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Traumatic brain injury (TBI) constitutes a major cause of mortality and disability worldwide, especially among
young individuals. It is estimated that despite all the recent advances in the management of TBI, approximately half
of the patients suffering head injuries still have unfavorable outcomes, which represents a substantial health care,
social, and economic burden to societies.
Considerable variability exists in the clinical outcome after TBI, which is only partially explained by known
factors. Accumulating evidence has implicated various genetic elements in the pathophysiology of brain trauma. The
extent of brain injury after TBI seems to be modulated to some degree by genetic variants.
The authors’ current review focuses on the up-to-date state of knowledge regarding genetic association studies
in patients sustaining TBI, with particular emphasis on the mechanisms underlying the implication of genes in the
pathophysiology of TBI. (DOI: 10.3171/2009.10.FOCUS09215)
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Pathophysiology of TBI

Clinical and experimental data have demonstrated
that several complex and multifactorial pathophysiological cascades are initiated in the brain after a traumatic
event. Primary brain damage is induced by direct impact
to the brain parenchyma leading to focal or diffuse tissue
distortion, destruction, tearing, and/or hemorrhage. After initial trauma, cerebral edema, increased intracranial
pressure, tissue hypoxia-ischemia, and disruption of the
blood-brain barrier33 may occur. Secondary brain changes, which appear either immediately after TBI or in the
following hours or days, include cellular, neurochemical,
and molecular responses to TBI, such as neuronal cell
death, apoptosis, excitotoxicity, inflammatory infiltration,
Aβ-peptide deposition, disruption of calcium homeostasis, oxidative stress, and cytoskeletal and mitochondrial
dysfunction.34,35 Expression studies have shown that
Abbreviations used in this paper: ACE = angiotensin converting
enzyme; ApoE = apolipoprotein E; COMT = catechol-O-methyltransferase; CPP = cerebral perfusion pressure; GOS = Glasgow
Outcome Scale; IL = interleukin; SNP = single nucleotide polymorphism; TBI = traumatic brain injury.
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several genes are implicated in the pathophysiology of
secondary brain damage.67,73 Secondary processes were
found to dramatically worsen primary damage, leading
to the activation of a cascade of neuronal and axonal pathologies, which in turn determine the patient’s overall
clinical outcome.

Genetic Association Studies

Recent evidence from genetic association studies
supports the view that genetic factors play an important
role in the outcome of various CNS disorders including
TBI.55,136 Genetic association studies are useful tools in
investigating possible relationships between gene polymorphisms and disease outcome. Recent advances in
genotyping technologies have greatly expanded the number of studies that can test possible associations between
gene polymorphisms and certain phenotypes.
Genetic variations include insertions, deletions, duplications, or SNPs. Genetic polymorphisms may affect
the clinical phenotype by altering the function of the encoded protein, either by changing the structure of this
protein or by modifying the expression of a gene. Increased frequency of an allele in a phenotype (favorable
1
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outcome) compared with another phenotype (unfavorable
outcome) constitutes a strong evidence of genetic association. However, genetic association does not necessarily mean gene identification. It may, for example, be the
result of stratification bias, linkage disequilibrium with
the causative variant, or other inherent limitations of association studies.14 A genetic association study requires
biological evidence and functional significance that the
risk variant is implicated in the pathogenesis of the disease. Susceptibility genes are expected to have weak effects and account for only a small or modest increase in
risk (OR 1.2–1.4). Moreover, gene functions can be modified by other genes (gene-gene interactions), proteins
(protein-protein interactions), or environmental factors
(gene-environment interactions), and these modifications
render the detection of their effects more difficult.
In general, there are 2 approaches to perform genetic association studies: the candidate-gene approach
(also known as the hypothesis-driven approach) and the
genome-wide approach (also known as the agnostic approach). In the candidate-gene approach, a few SNPs are
genotyped on a gene of interest, which is chosen based
on a biological hypothesis for the disease. On the other
hand, genome-wide association studies attempt to survey the entire genome at the same time, in a hypothesisfree manner, using hundreds of thousands of SNPs.94
Candidate-gene association studies are generally small
in sample size and presumably have the tendency to lack
the statistical power to detect a significant association.
For example, to achieve a greater than 80% statistical
power to identify a modest genetic effect (OR 1.2) of a
polymorphism present in 10% of individuals, a sample
size of 10,000 patients or more is necessary.140 Therefore,
the sample sizes required to predict associations have to
be far beyond what is currently available, and no single
institution is able to provide a statistically powerful association study. Strategies to overcome this problem and
to increase the large sample size limitation include metaanalyses of multiple studies,140 or collaborative, multiinstitutional, larger-scale studies and consortia, which allow pooling of data.31,77 Another approach to increase the
power of genetic association studies is by implementing
haplotype analysis, which subdivides the studied group
into more genetically distinct subcategories. In addition,
the statistical power of a study can be increased using
well-defined intermediate phenotypes, which may be
closer to the TBI pathophysiology and the pathogenic
genotype, instead of the clinical phenotype, which is
complex and multifactorial. Intermediate phenotypes
used in TBI association studies include, for example, the
Aβ-peptide deposits,100 the hematoma volume,69 or the
presence of brain hemorrhage.37

The ApoE Gene

Apolipoprotein E is a plasma lipoprotein implicated
mainly in transporting cholesterol and lipids throughout
tissues including the CNS. In the brain, ApoE is synthesized primarily by the astrocytes and the microglia and
plays a vital role in the maintenance of neuronal membranes, neuronal tissue repair, remodeling, and syn2

aptogenesis. Apolipoprotein E–deficient mice showed
increased ischemic neuronal damage compared with
wild-type mice.45 It has been demonstrated that intraventricular infusion of ApoE reduces neuronal damage.46 After CNS insults, ApoE is locally upregulated and released
by the astrocytes into the extracellular space, and is subsequently absorbed by the neurons.44
In humans, there are 3 major isoforms of ApoE (ε2,
ε3, and ε4), which differ in amino acid sequence at positions 112 and 158. In the ApoE4 isoform, the amino acid
substitution predisposes the protein to reduced stability,
and this mediates an interaction between domains, which
subsequently results in a more compact structure.76 This
conformation variation is thought to account for the adverse pathological functions of the ApoE4 isoform.
The ApoE4 isoform was found to bind Aβ peptides
with a higher avidity,124 and to promote more rapid aggregation into amyloid fibrils.123 In a previous experimental head-injury study in mice, fatality was found to be
increased in the ε4 isoform group among animals with
different isoforms of ApoE.114 The ApoE isoforms also
show different interactions with tau protein, a microtubule-associated protein. Apolipoprotein E3 forms a stable
complex with tau, preventing it from phosphorylation, aggregation, and formation of neurofibrillary tangles. In
addition, it has been demonstrated that ApoE3 increases
neurite outgrowth in cultures of dorsal root ganglion neurons compared with ApoE4.97 These effects of ApoE3 on
sprouting and synaptic remodeling are probably mediated
by its effect on microtubule stability.
The ApoE4 isoform has also been associated with
neurotoxicity and neurodegeneration, inflammation, mitochondrial dysfunction, impairment of the antioxidative
defense system, increased intracellular calcium, disruption of cholinergic transmission, dysregulation of the neuronal signaling pathways, and apoptosis.55,76
Evidence from epidemiological and pathological
studies has linked TBI to Alzheimer disease.93 Deposition of Aβ was detected in approximately 30% of individuals dying shortly after severe TBI,111 and this may
imply a genetic predisposition to Aβ accumulation. In
head-injured individuals, Aβ deposition was shown to be
determined, though in part, by the presence of the ApoE4
allele.100 Furthermore, immunostaining of amyloid deposits, which appear early after head injury, was positive for
ApoE, whereas the number of immunoreactive plaques
was associated with the ApoE4 allele in a dose-dependent
manner.43
Several association studies have investigated the role
of the ApoE gene polymorphism in patients sustaining
TBI.55 The design and results of each study are summarized in Table 1. Despite all the possible limitations, these
studies provide valuable information concerning the implication of the ApoE genotype in the pathophysiology
of TBI.
Most genetic studies in TBI have investigated possible association between ApoE polymorphism and functional outcome after TBI measured by the GOS.2,12,15,17,25,
40,69,87,98,130,131,135
In a recent meta-analysis of 14 cohort
studies (of 23 relevant studies identified from the literature) and 2427 participants, it was found that the ApoE4
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90 pts w/ mild to moderate TBI

Kerr et al., 2003

ε2/ε3/ε4

ApoE

Chamelian et al., 2004 ApoE

ApoE

Diaz-Arrastia et al.,
2003
Millar et al., 2003
91 pts w/ severe TBI

ApoE
ApoE

Chiang et al., 2003
Nathoo et al., 2003

ε2/ε3/ε4

ε2/ε3/ε4

ApoE

Liberman et al., 2002

ApoE

ε2/ε3/ε4

ApoE

Crawford et al., 2002
87 pts w/ mild or moderate
TBI
100 pts w/ TBI
110 black Zulu-speaking pts
w/ TBI
106 pts w/ moderate or severe
TBI
396 pts w/ TBI

ApoE

Liaquat et al., 2002

ε2/ε3/ε4

ApoE

Kutner et al., 2000

110 pts w/ TBI

ApoE

Guo et al., 2000

ε2/ε3/ε4

ApoE

Lichtman et al., 2000

129 pts w/ TBI

ApoE

Plassman et al., 2000

ε2/ε3/ε4

ApoE
ApoE

Friedman et al., 1999
Mehta et al., 1999

69 pts w/ TBI
797 participants of a populationbased cohort w/ Hx of TBI
46 w/ AD, 356 non-AD military
men w/ Hx of TBI
31 TBI pts w/ diffuse axonal
injury
942 probands w/ AD & Hx of TBI,
327 controls
53 active football players

ApoE
ApoE

Teasdale et al., 1997
Jordan et al., 1997
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ε2/ε3/ε4
ε2/ε3/ε4

ε2/ε3/ε4

ε2/ε3/ε4

ε2/ε3/ε4

ε2/ε3/ε4

ε2/ε3/ε4
ε2/ε3/ε4

ε2/ε3/ε4

ε2/ε3/ε4
ε2/ε3/ε4

ApoE

Katzman et al., 1996

90 autopsy TBI cases (23 Aβ+)
16 young pts w/ TBI
236 community-dwelling elderly
persons w/ Hx of TBI
160 pts w/ AD, 69 controls w/
Hx of TBI
89 pts w/ TBI
30 boxers

ApoE
ApoE
ApoE

Nicoll et al., 1995
Sorbi et al., 1995
Mayeux et al., 1995

Methodology

ε2/ε3/ε4
ε2/ε3/ε4
ε2/ε3/ε4

Gene

Authors & Year

Polymorphism
Phenotype

posttraumatic seizures
GOS expanded score at 6 mos
GOS score at 6 mos, neuropsych
outcome of 18 yrs later
concentrations of amino acid neurotransmitters (aspartate, glutamine)
& energy metabolites L/P ratio
GOS score, neuropsych outcome

poor GOS score at 6 mos
poor GOS score at 6 mos

hematoma volume
poor GOS at 6 mos
memory performance w/in 6 mos of
injury
neuropsych tests at 3 & 6 wks

neuropsych assessments

functional independence measures
at 6 mos
risk of AD

poor clinical outcome
risk of dementia & AD after mean
2.1-yr follow-up
risk of AD

poor GOS score at 6 mos
neurological impairment (CBI scale)

risk of AD

Aβ deposition
posttraumatic unawareness
risk of AD

TABLE 1: Previously published association studies of patients who had suffered TBI*

neg

pos

pos
neg
neg

pos
neg

pos

pos
pos
pos

pos

pos

pos

neg

pos
neg

pos
pos

pos

pos
pos
pos

Results

—
(continued)

those w/ ApoE4 allele had significant increased & sustained
levels of aspartate & L/P ratio post-TBI

increased risk in E4, OR 2.41 (95% CI 1.15–5.07), p=0.03
—
—

ApoE4 allele, OR 3.01 (95% CI 1.02–8.88), p=0.04
—

ApoE4 allele carriers had lower test scores at first visit

ApoE4 allele carriers had lower scores in functional independence measures, p=0.05
TBI increased risk of AD in the absence of ApoE4 allele, OR
3.3 (95% CI 2.0–5.5)
older players w/ ApoE4 allele had lower cognitive test
scores, p=0.004
E4 associated w/ larger hematomas, p=0.0056
ApoE4 allele, p=0.015
ApoE4 allele carriers had worse memory performance

—

ApoE4 allele, p<0.00001
ApoE4 allele, p<0.01
10-fold increase for AD in presence of ApoE4 allele & Hx of
ΤΒΙ
ApoE4 allele & TBI increased the risk of AD, OR 13.5 (95%
CI 2.63–69.12), p=0.0018
ApoE4 allele, OR 0.23 (95% CI 0.06–0.82), p=0.024
high-exposure boxers w/ ApoE4 allele had increased
severity of neurological deficits p<0.01
ApoE4 allele
—

Comments
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Willemse-van Son
et al., 2008
Tanriverdi et al.,
2008
Brichtová &
Kozák, 2008
Luukinen et al.,
2008
Ost et al., 2008

Koponen et al.,
2004
Teasdale et al.,
2005
Leclercq et al.,
2005
Ariza, Pueyo et
al., 2006
Smith et al.,
2006
Jiang et al.,
2006
Isoniemi et al.,
2006
Kerr et al., 2006
Ponsford et al.,
2007
Han et al., 2007
Alexander et al.,
2007
Hiekkanen et al.,
2007
Zhou et al., 2008

ApoE

Sundström et al.,
2004
Quinn et al.,
2004

Methodology

neuropsych measures at 1 mo
GOS score at 3, 6, 12, & 24 mos postinjury

ε2/ε3/ε4 239 cases of fatal TBI

ε2/ε3/ε4 110 pts w/ TBI

ε2/ε3/ε4 58 pts w/ TBI

ε2/ε3/ε4 54 pts w/ severe TBI
ε2/ε3/ε4 120 pts w/ moderate or
severe TBI
ε2/ε3/ε4 78 pts w/ mild to moderate TBI
ε2/ε3/ε4 123 pts w/ severe TBI

ε2/ε3/ε4 33 pts w/ nontrivial TBI

ε2/ε3/ε4

ApoE

ApoE

ApoE

ApoE
ApoE

ApoE

ApoE

ε2/ε3/ε4

ε2/ε3/ε4

ε2/ε3/ε4

ε2/ε3/ε4

ε2/ε3/ε4

ApoE

ApoE

ApoE

ApoE

ApoE

brain lesions determined w/ MRI ~1 wk & 1 yr
post-TBI
meta-analysis: 14 studies, 2427 initial GCS score
participants
poor GOS score at 6 mos
79 pts w/ moderate or
GOS score at 3, 6, 12, 18, 24, & 36 mos
severe TBI
postinjury
93 pts w/ TBI, 27 healthy
risk of pituitary dysfunction post-TBI
controls
70 children w/ TBI
GCS score at admission, GOS score
at 1 yr
134 pts >70 yrs, 28 w/ head
risk of dementia after 9-yr follow-up
injury w/o explicit TBI
96 pts w/ severe TBI
death 1 yr postinjury

pos
pos

moderate/severe contusions
severe ischemic damage
clinical deterioration in acute stage
(<7 days post-TBI)
hippocampal vol, brain atrophy on
average 31.3 yrs post-TBI
CBF detected by Xe-CT w/in 24 hrs postinjury
cognitive performance at 3, 6, & 12 mos

ε2/ε3/ε4 77 pts w/ TBI

ApoE

ApoE
ApoE

pos
neg

neuropsych tasks ≥6 mos post-TBI

ε2/ε3/ε4 88 TBI autopsies

ApoE

pos

pos

pos

pos

neg
pos
pos

neg

neg

pos
neg
pos

pos

pos

cerebral amyloid angiopathy

ε2/ε3/ε4 1094 pts w/ TBI

ApoE

pos
neg
neg

neg

brain swelling
dementia
psychiatric disorders after ~30 yrs
GOS score at 6 mos

pos

Results

neuropsych tests

Phenotype

ε2/ε3/ε4 60 pts w/ TBI

ε2/ε3/ε4 34 pts w/ mild TBI pre- &
postinjury
ε2/ε3/ε4 106 autopsy cases (2–19 yrs
old)

Polymorphism

ApoE

ApoE

Gene

Authors & Year

TABLE 1: Previously published association studies of patients who had suffered TBI* (continued)

—
ApoE4 allele, RR 1.36 (95% CI 1.04–1.78)
ApoE4 allele pts had better recovery OR 0.26 (95% CI
0.02–0.51), p=0.037
lower risk of pituitary dysfunction in ApoE3/E3 individuals, OR
0.29 (95% CI 0.11–0.78), p=0.01
children w/ ApoE4 genotype had unfavorable neurological
outcome after TBI
increased risk of dementia in pts carrying the ApoE4 allele,
OR 2.70 (95% CI 1.02–7.16)
males w/ ApoE4 had enhanced 1-yr mortality; females did not,
p=0.0079

—

ApoE4 carriers associated w/ better performance in some tests
ApoE4 allele carriers had a slower recovery rate

ApoE4 allele associated w/ higher CBF
—

ApoE4 allele increased risk of contusions, p=0.05
p=0.08
ApoE4 allele increased risk of clinical deterioration, OR 4.84
(95% CI 1.44–16.21), p=0.011
—

ApoE4 allele increased risk of dementia, p=0.028
—
ApoE4 allele associated w/ poor outcome only in pts <15 yrs,
OR 3.06 (95% CI 1.22–7.65)
ApoE4 allele associated w/ cerebral amyloid angiopathy,
p=0.021
ApoE4 allele increased risk of worse performance

—

ApoE4 allele associated w/ decreased postinjury performance

Comments

E. Dardiotis et al.
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ApoE
tau

Terrell et al., 2008

Hadjigeorgiou et al.,
2005

IL-1ra
IL-1β

Martínez-Lucas et
p53
al., 2005
Ariza, Matarin, et al., ACE
2006
Uzan et al., 2005
IL-1β

Johnson et al., 2009

ApoE
promoter

Jiang et al., 2008

ApoE
promoter
neprilysin

ApoE
promoter

ApoE

Jiang et al., 2007

ApoE

Hiekkanen et al.,
2009
Lo et al., 2009

ApoE
promoter

65 critically ill children

ε2/ε3/ε4

ApoE

Müller et al., 2009

Lendon et al., 2003

33 pts w/ TBI

ε2/ε3/ε4

ApoE

Han et al., 2009

insertion/
deletion
+3953 C/T
−511 A/G
VNTR
−511 A/G

GT repeats
in the
promoter
Arg72Pro

−219G/T
−491A/T
−427C/T
−219G/T
−491A/T
−427C/T
−219G/T
−491A/T
−427C/T
ε2/ε3/ε4
His47Tyr
Ser53Pro
−219G/T

ε2/ε3/ε4

ε2/ε3/ε4

ε2/ε3/ε4

ApoE

Ashman et al., 2008

151 pts w/ TBI

73 pts w/ moderate or severe
TBI
69 pts w/ TBI

90 pts w/ severe TBI

81 TBI autopsies

195 active male football players &
male/female soccer players,
72 w/ Hx of concussions over
the previous 8 yrs

110 pts w/ TBI

110 pts w/ TBI

92 pts w/ TBI

46 military participants w/ mild to
moderate TBI
59 pts w/ mild TBI

318 student athletes (28 w/
concussion)
54 older adults w/ TBI, 40 controls

ε2/ε3/ε4

49 pts w/ mild TBI, 68 controls

Methodology

Kristman et al., 2008 ApoE

Polymorphism
ε2/ε3/ε4

Gene

Rapoport et al., 2008 ApoE

Authors & Year

poor GOS score at discharge
GOS score at 6 mos
neuropsych tests after resolution
of posttraumatic amnesia
poor GOS score at 6 mos
poor GOS score at 6 mos
cerebral hemorrhage

Aβ plaques formation

risk of concussions

CT worsening in acute stage (<7
days post-TBI)

clinical deterioration in acute stage
(<7 days after TBI)

GOS at 6 mos

neuropsych testing before &
6 mos after discharge
injury symptom checklist, GOS extended version at 1 yr postinjury
CPP insult

neuropsych tests, reexamination
2–5 yrs later
change in job status post-TBI

neuropsych performance at 1
& 2 yrs postinjury
risk of concussion

Phenotype

TABLE 1: Previously published association studies of patients who had suffered TBI* (continued)

pos
pos
pos
neg

pos
neg
pos

pos

neg
neg
neg
neg
neg
neg
neg
neg
neg
neg
neg
neg
pos

pos

neg

pos

pos

neg

neg

neg

Results

Arg/Arg, OR 2.9 (95% CI 1.05–8.31), p=0.039
—
D allele carriers had better performance on certain
tests
allele 2, OR 0.25 (95% CI 0.12–0.55), p= 0.0004
allele 2, p=0.005
allele 2, OR 4.57 (95% CI 1.67–12.96), p = 0.004
—
(continued)

significantly less CPP insult among ApoE4 allele
carriers w/ poor outcome, p=0.03
nonsignificant when adjusted by logistic regression
—
—
—
491AA genotype act synergistically w/ ApoE4 allele
—
—
—
—
—
—
—
TT genotype increased risk of concussions, OR 2.7
(95% CI 1.1–6.8), p=0.03
increased risk if total GT repeat number >41, OR
10.1 (95% CI 3.1–32.5), p=0.0001

ApoE4 allele may affect change in job status after
TBI
ApoE4 genotype associated w/ impaired cognitive
performance, p=0.046
—

—

—

—

Comments

Genetic association studies in TBI
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Lipsky et al., 2005
Chan et al., 2008

* AD = Alzheimer disease; CBF = cerebral blood flow; GCS = Glasgow Coma Scale; Hx = history; L/P = lactate/pyruvate ratio; neg = negative; neuropsych = neuropsychological; pos = positive;
pts = patients; VNTR = variable number tandem repeat; — = no significant association.

pos
neg
neuropsych tests
depression
Val158Met
5-HTTLPR,
rs25531

113 pts w/ TBI
174 pts w/ TBI

pos
93 pts w/ TBI, 21 controls

ANKK1
NCAM
DRD2
COMT
SLC6A4
McAllister et al., 2008

31 polymorphisms

neuropsych tests 43.1 ± 15.8 days post-TBI

—
—
—
allele T associated w/ slower response
latencies after TBI
allele T (rs1800497) and a haploblock of 3
SNPs w/in ANKK1 were associated w/
cognitive outcome
Val homozygotes had worse performance
—
neg
neg
neg
pos
GOS at 6 mos
GOS at 6 mos
GOS at 6 mos
neuropsych tests 38.4 ± 24.4 days post-TBI
71 pts w/ TBI
215 pts w/ TBI
62 pts w/ severe TBI
39 pts w/ mild TBI, 27 controls
IL-1α
IL-1α
IL-6
ANKK1
Tanriverdi et al., 2006
Dardiotis et al., 2006
Miñambres et al., 2003
McAllister et al., 2005

−889 C/T
−889 C/T
−174 C/G
rs1800497

Results
Phenotype
Methodology
Polymorphism
Gene
Authors & Year

TABLE 1: Previously published association studies of patients who had suffered TBI* (continued)
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allele increases the risk of poor clinical outcome, which
was evaluated 6 months after the injury.139
The ApoE polymorphism was also tested in patients
who had suffered TBI in relation to several other neuropathological, laboratory, or imaging intermediate phenotypes, such as Aβ deposition,100 hippocampal volume and
brain atrophy,48 cerebral blood flow, 59 presence of brain
lesions,41 hematoma volume,69 cerebral contusions, ischemic damage,61,121,132 brain swelling,107 cerebral amyloid
angiopathy,65 concentrations of amino acid neurotransmitters, 58 and CPP insult.74 Other phenotypes included
clinical neurological impairment,32,40,51,56 mortality,101
functional independence measures,71 neuropsychological assessments,7,9,15,20,38,62,70,87,95,106,109,125 changes in work
status,39 and risks of posttraumatic unawareness,121 Alz
heimer disease,36,57,60,75,80,86,105 pituitary dysfunction,127
posttraumatic seizures,25 and psychiatric disorders.60
In addition to the aforementioned coding sequence
polymorphisms, the ApoE gene is also polymorphic in
the regulatory region. Promoter −219G/T and −491A/T
polymorphisms were found to substantially alter the
transcriptional activity of the ApoE gene.8 It has been reported that these polymorphisms confer susceptibility to
Alzheimer disease,10 possibly by facilitating the Aβ deposition.64 However, in patients who have suffered TBI,
the effects of promoter polymorphisms have remained
inconclusive.50,52,68,132

Neprilysin

The accumulation of β-amyloid peptide in some patients shortly after TBI may be the result of an imbalance between production and clearance of Aβ. Of note,
a major therapeutic strategy for Alzheimer disease is
the activation of proteases involved in the Aβ degradation process. One such protease is neprilysin, which was
found to play the most important role in the degradation
of Aβ.49 Neprilysin levels were decreased in cerebral cortex and CSF in cases of early Alzheimer disease.79,113 In
addition, knockout models for neprilysin were shown to
have an increased burden of brain Aβ, while overexpression of neprilysin was associated with reduction in Aβ
levels and retardation of plaque formation.49,90 However,
it seems that neprilysin may not have an effect on the removal of already existing amyloid plaques but only on the
prevention of forming new amyloid plaques.89
A GT repeat polymorphism in the neprilysin gene was
shown to be associated with cerebral amyloid angiopathy
and increased risk of Alzheimer disease.115,138 The polymorphism is located in the regulatory region of the nep
rilysin gene, and it may induce conformational changes in
the DNA, influence gene expression, and the degree of the
Aβ degradation. In a recent study, this polymorphism was
tested in 81 fatal cases of TBI with available autopsy data
and a 3.45-day mean survival after injury. It was found
that TBI cases with longer GT repeats had increased risk
of Aβ plaques, 54 suggesting that neprilysin polymorphism
may make patients who have suffered TBI more vulnerable to plaque formation.
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The p53 Gene

Experimental and clinical studies have provided evidence of widespread local and remote apoptosis that can
be detected from hours to days after TBI. These studies have indicated that apoptosis following TBI occurs in
neurons and glia and may contribute to neurological dysfunction.108,120 Apoptotic cell death after TBI has been associated with decreased expression of survival-promoting
proteins, such as Bcl-2 and extracellular signal-regulated
kinase and increased expression of death-inducing proteins, such as Bax, c-Jun N-terminal kinase, p53, calpain,
and caspases.99,108 Interestingly, minocycline, a tetracycline
derivative currently being tested in spinal cord injury, has
been reported to exert neuroprotective and antiapoptotic
effects in TBI via inhibition of cytochrome c release, inhibition of caspase-1 and -3, and expression and suppression of microglial activation.116 The p53 tumor suppressor
factor is a key regulator of DNA repair, cell cycle progression, apoptosis, and neuronal damage;21 p53 is induced
shortly after TBI, while its inhibition is assumed to offer
neuroprotection.96,137 A functional polymorphism of the
p53 gene in codon 72, which alters the properties of the
produced protein,27 was studied in a group of 90 severely
head-injured patients who were admitted to an intensive
care unit.78 Patients with the Arg/Arg genotype were associated with unfavorable outcome at the time of discharge.
However, 6 months later, no significant difference was
found between the groups of patients with and without
the Arg/Arg genotype, which may suggest a limited role
of p53 in affecting the long-term clinical outcome of patients who have sustained TBI.

The ACE Gene

Angiotensin converting enzyme plays an important
role in regulating both the production of angiotensin II
and the degradation of bradykinin at the endothelial surface. Angiotensin II, which is the main active product of
the renin-angiotensin system, has been linked to vascular
remodeling, inflammation, and endothelial dysfunction.28
The ACE insertion/deletion polymorphism has been extensively studied in various diseases. It has been associated, among others, with atherosclerosis118 and Alzheimer
disease.66 The ACE insertion/deletion polymorphism appears to be of particular clinical significance as it alters the
ACE plasma levels110 and the local tissue production.19,23
However, the polymorphism only partially (47% in the
study group) determines the variation in plasma ACE levels,110 and it is uncertain if it represents a functional polymorphism. Actually, despite considerable efforts, the precise location of the ACE gene functional polymorphism
among the several polymorphic sites that have been described remains unknown.119 Ariza et al.6 studied 73 patients who suffered moderate or severe TBI and reported
worse neuropsychological performance in the D allele
carriers of the ACE insertion/deletion polymorphism. The
authors attributed this association to changes in the blood
flow and cerebrovascular tone mediated by the local production of angiotensin II. Angiotensin II can also induce
neuronal damage because it was found to have proinflamNeurosurg Focus / Volume 28 / January 2010

matory properties and to be implicated in the generation
of reactive oxygen species.112,126

The IL Genes

Brain injury induces a complex sequence of inflammatory processes, which are believed to contribute to
the pathogenesis of TBI.85 The level of these processes
determines the patient’s clinical presentation and outcome.3,91,92 Interleukins are induced in response to brain
injury and have multiple actions and targets, and often
overlapping biological effects. Interleukin-1α and -1β are
proinflammatory cytokines with pleiotropic activities, including growth and differentiation of T and B cells, and
induction of other interleukins, adhesion molecules, histamine, and thromboxane. Interleukin-1 receptor antagonist
(IL-1ra) is a naturally occurring competitive inhibitor of
IL-1α and IL-1β and, as such, plays an important role in
regulating the inflammatory process.5,26 In experimental
TBI models, rapid induction of IL-1β was reported42 after
brain trauma (increased mRNA concentration occurred
15 minutes after the injury, while increased concentration
of the involved protein occurred 6 hours after the injury).
Similarly, IL-1ra was upregulated after head injury in
the same experimental study (increased concentration of
mRNA was observed 6 hours after the injury). Furthermore, administration of exogenous IL-1β markedly exacerbates brain injury,102 whereas injection or overexpression of IL-1ra significantly inhibits neuronal damage.133
Additionally, increased IL-1 expression is also detected in
CSF in patients with head injury.84 A randomized phase
II study of IL-1ra in acute stroke patients has reported
promising results.30 The IL-1 gene cluster contains genes
encoding IL-1α, IL-1β, and IL-1ra and lies on 2q13 within
the 430-kb region in humans. A variable number tandem
repeat (VNTR) polymorphism in intron 2 of the IL-1ra
gene appears to be of particular clinical significance, as
it has been associated with a variety of inflammatory diseases.129 Carriers of the 2-repeat allele (IL-1RN*2) have
increased IL-1ra plasma levels, enhanced IL-1β production, and decreased local production of IL-1ra in various
tissues.117 Two polymorphisms of the IL-1β gene have
been studied extensively in the +3953 and −511 positions.
The minor alleles of both polymorphisms are considered
to be high producers of IL-1β protein.29,105
Uzan et al.134 first provided evidence of an association between IL-1β +3953 and −511 polymorphisms and
unfavorable prognosis in patients who had sustained TBI.
In another study, the IL-1RN*2 allele carriers were associated with an increased risk of posttraumatic hemorrhagic events, which were used as an intermediate phenotype.37 Surprisingly, the IL-1RN*2 allele was associated
with more severe initial clinical presentation (p = 0.045)
and better clinical outcome (p = 0.02). These results may
suggest that the increased inflammatory processes in
IL-1RN*2 allele carriers may be deleterious in the acute
postinjury period, but may participate in neuronal survival and repair in the intermediate and chronic postinjury
period, possibly reflecting the dual role of cytokines in
neurodegeneration and neuroprotection.3,91,92
Regarding the IL-1α gene, a polymorphism in the
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promoter region (−889) has been studied in various diseases. Although the IL-1α (−889) allele 2 was associated
with elevated IL-1α and IL-1β protein levels, the functional role of this polymorphism has been questioned.24 Two
studies have investigated the role of this polymorphism in
patients who have sustained a TBI, but these studies were
not able to establish any positive association.24,128
In another study that included patients who had suffered severe TBI and provided autopsy data, Johnson et
al.53 examined a possible association between IL-1α and
IL-1β polymorphisms and the extent of programmed cell
death. Interestingly, the amount of TUNEL positivity did
not differ between genotypes.
Another cytokine that is implicated in TBI pathophysiology is IL-6. Interleukin-6 has regulatory, antiinflammatory, and neurotrophic effects and is associated with
neuronal protection and survival.92 It has been demonstrated that IL-6–deficient mice have increased numbers
of apoptotic neurons after brain injury.103 However, administration of IL-6 can either enhance or inhibit neuronal injury, probably depending on the time course and
extent of expression.4 In patients who have suffered TBI,
the concentrations of IL-6 in CSF were elevated, and
this upregulation after injury was associated with better
neurological outcome.18 However, a polymorphism in the
promoter of IL-6 was not found to have any effect on the
outcome of patients with TBI.88

Other Association Studies

Clinical studies in patients who have sustained TBI
have investigated the role of genetic variants in genes that
modulate neurotransmitters such as dopamine81 or serotonin.16 Traumatic brain injury induces excessive neurotransmitter release, and this may affect motor function,
behavior, mood, and cognition.
Dopamine and noradrenaline are key neurotransmitters that regulate cognitive function and affective behavioral processes. Dopamine and noradrenaline interact with
specific receptors or are inactivated by COMT. CatecholO-methyltransferase Val158Met polymorphism is associated with variation in COMT activity. The 158Met allele,
which decreases the activity of the enzyme, is associated
with higher dopamine concentrations in the prefrontal
cortex63 and possibly with better cognitive performance. In
patients who have suffered TBI, the COMT genotype was
associated with higher postinjury performance on tests of
executive function.72 In another study, a polymorphism in
the ANKK1 gene, which regulates the adjacent dopamine
D2 receptor gene, causing a reduction in the expression
of D2 receptors, was found to be associated with slower
postinjury performance on response latency.82,83
Depression is among the most common postinjury
sequelae and may contribute to posttraumatic disability.
Depression after TBI may be the result of a disturbance
in serotonergic neurotransmission.22 However, a polymorphism in serotonin transporter protein (SLC6A4 solute
carrier family 6 member 4) was not associated with increased frequency of depression after TBI.16
8

Conclusions

Over the past years, there has been extensive research in elucidating the pathophysiology of TBI and the
determinants of patient outcome, whereas it remains to
be seen if this knowledge will lead to the induction of
new treatment strategies and improved clinical outcome.
Several association studies have revealed a number of
genetic variants that confer susceptibility to poor outcome after TBI. Apart from providing insights into the
pathophysiology of TBI, genetic studies may have some
useful implications including the development of genetic
markers for determination of specific molecular profiles
in individuals and assessment of phenotype risk. Identification of ApoE alleles may determine which patients with
TBI will respond, for example, to ApoE administration
or to targeted therapies, such as bapineuzumab, which is
currently being tested in patients with Alzheimer disease
who have a specific ApoE genotype. It is also possible
that detection of genetic markers, such as IL high-risk
alleles, may help in identifying those patients who have
sustained TBI with a specific proinflammatory or antiinflammatory phenotype, who may benefit from an early
antiinflammatory treatment. This may, in part, explain
the lack of clear clinical efficacy in improving outcome
of previous antiinflammatory-based treatment trials in
patients suffering TBI.1
Furthermore, our better understanding of complex
genetic pathways may lead to specific genetic manipulation, for example, by targeting genetic modulators such
as promoter regions,47 in the near future. There is also
the possibility of neutralizing pathological mRNA, protein products and secondary messengers.11 Genetic determination of patients’ functional alterations in metabolic
enzymes may also have a clear beneficial effect on developing specific treatment strategies. It is possible that this
pharmacogenomics approach may have a clear impact in
determining the optimal therapeutic doses, minimizing
the possibility of any side effects, and improving treatment adherence and efficacy.13 In the future, all of these
approaches may offer the prospect of personalized risk
assessment and novel, genomic-based, targeted therapies.
Disclosure
The authors report no conflict of interest concerning the materials or methods used in this study or the findings specified in this
paper.
Author contributions to the study and manuscript preparation include the following. Conception and design: E Dardiotis,
KN Fountas, GM Hadjigeorgiou. Acquisition of data: E Dardiotis.
Analysis and interpretation of data: E Dardiotis, M Dardioti, G
Xiromerisiou, EZ Kapsalaki, A Tasiou. Drafting of the article: E
Dardiotis. Critically revising the article: M Dardioti, G Xiromerisiou,
EZ Kapsalaki, A Tasiou, KN Fountas, GM Hadjigeorgiou.
Administrative/technical/material support: E Dardiotis. Study supervision: KN Fountas, GM Hadjigeorgiou. Reviewed final version
of manuscript and approved it for submission: E Dardiotis, KN
Fountas, GM Hadjigeorgiou.
References
1. Alderson P, Roberts I: Corticosteroids for acute traumatic

Neurosurg Focus / Volume 28 / January 2010
Unauthenticated | Downloaded 01/08/23 01:00 AM UTC

Genetic association studies in TBI
2.

3.
4.
5.
6.

7.

8.

9.

10.

11.
12.
13.
14.
15.
16.

17.
18.

19.

20.

21.
22.

brain injury. Cochrane Database Syst Rev (1):CD000196,
2005
Alexander S, Kerr ME, Kim Y, Kamboh MI, Beers SR, Conley YP: Apolipoprotein E4 allele presence and functional
outcome after severe traumatic brain injury. J Neurotrauma
24:790–797, 2007
Allan SM: The role of pro- and antiinflammatory cytokines in
neurodegeneration. Ann N Y Acad Sci 917:84–93, 2000
Allan SM, Rothwell NJ: Cytokines and acute neurodegeneration. Nat Rev Neurosci 2:734–744, 2001
Arend WP: Interleukin 1 receptor antagonist. A new member
of the interleukin 1 family. J Clin Invest 88:1445–1451, 1991
Ariza M, Matarin MD, Junqué C, Mataró M, Clemente I,
Moral P, et al: Influence of Angiotensin-converting enzyme
polymorphism on neuropsychological subacute performance
in moderate and severe traumatic brain injury. J Neuropsychiatry Clin Neurosci 18:39–44, 2006
Ariza M, Pueyo R, Matarín Mdel M, Junqué C, Mataró M, Clemente I, et al: Influence of APOE polymorphism on cognitive
and behavioural outcome in moderate and severe traumatic
brain injury. J Neurol Neurosurg Psychiatry 77:1191–1193,
2006
Artiga MJ, Bullido MJ, Frank A, Sastre I, Recuero M, García
MA, et al: Risk for Alzheimer’s disease correlates with transcriptional activity of the APOE gene. Hum Mol Genet 7:
1887–1892, 1998
Ashman TA, Cantor JB, Gordon WA, Sacks A, Spielman L,
Egan M, et al: A comparison of cognitive functioning in older
adults with and without traumatic brain injury. J Head Trauma Rehabil 23:139–148, 2008
Bertram L, McQueen MB, Mullin K, Blacker D, Tanzi RE:
Systematic meta-analyses of Alzheimer disease genetic association studies: the AlzGene database. Nat Genet 39:17–23,
2007
Bonetta L: RNA-based therapeutics: ready for delivery? Cell
136:581–584, 2009
Brichtová E, Kozák L: Apolipoprotein E genotype and traumatic brain injury in children—association with neurological
outcome. Childs Nerv Syst 24:349–356, 2008
Cacabelos R: Pharmacogenomics in Alzheimer’s disease.
Methods Mol Biol 448:213–357, 2008
Cardon LR, Bell JI: Association study designs for complex
diseases. Nat Rev Genet 2:91–99, 2001
Chamelian L, Reis M, Feinstein A: Six-month recovery from
mild to moderate Traumatic Brain Injury: the role of APOEepsilon4 allele. Brain 127:2621–2628, 2004
Chan F, Lanctôt KL, Feinstein A, Herrmann N, Strauss J, Sicard T, et al: The serotonin transporter polymorphisms and
major depression following traumatic brain injury. Brain Inj
22:471–479, 2008
Chiang MF, Chang JG, Hu CJ: Association between apolipoprotein E genotype and outcome of traumatic brain injury.
Acta Neurochir (Wien) 145:649–654, 2003
Chiaretti A, Antonelli A, Mastrangelo A, Pezzotti P, Tortorolo
L, Tosi F, et al: Interleukin-6 and nerve growth factor upregulation correlates with improved outcome in children with
severe traumatic brain injury. J Neurotrauma 25:225–234,
2008
Costerousse O, Allegrini J, Lopez M, Alhenc-Gelas F: Angiotensin I-converting enzyme in human circulating mononuclear
cells: genetic polymorphism of expression in T-lymphocytes.
Biochem J 290:33–40, 1993
Crawford FC, Vanderploeg RD, Freeman MJ, Singh S, Waisman M, Michaels L, et al: APOE genotype influences acquisition and recall following traumatic brain injury. Neurology
58:1115–1118, 2002
Culmsee C, Mattson MP: p53 in neuronal apoptosis. Biochem
Biophys Res Commun 331:761–777, 2005
Dam H, Mellerup ET, Plenge P, Winther R, Wörtwein G: The

Neurosurg Focus / Volume 28 / January 2010

23.

24.

25.

26.
27.
28.
29.

30.

31.

32.

33.
34.
35.
36.
37.

38.

39.

40.

serotonin transporter and 5HT2A receptor in rat brain after
localized lesions. Neurol Res 29:717–722, 2007
Danser AH, Schalekamp MA, Bax WA, van den Brink AM,
Saxena PR, Riegger GA, et al: Angiotensin-converting enzyme in the human heart. Effect of the deletion/insertion
polymorphism. Circulation 92:1387–1388, 1995
Dardiotis E, Dardioti M, Hadjigeorgiou GM, Paterakis K: Re:
Lack of association between the IL1A gene (-889) polymorphism and outcome after head injury. Tanriverdi T et al. Surg
Neurol 2006;65:7-10; discussion 10. Surg Neurol 66:334–335,
2006
Diaz-Arrastia R, Gong Y, Fair S, Scott KD, Garcia MC, Carlile MC, et al: Increased risk of late posttraumatic seizures
associated with inheritance of APOE epsilon4 allele. Arch
Neurol 60:818–822, 2003
Dinarello CA: Interleukin-1 and interleukin-1 antagonism.
Blood 77:1627–1652, 1991
Dumont P, Leu JI, Della Pietra AC III, George DL, Murphy
M: The codon 72 polymorphic variants of p53 have markedly
different apoptotic potential. Nat Genet 33:357–365, 2003
Duprez DA: Role of the renin-angiotensin-aldosterone system
in vascular remodeling and inflammation: a clinical review. J
Hypertens 24:983–991, 2006
El-Omar EM, Carrington M, Chow WH, McColl KE, Bream
JH, Young HA, et al: Interleukin-1 polymorphisms associated
with increased risk of gastric cancer. Nature 404:398–402,
2000
Emsley HC, Smith CJ, Georgiou RF, Vail A, Hopkins SJ,
Rothwell NJ, et al : A randomised phase II study of interleukin-1 receptor antagonist in acute stroke patients. J Neurol
Neurosurg Psychiatry 76:1366–1372, 2005
Evangelou E, Maraganore DM, Annesi G, Brighina L, Brice
A, Elbaz A, et al: Non-replication of association for six polymorphisms from meta-analysis of genome-wide association
studies of Parkinson’s disease: large-scale collaborative study.
Am J Med Genet B Neuropsychiatr Genet [epub ahead of
print May 27, 2009]
Friedman G, Froom P, Sazbon L, Grinblatt I, Shochina M,
Tsenter J, et al: Apolipoprotein E-epsilon4 genotype predicts
a poor outcome in survivors of traumatic brain injury. Neurology 52:244–248, 1999
Golding EM: Sequelae following traumatic brain injury.
The cerebrovascular perspective. Brain Res Brain Res Rev
38:377–388, 2002
Graham DI, McIntosh TK, Maxwell WL, Nicoll JA: Recent advances in neurotrauma. J Neuropathol Exp Neurol
59:641–651, 2000
Greve MW, Zink BJ: Pathophysiology of traumatic brain injury. Mt Sinai J Med 76:97–104, 2009
Guo Z, Cupples LA, Kurz A, Auerbach SH, Volicer L, Chui H,
et al: Head injury and the risk of AD in the MIRAGE study.
Neurology 54:1316–1323, 2000
Hadjigeorgiou GM, Paterakis K, Dardiotis E, Dardioti M, Aggelakis K, Tasiou A, et al: IL-1RN and IL-1B gene polymorphisms and cerebral hemorrhagic events after traumatic brain
injury. Neurology 65:1077–1082, 2005
Han SD, Drake AI, Cessante LM, Jak AJ, Houston WS, Delis
DC, et al: Apolipoprotein E and traumatic brain injury in a
military population: evidence of a neuropsychological compensatory mechanism? J Neurol Neurosurg Psychiatry
78:1103–1108, 2007
Han SD, Suzuki H, Drake AI, Jak AJ, Houston WS, Bondi
MW: Clinical, cognitive, and genetic predictors of change in
job status following traumatic brain injury in a military population. J Head Trauma Rehabil 24:57–64, 2009
Hiekkanen H, Kurki T, Brandstack N, Kairisto V, Tenovuo O:
Association of injury severity, MRI-results and ApoE genotype with 1-year outcome in mainly mild TBI: a preliminary
study. Brain Inj 23:396–402, 2009

9
Unauthenticated | Downloaded 01/08/23 01:00 AM UTC

E. Dardiotis et al.
41. Hiekkanen H, Kurki T, Brandstack N, Kairisto V, Tenovuo
O: MRI changes and ApoE genotype, a prospective 1-year
follow-up of traumatic brain injury: a pilot study. Brain Inj
21:1307–1314, 2007
42. Hopkins SJ, Rothwell NJ: Cytokines and the nervous system.
I: Expression and recognition. Trends Neurosci 18:83–88,
1995
43. Horsburgh K, Cole GM, Yang F, Savage MJ, Greenberg BD,
Gentleman SM, et al: beta-amyloid (Abeta)42(43), abeta42,
abeta40 and apoE immunostaining of plaques in fatal head
injury. Neuropathol Appl Neurobiol 26:124–132, 2000
44. Horsburgh K, Fitzpatrick M, Nilsen M, Nicoll JA: Marked alterations in the cellular localisation and levels of apolipoprotein E following acute subdural haematoma in rat. Brain Res
763:103–110, 1997
45. Horsburgh K, Kelly S, McCulloch J, Higgins GA, Roses AD,
Nicoll JA: Increased neuronal damage in apolipoprotein Edeficient mice following global ischaemia. Neuroreport
10:837–841, 1999
46. Horsburgh K, McCulloch J, Nilsen M, McCracken E, Large
C, Roses AD, et al: Intraventricular infusion of apolipoprotein
E ameliorates acute neuronal damage after global cerebral
ischemia in mice. J Cereb Blood Flow Metab 20:458–462,
2000
47. Hurley LH, Von Hoff DD, Siddiqui-Jain A, Yang D: Drug targeting of the c-MYC promoter to repress gene expression via
a G-quadruplex silencer element. Semin Oncol 33:498–512,
2006
48. Isoniemi H, Kurki T, Tenovuo O, Kairisto V, Portin R: Hippo
campal volume, brain atrophy, and APOE genotype after traumatic brain injury. Neurology 67:756–760, 2006
49. Iwata N, Tsubuki S, Takaki Y, Shirotani K, Lu B, Gerard NP,
et al: Metabolic regulation of brain Abeta by neprilysin. Science 292:1550–1552, 2001
50. Jiang Y, Sun X, Gui L, Xia Y, Tang W, Cao Y, et al: Correlation between APOE -491AA promoter in epsilon4 carriers
and clinical deterioration in early stage of traumatic brain injury. J Neurotrauma 24:1802–1810, 2007
51. Jiang Y, Sun X, Xia Y, Tang W, Cao Y, Gu Y: Effect of APOE
polymorphisms on early responses to traumatic brain injury.
Neurosci Lett 408:155–158, 2006
52. Jiang Y, Sun XC, Gui L, Tang WY, Zhen LP, Gu YJ, et al:
Lack of association between apolipoprotein E promoters in
epsilon4 carriers and worsening on computed tomography in
early stage of traumatic brain injury. Acta Neurochir Suppl
105:233–236, 2008
53. Johnson VE, Murray L, Raghupathi R, Stewart J, Nicoll JA,
MacKinnon MA, et al: No evidence for the presence of apolipoprotein epsilon4, interleukin-lalpha allele 2 and interleukin1beta allele 2 cause an increase in programmed cell death following traumatic brain injury in humans. Clin Neuropathol
25:255–264, 2006
54. Johnson VE, Stewart W, Stewart JE, Graham DI, Praestgaard
AH, Smith DH: A neprilysin polymorphism and amyloid-beta
plaques following traumatic brain injury. J Neurotrauma
[epub ahead of print March 27, 2009]
55. Jordan BD: Genetic influences on outcome following traumatic brain injury. Neurochem Res 32:905–915, 2007
56. Jordan BD, Relkin NR, Ravdin LD, Jacobs AR, Bennett A,
Gandy S: Apolipoprotein E epsilon4 associated with chronic
traumatic brain injury in boxing. JAMA 278:136–140, 1997
57. Katzman R, Galasko DR, Saitoh T, Chen X, Pay MM, Booth
A, et al: Apolipoprotein-epsilon4 and head trauma: synergistic or additive risks? Neurology 46:889–891, 1996
58. Kerr ME, Ilyas Kamboh M, Yookyung K, Kraus MF, Puccio
AM, DeKosky ST, et al: Relationship between apoE4 allele
and excitatory amino acid levels after traumatic brain injury.
Crit Care Med 31:2371–2379, 2003
59. Kerr ME, Kamboh MI, Kong Y, Alexander S, Yonas H: Apo-

10

60.

61.

62.
63.

64.

65.

66.

67.
68.
69.
70.
71.
72.

73.
74.

75.

76.

77.

lipoprotein E genotype and CBF in traumatic brain injured
patients. Adv Exp Med Biol 578:291–296, 2006
Koponen S, Taiminen T, Kairisto V, Portin R, Isoniemi H,
Hinkka S, et al: APOE-epsilon4 predicts dementia but not
other psychiatric disorders after traumatic brain injury. Neurology 63:749–750, 2004
Kristman VL, Tator CH, Kreiger N, Richards D, Mainwaring
L, Jaglal S, et al: Does the apolipoprotein epsilon 4 allele predispose varsity athletes to concussion? A prospective cohort
study. Clin J Sport Med 18:322–328, 2008
Kutner KC, Erlanger DM, Tsai J, Jordan B, Relkin NR: Lower
cognitive performance of older football players possessing
apolipoprotein E epsilon4. Neurosurgery 47:651–658, 2000
Lachman HM, Papolos DF, Saito T, Yu YM, Szumlanski CL,
Weinshilboum RM: Human catechol-O-methyltransferase
pharmacogenetics: description of a functional polymorphism
and its potential application to neuropsychiatric disorders.
Pharmacogenetics 6:243–250, 1996
Lambert JC, Mann D, Goumidi L, Harris J, Amouyel P, Iwatsubo T, et al: Effect of the APOE promoter polymorphisms on
cerebral amyloid peptide deposition in Alzheimer’s disease.
Lancet 357:608–609, 2001
Leclercq PD, Murray LS, Smith C, Graham DI, Nicoll JA,
Gentleman SM: Cerebral amyloid angiopathy in traumatic
brain injury: association with apolipoprotein E genotype. J
Neurol Neurosurg Psychiatry 76:229–233, 2005
Lehmann DJ, Cortina-Borja M, Warden DR, Smith AD,
Sleegers K, Prince JA, et al: Large meta-analysis establishes
the ACE insertion-deletion polymorphism as a marker of Alz
heimer’s disease. Am J Epidemiol 162:305–317, 2005
Lei P, Li Y, Chen X, Yang S, Zhang J: Microarray based analysis of microRNA expression in rat cerebral cortex after traumatic brain injury. Brain Res 1284:191–201, 2009
Lendon CL, Harris JM, Pritchard AL, Nicoll JA, Teasdale
GM, Murray G: Genetic variation of the APOE promoter and
outcome after head injury. Neurology 61:683–685, 2003
Liaquat I, Dunn LT, Nicoll JA, Teasdale GM, Norrie JD: Effect of apolipoprotein E genotype on hematoma volume after
trauma. J Neurosurg 96:90–96, 2002
Liberman JN, Stewart WF, Wesnes K, Troncoso J: Apolipoprotein E epsilon 4 and short-term recovery from predominantly mild brain injury. Neurology 58:1038–1044, 2002
Lichtman SW, Seliger G, Tycko B, Marder K: Apolipoprotein
E and functional recovery from brain injury following postacute rehabilitation. Neurology 55:1536–1539, 2000
Lipsky RH, Sparling MB, Ryan LM, Xu K, Salazar AM,
Goldman D, et al: Association of COMT Val158Met genotype
with executive functioning following traumatic brain injury. J
Neuropsychiatry Clin Neurosci 17:465–471, 2005
Liu NK, Wang XF, Lu QB, Xu XM: Altered microRNA expression following traumatic spinal cord injury. Exp Neurol
219:424–429, 2009
Lo TY, Jones PA, Chambers IR, Beattie TF, Forsyth R, Mendelow AD, et al: Modulating effect of apolipoprotein E polymorphisms on secondary brain insult and outcome after childhood brain trauma. Childs Nerv Syst 25:47–54, 2009
Luukinen H, Jokelainen J, Kervinen K, Kesäniemi YA, Winqvist S, Hillbom M: Risk of dementia associated with the
ApoE epsilon4 allele and falls causing head injury without
explicit traumatic brain injury. Acta Neurol Scand 118:153–
158, 2008
Mahley RW, Weisgraber KH, Huang Y: Apolipoprotein E4:
a causative factor and therapeutic target in neuropathology,
including Alzheimer’s disease. Proc Natl Acad Sci U S A
103:5644–5651, 2006
Maraganore DM, de Andrade M, Elbaz A, Farrer MJ, Ioannidis JP, Krüger R, et al: Collaborative analysis of alpha-synuclein gene promoter variability and Parkinson disease. JAMA
296:661–670, 2006

Neurosurg Focus / Volume 28 / January 2010
Unauthenticated | Downloaded 01/08/23 01:00 AM UTC

Genetic association studies in TBI
78. Martínez-Lucas P, Moreno-Cuesta J, García-Olmo DC,
Sánchez-Sánchez F, Escribano-Martínez J, del Pozo AC, et al:
Relationship between the Arg72Pro polymorphism of p53 and
outcome for patients with traumatic brain injury. Intensive Care
Med 31:1168–1173, 2005
79. Maruyama M, Higuchi M, Takaki Y, Matsuba Y, Tanji H,
Nemoto M, et al: Cerebrospinal fluid neprilysin is reduced
in prodromal Alzheimer’s disease. Ann Neurol 57:832–842,
2005
80. Mayeux R, Ottman R, Maestre G, Ngai C, Tang MX, Ginsberg
H, et al: Synergistic effects of traumatic head injury and
apolipoprotein-epsilon 4 in patients with Alzheimer’s disease.
Neurology 45:555–557, 1995
81. McAllister TW: Polymorphisms in genes modulating the dopamine system: do they influence outcome and response to medication after traumatic brain injury? J Head Trauma Rehabil
24:65–68, 2009
82. McAllister TW, Flashman LA, Harker Rhodes C, Tyler AL,
Moore JH, Saykin AJ, et al: Single nucleotide polymorphisms
in ANKK1 and the dopamine D2 receptor gene affect cognitive
outcome shortly after traumatic brain injury: a replication and
extension study. Brain Inj 22:705–714, 2008
83. McAllister TW, Rhodes CH, Flashman LA, McDonald BC,
Belloni D, Saykin AJ: Effect of the dopamine D2 receptor T
allele on response latency after mild traumatic brain injury. Am
J Psychiatry 162:1749–1751, 2005
84. McClain CJ, Cohen D, Ott L, Dinarello CA, Young B: Ventricular
fluid interleukin-1 activity in patients with head injury. J Lab
Clin Med 110:48–54, 1987
85. McIntosh TK, Saatman KE, Raghupathi R, Graham DI, Smith
DH, Lee VM, et al: The Dorothy Russell Memorial Lecture.
The molecular and cellular sequelae of experimental traumatic
brain injury: pathogenetic mechanisms. Neuropathol Appl
Neurobiol 24:251–267, 1998
86. Mehta KM, Ott A, Kalmijn S, Slooter AJ, van Duijn CM, Hofman
A, et al: Head trauma and risk of dementia and Alzheimer’s disease: The Rotterdam Study. Neurology 53:1959–1962, 1999
87. Millar K, Nicoll JA, Thornhill S, Murray GD, Teasdale GM:
Long term neuropsychological outcome after head injury: relation to APOE genotype. J Neurol Neurosurg Psychiatry
74:1047–1052, 2003
88. Miñambres E, Cemborain A, Sánchez-Velasco P, Gandarillas
M, Díaz-Regañón G, Sánchez-González U, et al: Correlation
between transcranial interleukin-6 gradient and outcome in
patients with acute brain injury. Crit Care Med 31:933–938,
2003
89. Mohajeri MH, Kuehnle K, Li H, Poirier R, Tracy J, Nitsch RM:
Anti-amyloid activity of neprilysin in plaque-bearing mouse
models of Alzheimer’s disease. FEBS Lett 562:16–21, 2004
90. Mohajeri MH, Wollmer MA, Nitsch RM: Abeta 42-induced
increase in neprilysin is associated with prevention of amyloid
plaque formation in vivo. J Biol Chem 277:35460–35465,
2002
91. Morganti-Kossman MC, Lenzlinger PM, Hans V, Stahel P,
Csuka E, Ammann E, et al: Production of cytokines following
brain injury: beneficial and deleterious for the damaged tissue.
Mol Psychiatry 2:133–136, 1997
92. Morganti-Kossmann MC, Rancan M, Stahel PF, Kossmann T:
Inflammatory response in acute traumatic brain injury: a doubleedged sword. Curr Opin Crit Care 8:101–105, 2002
93. Mortimer JA, van Duijn CM, Chandra V, Fratiglioni L, Graves
AB, Heyman A, et al: Head trauma as a risk factor for
Alzheimer’s disease: a collaborative re-analysis of case-control
studies. Int J Epidemiol 20 (Suppl 2):S28–S35, 1991
94. Mullen SA, Crompton DE, Carney PW, Helbig I, Berkovic
SF: A neurologist’s guide to genome-wide association studies.
Neurology 72:558–565, 2009
95. Müller K, Ingebrigtsen T, Wilsgaard T, Wikran G, Fagerheim T,
Romner B, et al: Prediction of time trends in recovery of cogni-

Neurosurg Focus / Volume 28 / January 2010

96.

97.
98.

99.

100.
101.

102.
103.

104.

105.

106.
107.

108.
109.

110.

111.

112.

113.

tive function after mild head injury. Neurosurgery 64:698–704,
2009
Napieralski JA, Raghupathi R, McIntosh TK: The tumor-suppressor gene, p53, is induced in injured brain regions following
experimental traumatic brain injury. Brain Res Mol Brain Res
71:78–86, 1999
Nathan BP, Bellosta S, Sanan DA, Weisgraber KH, Mahley RW,
Pitas RE: Differential effects of apolipoproteins E3 and E4 on
neuronal growth in vitro. Science 264:850–852, 1994
Nathoo N, Chetry R, van Dellen JR, Connolly C, Naidoo R:
Apolipoprotein E polymorphism and outcome after closed traumatic brain injury: influence of ethnic and regional differences.
J Neurosurg 98:302–306, 2003
Nathoo N, Narotam PK, Agrawal DK, Connolly CA, van Dellen
JR, Barnett GH, et al: Influence of apoptosis on neurological
outcome following traumatic cerebral contusion. J Neurosurg
101:233–240, 2004
Nicoll JA, Roberts GW, Graham DI: Apolipoprotein E epsilon 4
allele is associated with deposition of amyloid beta-protein following head injury. Nat Med 1:135–137, 1995
Ost M, Nylén K, Csajbok L, Blennow K, Rosengren L, Nellgård
B: Apolipoprotein E polymorphism and gender difference in
outcome after severe traumatic brain injury. Acta Anaesthesiol
Scand 52:1364–1369, 2008
Patel HC, Boutin H, Allan SM: Interleukin-1 in the brain: mechanisms of action in acute neurodegeneration. Ann N Y Acad Sci
992:39–47, 2003
Penkowa M, Giralt M, Carrasco J, Hadberg H, Hidalgo J:
Impaired inflammatory response and increased oxidative stress
and neurodegeneration after brain injury in interleukin-6-deficient mice. Glia 32:271–285, 2000
Plassman BL, Havlik RJ, Steffens DC, Helms MJ, Newman TN,
Drosdick D, et al: Documented head injury in early adulthood
and risk of Alzheimer’s disease and other dementias. Neurology
55:1158–1166, 2000
Pociot F, Mølvig J, Wogensen L, Worsaae H, Nerup J: A TaqI
polymorphism in the human interleukin-1 beta (IL-1 beta) gene
correlates with IL-1 beta secretion in vitro. Eur J Clin Invest
22:396–402, 1992
Ponsford J, Rudzki D, Bailey K, Ng KT: Impact of apolipoprotein gene on cognitive impairment and recovery after traumatic
brain injury. Neurology 68:619–620, 2007
Quinn TJ, Smith C, Murray L, Stewart J, Nicoll JA, Graham DI:
There is no evidence of an association in children and teenagers
between the apolipoprotein E epsilon4 allele and post-traumatic
brain swelling. Neuropathol Appl Neurobiol 30:569–575,
2004
Raghupathi R: Cell death mechanisms following traumatic brain
injury. Brain Pathol 14:215–222, 2004
Rapoport M, Wolf U, Herrmann N, Kiss A, Shammi P, Reis
M, et al: Traumatic brain injury, Apolipoprotein E-epsilon4,
and cognition in older adults: a two-year longitudinal study. J
Neuropsychiatry Clin Neurosci 20:68–73, 2008
Rigat B, Hubert C, Alhenc-Gelas F, Cambien F, Corvol P,
Soubrier F: An insertion/deletion polymorphism in the angiotensin I-converting enzyme gene accounting for half the variance
of serum enzyme levels. J Clin Invest 86:1343–1346, 1990
Roberts GW, Gentleman SM, Lynch A, Murray L, Landon
M, Graham DI: Beta amyloid protein deposition in the brain
after severe head injury: implications for the pathogenesis of
Alzheimer’s disease. J Neurol Neurosurg Psychiatry 57:419–
425, 1994
Rodriguez-Pallares J, Rey P, Parga JA, Muñoz A, Guerra MJ,
Labandeira-Garcia JL: Brain angiotensin enhances dopaminergic cell death via microglial activation and NADPH-derived
ROS. Neurobiol Dis 31:58–73, 2008
Russo R, Borghi R, Markesbery W, Tabaton M, Piccini A:
Neprylisin decreases uniformly in Alzheimer’s disease and in
normal aging. FEBS Lett 579:6027–6030, 2005

11
Unauthenticated | Downloaded 01/08/23 01:00 AM UTC

E. Dardiotis et al.
114. Sabo T, Lomnitski L, Nyska A, Beni S, Maronpot RR, Shohami
E, et al: Susceptibility of transgenic mice expressing human apolipoprotein E to closed head injury: the allele E3 is neuroprotective whereas E4 increases fatalities. Neuroscience 101:879–884,
2000
115. Sakai A, Ujike H, Nakata K, Takehisa Y, Imamura T, Uchida N,
et al: Association of the Neprilysin gene with susceptibility to
late-onset Alzheimer’s disease. Dement Geriatr Cogn Disord
17:164–169, 2004
116. Sanchez Mejia RO, Ona VO, Li M, Friedlander RM: Minocycline
reduces traumatic brain injury-mediated caspase-1 activation,
tissue damage, and neurological dysfunction. Neurosurgery
48:1393–1401, 2001
117. Santtila S, Savinainen K, Hurme M: Presence of the IL-1RA
allele 2 (IL1RN*2) is associated with enhanced IL-1beta production in vitro. Scand J Immunol 47:195–198, 1998
118. Sayed-Tabatabaei FA, Houwing-Duistermaat JJ, van Duijn CM,
Witteman JC: Angiotensin-converting enzyme gene polymorphism and carotid artery wall thickness: a meta-analysis. Stroke
34:1634–1639, 2003
119. Sayed-Tabatabaei FA, Oostra BA, Isaacs A, van Duijn CM,
Witteman JC: ACE polymorphisms. Circ Res 98:1123–1133,
2006
120. Shaw K, MacKinnon MA, Raghupathi R, Saatman KE, Mclntosh
TK, Graham DI: TUNEL-positive staining in white and grey
matter after fatal head injury in man. Clin Neuropathol 20:106–
112, 2001
121. Smith C, Graham DI, Murray LS, Stewart J, Nicoll JA:
Association of APOE e4 and cerebrovascular pathology in traumatic brain injury. J Neurol Neurosurg Psychiatry 77:363–
366, 2006
122. Sorbi S, Nacmias B, Piacentini S, Repice A, Latorraca S, Forleo
P, et al: ApoE as a prognostic factor for post-traumatic coma.
Nat Med 1:852, 1995
123. Strittmatter WJ, Saunders AM, Goedert M, Weisgraber KH,
Dong LM, Jakes R, et al: Isoform-specific interactions of apolipoprotein E with microtubule-associated protein tau: implications for Alzheimer disease. Proc Natl Acad Sci U S A
91:11183–11186, 1994
124. Strittmatter WJ, Weisgraber KH, Huang DY, Dong LM, Salvesen
GS, Pericak-Vance M, et al: Binding of human apolipoprotein E
to synthetic amyloid beta peptide: isoform-specific effects and
implications for late-onset Alzheimer disease. Proc Natl Acad
Sci U S A 90:8098–8102, 1993
125. Sundström A, Marklund P, Nilsson LG, Cruts M, Adolfsson R,
Van Broeckhoven C, et al: APOE influences on neuropsychological function after mild head injury: within-person comparisons. Neurology 62:1963–1966, 2004
126. Suzuki Y, Ruiz-Ortega M, Lorenzo O, Ruperez M, Esteban V,
Egido J: Inflammation and angiotensin II. Int J Biochem Cell
Biol 35:881–900, 2003
127. Tanriverdi F, Taheri S, Ulutabanca H, Caglayan AO, Ozkul Y,
Dundar M, et al: Apolipoprotein E3/E3 genotype decreases the
risk of pituitary dysfunction after traumatic brain injury due to
various causes: preliminary data. J Neurotrauma 25:1071–
1077, 2008

12

128. Tanriverdi T, Uzan M, Sanus GZ, Baykara O, Is M, Ozkara C,
et al: Lack of association between the IL1A gene (-889) polymorphism and outcome after head injury. Surg Neurol 65:7–10,
2006
129. Tarlow JK, Blakemore AI, Lennard A, Solari R, Hughes HN,
Steinkasserer A, et al: Polymorphism in human IL-1 receptor
antagonist gene intron 2 is caused by variable numbers of an
86-bp tandem repeat. Hum Genet 91:403–404, 1993
130. Teasdale GM, Murray GD, Nicoll JA: The association between
APOE epsilon4, age and outcome after head injury: a prospective cohort study. Brain 128:2556–2561, 2005
131. Teasdale GM, Nicoll JA, Murray G, Fiddes M: Association of
apolipoprotein E polymorphism with outcome after head injury.
Lancet 350:1069–1071, 1997
132. Terrell TR, Bostick RM, Abramson R, Xie D, Barfield W, Cantu
R, et al: APOE, APOE promoter, and Tau genotypes and risk
for concussion in college athletes. Clin J Sport Med 18:10–17,
2008
133. Toulmond S, Rothwell NJ: Interleukin-1 receptor antagonist
inhibits neuronal damage caused by fluid percussion injury in the
rat. Brain Res 671:261–266, 1995
134. Uzan M, Tanriverdi T, Baykara O, Kafadar A, Sanus GZ, Tureci
E, et al: Association between interleukin-1 beta (IL-1beta) gene
polymorphism and outcome after head injury: an early report.
Acta Neurochir (Wien) 147:715–720, 2005
135. Willemse-van Son AH, Ribbers GM, Hop WC, van Duijn
CM, Stam HJ: Association between apolipoprotein-epsilon4
and long-term outcome after traumatic brain injury. J Neurol
Neurosurg Psychiatry 79:426–430, 2008
136. Wilson M, Montgomery H: Impact of genetic factors on outcome
from brain injury. Br J Anaesth 99:43–48, 2007
137. Xue L, Yang SY: [The protective effect of p53 antisense oligonucleotide against neuron apoptosis secondary to traumatic
brain injury.] Zhonghua Wai Ke Za Zhi 42:236–239, 2004
(Chinese)
138. Yamada M, Sodeyama N, Itoh Y, Takahashi A, Otomo E, Mat
sushita M, et al: Association of neprilysin polymorphism with
cerebral amyloid angiopathy. J Neurol Neurosurg Psychiatry
74:749–751, 2003
139. Zhou W, Xu D, Peng X, Zhang Q, Jia J, Crutcher KA: Metaanalysis of APOE4 allele and outcome after traumatic brain
injury. J Neurotrauma 25:279–290, 2008
140. Zintzaras E, Lau J: Synthesis of genetic association studies
for pertinent gene-disease associations requires appropriate
methodological and statistical approaches. J Clin Epidemiol
61:634–645, 2008

Manuscript submitted September 15, 2009.
Accepted October 22, 2009.
Address correspondence to: Efthimios Dardiotis, M.D., Labora
tory of Neurogenetics, Department of Neurology, School of Medi
cine, University of Thessaly, 22 Papakyriazi Street, GR-41222
Larissa, Greece. email: edar@med.uth.gr.

Neurosurg Focus / Volume 28 / January 2010
Unauthenticated | Downloaded 01/08/23 01:00 AM UTC

