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Abstract

Perturbations in blood vessels play a critical role in the pathophysiology of brain injury and neurodegeneration. Here, we

use a systematic genome-wide transcriptome screening approach to investigate the vasculome after brain trauma in mice.

Mice were subjected to controlled cortical impact and brains were extracted for analysis at 24 h post-injury. The core of

the traumatic lesion was removed and then cortical microvesels were isolated from nondirectly damaged ipsilateral cortex.

Compared to contralateral cortex and normal cortex from sham-operated mice, we identified a wide spectrum of responses

in the vasculome after trauma. Up-regulated pathways included those involved in regulation of inflammation and ex-

tracellular matrix processes. Decreased pathways included those involved in regulation of metabolism, mitochondrial

function, and transport systems. These findings suggest that microvascular perturbations can be widespread and not

necessarily localized to core areas of direct injury per se and may further provide a broader gene network context for

existing knowledge regarding inflammation, metabolism, and blood–brain barrier alterations after brain trauma. Further

efforts are warranted to map the vasculome with higher spatial and temporal resolution from acute to delayed phase post-

trauma. Investigating the widespread network responses in the vasculome may reveal potential mechanisms, therapeutic

targets, and biomarkers for traumatic brain injury.
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Introduction

Traumatic brain injury (TBI) is a major public health issue.1

Intense research has been directed to identify neuroprotective

therapies to improve outcome after trauma. Unfortunately, clinical

trials have not yielded any broadly efficacious treatments, and

current care for TBI patients remains mostly supportive.2–4

Over the past decade, the concept of the neurovascular unit has

emerged to suggest that treatments for stroke and neurodegenera-

tion cannot be found by focusing on neurons alone. Instead, cell-

cell signaling between all elements in neuronal, glial, and vascular

compartments must be addressed in order to rescue function and

improve outcomes in damaged and diseased brain.5–7 Is it possible

that for TBI, pure neuroprotection alone is also insufficient? In this

study, we hypothesize that widespread vascular responses may

occur in the context of TBI pathophysiology.

It was recently proposed that responses in blood microvessels

(i.e., perturbations in the vasculome) mediate brain function and

dysfunction.7–10 The entire network of microvessels in the brain is

no longer viewed as inert pipes. Instead, the cerebral endothelium is

now recognized to be an active participant for cell-cell signaling in

the neurovascular unit. Under normal conditions, endothelium may

provide signals that support neurogenesis,11,12 protect neurons

against stress,13,14 and mediate homeostasis in oligodendrocyte

precursor pools.15 When activated by injury, the endothelium may

produce proinflammatory cytokines that magnify neuroinflamma-

tion and secondary injury.16–18 Injured endothelial cells may no

longer achieve the appropriate balance between coagulation and

fibrinolysis, resulting in hemorrhage, microthrombin formation,

and perturbations of cerebral blood flow.19–21 Furthermore, disrup-

tion of endothelial tight junctions and basal lamina may lead to

breakdown of the blood–brain barrier (BBB) with subsequent brain

edema.22,23 Stressed endothelium may also release measurable sig-

nals into the bloodstream, thus providing a potential source of bio-

markers.24 Ultimately, the entire brain endothelium plays a central

role in substrate delivery, BBB function, flow-metabolism coupling,

and trophic support for neurons and glia. Hence, mapping re-

sponses in the vasculome may offer new insights into mechanisms,
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therapeutic targets, and potential biomarkers in TBI. In this study, we

used systematic genome-wide transcriptome screening approach to map

the vasculome after controlled cortical impact (CCI) brain injury in mice.

Methods

Mouse controlled cortical impact

All CCI protocols were approved by the Massachusetts General
Hospital Institutional Animal Care and Use Committee and com-
plied with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. Male C57Bl/6 mice (10–12 weeks of
age) were used for this model, as reported previously.25 Briefly,
mice were anesthetized with 4% isoflurane (Anaquest, Memphis,
TN) in 70% N2 and 30% O2 and positioned in a stereotaxic frame. A
5-mm craniotomy was performed over the right cerebral hemi-
sphere between the bregma and lambda by the use of a trephine
drill, and the bone flap was removed. After craniotomy, mice were
subjected to injury by a pneumatic cylinder with a 3-mm flat-tip
impounder, 4.8 m/s of velocity, 0.6 mm of depth, and 150 ms of
impact duration. Post-CCI, the scalp was sutured closed and mice
were returned to their cages to recover from anesthesia. To con-
firm reproducible injury, mouse brains were cut and standard
hematoxylin-eosin (H&E) stains were used to assess the distribu-
tion of traumatic injury.

Preparation of brain microvessels

Mice were sacrificed 24 h post-injury. After perfusion with
phosphate-buffered saline (PBS), brains were harvested. Two sides
of hemispheres (contra- and ipsilateral sides) were separated, re-
moving the core lesion areas (which fall apart quite easily) and
underlying white matter, then rolling on the filter paper to get rid of
meninges and the remaining loose debris. After this, cortical tissue
from each hemisphere was pooled from 4 mice, homogenized in
cold PBS on ice with Knote Dounce glass tissue grinder (Part
885300-0002; Kimble Chase Life Science, Vineland, NJ), then
centrifuged at 4�C, 500g for 5 min. The tissue pellet was suspended
with 18% Dextran solution (molecular weight 60–90 kDa; USB
Corporation, Cleveland, OH) in PBS and then centrifuged again at
4�C, 2500g for 20 min. The resulting pellet from this Dextran
gradient centrifugation provides the raw sample of brain micro-
vessels, as previously described.26 To increase yield, the superna-
tant was centrifuged again and the pellets from two centrifugations
were pooled, washed once in PBS, and then resuspended in PBS.
The final suspension was filtered through a 40-lm cell strainer to
get rid of remaining single cells or small cell clumps. The resulting
microvessels on the top of the cell strainer were used directly for
RNA extraction. To confirm purity, isolated microvessels were
subjected to immunostaining for endothelial, smooth muscle cell,
and glial markers. Primary antibodies anti-CD31, alpha-smooth
muscle actin (a-SMA), and glial fibrillary acidic protein (GFAP)
were used. Texas Red–labeled lycopersicon Esculentum (tomato)
Lectin (Vector Laboratories, Burlingame, CA) was also used to
stain vessel fragments. Note that in this study, we collected brain
microvessel fragments using dextran gradient centrifugation, un-
like the original vasculome paper where enzyme digestion and CD-
31 magnetic bead isolation were required for the structurally
tougher tissue from heart and kidney. We acknowledge that the
comparative purity of endothelial cells may be different between
these two methods. But according to reverse-transcriptase poly-
merase chain reaction (RT-PCR) verification, sufficient purity
of microvessels was still obtained here.

Quantitative real-time polymerase chain reaction

Relative expressions (ipsilateral vs. contralateral [Ipsi/Cont] and
ipsilateral vs. normal condition [Ipsi/Norm]) of some selected

genes were verified by RT-PCR, a commonly used technique to
quantify relative gene expression. First-strand complementary
DNA (cDNA) was synthesized with the SuperScript VILO syn-
thesis system (Invitrogen, Grand Island, NY), consisting of Su-
perScript III reverse transcriptase and Oligo(dT) primers. Specific
gene expression level was quantified by real-time PCR on an ABI-
7500 (Applied Biosystems, Foster City, CA) thermal cycler using
predesigned Taqman primers with FAM fluorescent labeling (Ap-
plied Biosystems). Data normalization was performed by quanti-
fication of the endogenous 18S ribosomal RNA, and fold change
was measured with 2-DDCt method.

Hematoxylin-eosin staining

To check the histomorphological condition of mouse brain
hemisphere, standard H&E staining was processed by Massachu-
setts General Hospital Histopathology Research Core (Boston,
MA).

Microarray sample analysis

Total RNA was extracted from the fresh preparation of brain
microvasculature with the RNeasy Plus Micro kit (Qiagen, Hilden,
Germany). Concentration of RNA was measured by Nanodrop, and
integrity of RNA was tested with the RNA integrity number (RIN)
score on the Agilent Bioanalyzer 2100 (Agilent Technologies, Inc.,
Santa Clara, CAQ). All samples had RIN scores larger than 8.0.
Microarray hybridization and scanning was done by Expression
Analysis Corporation with Affymetrix murine whole genome mi-
croarray M430 2.0, with 3-IVT (in vitro transcription) and Encore
Biotin Module for amplification, fragmentation, and labeling. Raw
expression data from each chip for each sample were summarized
and normalized using the Robust Multi-Array algorithm. The
quality of each chip was determined by manually checking mean
values, variances, and paired scatter plots as well as principal
component analysis plots. All chips passed the quality check. All
statistical analyses were performed with the statistics software R
(version 2.6.2; available from: http://www.r-project.org) and R
packages developed by the BioConductor project (available from:
http://www.bioconductor.org).

Microarray data analysis

After normalization and quality checking, samples were clus-
tered using an unsupervised clustering method based on Pearson’s
correlation coefficient-derived distance matrix using all probes on
the chip. Distances between clusters were determined using the
complete link method. Next, differentially expressed genes were
identified, based on both statistical significances, which were de-
termined using the significance analysis of microarrays algorithm
(a variant of t-test and specifically designed for microarray data),
and fold change threshold. The genes with p < 0.01 and fold change
>2 or <0.5 were considered as differentially expressed. The com-
bination of fold change threshold and p values serves to eliminate
most false positives, producing a more stringent list. Third, sig-
nificantly changed gene sets in whole transcriptome were identified
using the gene set enrichment analysis (GSEA) method.27 The
GSEA method requires two inputs: 1) a master list of genes ranked
according to expression differences between two states and 2)
a priori–defined gene sets (e.g., pathways) that consist of specific
function-related genes. In this study, input 1 is a list of all genes
presented on the Affymetrix mouse M430 2.0 platform and ranked
according to the fold changes between two groups; input 2 is the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
database (http://www.genome.jp/kegg/) or Gene Ontology (GO)
database (http://geneontology.org/).28,29 Enrichment scores were
calculated with standard parameters.
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Results

Purity and cluster analysis of the traumatic
brain injury vasculome

Mice were subjected to CCI (n = 12), and brains were removed at

24 h post-TBI. To prevent contamination of the vasculome by brain

debris and nonspecific necrotic tissue, the center core of the TBI

lesion was dissected away and tissue samples were isolated from

nondirectly damaged ipsi- and contralateral cortex (Fig. 1). H&E

staining confirmed that these nondirectly damaged cortical areas

had no obvious damage (Fig. 1). For comparison, normal cortex

was also obtained from sham-operated mice (n = 6).

Microvessels were then purified from all samples. Immuno-

staining demonstrated that isolated microvessel fragments were

positive for endothelial CD31 markers and lectin staining and

lacked contaminating signals from astrocytic GFAP or smooth

muscle/pericyte a-SMA markers (Fig. 2A). RT-PCR confirmed

purity of the isolated vasculome, with enriched levels of endothelial

genes (Cdh5, eNOS, and CD31) and low levels of astrocyte (AQP4

and GFAP) and neuronal (MAP2 and Nrgn) genes (Fig. 2B), when

compared to whole brain cortex RNA samples. There was also no

significant contamination from blood; low levels of monocyte

(Emr1 and Mac1) and neutrophil (MPO) genes were detected in our

vasculome samples, when compared to blood samples (Fig. 2C).

Twelve hemisphere tissue samples per group were obtained for

normal shams and contra- and ipsilateral groups, and four samples

were pooled into one microarray chip, finally resulting in three

chips per study group. Expression profiles were clustered based on

the signals of all probes on each chip. Profiles from contralateral

and normal cortex were similar to each other, suggesting that

this CCI model of TBI did not significantly affect contralateral

endothelium by 24 h post-injury (Fig. 3). However, all three sam-

ples from ipsilateral cortex were clustered together and clearly

separated from normal and contralateral cortex (Fig. 3). This un-

supervised clustering result indicated that the vasculome from

nondirectly damaged cortical areas was significantly perturbed

by TBI.

Differentially expressed genes

Applying the standard criteria of p £ 0.01 and fold change ‡2 or

£0.5, there were only 13 genes that were different between samples

from contralateral versus normal cortex, again suggesting the lack

of large effects in the contralateral mouse brain vasculome post-

CCI. However, significant changes were detected in the vasculome

from nondirectly damaged ipsilateral cortex; 141 genes were

significantly up-regulated and 331 genes were significantly down-

regulated compared to contralateral levels, whereas 191 signifi-

cantly up-regulated genes and 238 significantly down-regulated

genes compared to normal samples (see Supplementary Table 1

for full listing) (see online supplementary material at http://www

.liebertpub.com). To further ensure that our microarray measure-

ments were reliable, quantitative PCR was used to confirm changes

of representative genes from various functional groups, including

growth factors, extracellular matrix (ECM) proteinase and com-

ponents, endothelial response genes, and cytokines. Although there

were slight numerical differences in exact levels of quantitation,

overall patterns of up- and down-regulation appeared to match

between PCR and microarray analyses (Table 1).

After general confirmation of these changes in gene expression,

the entire TBI vasculome was then assessed to obtain lists of dif-

ferentially expressed genes in nondirectly damaged ipsilateral

cortex. Up-regulated genes (greater than 5.0-fold change vs. sham)

and down-regulated genes (less than 0.30-fold change vs. sham)

were compiled (Tables 2 and 3, respectively). In general, these

differentially expressed genes appeared to belong to prominent

functional groups (e.g., matrix proteins, proteinase and their regu-

lators, inflammation response genes and cytokines, and metabolism-

related enzymes). Some patterns may also emerge. Genes belonging

to matrix and inflammation responses tended to be up-regulated,

FIG. 1. Sketch of mouse CCI model and sample collection. Left panel shows the CCI model with controlled dropping impounder. Top
right shows representative light images of cortexes for contralateral (Cont) and ipsilateral (Ipsi) samples, indicating the missing core
area in Ipsi. Lower panel shows representative images of hematoxylin and eosin staining (lower, 400·), indicating no obvious damage in
both Contr and Ipsi cortexes. CCI, controlled cortical impact. Color image is available online at www.liebertpub.com/neu
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whereas most of the metabolic genes tended to show reduced

expression post-TBI.

The fact that many vasculome genes were altered in the matrix

category may be consistent with the overall concept of the neuro-

vascular unit. Matrix proteins mediate communication between

cells, interaction between cells and extracellular environment, and

can also modulate the bioavailability of growth factors and other

signaling molecules. For BBB regulation, for example, matrix

metalloproteinase (MMP) 3 mediates BBB leakage and edema and

hemorrhage.30,31 Serpine1 (also known as PAI-1 [plasminogen

activator inhibitor type 1]), a tissue plasminogen activator (tPA)

inhibitor, is known to regulate the tightness of brain endothelial

barriers.32 The increase of angiopoietin (Ang) 2, or the disturbed

ratio of Ang1/Ang2, is suspected of contributing to loss of BBB

integrity after brain injury.33,34 Tissue inhibitor of metalloprotei-

nase (TIMP-1), as a general inhibitor to MMPs, may also amelio-

rate BBB leakage post-injury.35 Perhaps these vasculome responses

represent, in part, acute pathophysiology as well as the beginnings

of endogenous repair post-TBI.

Another prominent aspect of the TBI vasculome may be re-

lated to the angiogenesis process36,37; many genes were altered in

this category. Thrombospondin 1 (THBS-1) is one of the endoge-

nous protein inhibitors of angiogenesis; Adamts (1 and 9) have

potential antiangiogenic effects from their THBS-1 repeat

FIG. 2. Purity of brain microvessel fragments. Partial of fragments were used for fluorescent immunostaining (A), with cell markers
for endothelial cells (CD31 and lectin), astrocyte (GFAP), and smooth muscle cells/pericyte (a-SM-actin). (B) Expression levels of brain
cell markers are compared between microvessel fragments (MBMV) and whole brain (WB) by reverse-transcriptase polymerase chain
reaction, and (C) expression levels of some leukocytes genes are compared between MBMV and mouse WB. Bar represents the mean –
standard deviation from three individual samples. AQP4, aquaporin 4; Emr1, endothelial growth factor–like module-containing mucin-
like hormone receptor-like 1; eNOS, endothelial nitric oxide synthase; GFAP, glial fibrillary acidic protein; Mac1, macrophage antigen
1; MAP2, microtubule-associated protein 2; MPO, myeloperoxidase; Nrgn, neurogranin; a-SM-actin, alpha-smooth muscle actin. Color
image is available online at www.liebertpub.com/neu
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domains.38 Transgenic mice with overexpressed tissue factor

pathway inhibitor-2 show reduced neovascularization,39 whereas

PAI-1-deficient mice show markedly increased angiogenesis and

enhanced wound healing,40 and addition of PAI-1 reduced Sonic

hedgehog–induced tube formation.41 Cysteine-rich angiogenic in-

ducer 61 has been identified as a novel, vascular endothelial growth

factor (VEGF)-A-independent, clinically relevant proangiogenic

factor response to hedgehog signaling, for tumor growth, tissue

repair, and normal vascular development.42–44 Syndecan 1 (Sdc1),

a major component of the endothelial glycocalyx, is reported to

participate in VEGF-induced angiogenesis45 and might also nega-

tively regulate fibroblast growth factor 2 (FGF2)-induced vascular

growth,46 suggesting the dual roles of Sdc1 in regulation of an-

giogenesis. Ang2 is considered as a proangiogenesis factor, facil-

itates VEGF-induced angiogenesis in the mature mouse brain

compared to VEGF alone,47,48 and is involved in brain develop-

ment and tumor growth.49,50 By human transcriptome and inter-

actome analysis, CD44 was identified as one of six proteins at the

center of an angiogenesis-associated network, suggesting its central

role of crosstalk between protein families in regulation of angio-

genesis.51 Taken together, this broad spectrum of angiogenic genes

suggests that the TBI vasculome may be surprisingly trying to

remodel, even at this acute stage post-injury.

For metabolic enzymes, the majority of responses trended to-

ward down-regulation, suggesting that the functional status of

microvessels may be significantly altered even far away from di-

rectly damaged tissue. Apelin (Apln) regulates glucose metabolism

and insulin sensitivity, partially through a nitric oxide (NO)-

dependent pathway.52,53 It is known to be beneficial to blood ves-

sels by promoting angiogenesis, ensuring vascular integrity,54–57

and regulating blood pressure.58 Further, it is suggested that Apln

has protective effects on neurons, by activating several prosurvival

signaling and inhibiting excitotoxic signaling in neurons.59,60 Gene

xdh encodes for two enzymes, XDH and XO (xanthine oxidase),

which could be converted by reversible sulfhydryl oxidation or

irreversible proteolytic modification. Both are known for metabo-

lism of purines and as a resource for oxygen radicals and have been

implicated in the pathogenesis of endothelial injury and several

diseases. There is an association between increased XO activity and

negative clinical outcomes,61–64 but the final balance may be

complex given that recent reports also suggest that XO could a

beneficial factor in those pathological conditions by inducing NO

production.65 Sphingosine phosphate phosphatase 2 (Sgpp2) is one

of the metabolic enzymes essential for degradation of S1P

(sphingosine 1-phosphate), which is a bioactive lipid molecule that

acts as both an extracellular signaling mediator and an intracellular

second messenger, suggesting that Sgpp2 participates in S1P-

related functions, including angiogenesis and BBB regulation.66

For the general category of inflammatory response genes, the

TBI vasculome showed a general increase in expression. Pentraxin

3 (PTX3), a hormonal mediator of innate immunity, regulates

hyaluronic acid-enriched ECM assembly and inhibits FGF2-

mediated angiogenesis.67,68 PTX3 is induced under inflammatory

conditions, and deficiency of PTX3 promotes vascular inflamma-

tion and atherosclerosis, suggesting the vascular protective effects

FIG. 3. Hierarchical cluster analysis of microarray data. The
expression levels of all probes in each chip for individual sample
were analyzed, as vasculome from normal (Norm), contralatral
(Cont) and non-directly-damaged ipsilatral (Ipsi) samples, using
unsupervised clustering algorithm. y-axis indicates sum of abso-
lute distance between samples.

Table 1. Verification of Microarray Data by RT-PCR

Microarray qPCR

Symbol Ipsi/norm Ipsi/cont Ipsi/norm Ipsi/cont Description

Fmod 0.08 0.07 0.06 0.05 Fibromodulin
Cxcl12 0.25 0.24 0.51 0.39 Chemokine (C-X-C motif) ligand 12
VCAM-1 0.26 0.39 0.23 0.30 Vascular cell adhesion protein 1
PDGF-d 0.30 0.27 0.67 0.39 Platelet-derived growth factor, D polypeptide
IGF-1R 0.52 0.47 0.69 0.71 Insulin-like growth factor I receptor
ZO-1 0.71 0.63 0.62 0.44 Zona occludens protein 1
MMP-9 1.10 1.07 1.51 2.91 Matrix metallopeptidase 9
NOS-3 1.42 1.00 1.31 0.75 Nitric oxide synthase 3
BDNF 1.81 1.92 1.05 2.12 Brain-derived neurontrophic factor
IL-6 3.60 3.39 20.00 10.48 Interleukin-6
Tnc 6.41 4.89 26.01 18.41 Tenascin C
Thbs1 6.96 5.40 9.98 9.19 Thrombospondin 1
CD44 12.66 6.56 20.14 26.05 CD44 antigen
TIMP-1 15.03 5.49 8.73 7.45 Tissue inhibitor of metalloproteinase 1
Serpine1 20.87 12.02 31.5 22.3 Serine (or cysteine) peptidase inhibitor clade E,

member 1
MMP-3 25.46 15.62 65.75 1882 Matrix metallopeptidase 3

The values fold change represent the mean of three samples in each group of nondirectly damaged ipsilateral (Ipsi), contralateral (Cont), and normal
(Norm) microvessel fragments.

RT-PCR, reverse-transcriptase polymerase chain reaction; qPCR, quantitative polymerase chain reaction.
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of PTX3.69 Similarly, PTX3 is reported to have a protective func-

tion in seizure-induced neurodegeneration.70 Both interleukin (IL)-

11 and leukemia inhibitory factor (LIF) are members of the Il-6

family of cytokines, and both are neuropoietic cytokines with tro-

phic effects on subsets of neurons, with beneficial effects for tissue

recovery post-injury.71–74 IL-11 also shows thrombopoietic activity

and cytoprotective effects.75–77 It was reported that plasma IL-11

levels in spontaneous intracerebral hemorrhage (ICH) patients are

highly associated with mortality and hydrocephalus occurring after

ICH.78 LIF is also a key regulator for stem cell proliferation and

differentiation, such as for astrocytes, oligodendrocyte progenitor

cells, and neural stem cells, in addition to endothelial cells.79–81

Inhba is a subunit to several cytokines, including homodimer of

Activin A, and heterodimer of Activin AB or Inhibin A, all belong

to the transforming growth factor beta (TGF-b) superfamily, but

Activins and Inhibins are functionally antagonists. Activin A is

reported to be released early in acute systemic inflammation, in-

creased in many disease conditions,82 and strongly expressed

during the repairing process of various tissues and organs, includ-

ing the cardiovascular system and brain.83 Activin A also exerts

antiproliferation and anti-angiogenesis effects, but with neuropro-

tective effect.84 It mediates the best documented neuroprotective

growth factor, FGF2-induced neuroprotection.85 Taken together,

many of these up-regulated genes may represent enhancement of

the inflammatory status in the TBI vasculome. However, there may

be hints of pathway specificity, and not all responses were uni-

formly up-regulated. Some interesting signals were decreased. For

example, chemokine (C-X-C motif) ligand 12 (Cxcl12; also known

as SDF-1 [stromal cell-derived factor-1]), a chemoattractant for

immune cells in response, regulates leukocyte recruitment and their

transendothelial migration.86,87 Vascular cell adhesion molecule

(VCAM-1), an adhesion molecule, also functions as a scaffold for

leukocyte (and other immune cells) migration and a trigger of en-

dothelial signaling through nicotinamide adenine dinucleotide

phosphate oxidase–generated reactive oxygen species.88 Both

Cxcl12 and VCAM-1 appeared to be reduced in nondirectly im-

pacted microvessels, perhaps suggesting an endogenous response

to help to reduce the leukocyte invasion around this ‘‘histologically

normal’’ area. It is well accepted that neuroinflammation with TBI

has both detrimental and beneficial effects,89,90 and our vasculome

responses may be consistent with this general principle as well.

A key function of cerebral endothelium is the regulation of

permeability and hemodynamics. No significant changes were de-

tected for the primary tight junction and adherens junction proteins,

consistent with the fact that no explicit BBB damage occurred in

the nondirectly damaged cortex. However, the TBI vasculome

showed interesting perturbations in some permeability-associated

genes. The membrane proteins, integral membrane protein 2A and

epithelial membrane protein 1 (EMP1), have been reported to have

specific expression in brain microvascular endothelial cells, com-

pared to aortic endothelial cells, suggesting that they might be

novel contributors to BBB function. EMP1 was further shown to be

colocalized with occludin and this might facilitate its ability to

coregulate BBB function under injury conditions.91 For hemody-

namic status, a larger list of genes was detected, including adre-

nomedullin (Adm) and endothelin 3 (Edn3), two autocrine peptides

Table 2. List of the Most Increased Genes in Mouse TBI Vasculome Compared to Normal Brain Vasculome

Fold change

Probe ID Gene ID Symbol Description Ipsi/norm Cont/norm Function

418666_at 19288 Ptx3 Pentraxin-related gene 34.40 4.88 Inflammation
1418945_at 17392 Mmp3 Matrix metallopeptidase 3 25.46 1.63 ECM
1419149_at 18787 Serpine1 Serine (or cysteine) peptidase inhibitor,

clade E, member 1
20.87 1.73 ECM

1416431_at 67951 Tubb6 Tubulin, beta 6 19.59 2.12 Membrane
1460227_at 21857 Timp1 Tissue inhibitor of metalloproteinase 1 15.03 2.74 ECM
1451038_at 30878 Apln Apelin 14.93 1.36 Metabolism
1418547_at 21789 Tfpi2 Tissue factor pathway inhibitor 2 14.93 1.96 ECM
1434376_at 12505 Cd44 CD44 antigen 12.66 1.93 ECM
1437785_at 101401 Adamts9 A disintegrin-like and metallopeptidase

with thrombospondin type 1 motif, 9
10.28 1.47 ECM

1434046_at 433470 AA467197 Expressed sequence AA467197 8.93 1.05
1437139_at 14654 Glra1 Glycine receptor, alpha 1 subunit 8.54 1.27 Transport
1449982_at 16156 Il11 Interleukin-11 7.92 1.24 Cytokine
1419100_at 20716 Serpina3n Serine (or cysteine) peptidase inhibitor,

clade A, member 3N
7.20 1.94 ECM

1421811_at 21825 Thbs1 Thrombospondin 1 6.96 1.29 ECM
1416342_at 21923 Tnc Tenascin C 6.41 1.31 ECM
1422053_at 16323 Inhba Inhibin beta-A 6.35 1.02 Inflammation
1448831_at 11601 Angpt2 Angiopoietin 2 6.15 1.69 Peptide
1437279_x_at 20969 Sdc1 syndecan 1 5.78 1.67 ECM
1450716_at 11504 Adamts1 A disintegrin-like and metallopeptidase with

thrombospondin type 1 motif, 1
5.71 1.13 ECM

1416529_at 13730 Emp1 Epithelial membrane protein 1 5.66 1.20 Membrane
1447839_x_at 11535 Adm Adrenomedullin 5.23 1.33 Peptide
1416039_x_at 16007 Cyr61 Cysteine-rich protein 61 5.18 1.02 ECM
1421207_at 16878 Lif Leukemia inhibitory factor 5.03 1.30 Cytokine
1448471_a_at 13024 Ctla2a Cytotoxic T-lymphocyte-associated protein 2 alpha 5.01 1.59 Inflammation

TBI, traumatic brain injury; Ipsi, ipsilateral; Norm, normal; Cont, contralateral; ECM extracellular matrix.
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released from endothelial cells. Adm is a potent hypotensive hor-

mone peptide, with high concentration in the cerebral circulation.92

The vasculoprotective effect of Adm may involve vasodilation

effects, reduction of oxidative stress, inhibition of endothelial cell

apoptosis, promotion of angiogenesis, regulation of permeability,

and control of fluid and electrolyte homeostasis.92–96 Adm is also

implicated as a promising plasma biomarker, so its presence in the

TBI vasculome may warrant further investigation. Administration

of exogenous Adm and its binding protein has shown neuropro-

tective effects against brain injury in experimental disease mod-

els.97,98 Edn3, a vasoconstrictor from the endothelin family, is

known to induce NO production, promote angiogenesis, regulate

synthesis of inflammatory mediators and glutamate transporters,

and control fluid and electrolyte homeostasis in the brain.99–104

This broad spectrum of vascular responses again suggests a po-

tentially wide distribution of microvessel reactions to injury in the

entire ipsilateral cortex after TBI.

Pathway analysis

Although statistically probing the TBI vasculome for individu-

ally altered genes is a logical first step, another complementary way

to assess changes over entire transcriptome is via pathway en-

richment analysis by GSEA. Using GSEA analysis based on KEGG

and GO terms, many statistically enriched pathways were found in

nondirectly damaged cortex (Table 4). These clusters of gene re-

sponses included increased pathways of ECM, matrix peptidases

and inhibitors, and cell communication, cytokine-receptor inter-

actions, and inflammatory responses. Reduced pathways included

those comprising mitochondrial function, oxidative phosphoryla-

tion, fatty acid metabolism, glutathione metabolism, gap junctions,

and transport processes. Specific signaling pathways were also

identified, including TGF-b and Wnt, both of which have important

roles in the neurovascular unit, such as BBB permeability, angio-

genesis, and neurogenesis.

Increased terms belonging to the cytokine signaling categories

are consistent with known effects of TBI on neuroinflamma-

tion.90,105,106 Reductions in mitochondria activity and oxidative

phosphorylation are consistent with known detrimental effects of

TBI on energy metabolism.107,108 The present findings suggest that

inflammatory and metabolic responses in endothelial cells may

contribute to vascular dysfunction after TBI. Further, the reduced

transport, tight junction, and gap junction categories all suggest a

compromised BBB homeostasis in nondirectly damaged areas.

Overall, GSEA analysis revealed alterations in pathways that cor-

relate well with the single-gene up-/down-regulation analyses de-

scribed earlier. Taken together, these mean that the deleterious

vascular effects of TBI might be surprisingly diffuse, beyond core

regions of directly impacted cortex.

Overlap with genome-wide association study genes

It has long been suggested that past TBI increases the subsequent

incidence of chronic neurodegenerative disorders, including Alz-

heimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic

lateral sclerosis.109,110 Previously, we reported that the mouse brain

Table 3. List of Most Decreased Genes in Mouse Brain TBI Vasculome Compared to Normal Brain Vasculome

Fold change

Probe ID Gene ID Symbol Description Ipsi/norm Cont/norm Function group

1456084_x_at 14264 Fmod Fibromodulin 0.082 1.14 ECM
1450468_at 17926 Myoc Myocilin 0.092 0.85 Membrane
1429286_at 68888 Gkn3 Gastrokine 3 0.16 0.96 ECM
1419663_at 18295 Ogn Osteoglycin 0.16 1.00 ECM
1418979_at 105387 Akr1c14 Aldo-keto reductase family 1, member C14 0.16 1.10 Metabolism
1434734_at 623474 Rad54b RAD54 homolog B (S.cerevisiae) 0.22 0.79 Cell response
1451006_at 22436 Xdh Xanthine dehydrogenase 0.24 1.00 Metabolism
1423858_a_at 15360 Hmgcs2 3-hydroxy-3-methylglutaryl-Coenzyme A

synthase 2
0.25 0.85 Metabolism

1416966_at 19879 Slc22a8 Solute carrier family 22 (organic anion
transporter), member 8

0.25 1.28 Transport

1417574_at 20315 Cxcl12 Chemokine (C-X-C motif) ligand 12 0.25 1.07 Cytokine
1451322_at 69574 Cmbl Carboxymethylenebutenolidase-like

(Pseudomonas)
0.26 1.25 Metabolism

1415989_at 22329 Vcam1 Vascular cell adhesion molecule 1 0.26 0.68 Inflammation
1427345_a_at 20887 Sult1a1 Sulfotransferase family 1A, phenol-preferring,

member 1
0.26 1.44 Metabolism

1426215_at 13195 Ddc Dopa decarboxylase 0.26 1.52 Metabolism
1450699_at 20341 Selenbp1 Selenium binding protein 1 0.26 1.17 Transport
1438696_at 13616 Edn3 Endothelin 3 0.27 1.02 Active peptide
1457867_at 433323 Sgpp2 Sphingosine-1-phosphate phosphotase 2 0.27 1.02 Metabolism
1444139_at 73284 Ddit4l DNA-damage-inducible transcript 4-like 0.28 0.82 Cell response
1422804_at 20708 Serpinb6b Serine (or cysteine) peptidase inhibitor, clade

B, member 6b
0.29 0.98 Cytosolic inhibitor

1451047_at 16431 Itm2a Integral membrane protein 2A 0.29 1.18 Membrane
1439790_at 20723 Serpinb9 Serine (or cysteine) peptidase inhibitor, clade

B, member 9
0.29 1.00 Cytosolic inhibitor

1440096_at 407800 Ecm2 Extracellular matrix protein 2 0.29 0.80 ECM
1416321_s_at 116847 Prelp Proline arginine-rich end leucine-rich repeat 0.29 1.14 ECM

TBI, traumatic brain injury; Ipsi, ipsilateral; Norm, normal; Cont, contralateral; ECM extracellular matrix.
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vasculome contained many genes that are found in genome-wide

association study (GWAS) datasets for human central nervous

system (CNS) disorders, such as stroke, AD, and PD.111 Is it pos-

sible that the TBI vasculome may also involve GWAS genes that

would contribute to the vascular pathophysiology of brain injury?

To assess this hypothesis, we compared our first draft of the TBI

vacsulome with the three GWAS datasets. At 24 h post-trauma,

differentially expressed genes in nondirectly damaged micro-

vessels were significantly associated with stroke GWAS genes

( p value of 8.25E-05 and odds ratio of 2.50). Similar linkages

were detected for GWAS datasets in PD and AD as well. The list

of significantly differentially expressed genes in the TBI vascu-

lome overlapped with these disease GWAS databases are shown

in Table 5.

Although the links between the TBI vasculome and GWAS data

sets are intriguing, specific mechanisms remain to be defined.

Nevertheless, a few genes may possess signaling roles that poten-

tially underlie TBI pathophysiology. For example, stroke GWAS

gene Cd44 is one with a significant increase after trauma. As an

adhesion molecule as well as a signaling regulator, Cd44 may be

involved in endothelial cell recognition, lymphocyte trafficking,

actin cytoskeleton organization, angiogenesis, and vascular integ-

rity.51,112–114 Cd44 is also known to increase in the brain after

ischemia,115 and CD44 knockout mice showed reduced ischemic

infarct area with improved neurological functions compared to that

of wild-type mice.116 Whether and how CD44 underlies vascular

pathology after TBI should be rigorously explored.

Stroke GWAS gene suppressor of cytokine signaling 3 (SOCS3)

is an inducible negative regulator of signaling by the Janus kinase/

signal transduction and activator of transcription 3 pathway, and it

is activated in many CNS injury conditions,117–119 as part of an

endogenous response to regulate endothelial cell death,120,121

pathological angiogenesis, and inflammation response.122–125 To-

gether with CD93 and Apelin, SOCS3 is down-regulated in the

brain after water deprivation.126 At the same time, SOCS3 can also

act as an intrinsic inhibitor for neural axon regeneration. Hence,

crosstalk between the vasculome and neural plasticity remains a

possibility.

Prostate transmembrane protein, androgen-induced 1 (PME-

PA1) and CD93 are related with both stroke and PD. There are a

few reports demonstrating that PMEPA1 can bind with E3

ubiquitin-protein ligase NEDD4 (neural precursor cell expressed

developmentally down-regulated protein 4) to negatively regulate

cell growth.127 PMEPA1 is also a direct target gene of TGF-b
signaling and participates in a negative feedback loop to control the

duration and intensity of TGF-b/SMDH (mothers of decapentaplegic

homologue) signaling.128 Given that TGF-b signaling has been

identified as a major pathway in the TBI vasculome, this linkage with

GWAS genes further suggests that it may play a role in the patho-

physiology of widespread vascular dysfunction in noninjured tissue.

CD93 is a membrane-associated glycoprotein, expressed in

many types of cells, regulates phagocytosis of apoptotic cells

during organ development, tissue repair, and maintenance of tis-

sue homeostasis, and also regulates leukocyte migration and

endothelial cell adhesion.129 Recently, it is reported that as a

novel regulator of inflammation, CD93 was highly induced in

mouse brain after focal cerebral ischemia, especially in endothelial

cells and selected macrophages and microglia.130 CD93 knockout

mice showed increased leukocyte infiltration into the brain, in-

creased edema, and larger infarct volumes after ischemia and re-

perfusion, suggesting the potential neuroprotection from CD93.130

Although human CD93, an epidermal growth factor (EGF)-like

domain-containing transmembrane protein, is predominantly ex-

pressed in the vascular endothelium; soluble CD93 (with an EGF-

like domain) has been detected in plasma.131 Membrane-bound

CD93 is proteolytically cleaved to soluble form in response to

inflammatory signals, and soluble CD93 released from endothe-

lium is a novel angiogenic factor.131,132 The level of soluble CD93

in plasma has been proposed as a novel biomarker for coronary

artery disease and myocardial infarction.133 Whether soluble CD93

Table 4. Enriched Pathways in Mouse Brain TBI Vasculome Compared to Normal Brain Vasculome

Ipsi/norm Ipsi/norm

p value ES Pathway (from KEGG) p value ES Pathway (GO term)

1.67E-12 -0.25 Oxidative phosphorylation 0.00E+00 -0.10 Integral to membrane
1.96E-08 -0.16 Wnt-signaling pathway 1.55E-15 -0.13 Mitochondrion
9.32E-08 -0.32 Valine, leucine, and isoleucine degradation 2.76E-07 -0.08 Transport
5.75E-07 -0.15 Axon guidance 4.03E-07 -0.07 Zinc ion binding
3.95E-06 -0.29 Fatty acid metabolism 1.64E-06 -0.28 Electron transport chain
4.62E-06 -0.33 Propanoate metabolism 3.76E-06 -0.12 Modification-dependent protein catabolic
1.04E-05 -0.13 Calcium-signaling pathway 6.44E-04 -0.04 Protein binding
1.42E-05 -0.17 Gap junction 1.20E-03 -0.48 Glutathione metabolic process
1.17E-04 -0.09 MAPK-signaling pathway 4.59E-03 -0.07 Metabolic process
9.34E-04 -0.10 Ubiquitin-mediated proteolysis
2.28E-03 -0.13 TGF-b-signaling pathway 2.25E-10 0.10 Extracellular region
2.64E-03 -0.25 Glutathione metabolism 7.82E-08 0.19 Proteinaceous extracellular matrix
2.86E-03 -0.44 Thiamine metabolism 3.40E-06 0.21 Cytokine activity
3.68E-03 -0.29 beta-Alanine metabolism 7.51E-06 0.23 Inflammatory response

1.30E-04 0.19 Serine-type endopeptidase activity
1.41E-05 0.17 Cell communication 1.60E-04 0.25 Chemotaxis
3.33E-03 0.09 Cytokine-cytokine receptor interaction 5.97E-04 0.21 Peptidase inhibitor activity

Analysis here is based on vasculomes from nondirectly damaged ipsilateral 24 h post-TBI and normal brains, based on KEGG pathway database or GO
database. Negative ES (enrichment score) for decreased genes expression of such pathways; positive ES for increased genes expression of such pathways
in TBI vasculome compared to normal brain.

TBI, traumatic brain injury; Ipsi, ipsilateral; Norm, normal; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology; MAPK,
mitogen-activated protein kinase; TGF, transforming growth factor.
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released from the TBI vasculome may also act as a biomarker

remains to be investigated.

Discussion

The vasculome may provide a potentially useful conceptual

framework for investigating how the vascular phenomenon may

contribute to the pathophysiology of CNS injury and disease. Here,

we mapped the initial draft of the TBI vasculome in a mouse model

of CCI. Overall, we found that many genes and pathways were

perturbed in ipsilateral cortex, even in remote areas far from the

core lesion site.

In our study, the number of down-regulated genes was larger

than up-regulated genes. This stands in contrast to previous TBI

studies, where increased gene expression was more commonly

reported. Von Gertten and colleagues used a cDNA microarray of

6200 gene probes to study expression changes induced by CCI in

rat ipsilateral cortex, specifically within the impact area and sur-

rounding cortex.134 This study identified 150 genes that were sig-

nificantly increased and 61 genes that were down-regulated

compared to contralateral cortex at 24 h post-injury. In another

relevant study, Natale and colleagues assessed gene expression in a

rat model of fluid percussion and in mice with cortical impact

injury, with measurements obtained within a 4-mm-diameter disk

of parieto-occipital cortex containing core damaged tissue and

surrounding contusion areas at 24 h post-injury.135 In this study, 64

up-regulated genes and only 10 down-regulated genes were found

in rat ipsilateral cortex after fluid percussion, and 207 up-regulated

genes and 76 down-regulated genes in mouse ipsilateral cortex after

cortical impact. Though the precise numbers may be without bio-

logical significance, the predominance of up- or down-regulation in

gene expression may suggest different states of responses in the

perturbed brain. There may be two reasons why our data differ.

First, almost all previous studies examined total gene expression in

macroscopically dissected brain. For a heterogenous multi-cell

organ such as the brain, this aggregate response may be misleading.

Because our TBI vasculome should be cell specific for cerebral

endothelium in microvessels, the predominance of down-regulated

genes may tell us something about the state of microvessels and

vascular homeostasis in perturbed brain. A second potential issue

may be related to the location of analysis. Previous studies tended

to emphasize lesion cores and perilesional areas, whereas our study

mapped the vasculome in the entire nondirectly damaged ipsilateral

cortex. But at least one previous study attempted to examine TBI

responses in nondamaged areas. Truettner and colleagues measured

the expression of heat shock protein 70, brain-derived neurotrophic

factor (BDNF), and nerve growth factor in rat brain after moderate

fluid percussion injury. All three genes were rapidly up-regulated

post-injury, even in cortex far from areas with histopathological

damage. This study concluded that these gene expression patterns

may be related with neuronal excitation and plasticity.136 Our TBI

vasculome suggests that hemispheric changes may be more com-

mon than previously thought, and the broad spectrum of down-

regulated genes may suggest a widespread suppression of normal

Table 5. List of Disease GWAS Genes Significantly Changed in TBI Vasculome

Gene ID Symbol Related disease Ipsi/norm Description

76459 Car12 Stroke + Carbonic anyhydrase 12
12505 Cd44 Stroke + CD44 antigen
17064 Cd93 Stroke, PD + CD93 antigen
14654 Glra1 Stroke + Glycine receptor, alpha 1 subunit
195646 Hs3st2 Stroke + Heparan sulfate (glucosamine) 3-O-sulfotransferase 2
18793 Plaur Stroke + Plasminogen activator, urokinase receptor
65112 Pmepa1 Stroke, PD + Prostate transmembrane protein, androgen induced 1
277360 Prex1 Stroke + Phosphatidylinositol-3,4,5-trisphosphate–dependent Rac exchange factor 1
12702 Socs3 Stroke + Suppressor of cytokine signaling 3
72475 Ssbp3 Stroke + Single-stranded DNA-binding protein 3
217262 Abca9 Stroke - ATP-binding cassette, subfamily A (ABC1), member 9
330941 AI593442 Stroke - Expressed sequence AI593442
11982 Atp10a Stroke - ATPase, class V, type 10A
320405 Cadps2 Stroke - Ca2+-dependent activator protein for secretion 2
13176 Dcc Stroke - Deleted in colorectal carcinoma
269109 Dpp10 Stroke - Dipeptidylpeptidase 10
74559 Elovl7 Stroke - ELOVL family member 7, elongation of long chain fatty acids (yeast)
217082 Hlf Stroke - Hepatic leukemia factor
209378 Itih5 Stroke - Inter-alpha (globulin) inhibitor H5
243382 Ppm1k Stroke - Protein phosphatase 1K (PP2C domain containing)
227545 Proser2 Stroke - Proline and serine rich 2
11514 Adcy8 AD + Adenylate cyclase 8
67801 Pllp AD + Plasma membrane proteolipid
12826 Col4a1 PD + Collagen, type IV, alpha 1
15900 Irf8 PD + Interferon-regulatory factor 8
11994 Pcdh15 PD + Protocadherin 15
219257 Pcdh20 PD - Protocadherin 20
19279 Ptprr PD - Protein tyrosine phosphatase, receptor type, R

The significantly changed gene list in mouse TBI vasculome is searched for disease GWAS gene, including stroke, AD, and PD. Plus sign (+) indicates
significantly increased gene; minus sign (–) indicates significantly decreased gene in mouse TBI vasculome compared to normal brain.

GWAS, genome-wide association studies; TBI, traumatic brain injury; Ipsi, ipsilateral; Norm, normal; PD, Parkinson’s disease; AD, Alzheimer’s
disease; ATP, adenosine triphosphate.
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function in all microvessels. These findings may be consistent with

the emerging idea of diffuse responses in the brain post-TBI. Ax-

onal perturbations in white matter are now thought to underline

overall alternations in neuronal connectivity post-TBI.137,138 The

same may be true in terms of diffuse perturbations in vascular

homeostasis. Altogether, the entire neurovascular unit may be af-

fected throughout the hemisphere, and investigations into these

network responses should be warranted.139

A major overall feature of the TBI vasculome may relate to the

convergence of individual gene analysis and pathway analysis.

Overall, genes and pathways related to matrix, cytokines, and in-

flammation were up-regulated, whereas those related to metabolism,

transport, and barrier/hemodynamic function tended to be down-

regulated. The decrease of metabolic processes in microvessels from

nondirectly damaged cortex involved a wide array of effects, in-

cluding reduced mitochondrion-related functions, oxidative phos-

phorylation for energy supply, and glutathione metabolic process.

There also appeared to be a general reduction in tight junction and

gap junction regulation, as well as transport systems at the neuro-

vascular interface. At the same time, these ‘‘remote’’ microvessels

showed an amplified response to trauma, including augmented in-

flammation response, cytokine activity, and receptor activities. Fur-

thermore, many alterations were detected in ECM categories, all of

which may influence cell-cell communication within the entire neu-

rovascular unit. Taken together, these pathway findings suggest that

microvessels from nondirectly damaged cortex are not quiescent post-

injury, and widespread perturbations in vascular homeostasis may

underlie an important mechanism throughout the TBI hemisphere.

The concept of the neurovascular unit emphasizes that cellular

responses cannot occur in isolation and crosstalk between all

neural, glial, and vascular compartments may be unavoidable. The

same may apply to the TBI vasculome. Although, by definition, the

vasculome is centered on vascular phenomena, many of our de-

tected signals may connect with other cell types. For example,

changes were observed in genes from the semaphorin family. Se-

ma4A is an angiogenesis inhibitor, but it can also affect axon

guidance. Fmod and Prelp (from a class II small leucine-rich repeat

proteoglycans family) and TnC comprise important matricellular

proteins in the neurovascular matrix, but all three are reported to

regulate the environmental niche of stem cells, suggesting that they

could promote angiogenesis as well as neurogenesis during tissue

remodeling post-TBI.140–143 Et-3 (Edn3) and its receptor, EDNRB,

are found in endothelial systems, but may also regulate prolifera-

tion, differentiation, and migration of neural crest cells during de-

velopment.144 How the vasculome affects endogenous responses in

other cell types post-TBI may be an interesting future direction.

Although our individual gene and pathway analyses revealed

many cascades and potential targets, it is not easy to functionally

interpret how the entire gene network is balanced between delete-

rious versus beneficial responses. For example, increases in THBS-

1 and MMP-3, the decrease in the anti-inflammation gene Cxcl12,

and the overall decrease of glutathione metabolism and oxidative

phosphorylation may all point toward vascular dysfunction. In

contrast, there was also up-regulation in protection signals, such as

the anti-inflammatory IL-6 family (IL-6, IL-11, and LIF), and an

elevation of TIMP-1 and growth factors, such as BDNF, VEGF,

osteoglycin, and platelet-derived growth factor D. The same is true

for some matrix-related signals, including tPA/PAI-1/MMP3. How

the various ECM components and proteases coalesce to regulate

neurovascular proteolysis versus homeostasis, angiogenesis versus

edema, and other dynamic phenomena will have to be rigorously

examined in future studies.

Taken together, our initial findings suggest that the TBI vascu-

lome is broadly perturbed even in histological normal nondirectly

damaged areas. However, there are a few caveats to keep in mind

for this proof-of-concept study. First, for the sake of signal to noise,

we mapped the vasculome in the entire cortex. It remains possible

that even away from the core or perilesional rim, there may still

exist gradients in vascular response. Further efforts to map the

vasculome with more spatial precision, perhaps with laser-capture

methods, may be interesting, especially for the purposes of dis-

tinguishing critical responses in the pericontusional rim from more

distal profiles in the entire ipsilateral vasculome. Second, we only

focused on acute 24-h post-TBI data in this proof-of-concept study.

How the vasculome evolves over time may provide new insights

into the progressive pathophysiology as tissue deteriorate and re-

covers. More detailed investigations are required to map how the

TBI vasculome evolves from days to weeks post-trauma. Third, our

technical approach concentrated on microvessels because these

comprised the vast majority of vessels in the brain. However,

changes in larger vessels may also be important, especially in terms

of collateral supplies and vasculogenesis during recovery. How the

vasculome differs at different levels of the vascular tree remains

unknown. Fourth, beyond endothelial cells, multiple cell types also

contribute to the neurovascular unit in terms of dysfunction and

endogenous repair. For example, microglia cells are major partic-

ipants in TBI response; mapping the microgliome and other cellular

responses should also be considered. Finally, the TBI vasculome

is expressed at many levels. We started by mapping the tran-

scriptome, but whether gene patterns truly match protein patterns

remains unknown. Our transcriptome findings may be quite rele-

vant because recent studies now estimate that transcription can

account for up to 80% of protein variance.145–147 Nevertheless,

future efforts to study the proteomic and metabolomic profiles of

the TBI vasculome may also be warranted.

TBI is a highly complex and challenging problem. Increasingly,

it is recognized that vascular responses may play an essential role in

its pathophysiology.148 In this proof-of-concept study, we mapped

the 24-h post-TBI vasculome in a mouse model of CCI and showed

that widespread microvessel perturbations are present even in

nondirectly damaged areas. Further investigations into the vascu-

lome may reveal new opportunities for pursuing targets and bio-

markers for TBI.
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