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Purpose of review

The underlying mechanisms responsible for chronic and progressive neurological damage after traumatic
brain injury (TBI) are poorly understood, and therefore, current treatment options are limited. Proteomics is an
emerging methodology to study changes to the TBI proteome in both patients and experimental models.

Recent findings

Although experimentally complex, mass spectrometry-based proteomics approaches are converging on a
set of common methods. However, these methods are being applied to an increasingly diverse range of
experimental models and types of injury.

Summary

In this review, our aim is to briefly describe experimental TBI models and the underlying methods common to most
proteomic approaches. We will then review a series of articles that have recently appeared in which these
approaches have been applied to important TBI questions. We will summarize several recent experimental studies,
and suggest how the results of these emerging studies might impact future research as well as patient treatment.
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Current treatment approaches for traumatic brain
injury (TBI) patients are limited and the long-term
prognosis of those with severe or recurrent injury
remains poor. Advances in medical management
have been slowed by limited understanding of the
underlying pathophysiology. However, one of the
very real challenges in TBI research is the hetero-
geneity of the initial injury which is reflected in the
wide array of experimental models currently in use,
from in-vitro cell and in-vivo animal models to
studies on humans with variable types of injuries
and often unknown prior history of injury. Proteo-
mics approaches can reveal changes in protein
levels between control and experimental samples
which can be used to identify biomarkers as well
as reveal potential pathways of tissue damage. Such
approaches can be applied to bodily fluids including
blood and cerebrospinal fluid (CSF) as well as
cultured cells, intact tissues, and most recently
exosomes. Although highly complex and technical,
there are a common set of steps used in mass spec-
trometry-based proteomics and we will first provide
a brief overview of the essential methods. We will
then review a series of articles published between
uthor(s). Published by Wolters Kluwe
applied to study different questions in TBI (Table 1).
Furthermore, a list of biological process gene ontol-
ogy terms as well as critical proteins found in each
reviewed study is listed in Table 2. Because of the
highly diverse experimental models reviewed, it is
not yet possible to compare each study with the
others. However, common themes are emerging
from these studies, including the role of inflamma-
tory responses following TBI.
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KEY POINTS

� Proteomic approaches are being used to analyze a
diverse range of models/samples to elucidate TBI
pathophysiology longitudinally.

� Proteomics approaches can be used to identify
potential therapeutics and better understand how
therapeutics influence the proteome.

� Potential protein biomarkers and pathological
biochemical pathways are being elucidated for TBI.

� Sets of protein biomarkers may be used to better
classify TBI severity, injury type (focal or diffuse), and
single vs. repetitive injury.

Trauma and rehabilitation
OVERVIEW AND CONSIDERATIONS FOR
PRECLINICAL MODELS OF TRAUMATIC
BRAIN INJURY

Proteomic approaches are well suited for the identi-
fication of the mechanisms of injury of TBI and
provide a strategy for identifying targets for novel
treatments. Preclinical proteomic analysis of the
Table 1. Proteomic Studies Highlighted in This Review

Reference Model

[1&] 1. In-vitro stretch injury
a. B35 cells
b. RN33B
c. SH-SY5Y
d. K048 human neural stem cells (hNSCs)

[2&&] 1. In-vitro stretch injury
a. SH-SY5Y
b. HT-22

2. CCI model (rat)
3. Human CSF

[3&&] 1. Pendulum injury (rat)

[4&&] 1. Stab wound injury (mouse)

[5&] 1. Stab wound injury (mouse)

[6&] 1. CCI and hemorrhagic shock (porcine)

[7&] 1. Human serum

[8&&] 1. Microvesicles/exosomes (derived from human CSF)

[9&&] 1. Postmortem brain tissue
a. CTE (I–IV)
b. Alzheimer’s disease
c. Control

[10&&] 1. Frozen human brain tissue
a. iNPH
b. TBI

CCI, controlled cortical impact; CSF, cerebrospinal fluid; CTE, chronic traumatic enc
brain injury.
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effects of TBI depends on the characterization and
validation of reproducible, clinically relevant mod-
els. Although rodent brains, unlike human brains,
are not gyrencephalic, multiple preclinical rat and
mouse models of TBI have been used, in large part
because they are cost-effective in comparison with
larger animal models. The most common and best
characterized rodent models of TBI are fluid percus-
sion injury, controlled cortical impact (CCI), weight
drop, and blast-induced neurotrauma. Each of these
models is similar to civilian or military TBI in at least
some respects but, because human TBI is extremely
heterogeneous, no model more than partially sim-
ulates clinical TBI.

When studying the proteomic effects of preclin-
ical TBI or reviewing findings from others’ laborato-
ries, several questions should be considered. First,
from what source was the sample derived? Periph-
eral blood samples suggest the possibility of bio-
marker identification, but the exact origin of a
protein is unknowable. CSF contain proteins that
are derived from brain tissue, but as with blood
samples, the source is unknown. Second, if brain
tissue was analyzed, was the tissue from the injury
Question/focus

Medium throughput drug screening approach for the
identification of compounds that reduce proteome changes
associated with cellular damage

Determine the efficacy of hypothermia as a treatment for TBI
and the effect on the TBI proteome

Identification of repetitive TBI-specific proteins/biomarkers

Differential proteome response of gray matter injury vs. gray
and white matter injury

Effect of monocyte invasion and astrocyte proliferation after
TBI on glial scar formation

Determine the efficacy of valproic acid treatment for TBI and
effect on the TBI proteome

Use of serum biomarker profile for defining TBI severity

Potential utility of microvesicles/exosomes for TBI diagnosis

Differential proteome changes associated with different
clinical stages of CTE and comparison of CTE vs.
Alzheimer’s disease

Identification of focal vs. diffuse injury proteome

ephalopathy; iNPH, idiopathic normal pressure hydrocephalus; TBI, traumatic
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Table 2. Critical Gene Ontology Terms and Proteins Identified in the Highlighted Studies

Reference Gene ontology terms Critical proteins

[1&] Structural
Receptor
Nucleic acid binding transcription factor (TF)
Enzyme regulator
Catalytic
Transporter

None reported

[2&&] CCI and 378C vs. 378C
Blood coagulation
Response to wound healing
Hemostasis
CCI and 328C vs. CCI and 378C

Cellular component organization
Response to mercury ion
Macromolecular complex assembly

Plasminogen (PLG)

Antithrombin III (ATIII)

Fibrinogen g chain (FGGa)

Transthyretin (TTRa)

[3&&] Single vs. repetitive mild traumatic brain injury
(mTBI) vs. time points
Autophagy
Cell adhesion
Glutathione metabolism
Myelination
Microtubule depolymerization
Axon guidance
central nervous system (CNS) development

Phosphodiesterase 10a (Pde10a)

Guanine nucleotide-binding protein subunit a(GnaI)

[4&&] Gray matter and white matter injury vs. gray
matter injury only
Lipid biosynthesis
Myelination
Axon ensheathment
Oxidative stress
Cell redox homeostasis
platelet derived growth factor (PDGF) signaling
pathway
transforming growth factor beta (TGFb) signaling
pathway

Glial fibrillary acidic protein (GFAP)

Vimentin

Fibrinogen alpha chain (FGA)

Plasminogen (PLG)

Antithrombin III (ATIII)

von Willebrand factor A domain containing protein8 (vwf8a)

Zinc finger MIZ domain-containing protein 1 (Zmiz1)

[5&] Wild type vs. CCR2-/- mice
Glycosaminoglycan synthesis
Metabolic processes
Negative regulation of: B-cell-mediated immunity,
immunoglobulin-mediated immune response,
immunoglobulin production

Thymocyte nuclear protein 1 (Thyn1)

Bridging integrator 2 (Bin2)

Carbonic anhydrase 12 (Ca12)

3-betaglucuronosyltransferase 2 (B3gat2)

Guanine nucleotide-binding protein subunit a (GnaI)

Mannose-1-phosphate guanylyltransferase a (Gmppa)
Coiled-coil domain-containing protein 85A (Ccdc85a)
Actin-binding LIM protein 3 (Ablim3)
Njmu-R1 (5730455P16ik)
Mitogen-activated protein kinase kinase kinase kinase 2 (Map4k2)

[6&] Valproic acid treatment vs. normal saline control
Cytoplasmic structural proteins
Cell death
Necrosis
Organismal death
Endocytosis
Cell survival, viability, and proliferation
Organization of cytoplasm

Phenylalanyl-tRNA synthetase a subunit (FARSA)

Periplakin (PPL)

ArfGAP with RhoGAP domain

Rho GTPase-activating protein 11 (ARHGAP11)

Trafficking protein particle complex 5 (TRAPPC5)

Tyrosine 3/tryptophan 5-monooxygenase activation protein b
(Ywhab)

Vinculin (VCL)

Nucleolar protein 11 (NOL11)
Canopy FGF signaling receptor

Proteomic changes in traumatic brain injury Sowers et al.
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Table 2 (Continued )

Reference Gene ontology terms Critical proteins

[7&] Found in mild, moderate, and severe TBI
Major acute phase reactant
Acute phase response
Lipid transport
Angiogenesis
Cell adhesion
Blood coagulation hemostasis
Inflammatory response
Cholesterol metabolism
Lipid metabolism
Lipid degradation
Steroid metabolism
Sterol metabolism

Serum amyloid A (SAA)
b

C-reactive protein (CRP)b

Leucine-rich a-2-glycoprotein (LRG1)b

Lipopolysaccharide-binding protein (LBP)
b

Fibronectin (FN)
b

Vitronectin (VN)b

a-1-antichymotrypsin (ACT)b

Kininogen (KNG)

Apolipoprotein E (ApoE)

Zinc-a-2-glycoprotein (AZGP1)

[8&&] Severe TBI CSF vs. control CSF
Cytoskeletal proteins
Neurite outgrowth
Vesicle membrane

Spectrin

Glial acidic fibrillary protein (GFAP)

Ubiquitin carboxyl terminal hydrolase L1 (UCH-L1)

Synaptophysin (SYP)

Alix

[9&&] None reported Mitochondrial ribosomal protein L32 (MRPL32)

Rho guanine nucleotide exchange factor 25 (ARHGEF25)

Neuronal calcium sensor 1 (NCS1)

Voltage-dependent anion channel 3 (VDAC-3)

Calmodulin 2 (CALM2)

Kininogen 1 (KNG1)

Proline-rich region containing (RLTPR)

NAD(P)H dehydrogenase [quinone] (NQ01)

[10&&] Severe TBI vs. iNPH (control)
Neurodegeneration
Cytoskeletal function
Cell death or survival
Cell signaling
Transport or repair pathways
Oxidation or reduction pathways
Energy metabolism

Microtubule-associated protein tau (MAPT)

Fascin

Pyruvate kinase (PKM)
Cathepsin D (CTSD)
Prosaposin (PSAP)

Bold text: proteins identified as elevated relative to control.
Italicized text: proteins identified as decreased relative to control.
CCI, controlled cortical impact; iNPH, idiopathic normal pressure hydrocephalus; TBI, traumatic brain injury.
aProteins found in both human and animal studies.
bElevated in all patients.
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site, from grossly uninjured tissue ipsilateral to the
lesion site or tissue contralateral to the injury site?
Third, if a relatively large sample was required for
analysis, what was the likely heterogeneity of the
sampled tissue? Fourth, were samples from multiple
animals pooled to increase sample size or reduce the
cost of analysis? Fifth, what was the statistical man-
agement of the data, that is, are the findings likely to
be reproducible?
OVERVIEW OF PROTEOMICS METHODS
AND CAVEATS

In current practice, most mass spectrometry-based
proteomics studies use a series of common steps as
outlined below. Samples for analysis can come from
diverse sources including blood, CSF, cultured cells,
and intact tissues. Proteins are extracted from these
712 www.co-neurology.com
biological sources, and total protein is quantified.
Quantification is a critical step because the ensuing
procedures have been optimized for a defined
amount of protein and a consistent quantity of
protein is critical for accurate measurement of
changes in protein abundance among samples. Iso-
lated proteins are then subjected to digestion using
amino acid sequence-specific proteases, usually
trypsin [11].

At this point, ‘isobaric’ reagents can be intro-
duced which are stable isotope-containing mole-
cules that can be used to chemically ‘tag’
peptides. Commonly used isobaric tags include both
tandem mass tags and isobaric tags for relative and
absolute quantitation reagents, and the use of these
tags can allow simultaneous analysis of controls and
experimental samples and provide relative quantifi-
cation with high precision [12,13]. Peptides can
Volume 31 � Number 6 � December 2018
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then be fractionated by liquid chromatography ‘off-
line’ or the peptides can be directly introduced into
the mass spectrometer. Peptides are introduced into
mass spectrometers as ions, and the masses of the
peptide ions are determined. The peptides are then
fragmented in the mass spectrometer and the
masses of the resulting fragments determined. Upon
the basis of the pattern of peptide fragments, the
sequence of the original peptide can be established,
and its identity confirmed via comparison to several
databases (i.e., UniProt) [14]. The entire chromatog-
raphy run can extend to hours with tens of thou-
sands of mass spectra obtained. Data obtained from
proteomic studies are a direct reflection of the start-
ing material composition. Therefore, different brain
regions within the brain have different ratios of cell
types as well as different functions that result in
differential protein expression profiles. This was
eloquently illustrated by the study conducted by
Sharma et al. [15] where they determined cell
type-specific proteins as well as brain region-specific
proteins in mouse brain. Finally, the most accepted
secondary form of validation of proteomic findings
is to use antibody-based assays including western
blot and ELISA.

Once the original liquid chromatography-mass
spectrometer data file has been obtained, various
software approaches can be used to ‘reassemble’ the
peptides into proteins. The ‘quality’ for each protein
identification can be assessed based upon the num-
ber of unique peptides observed. The amount
of each protein can be determined by the signal
intensity of each peptide observed, and statistical
approaches can then be applied to determine which
changes in protein levels between experimental and
control groups are significant [16].

The endpoint of the initial study is a list of
proteins and their relative abundances. Various bio-
informatics approaches can then be applied to these
lists, grouping proteins by gene ontology terms,
interacting networks, and biochemical pathways
[17,18]. Upon the basis of the altered pathways or
networks, inferences can be made as to the underly-
ing pathophysiology created by a specific type of
injury in a specific type of model.

A well-known problem with proteomics studies
is for there to be a bias toward highly abundant
proteins. Protein digestion of high-abundance pro-
teins results in a greater number of digested peptides
more quickly that drown out low-abundance pep-
tides. There are strategies such as those developed by
Fonslow et al. [19] to remove the high-abundance
protein tryptic peptides to improve the identifica-
tion of low-abundance proteins within a sample.
Another potential issue that could bias the proteo-
mic results is related to protein digestion. For
1350-7540 Copyright � 2018 The Author(s). Published by Wolters Kluwe
example, membrane proteins require special solubi-
lization techniques to release the integral proteins
and allow for their digestion and identification [20].
Furthermore, TBI pathophysiology can lead to
aggregation of proteins (i.e., tau) that can be a
challenge to identify with standard protease meth-
odologies. The highlighted study by Cherry et al.
[9

&&

] (later in this review) developed a strategy for
analyzing the detergent-insoluble proteome to gain
a more comprehensive understanding of the prote-
ome alteration related to neurodegeneration.
PROGRESS PRIOR TO 2018

Ganau et al. (2018)

Ganau et al. [21] provide a comprehensive summary
of work prior to 2018. Their systematic review,
which was completed in late 2017, emphasized
applications of proteomic profiling to identify
potential biosignatures for TBI.
PROGRESS TO DATE IN 2018

López-Garcı́a et al.(2018)

This study used perhaps the simplest experimental
system, cells grown in culture [1

&

]. In-vitro models,
although lacking the complexity of tissue, anatomic
structures and an immune response, can provide
high throughput for drug screens. López-Garcı́a
et al. developed an in-vitro model to monitor gene
expression changes, proteomic signatures, mito-
chondrial function, and delayed cell death in neural
cell lines subjected to rapid stretch injury followed by
oxidant (H2O2) stress [1

&

]. This model was then used
to screen a library of 3500 drugs, from which five were
identified to be beneficial. Of these, the antibiotic
rifampicin was identified as a neuroprotectant.

In the proteomics portion of this study, B35 rat
neuroblastoma cells, either undifferentiated or dif-
ferentiated were subjected to stretch injury. Proteins
with either increased or decreased abundance were
identified that were associated with either cell differ-
entiation or in-vitro stretch injury or both (Table 2).
This approach can be used to identify and perhaps
retask drugs for use in TBI and potentially to associate
biochemical pathways with drug actions.
Cheng et al. (2018)

Using a combination of an in-vitro stretch model, a
rat CCI model and CSF from TBI patients, Cheng
et al. [2

&&

] investigated the influence of hypothermia
on response to TBI. The proteomics portion of this
study involved an examination of the influence of
r Health, Inc. www.co-neurology.com 713
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hypothermia after CCI. Temperature modulation in
sham rats alone and TBI resulted in the upregulation
and downregulation of distinct sets of proteins. The
Cheng group noted that CCI and 328C treatment
reversed many of the observed protein changes seen
in the CCI and 378C group. Gene ontology analysis
of the proteins with altered abundance revealed
differences between the CCI and 378C group vs.
the CCI and 328C group (Table 2).

Proteins were also examined in CSF samples
from human TBI patients with mild (7), moderate
(5), and severe (8) injury. Levels of plasminogen
(PLG), antithrombin III (ATIII), fibrinogen gamma
chain (FGG), and transthyretin increased with
increasing injury magnitude. When measured at
3 days following injury, hypothermia resulted in
lower levels of PLG, ATIII, FGG, and transthyretin.
Among the proteins identified in the rat brain tissue
andhumanCSFstudies, FGG and PLGappear inboth.
The authors conclude that inconsistent results from
prior hypothermia studies could result from the com-
plexity of variables in TBI, and that combined prote-
omics and bioinformatics analysis of appropriate
biomarkers might improve the selection of patients
who would benefit from hypothermia therapy.
Song et al. (2018)

To examine the global proteome effects of repetitive
TBI, Song et al. [3

&&

] used a unique rat model of
repetitive mild brain injury. The repetitive groups
were impacted once per day for 3 consecutive days.
Rats were sacrificed 1 day, 7 days, or 6 months
following the final strike. Differentially expressed
proteins were analyzed by gene ontology annota-
tion (Table 2). At 6 months after injury, two pro-
teins, phosphodiesterase 10a (Pde10a) and guanine
nucleotide binding protein subunit a (Gnal), were
significantly unregulated in the repetitively injured
group compared with the singly injured and sham
groups. Both Pde10a and Gnal are proteins involved
in cyclic adenosine monophosphate signaling and
therefore involved in cell survival and inflamma-
tion. An important result of this study is that the
levels of both Pde10a and Gnal were significantly
elevated in the multiple injury vs. the single injury
group 6 months after the initial injury.
Mattugini et al. (2018)

Mattugini et al. [4
&&

] used a proteomics approach to
examine differences in stab wound injury in the
adult murine cerebral cortex. The focus of the study
was to determine if damage resulting from injury to
gray matter alone was different from gray matter
extending into the underlying white matter 3 days
714 www.co-neurology.com
post injury. Punch biopsies were obtained from the
gray matter around the lesion site and from a cor-
responding contralateral site. Lists of proteins sig-
nificantly different between the two hemispheres
were obtained. After gray matter alone and gray
matter and white matter injury, levels of glial acidic
fibrillary protein and vimentin increased substan-
tially as did proteins involved in blood coagulation
(fibrinogen a chain, PLG, ATIII). A cluster of pro-
teins and associated gene ontology terms increased
in the gray matter and white matter group, as
opposed to the gray matter alone group (Table 2).
The authors concluded that there are profound
differences resulting from damage to gray matter
alone vs. damage to gray matter with white matter
injury inducing reactive gliosis that contributes to
scar formation and inhibits axonal regeneration.
Frik et al. (2018)

Frik et al. [5
&

] also used a stab wound injury model to
investigate the importance of monocyte invasion,
astrocyte proliferation, and the importance of the
C–C–chemokine receptor 2 (CCR2). CCR2 directs
monocytes to inflamed tissues, and the loss of CCR2
reduced macrophage infiltration and improved cog-
nitive function after TBI [22]. Frik et al. produced
stab wounds in wild-type, mixed-sex, and CCR2-/-

mice and examined astrocyte proliferation and
immune cell infiltration in wild-type and CCR2-/-

mice at intervals up to 90 days following surgery [5
&

].
For the proteomics portion of the study, samples
were taken at only day 5 post injury. Proteins with
significant changes were analyzed with respect to
protein network interactions and gene ontology
biological processes (Table 2). Proteins associated
with the gene ontology terms glycosaminoglycan
synthesis and metabolic processes were found to be
higher in the wild-type animals, consistent with the
decreased extracellular matrix deposition and scar
formation in the CCR2-/- group after stab wound
injury observed by immunohistochemical methods.
This study demonstrates the important role of
monocyte invasion and astrocyte proliferation in
scar formation following TBI.
Weykamp et al. (2018)

Weykamp et al. [6
&

] studied the role of the antiepi-
leptic agent, valproic acid (VPA), in modulating the
proteome in a porcine model of TBI. In addition to
acting as a g-aminobutyric acid channel modulator,
VPA, at higher concentrations, acts as a histone
deacetylase inhibitor. In their study, female York-
shire swine received CCI and were simultaneously
bled 40% of total blood volume to simulate
Volume 31 � Number 6 � December 2018
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hypovolemic shock that often accompanies TBI in
both civilian and military trauma. Peripheral blood
monocytic cells were collected at three time points;
at baseline, 60 min after VPA infusion, and after
resuscitation with normal saline infusion. A series
of proteins were identified that distinguished the
normal saline from the normal saline and VPA
group, most of which were cytoplasmic structural
proteins (Table 2). In the VPA-treated animals, pro-
teins associated with cellular compromise were
decreased and cellular survival were increased.
The induction of VPA-mediated changes was too
rapid to be explained by VPA-mediated changes in
histone acetylation and transcriptional accessibility.
Increases in protein acetylation were observed for
histone H3, ras-related protein Rab-14, which is
involved in endocytic transport and cell–cell adhe-
sion, and rho guanosine nucleotide dissociation
inhibitor, a rho signaling inhibitor. Potential limi-
tations of this study include the small number of
experimental animals, and the simultaneous induc-
tion of TBI and hemorrhagic shock. The extrapola-
tion of the results obtained here in peripheral blood
monocytic cells to neurons and astrocytes found in
the brain awaits experimental validation.
Anada et al. (2018)

Anada et al. [7
&

] proposed a panel of human serum
protein biomarkers to measure the severity of TBI.
Although patients with TBI are traditionally strati-
fied based upon the Glasgow Coma Scale (GCS), the
authors argued that the increased use prior to arrival
at the hospital of intubation and sedation, would
eliminate verbal responses and may eliminate eye
opening (two of the three components of the GCS),
impair assessment of patient status, and could
increase the importance of serum biomarkers. Sera
were pooled and on the basis of GCS at presentation,
generated four groups; mild TBI (GCS: 13–15), mod-
erate TBI (GCS: 9–12), severe TBI (GCS: 3–8), and
control. A series of 10 secreted proteins were
observed to increase in abundance (Table 2).
Increased levels of two proteins, serum amyloid-A
and C-reactive protein, were confirmed by ELISA,
however, neither protein is specific to TBI.

Overall, the authors showed that increased
abundance of seven proteins were elevated in all
TBI patients (Table 2). Although individually, these
proteins cannot be used as specific TBI biomarkers,
collectively they suggest patterns that might distin-
guish mild, moderate, and severe TBI.
Manek et al. (2018)

This study examined exosomes, isolated from
human CSF following TBI, using a proteomics
1350-7540 Copyright � 2018 The Author(s). Published by Wolters Kluwe
approach [8
&&

]. Exosomes or microvesicles/exo-
somes (MV/E) are released from brain cells during
disease and injury. The MV/E contain products from
damaged cells, including proteins. CSF was obtained
from normal patients, TBI patients with GSC <8,
and from the CSF drainage system in patients with
severe blunt head trauma. The number of proteins in
MV/E of trauma patients (466) was considerably
larger than in human control samples (92). The
MV/E from TBI CSF had several proteins not found
in the controls, including cytoskeletal proteins, neu-
rite outgrowth-related proteins, and vesicle mem-
brane proteins. Intact spectrin and GFAP, as well as
their corresponding breakdown products, and ubiq-
uitin carboxyl terminal hydrolase L1 and Alix, were
observed to increase substantially in the MV/E from
TBI patients. The authors concluded that CSF from
patients contained exosomes derived from multiple
cell types in the brain, and that the analysis of these
proteins, as well as their breakdown products could
have important diagnostic value in TBI.
Cherry et al. (2018)

Cherry et al. [9
&&

] examined detergent-insoluble pro-
teins in postmortem brain tissue from patients with
chronic traumatic encephalopathy (CTE). CTE is
thought to result from repetitive head trauma,
although specific underlying disease mechanisms
are currently unknown. Patients diagnosed with
CTE (11), Alzheimer’s disease (8), and control cases
(6) were examined. A series of proteins were identi-
fied that distinguished CTE from control and
Alzheimer’s disease samples, and some proteins
common to CTE and Alzheimer’s disease were also
observed. Among the proteins examined, seven
were indicated as proteins of interest including
NQO1 (Table 2). The NQO1 gene encodes the pro-
tein NAD(P)H dehydrogenase [quinone] 1. The
increased abundance of NQO1 was confirmed using
immunohistochemistry and its levels were shown to
increase with increasing CTE stage. The increased
abundance of NQO1 in CTE may suggest activation
of a protective response to oxidative stress. It is
currently unknown if the proteins extracted from
detergent-insoluble precipitates are enzymatically
active or if their association with hyperphosphory-
lated tau indicates they have become a component
of pathological aggregates.
Hamdeh et al. (2018)

Hamdeh et al. [10
&&

] focused on elucidating the
differences between the focal and diffuse TBI prote-
ome in 16 severe TBI patients presenting with a GSC
score �8 (average 4.3). A unique aspect of this study
r Health, Inc. www.co-neurology.com 715
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was that brain samples were obtained from structur-
ally normal-appearing (by imaging) frontal cortex
obtained during insertion of an intracranial pressure
(ICP) monitor. Control patients comprised a group
of 11 idiopathic normal pressure hydrocephalus
(iNPH) patients. Potentially limiting aspects of the
study include small patient numbers, small tissue
sample amounts, heterogeneity in age (17–83 for
the TBI patients and 64–80 for the iNPH patients),
and heterogeneity in mechanism of injury for the
TBI patients, although most (69%) were injured in a
motor vehicle accident. The majority of both TBI
(75%) and idiopathic normal pressure hydrocepha-
lus (iNHP) patients (64%) were men.

For the proteomics studies, brain biopsies were
taken when the ICP monitor was inserted, between 3
and 175 h post injury. When results of protein levels
from a series of six TBI patients, not otherwise
distinguished as diffuse or focal TBI, were compared
with the iNPH patients, a subset of the identified
proteins was found to be altered in a statistically
significant number of patients; several of which
have been previously shown to be altered in both
human and animal TBI proteomic studies (Table 2).

In a second study, proteome differences were
examined between patients with focal injury and
diffuse axonal injury (DAI) for which several of the
altered proteins were similar to those found in the
previous comparison between TBI and iNPH con-
trols. It is important to note that the samples in this
study were obtained from normal-appearing cortical
tissue at the location of the ICP monitor and at a
distance from any radiologically apparent brain
injury. In previous studies, tissues were obtained
closer to the apparent site of injury. More than 20
proteins in the DAI group had altered abundance
relative to the iNPH or focal injury groups, suggest-
ing that DAI is associated with more widespread
injury (Table 2). The authors suggest that under-
standing the heterogeneity in injury among TBI
patients has implications for individualized therapy
for TBI patients. Further, the more widespread and
complex alterations in the DAI patients are indica-
tive of a secondary injury cascade that may be
related mechanistically to the development of
neurodegenerative disorders in TBI patients.
CONCLUSION

Proteomics has emerged as a sophisticated tool with
applications in many human diseases, including
cancer and neurodegeneration as well as TBI. The
field of proteomics is maturing with evolving stand-
ards for sample preparation and data analysis that
will make the results of such studies available
for examination by a much broader range of
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investigators. Bioinformatics approaches for valida-
tion and comparison across multiple studies are in
progress. The past year has shown that these meth-
ods can be applied in multiple experimental settings
from in-vitro models to human studies to ask
increasingly complex questions about critical vari-
ables in TBI. Although several consistent themes are
emerging from these studies, in particular the role of
inflammation in post-TBI injury, it is not yet possi-
ble to integrate these studies at the level of specific
proteins. Future studies will create additional tools
and data that will codify mechanistic details result-
ing in acute and chronic neurodegeneration and
hopefully lead to improved methods for patient
stratification and treatment methods and agents.
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