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Abstract

We conducted a prospective study to identify genome-wide changes in peripheral gene expression before and after sports-

related concussion (SRC). A total of 253 collegiate contact athletes underwent collection of peripheral blood mononuclear

cells (PBMCs) before the sport season (baseline). Sixteen athletes who subsequently developed an SRC, along with 16 non-

concussed teammate controls, underwent repeat collection of PBMCs within 6 h of injury (acutely). Concussed athletes

underwent additional sample collection at 7 days post-injury (sub-acutely). Messenger RNA (mRNA) expression at baseline

was compared with mRNA expression acutely and sub-acutely post-SRC. To estimate the contribution of physical exertion to

gene changes, baseline samples from athletes who subsequently developed an SRC were compared with samples from

uninjured teammate controls collected at the acute time-point. Clinical outcome was determined by changes in post-

concussive symptoms, postural stability, and cognition from baseline to the sub-acute time-point. SRC athletes had significant

changes in mRNA expression at both the acute and sub-acute time-points. There were no significant expression changes

among controls. Acute transcriptional changes centered on interleukins 6 and 12, toll-like receptor 4, and NF-jB. Sub-acute

gene expression changes centered on NF-jB, follicle stimulating hormone, chorionic gonadotropin, and protein kinase

catalytic subunit. All SRC athletes were clinically back to baseline by Day 7. In conclusion, acute post-SRC transcriptional

changes reflect regulation of the innate immune response and the transition to adaptive immunity. By 7 days, transcriptional

activity is centered on regulating the hypothalamic-pituitary-adrenal axis. Future efforts to compare expressional changes in

fully recovered athletes with those who do not recover from SRC could suggest putative targets for therapeutic intervention.
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Introduction

Despite 3.8 million sports-related concussions (SRC) in the

United States annually, there is currently no approved treat-

ment. This may be due in part to a limited understanding of con-

cussion pathophysiology, as well as an inability to determine

individuals at risk for long-term deficits.1 Genome-wide changes in

peripheral gene expression using messenger RNA (mRNA) sam-

ples can provide valuable insights into the underlying pathophys-

iology and potential repair mechanisms of acute traumatic brain

injury (TBI), including SRC. Gene expression changes in the brain

have been previously characterized among severe TBI patients

using post-mortem and post-operative brain tissue samples.2–4

However, little is known regarding gene expression after less se-

vere forms of TBI, such as concussion. After severe TBI, differ-

entially expressed genes were found to be related primarily to

transcriptional regulation, energy metabolism, signal transduction,

inflammation, and intercellular adhesion.2 Although differential

gene expression after concussion has not been described, poly-

morphisms in several genes have been shown to influence outcome.

These genes include the calcium channel subunit, brain-derived

neurotrophic factor, dopamine D2 receptor, dopamine active

transporter, and dopamine b-hydroxylase.5 While these polymor-

phisms could potentially be used to identify athletes at risk for poor

outcome after SRC, it is unclear how they could be used to develop

therapeutics for SRC.

A better understanding of the transcriptional and translational

changes occurring in the brain after concussion is more likely to

identify potential therapeutic targets. Progress on this front has

been hampered by the inaccessibility of human brain tissue after
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concussion, as the mortality and need for neurosurgery from this

injury is close to zero. Thus, in order to describe transcriptional

changes after concussion, less invasive approaches are needed.

Several lines of evidence suggest that gene activities in periph-

eral immune cells are affected by central cellular activities in the

setting of pathologic conditions such as TBI. TBI-associated

breakdown of the blood brain barrier facilitates activation of brain

microglia and astrocytes by peripheral leukocytes.6 This interaction

is reflected in the observed correlation between mRNA expression

in peripheral blood mononuclear cells (PBMCs) and in cerebro-

spinal fluid (CSF),7 as well as in brain tissue.8,9 Moreover, changes

in peripheral gene expression have shed light on the central

mechanisms underlying other neurologic disorders, such as autism,

schizophrenia, and post-traumatic stress disorder.10–12 Taken to-

gether, these studies suggest that central neuronal damage is

communicated to the periphery and can be detected through gene

expression changes in peripheral blood cells. Our primary objec-

tive, therefore, was to determine changes in peripheral blood

transcriptome using PBMCs before and after SRC.

Methods

Patients

Between 2010 and 2012, pre-season (baseline) PBMC samples
were collected from 253 National Collegiate Athletic Association
Division III contact sport athletes at two universities in Rochester,
New York, and then banked. Contact sports included basketball,
football, ice hockey, lacrosse and soccer. Both males and females
ages 18 and older were invited to participate, and there was no
restriction on race or ethnicity. Individuals unable to speak and read
English or Spanish, due to availability of Immediate Post-
Concussion Assessment and Cognitive Testing (ImPACT) in only
these languages, were excluded. Additional exclusion criteria in-
cluded use of drugs or alcohol on the day of consent and baselining,
subjects who were pregnant, and history of TBI within 2 weeks
prior to baseline. Regarding the latter, history of TBI >2 weeks
prior to baseline was documented. These athletes were followed
prospectively for the development of an SRC, which was defined as
an injury witnessed by an on-field coach or certified athletic trainer
and meeting the definition of concussion as defined by the Sport
Concussion Assessment Tool 2.13 In brief, this tool provides a
structured framework for evaluating 22 post-concussive symptoms,
as well as orientation, memory, recall, balance, and gait. Defi-
ciencies in any of these areas were used to confirm suspicion of
concussion. In athletes with an SRC, a second PBMC sample was
obtained within 6 h of injury (acute sample) and a third PBMC
sample was obtained at 7 days post-injury (sub-acute sample).

Because physical exertion alone can potentially produce chan-
ges in gene expression,14 a comparison of gene changes before and
after SRC potentially identifies genes not only related to SRC, but
also to physical exertion. In other words, immediately after a
concussion, gene expression changes reflect both brain injury and
physical exertion. In order to isolate the effects of brain injury alone
on gene expression changes, the effects of physical exertion must
be measured and removed. In order to measure the effects of
physical exertion on post-SRC gene changes, a non-injured control
group was examined. Non-injured athlete controls were identified
at the time of each SRC. Athletes who supplied a baseline pre-
season PBMC sample were eligible to serve as controls when one of
their teammates suffered an SRC. Controls were matched to the
concussed athlete for gender, team, and sport. A further eligibility
requirement for controls was that they must have provided the
baseline pre-season PBMC sample in the same month and year as
the concussed athlete, thus controlling for the time interval between
baseline and injury.

Both the concussed athlete and the non-injured teammate control
athlete underwent phlebotomy for PBMC sampling at the same
time acutely (i.e. within 6 h) post injury. The concussed athlete, but
not the uninjured teammate control, underwent repeat phlebotomy
at the sub-acute time-point. Because prior studies have demon-
strated the stability of gene transcription profiles among healthy
adults sampled at intervals ranging from 1 week15 to several
months,16 it was assumed that the mRNA expression among un-
injured control athletes would not change significantly over the
6 days spanning the acute-to-sub-acute time period. Unlike the
injured athletes, who ceased all physical exertion after concussion,
there was no change in the exertional activities of controls between
the acute and subacute time-points. The institutional review boards
at University of Rochester and Rochester Institute of Technology
approved this protocol; written informed consent was obtained
from all study participants prior to subject participation.

Clinical outcome after SRC

Clinical outcome after SRC was determined by changes in
cognitive performance, post-concussive symptoms, and postural
stability, according to the recommendations of the 3rd International
Conference on Concussion in Sport.17 All participating athletes
underwent baseline, pre-season determination of cognition and
postural stability with ImPACT and the Balance Error Scoring
System (BESS), respectively. ImPACT and BESS testing were
repeated in all subjects 7 days post-injury. ImPACT is a proprietary
computer program that measures verbal memory, visual memory,
reaction time, and visuomotor speed.18 ImPACT also includes a
post-concussive symptom inventory. Normal day-to-day variation
(termed ‘‘reliable change’’) has been determined for each of these
cognitive domains: verbal memory, 8.75 points; visual memory,
13.55 points; visuomotor speed, 4.98 points; post-concussion
symptom score, 9.18 points; and reaction time, 0.06 sec.19 A sig-
nificant change in a specific cognitive domain was thus defined as
change exceeding the reliable change for that domain. BESS re-
quires the athlete to stand in three different stances (double leg,
single leg, and in tandem) for 20 sec with eyes closed. Each stance
is performed on a firm surface and on a 10-cm thick foam pad. The
BESS score is calculated by adding 1 error point for each perfor-
mance error, with a maximum of 10 errors per stance.20 Unlike
ImPACT, there are no accepted reliable change values for BESS.

PBMC and RNA isolation

PBMCs were isolated within 1 h of venous blood collection
following the protocol described in detail elsewhere.21 Isolated
PBMC pellets were suspended in complete RPMI-10 medium and
moved to storage in a -80�C freezer, after which they were stored at
-190�C until analysis. Total RNA was isolated from PBMCs using
TRIzol� Plus RNA Purification Kits (Life Technologies, Grand
Island, NY), and was treated with DNase I-Amplification Grade
Kits (Life Technologies). The purity and concentration of RNA
samples were verified using a NanoDrop DN-1000 spectropho-
tometer (Thermo Fisher Scientific, Wilmington, DE). RNA integ-
rity was determined on an Agilent bioanalyzer 2100 using the RNA
6000 Nano kit (Agilent, Sana Clara, CA). The quality of mRNA
was evaluated in each sample. Samples with an RNA integrity
number (RIN) less than 7.0 were excluded from analysis.

Microarray

Using the GeneChip 3¢ IVT Expression kit, each RNA (100 ng)
sample was reverse transcribed, converted to biotinylated com-
plementary RNA, and hybridized to Affymetrix HG-U133 Plus 2.0
microarrays (Affymetrix Inc, Santa Clara, CA), which contain
54,675 probesets representing over 38,500 specific human genes.
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After staining with streptavidin-phycoerythrin and thorough
washing, the raw data were obtained by laser scanning imaging.

Statistical analysis

Demographic variables were compared in concussed athletes
and uninjured teammate controls using Student’s t-test for age, and
Fisher’s exact test for gender, race, and sport. Clinically significant
changes in cognitive function were determined by the percentage of
athletes in each of the five cognitive domains displaying changes
not exceeding reliable change. In addition, the mean score for each
domain pre-injury was compared with the score post-injury using a
paired t-test. Changes in postural stability were determined by
comparing the mean score for each stance preinjury to the score
post-injury using a paired t-test. Statistical significance was defined
as a p value of less than or equal to 0.05.

Partek Genomics Suite software, version 6.6 (Partek Inc, St.
Louis, MO), was utilized for all analyses performed on microarray
data. Interrogating probes were imported, and corrections for
background signal were applied using the robust multi-array av-
erage method, with additional corrections applied for the GC-
content of probes. The probesets were standardized using quantile
normalization, and expression levels of each probe underwent log-2
transformation to normalize data distributions. Parameters for
identifying differentially expressed genes over time (i.e., within-
subject comparison) were then identified using analyses of variance
of each probe set’s expression level as a function of time-point
(baseline, acute, or sub-acute), while controlling for gender and
race as covariates. Restricted maximum likelihood method was
employed to fit the fixed and random effects of the design sepa-
rately. In order to estimate the contribution of physical exertion to
post-SRC gene changes, the same pre-post gene expression com-
parisons were planned among uninjured teammate controls ath-
letes. Significant gene expression changes were defined as those
increasing or decreasing by at least 1.5-fold (from baseline) and a

p value threshold with a false discovery rate <0.05 corrected for
multiple comparisons.

A Partek-generated heat map was used to display differential
gene expression at baseline, as well as acutely and sub-acutely post-
SRC. Significant changes in differentially expressed genes were
identified by comparing gene expression at baseline with expres-
sion acutely after SRC, and by comparing gene expression at
baseline with expression sub-acutely after SRC (Fig. 1).

The functional biologic networks associated with these signifi-
cantly changed genes were identified using Ingenuity Pathway
Analysis (IPA; Qiagen Ingenuity Systems Inc, Redwood City, CA).
Central transcriptional nodes (‘‘hubs’’) were identified from the
IPA-generated networks. Within each network, genes were ranked
by the number of direct and indirect connections made with other
genes. The top four genes with the most connections were con-
sidered transcriptional hubs.22

Results

Subjects and mRNA samples

Of the 253 athletes enrolled, 16 (6%) suffered a concussion

during the study period. Sixteen uninjured teammate controls were

enrolled during the same time period. History of TBI more than 2

weeks prior to baseline was similar in control and concussed ath-

letes. Compared with control athletes, concussed athletes were

older and more likely to be white (Table 1).

Of the samples obtained from the 16 concussed subjects, 15 had

adequate mRNA (RIN >7) at baseline and the sub-acute time-point,

while nine had adequate RNA at the acute time-point. Of the

samples obtained from the 16 uninjured athlete controls, none had

adequate mRNA at baseline but all 16 had adequate RNA integrity

at the acute time period. Baseline samples from the 16 uninjured

athlete controls were shipped separately from all other samples,

FIG. 1. Study design and analysis plan. Among athletes who suffered a sports-related concussion (SRC), gene expression was
compared at baseline with acutely (within 6 h) post-SRC (a), and at baseline with sub-acutely (7 days) post-SRC (b). Among uninjured
teammate athletes (controls), a piori analysis involved a comparison of gene expression at baseline with the same acute post-SRC time-
point as the injured athlete to whom they were matched (c). Because none of the baseline samples from uninjured control athletes were
suitable for messenger RNA (mRNA) analysis, baseline samples from athletes who subsequently suffered an SRC (i.e., before they were
injured) were used as a surrogate for uninjured control baseline mRNA expression (c*). Based on the presumption that mRNA
expression among uninjured teammate controls would not change significantly over the 6 days spanning the acute to sub-acute time
period, mRNA expression at the acute time-point was applied to the sub-acute time-point.
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leading us to speculate that adverse environmental conditions (e.g.,

heat) affected these samples. Because baseline samples from un-

injured control athletes were unsuitable for analysis, baseline

samples from athletes who subsequently suffered a concussion (i.e.,

before they were injured) were used as a surrogate for control

baseline mRNA expression (Fig. 1).

Clinical outcomes

Among concussed athletes, there was no significant difference in

mean cognitive performance on ImPACT pre-injury, compared

with the sub-acute time-point (Table 2). No concussed athlete had

changes exceeding reliable change in any of the five cognitive

domains measured. Similarly, there was no significant difference in

mean postural stability on BESS pre-injury, compared with sub-

acutely post-injury (Table 3).

Significant changes in gene expression
before and after SRC

Of the 54,675 total probesets, 766 were found to have significant

changes in expression level from baseline to post-SRC (either 1 day

post-injury or 7 days post-injury) among concussed athletes. The

expression of 596 probesets was significantly changed from base-

line to the acute time-point, of which 287 were unique to this time-

point. The expression of 479 probesets was significantly changed

from the baseline to sub-acute time-point, of which 170 were un-

ique to this time-point. The expression of 309 probesets was sig-

nificantly changed from baseline to both the acute and sub-acute

time-points (Fig. 2).

Twenty-five genes had > 2 fold change in mRNA expression

between baseline and the acute post-SRC time-point (Supplemen-

tary Table 1; see online supplementary material at www.liebertpub.

com). The genes with the largest decrease in expression were

chemokine (C-C motif) ligand 4 (CCL4; 3.4-fold) and RAR-related

orphan receptor A (RORA; 2.7-fold). The genes with the largest

increase in expression were pyruvate dehydrogenase kinase, iso-

zyme 4 (PDK4; 3.1-fold), and vacuole membrane protein 1 (VMP1;

2.6-fold).

Thirty-three genes had ‡2-fold change in mRNA expression

between baseline and the subacute post-SRC time-point. (Supple-

mentary Table 2; see online supplementary material at www.

liebertpub.com). The genes with the largest decrease in expression

were G0/G1switch 2 (G0S2; 7.7-fold), CCL3 (6.0-fold), and jun

proto-oncogene (JUN; 4.7-fold). The genes with the largest in-

crease in expression were EPM2A (laforin) interacting protein 1

(EPM2AIP1; 2.1-fold), and chemokine (C-X3-C motif) receptor 1

(CX3CR1; 1.9-fold).

There were no significant changes in gene expression between

the concussed subjects at baseline (i.e., before they were injured)

and the controls athletes at the acute time-point, even after con-

trolling for race and gender.

Differential gene expression before and after SRC

Among concussed athletes at baseline (i.e., before injury), the

majority of differentially expressed gene transcripts displayed in-

creased transcriptional activity (Fig. 3). However, acutely after

SRC, of the 593 probesets that were differentially expressed, the

majority (435; 73%) were down-regulated. This pattern persisted

into the sub-acute time-point, where 408 of the 479 (85%) differ-

entially expressed gene transcripts were down-regulated. Three

hundred nine transcripts were differentially expressed at both the

acute and sub-acute time-points.

Canonical pathways and biologic networks associated
with changes in gene expression after SRC

The top canonical pathways of genes that displayed significant

changes from baseline to the acute post-SRC time-point involved

‘‘Immune Cell Functioning’’ and ‘‘Communication’’ that included

the NF-jB and natural killer signaling pathways. The top network

of gene changes were related to ‘‘Inflammatory Response,

Table 1. Demographics of Concussed (n = 16)
and Control (n = 16) Athletes

Athletes Controls
n (%) n (%) p value

Age (mean, SD) 19.38 (1.47) 18.53 (0.41) 0.035
Gender 0.784

Female 8 (50%) 9 (56%)
Male 8 (50%) 7 (44%)

Race 0.018
White 16 (100%) 10 (62.5%)
Not reported 0 (0%) 6 (37.5%)

Sport 0.093
Football 6 (38%) 7 (44%)
Hockey 4 (25%) 0 (0%)
Lacrosse 1 (6%) 0 (0%)
Soccer 5 (31%) 9 (56%)

Prior TBI 7 (44%) 2 (13%) 0.113

SD, standard deviation; TBI, traumatic brain injury.

Table 2. Mean (SD) ImPACT Performance

Among Concussed Athletes (n = 16)

Baseline Day 7 p value

Verbal Memory Score 88.13 (8.52) 91.43 (6.88) 0.211
Visual Memory Score 75.75 (15.81) 75.79 (12.95) 0.838
Visual Motor Speed Score 41.82 (5.90) 43.91 (5.64) 0.118
Reaction Time (s) 0.58 (0.07) 0.54 (0.06) 0.051
Impulse Control Score 5.13 (3.24) 5.79 (2.94) 0.459
Total Symptom Score 3.25 (7.49) 2.57 (4.07) 0.842
Cognitive Efficiency Index 0.39 (0.12) 0.46 (0.08) 0.059

SD, standard deviation; ImPACT, Immediate Post-Concussion Assess-
ment and Cognitive Testing.

Table 3. Mean (SD) Errors During BESS

Assessment of Concussed Athletes (n = 16)

Baseline Day 7 p value

DL floor 0 (0.00) 0.06 (0.25) 0.334
SL floor 3.31 (2.44) 3.20 (1.86) 0.506
Tandom floor 1.06 (1.12) 1.20 (1.21) 0.583
DL foam 0.13 (0.34) 0.20 (0.41) 0.671
SL foam 7.81 (2.37) 7.00 (1.77) 0.222
Tandom foam 4.56 (2.10) 4.80 (2.88) 0.628
Total errors 16.88 (5.38) 16.47 (5.26) 0.819

SD, standard deviation; BESS, Balance Error Scoring System; DL,
double leg; SL, single leg.
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Infectious Disease, and Renal/Urological Disease’’ (Fig. 4). Genes

identified as hubs in this network were interleukin 6 (IL-6; 19

connections), NF-jB (18 connections), IL-12 (13 connections), and

toll-like receptor 4 (TRL4; 13 connections).

The top canonical pathways of genes that displayed significant

changes from baseline to the sub-acute post-SRC time-point in-

volved ‘‘Glucocorticoid Receptor Signaling,’’ and the top network

of gene changes were related to ‘‘Neurological Disease, Cell Death

and Survival’’ (Fig. 5). Genes identified as hubs in this network

were NF-jB (11 connections), follicle-stimulating hormone (FSH;

8 connections), chorionic gonadotropin (Cg; 8 connections), lu-

teinizing hormone (LH; 7 connections), and protein kinase catalytic

subunit (PKCS; 7 connections).

Discussion

To our knowledge this is the first study to describe temporal

changes in networks of altered genes after SRC, and indeed, after

human TBI of any severity. Others have reported longitudinal

changes in gene expression following experimental TBI in rodents.

FIG. 2. Probesets with significant changes in expression from baseline to post–sports-related concussion (SRC). Of the 54,675 total
probesets, 766 were found to have significant changes in expression level from baseline to post-SRC. Specifically, 287 probesets were
unique to (a) acutely after SRC, whereas 170 were unique to (c) sub-acutely after SRC. There were 309 probesets that were significantly
differentially expressed from baseline to (b) both acutely and sub-acutely after SRC.

FIG. 3. Heat map of differential gene expression among athletes before (baseline) and after (acute and sub-acute) sports-related
concussion (SRC). Color-coded expression levels of the 766 probesets that were significantly changed post-SRC (acute and sub-acute)
relative to baseline (X-axis) among 16 SRC athletes, standardized to mean 0 and standard deviation of 1. Up-regulated genes are red, down-
regulated genes are blue, genes with unchanged expression are colored gray. Individual SRC athletes are along the Y-axis, and grouped by
the three indicated time-points. (There are fewer subjects at the acute time-point because of inadequate RNA in six peripheral blood
mononuclear cell samples). A heat map of differential gene expression among uninjured athlete controls was not displayed because no
significant pre-post changes in gene expression were detected. Color image is available online at www.liebertpub.com/neu
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In these studies, early changes were related to transcriptional reg-

ulation, inflammation and cell signaling; later changes were related

to complement system major histocompatibility complex class II

pathway, and cell death/survival.23–26

Determining molecular causality and response to concussion is

complex, but our findings suggest a distinct shift in gene expression

activity between the acute and the sub-acute post-concussion periods.

Because all SRC athletes were clinically back to baseline by Day 7,

we interpret these gene changes to be adaptive. The cascade of mo-

lecular changes during the first 6 h following SRC is dominated by

inflammatory activity centered around IL-6, IL-12, toll-like receptors

(TLR), and NF-jB. What these four hub genes have in common is

their effect on regulating the innate immune response, as well pro-

moting the transition to an acquired, adaptive immune response.

Although the brain was once considered immunologically

privileged, it is now known that it actively participates in inflam-

matory processes necessary for maintaining neural homeostasis.

After experimental TBI, molecules such as heat shock proteins,

high mobility group box-1, and hyaluronan released from damaged

neurons have been shown to activate resident microglia via surface

TLRs.27,28 TLRs are pattern recognition receptors that play an

important role in the initiation of innate immunity.29 Using a

similar mRNA pathway analysis, TLR signaling was found to be an

important transcriptional hub 3 h after fluid percussion injury and

24 h after controlled cortical impact in rats.24

NF-jB is a major transcription factor that regulates genes re-

sponsible for both the innate and adaptive immune response. In

support of our findings, two prior pathway analyses of mRNA ex-

pression in experimentally injured rodent brains also identified

NF-jB signaling as an important transcriptional hub after TBI.24,30

NF-jB is known to be activated by stimulation of TLRs,31 which

may explain why both were identified as key hubs after SRC.

FIG. 4. Top network of differentially expressed genes acutely (within 6 h) after sports-related concussion (SRC). Functional analysis
of the top selected genes identified by microarray within 6 h of SRC centered on the ‘‘Inflammatory Response, Infectious Disease, Renal
and Urological Disease’’ network. The network is graphically represented as nodes (genes) and lines (the biological relationship
between genes). Red and green shaded nodes represent up- and down-regulated genes, respectively; empty nodes are those that are
biologically linked to differentially expressed genes based on the evidence in the literature, but not differentially expressed in the
analyzed samples. Solid lines represent a direct interaction between the two gene products while dotted lines indicates indirect
interactions. Network hubs and their connections to each other are noted in bold. Only those genes with direct or indirect connections to
one of the hubs were displayed in this figure for simplicity. Color image is available online at www.liebertpub.com/neu
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Moreover, downstream of NF-jB activation leads to expression of

cytokines like IL-632 and IL-12.33 In the setting of more severe TBI,

NF-jB expression has been found to be up-regulated in rodent

models,34–36 as well as in humans.37 The precise role of NF-jB

expression in modulating the innate and adaptive immune response

after TBI has not been elucidated. However, genetically altered

mice unable to up-regulate NF-jB have larger lesion volumes and

blood-brain barrier breech after experimental TBI, suggesting that

NF-jB activation may serve a neuroprotective function38 in this

capacity.

IL-6 is an inflammatory cytokine that regulates the transition

from innate to acquired immunity. The hallmark of this shift is a

transition in the composition of inflammatory cells from neutro-

phils to mononuclear cells. IL-6 coordinates this transition by im-

pacting cellular events that dampen innate immunity (e.g.,

suppressing chemokine release and promoting neutrophil apopto-

sis) while simultaneously promoting acquired immunity (e.g.,

promoting T-cell adhesion and blocking T-cell apoptosis).39 Sev-

eral animal studies have demonstrated that TBI results in up-

regulation of IL-6, and that a functioning IL-6 gene is necessary for

recovery.40 In fact, a functional polymorphism (-174C/G) in the

promoter region of IL-6 was found to be associated with increased

mortality after severe TBI in humans.41 Using a mRNA pathway

analysis, Redell and colleagues found the IL-6 signaling pathway to

be an important hub within 3 h of both controlled cortical impact

and fluid percussion injury in mice.24 As with animal studies,

several human studies have shown that raised CSF levels of IL-6

correlate with improved post-TBI outcomes.42

Like IL-6, IL-12 is also a pro-inflammatory cytokine that par-

ticipates in both innate (e.g., by inducing interferon-c) and adaptive

(e.g., by inducing a TH1 response in CD4+ cells) immunity.43 Two

human studies have reported elevated IL-12 in the CSF and

FIG. 5. Top network of differentially expressed genes sub-acutely (at 7 days) after sports-related concussion (SRC). Functional
analysis of the top selected genes identified by microarray within 7 days after SRC centered on the ‘‘Neurological Disease, Cell Death
and Survival, Cell Cycle’’ network. The network is graphically represented as nodes (genes) and lines (the biological relationship
between genes). Red and green shaded nodes represent up- and down-regulated genes, respectively; empty nodes are those that are
biologically linked to differentially expressed genes based on the evidence in the literature, but not differentially expressed in the
analyzed samples. Solid lines represent a direct interaction between the two gene products while dotted lines indicate indirect inter-
actions. Network hubs and their connections to each other are noted in bold. Only those genes with direct or indirect connections to one
of the hubs were displayed in this figure for simplicity. Color image is available online at www.liebertpub.com/neu
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interstitial fluid after severe TBI.42,44 Although its role in TBI is

less clear, IL-12 may function to shift microglial activation from

the pro-inflammatory M1 phenotype (where IL-12 expression is

typically high) to the anti-inflammatory M2 phenotype (where

expression is reduced). In support of this idea, naturally-

occurring45 and pharmacologically-induced46 reduction in IL-12

have been shown to be associated with reduced microglial activa-

tion after experimental TBI in mice.

Taken together, these findings suggest that in the acute phase,

regulation of the innate immune response, and the transition to

acquired immunity, is important for initiating recovery from SRC.

Our results further suggest that 7 days post-injury, gene transcrip-

tional activity shifts away from acute inflammation and toward the

regulation of the hypothalamic-pituitary-adrenal (HPA) axis. We

observed gene changes centering on glucocorticoid receptor sig-

naling, with NF-jB, FSH, LH, Cg, and PKCS being the key tran-

scriptional hubs. It is well known that more severe forms of TBI can

disrupt the HPA axis, with reductions in growth hormone (GH)

being the most commonly reported perturbation in humans.47 No

prior reports have linked SRC to disturbances in the HPA axis,

although retired boxers, kickboxers and professional football

players have been shown to have various degrees of anterior pitu-

itary dysfunction.48,49

Pre-clinical studies suggest that excessive glutamate receptor

activation post-TBI impacts glucocorticoid mRNA transcription

leading to its preferential down-regulation, especially in the hip-

pocampus.50 Similar observations of the mesocorticolimbic system

have been observed whereby excessive glucocorticoid receptor

activation by cortisol increases the vulnerability of hippocampal

neurons to damage from oxidative stress and excitotoxicity.51–53

Thus, down-regulation of glucocorticoid receptor signaling may

serve to protect these vulnerable neurons during the sub-acute pe-

riod, which may be necessary for eventual recovery. In the process

of protecting these neurons, however, this down-regulation may

reduce the production of important hormones such as GH, FSH, and

LH, which can contribute to a variety of post-concussion symp-

toms. These gene activities are likely necessary to mitigate the

excessive inflammation that develops during the acute period and

present a shift in gene expression from neuronal proliferation to

neuronal recovery, but may come at the expense of dysregulated

hormonal control.

We observed that the majority of gene transcripts were down-

regulated after SRC; 73% in the acute time period, and 85% at the

sub-acute time period, relative to baseline. This finding is in con-

tradiction to those in humans with severe TBI and many animal

studies where up-regulation is more common. However, preclinical

studies using rodent models of mTBI suggests that less severe brain

injuries are associated with down- as opposed to up-regulation.25

Because all concussed athletes were clinically back to baseline at

Day 7, suppression of inflammation and cell death cycles may be

adaptive.

Limitations

An obvious limitation of this study is the relatively small sample

size. In order to reduce the confounding effect of inter-individual

variation in mRNA expression, we purposely sought to compare

mRNA expression changes in individual athletes before and after

concussion. This longitudinal study design necessitated obtaining

baseline samples on hundreds of athletes at baseline/pre-season and

then following them prospectively for the development of a con-

cussion. The typical concussion rate is about 4–5% per year54 but in

our study, 16 of 253 players (6%) suffered a concussion. Thus, in

light of this study’s unique design, the sample size may be rela-

tively robust.

The use of isolated PBMCs rather than blood RNA tubes (e.g.,

PAXgeneTM, TempusTM) may have contributed to some samples

having low RINs. Blood RNA tubes stabilize RNA at the point of

venipuncture, thus reducing variability in manual processing as-

sociated with extracting RNA from PBMCs. Despite this advan-

tage, the stability and reproducibly of gene transcript profiles using

mRNA extracted from PBMCs has been well established. 15

Another limitation of the study was an inability to compare

mRNA expression among uninjured athlete controls at baseline

to expression during the contact sport season, which was ob-

tained when a matched teammate suffered a concussion. This

limitation resulted from the finding of inadequate RNA integrity

among the baseline uninjured control samples and forced us to

substitute baseline gene expression from the athletes who went

on to be concussed (i.e., before they were injured). Despite this

limitation, by using this methodology we found no significant

changes in mRNA expression among uninjured teammate con-

trol athletes. However, a comparison among unrelated individ-

uals likely has less power to detect significant changes in mRNA

expression than a comparison among related individuals.

Among controls, small group differences in mRNA expression

due to differences in diet, sleep-wake cycles, and stress may

have been missed.

In summary, we detected acute changes in peripheral gene

expression following SRC, reflecting regulation of the innate

immune response, as well as the transition to an acquired, adap-

tive immune response. By 7 days post-injury, transcriptional ac-

tivity is centered on the regulation of the HPA axis. These findings

illustrate a time-dependent shift in gene expression post-injury

that may provide insight into the pathophysiology following SRC.

An important next step is to verify translation of gene transcripts

by measuring protein levels in an effort to provide a mechanistic

insight into the pathophysiology of concussion. Future efforts to

compare expressional changes among fully recovered athletes to

those who do not recover from SRC could suggest putative targets

for therapeutic intervention.
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