and animals triggers a focal immune response that
is initiated within minutes after the primary injury. This focal brain
inflammation involves both brain-resident immune cells and
peripheral immune cells with complicated interactions. In addition
to this focal inflammatory state, the evidence we reviewed here
suggests that post-traumatic brain inflammation disseminates
globally both in the acute and chronic stages of injury, even
throughout life. The disseminated brain inflammation may
persistently impact brain pathophysiology and is associated with
progressive neurodegeneration. However, a substantial knowl-
edge gap in our understanding of the biological features of the
disseminated inflammation still exists.

In future studies, a panoramic picture of the temporal and
spatial development of brain inflammation after TBI is essential. In
addition, these features should be compared between subjects
with different disease severities and primary injury locations,
based on the heterogeneity of TBI. The governing mechanisms
and many details of this disseminated brain inflammation remain
unclear. The events or factors other than acute diffuse brain injury
that trigger the initiation and maintenance of disseminated
inflammation must be identified to obtain a better understanding
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of the underlying mechanisms. More importantly, a detailed
identification and profile of the immune participants in the
disseminated brain inflammation may promote the discovery of
new therapeutic targets. In this regard, the use of one or several
markers that identify the cell types and functional status is not
sufficiently precise. More powerful and precise approaches,
including single cell RNA sequencing® and two-photon live
imaging,®>®* should be employed in future studies. For example,
the roles of peripheral monocytes and brain-intrinsic myeloid cells,
which include microglia, meningeal macrophages, perivascular
macrophages, and choroid plexus macrophages, are not clearly
defined and have often been mixed with each other in previous
studies.®>®® Studies taking advantage of these new approaches
will be helpful to clarify these questions. Finally, evidence from
patients with neurodegenerative diseases, such as Alzheimer's
disease and Parkinson’s disease, suggests that systemic inflamma-
tion might shape the brain pathology and promote degenera-
tion.#®  Hence, investigations of the roles of systemic
inflammation in post-TBI brain inflammation will be interesting
and worthwhile to improve monitoring and interventions.
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