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Impaired Expression of Neuroprotective Molecules
in the HIF-1a Pathway following Traumatic Brain

Injury in Aged Mice
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Abstract

Elderly traumatic brain injury (TBI) patients have higher rates of mortality and worse functional outcome than
non-elderly TBI patients. The mechanisms involved in poor outcomes in the elderly are not well understood.
Hypoxia-inducible factor–1 alpha (HIF-1a) is a basic helix-loop-helix transcription factor that modulates ex-
pression of key genes involved in neuroprotection. In this study, we studied the expression of HIF-1a and its
target survival genes, heme oxygenase–1 (HO-1), vascular endothelial growth factor (VEGF), and erythropoietin
(EPO) in the brains of adult versus aged mice following controlled cortical impact (CCI) injury. Adult (5–6
months) and aged (23–24 months) C57Bl=6 mice were injured using a CCI device. At 72 h post-injury, mice were
sacrificed and the injured cortex was used for mRNA and protein analysis using real-time reverse transcrip-
tion—polymerase chain reaction (RT-PCR) and Western blotting protocols. Following injury, HIF-1a, HO-1, and
VEGF showed upregulation in both the young and aged mice, but in the aged animals the increase in HIF-1a and
VEGF in response to injury was much lower than in the adult injured animals. EPO was upregulated in the adult
injured brain, but not in the aged injured brain. These results support the hypothesis that reduced expression of
genes in the HIF-1a neuroprotective pathway in aging may contribute to poor prognosis in the elderly following
TBI.
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Introduction

Traumatic brain injury (TBI) is a common cause of
death and disability throughout the world. In the United

States alone, someone suffers from a TBI every 15 seconds—
resulting in more than 1.2 million injuries, 50,000 deaths, and
80,000–90,000 new cases of long-term disability each year
(Langlois et al., 2005). The elderly population has been ob-
served to be at a particularly higher risk of TBI (Frankel et al.,
2006; Livingston et al., 2005; Rapoport et al., 2006; Testa et al.,
2005; Yatsiv et al., 2005). In the past decade, there has been a
21% increase in TBI events in individuals over the age of 65
(Adekoya et al., 2002), and the incidence of TBI doubles with
every decade after the age of 65 (Galbraith 1987; Leblanc et al.,
2006; Pennings et al., 1993). The aged population also has two
times higher hospitalization and mortality rates from TBI and
its complications than young and adult victims (Rutland-
Brown et al., 2006), and the hospital stay is longest for elderly

patients with moderate or severe TBI (Leblanc et al., 2006). In
addition, the functional outcome and long-term recovery is
worse for these patients when compared with younger pa-
tients (Mosenthal et al., 2004; Susman et al., 2002; Thompson
et al., 2006).

Age has also been found to be an independent predictor of
mortality and poor functional outcome in the geriatric human
population with TBI (Mosenthal et al., 2002). However, nearly
all preclinical studies of TBI mechanisms have focused on
adults, despite the fact that the incidence is higher and out-
comes are worse in the aged. Many factors can contribute to
poor outcomes after TBI in the elderly. Over the last few years,
studies from several laboratories, including ours, have shown
that aging can substantially exaggerate inflammatory re-
sponses (Kyrkanides et al., 2001; Sandhir et al., 2004, 2008),
enhance neurodegeneration and behavioral impairments
(Onyszchuk et al., 2008), disrupt blood-brain barrier (BBB)
function (Campbell et al., 2007; Onyszchuk et al., 2008),
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increase oxidative stress (Shao et al., 2006), and alter neuro-
trophin metabolism and signaling (Williams et al., 2006), all of
which may have detrimental consequences on recovery of the
nervous system. Interestingly, the role of mechanisms in-
volved in neuroprotective responses in the aging brain after
TBI has not been fully investigated.

Hypoxia and hypotension are both common findings fol-
lowing TBI, occurring with a frequency of up to 46% (Thomas
et al., 2000). Differential blood flow in traumatized brain re-
sults in a gradient of tissue oxygenation from core to pen-
umbra and to peri-infarct region (Belayev et al., 1997; Geddes
and Whitwell, 2004; Heiss et al., 1997; Liu et al., 2004; Longhi
et al., 2007; Zhao et al., 1997). Exposing cells to low oxygen
triggers hypoxic pathways centered on the regulated expres-
sion of hypoxia-inducible factor–1 alpha (HIF-1a). HIF-1a is
thought to be one of the most crucial signaling molecules in
tissue responses to hypoxia, as it regulates many genes that
are important in promoting cell survival such as erythropoi-
etin (EPO) (Siren et al., 2001), glucose transporters (Bergeron
et al., 1999), vascular endothelial growth factor (VEGF) ( Jin
et al., 2000), and heme oxygenase—1 (HO-1) (Lee et al., 1997).
In stroke models, penumbra and peri-infarct regions have
been shown to be particularly rich in HIF-1a (Bergeron et al.,
1999; Marti et al., 2000). It has been observed that increasing
HIF-1a expression protects neurons from hypoxic injury
(Siddiq et al., 2005), while specific inactivation of neuronal
HIF-1a worsens hypoxic brain injury (Baranova et al., 2007).
HIF-1a and its target genes have been shown to be upregu-
lated in spinal cord injury (Xiaowei et al., 2006), and re-
combinant human EPO treatment has been shown to be
neuroprotective in mice following closed head injury (Yatsiv
et al., 2005). This pathway is significant in TBI because pO2

monitoring has shown that hypoxia is a significant co-event in
TBI patients (Geddes and Whitwell, 2004; Longhi et al., 2007).
Despite these important roles of HIF-1a in neuronal survival
and death in hypoxia, the mechanism of HIF-1a regulation in
TBI has not been investigated, and the potential changes in
this response in the elderly are unknown. The present study
has been designed to test the hypothesis that aging impacts
the neuroprotective molecules in the HIF-1a pathway, re-
ducing the ability of the cells to respond to hypoxic environ-
ment and rendering them less able to recover from such an
insult. Understanding the role of the HIF-1a pathway may
help to establish specific therapeutic strategies to improve the
outcome of elderly patients following TBI.

Methods

Animals

Male C57BL=6 mice were obtained from Charles River
(Wilmington, MA) from the contracted colony maintained by
the National Institute on Aging (NIA) in a Specific Pathogen-
Free (SPF) barrier facility. Two age groups of mice were used:
5–6 months (adult) and 22–24 months (aged). Body weight of
the mice was 28–32 g. Animals were housed individually in
the AAALAC-accredited Laboratory Animal Resources
(LAR) of the University of Kansas Medical Center on a 12:12-h
light=dark cycle, with free access to standard rodent diet
(8604; Harlan Teklad Laboratories, Madison, WI) and water.
All the procedures were approved by the University of Kan-
sas Medical Center Institutional Animal Care and Use Com-
mittee, and adhered to the NIH Guide for the Care and Use of

Laboratory Animals. A total of 44 mice were used in the study
(adult, n¼ 20; aged, n¼ 24).

Traumatic brain injury

The injury device and surgical procedures used for ad-
ministration of controlled cortical impact (CCI) injury were
performed as previously described (Onyszchuk et al., 2007).
Briefly, mice were anesthetized with 4% isoflurane in 78%
nitrogen and 21% oxygen, placed in a stereotactic frame, and
maintained on 1–2% isoflurane with mask ventilation and
spontaneous breathing. Breathing and temperature were
monitored throughout surgery. After midline incision, a cra-
niotomy (approximately 3.5 mm in diameter) was made lat-
eral to the mid-sagittal suture, with center coordinates:
AP¼ 0; ML¼þ 2.0 rostral to bregma. The mouse was sub-
jected to a moderate TBI by the CCI device, with tip 3.0 mm in
diameter, compression depth of 1.0 mm, velocity of 1.5 m=sec,
and contact time of 85 msec. The tip contact area included
motor (M1, M2) and sensory (S1FL, S1HL) cortical areas. After
surgery, the scalp was reapproximated and sutured, anes-
thesia was discontinued, and mice were allowed to recover in
a temperature-controlled environment. At 72 h postopera-
tively, the animals were sacrificed. Age-matched uninjured
mice were used as controls, because even a small injury to the
skull has been shown to cause BBB disruption (Stokely, Orr
2008). The 72-h interval allows for maximal swelling and in-
flammatory responses to occur (Clifton et al., 1980; McD An-
derson and Opeskin, 1998; Unterberg et al., 1997). We also
observed maximum microglial activation and BBB opening at
72 h after CCI injury (Onyszchuk et al., 2008; Sandhir et al.,
2008).

Real-time RT-PCR

Animals were anesthetized and decapitated, brains were
removed and placed in RNA later (Ambion, Austin, TX) for
preservation of RNA. Ipsilateral cortex was dissected into a
coronal block extending 2.5 mm rostral and 2.5 mm caudal
from the injury epicenter using a mouse brain matrix (Har-
vard Apparatus, Holliston, MA). This block was further dis-
sected into a 5-mm-wide sample centered on the injury
epicenter. The tissue sampled by this method is comparable in
adult and aged mice because they demonstrate the same
lesion volume following TBI using this injury paradigm
(Onyszchuk et al., 2008). Total RNA was prepared using
mirVana miRNA Isolation kit (Ambion, Austin, TX). Purity and
concentration of the samples were assessed using a Bioana-
lyzer 2100 (Agilent, Santa Clara, CA).

Real-time PCR was performed on an ABI 7500 Real-Time
PCR System (Applied Biosystems, Foster City, CA). Specific
quantitative assays for HIF-1a, HO-1, VEGF, and EPO were
carried out using SYBR Green dye. The sequences of all the
primers pairs used are given in Table 1. RNA samples were
treated with DNase to eliminate potential genomic DNA
contamination. Complementary DNA (cDNA) was synthe-
sized by using 1 mg total RNA from each sample and random
hexamers in a Taqman reverse transcription reaction (Applied
Biosystems). 10 ng cDNA and gene-specific primers were
added to SYBR Green PCR Master Mix (SYBR Green I Dye,
AmpliTaq-DNA polymerase, dNTPs mixture dUTP, and op-
timal buffer components (Applied Biosystems), and subjected
to PCR amplification (one cycle at 508C for 2 min, one cycle at

1558 ANDERSON ET AL.



958C for 10 min, and 40 cycles at 958C for 15 sec and 608C for
1 min). The data were collected and analyzed with Sequence
Detection Software 2.0 (Applied Biosystems). The resulting
amplicon products were visualized on an agarose gel to verify
size and specificity of RT-PCR reaction. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as the refer-
ence gene. Relative gene expression was determined using the
delta-delta Ct method (Pfaffl et al., 2002).

Western blot analysis

Proteins for Western blot analysis were isolated from fresh-
frozen cortex, dissected by the same method described above,
with T-PER extraction reagent (Pierce Biotechnology, Rock-
ford, IL) containing mammalian protein inhibitor cocktail
(P8340; Sigma Aldrich, St. Louis, MO) and 0.1 mM phenyl-
methylsulfonyl fluoride (Sigma Aldrich). Protein concentra-
tions were determined using micro-bicinchoninic method
(Pierce Biotechnology). For Western blot analysis, 30mg of
protein was fractionated by 12% SDS-PAGE, transferred to
nitrocellulose membrane (Bio-Rad, Hercules, CA), and pro-
bed using a primary monoclonal antibody to HIF-1a (1:1000;
sc-10790, Santa Cruz Biotechnology, Santa Cruz, CA), HO-1
(1:1000, AB 1284; Chemicon International Inc., Temecula,
CA), VEGF (1:200, sc-152; Santa Cruz Biotechnology) or EPO
(1:1000, sc-7956; Santa Cruz Biotechnology). Bands were vi-
sualized by the addition of IRDye 800 (Rockland Im-

munochemicals, Gilbertsville, PA) and Alexa 680 (Invitrogen,
Eugene, OR)–conjugated secondary antibodies using an
Odyssey Infrared Imaging System (LI-COR, Lincoln, NE).
Relative band intensity was determined using Odyssey soft-
ware, version 2.0 (LI-COR).

Statistical analysis

Values are expressed as mean� standard error of the mean
(SEM) of n determinations. Comparisons among means of
groups were made with one-tailed heteroscedastic Student’s
t-test using GraphPad InStat, version 3.06, for Windows
(GraphPad Software, San Diego, CA). All p-values less than
0.05 were considered significant.

Results

The two purposes of this study were to determine whether
HIF-1a–related genes respond to TBI and whether the re-
sponse changes in aged mice. Basal HIF-1a mRNA expression
was significantly higher in the aged brain. In response to in-
jury, HIF-1a mRNA expression increased in both adult and
aged brain (Fig. 1). The increase in HIF-1a mRNA expression
post-injury was 3.5-fold over baseline levels in the adult
brain, compared to 1.67-fold in the aged brain. Immunoblot
analysis was performed to observe whether these changes in

Table 1. Primer Sequences Used for Real-Time RT-PCR

Gene Primer sequence Position Amplicon size (bp)

HIF-1 a Sense 50-TCA-CCA-GAC-AGA-GCA-GGA-AA-30 2292–2311 187
NM 010431 Anti-sense 50-CTT-GAA-AAA-GGG-AGC-CAT-CA-30 2459–2478
VEGF Sense 50-TTA-CTG-CTG-TAC-CTC-CAC-C-30 1061–1079 189
NM 001025250 Anti-sense 50-ACA-GGA-CGG-CTT-GAA-GAT-G-30 1231–1249
HO-1 Sense 50-CGC-CTT-CCT-GCT-CAA-CAT-T-30 743–761 62
NM 010442 Anti-sense 50-TGT-GTT-CCT-CTG-TCA-GCA-TCA-C-30 783–804
EPO Sense 50-CCT-GTC-CCT-GCT-CTC-AGA-AGC-30 347–367 177
NM 007942 Anti-sense 50-GTG-GTA-TCT-GGA-GGC-GAC-ATC-30 503–523
GAPDH Sense 50-ATG-ACA-TCA-AGA-AGG-TGG-TG-30 769–788 177
XR003802 Anti-sense 50-CAT-ACC-AGG-AAA-TGA-GCT-TG-30 926–945

FIG. 1. Expression of HIF-1a. mRNA
in cerebral cortex of adult and aged
mice 3 days post-injury analyzed by
real-time reverse transcription—
polymerase chain reaction (RT-PCR).
Real-time reactions were performed in
duplicate for both the target gene and
glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), which was used as a
housekeeping control. Relative ex-
pression was calculated using delta-
delta Ct method. Data are presented as
mean� standard error of the mean
(SEM; n¼ 6=group). Statistical signifi-
cance, Student’s t-test: *p< 0.05 injured
versus respective control; #p< 0.05
aged versus adult.
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transcription result in increased HIF-1a protein levels (Fig. 2).
This analysis showed that basal HIF-1a protein levels were
higher in the aged cortex when compared to adult cortex, but
the increase in HIF-1a protein expression following injury was
significantly reduced in the aged animals compared with the
adults, demonstrating an impaired HIF-1a response in the
aged brain.

VEGF, one of the major target genes regulated by HIF-1a, is
a potent angiogenic and neuroprotective growth factor that

plays an important role in brain repair. We observed that
basal VEGF mRNA levels were 1.5-fold higher in aged than in
adult mice (Fig. 3). After injury there was a significant in-
crease in the expression of VEGF mRNA in both adult (45-
fold) and aged (15-fold) cortex. However, the response to
injury was reduced in the aged brain when compared to the
adult brain ( p< 0.05). Immunoblot analysis confirmed re-
duced expression of VEGF protein following injury in the
aged mice (Fig. 4).

FIG. 2. Western blot analysis of
HIF-1a in protein extract from cerebral
cortex of adult and aged mice 3 days
post-injury. (A) Relative levels of pro-
tein based on optical density normal-
ized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) signal. Data
are presented as mean� SEM
(n¼ 3=group). (B) Representative
Western blot for HIF-1a, along with
GAPDH used as loading control.
Statistical significance, Student’s t-test:
*p< 0.05 injured versus respective con-
trol; #p< 0.05 aged versus adult.

FIG. 3. Expression of vascular endo-
thelial growth factor (VEGF) mRNA in
cerebral cortex of adult and aged mice
3 days post-injury analyzed by real-time
reverse transcription—polymerase
chain reaction (RT-PCR). Real-time
reactions were performed in duplicate
for both the target gene and
glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH), which was
used as a housekeeping control. Re-
lative expression was calculated using
delta-delta Ct method. Data are pre-
sented as mean� standard error of the
mean (SEM; n¼ 6=group). Statistical
significance, Student’s t-test: *p< 0.05
injured versus respective control;
#p< 0.05 aged versus adult.
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HO-1 is another target gene in the HIF-1a pathway that plays
a crucial role in protecting tissues from hypoxic stress. In addi-
tion, it also has potent anti-inflammatory properties that have
been reported in various models of tissue injury. No difference
was observed in the basal expression of HO-1 mRNA in the
adult and aged brain (Fig. 5). However, HO-1 expression was

upregulated in both adult (82.8-fold) and aged brain (18-fold)
following injury. As is the case with HIF-1a, the magnitude of
increase in HO-1 mRNA was significantly lower in the aged
injured cortex than in the adult. However, HO-1 protein levels
analyzed by Western blot analysis were not significantly dif-
ferent in aged cortex than adult cortex following injury (Fig. 6).

FIG. 4. Western blot analysis of vas-
cular endothelial growth factor (VEGF)
in protein extract from cerebral cortex
of adult and aged mice 3 days post-
injury. (A) Relative levels of protein
based on optical density normalized to
glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) signal. Data are pre-
sented as mean� standard error of the
mean (SEM; n¼ 3=group). (B) Re-
presentative Western blot for VEGF
along with GAPDH used as loading
control. Statistical significance,
Student’s t-test: *p< 0.05 injured versus
respective control; #p< 0.05 aged
versus adult.

FIG. 5. Expression of heme
oxygenase–1 (HO-1) mRNA in cerebral
cortex of adult and aged mice 3 days
post-injury analyzed by real-time re-
verse transcription—polymerase chain
reaction (RT-PCR). Real-time reactions
were performed in duplicate for both
the target gene and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH),
which was used as a housekeeping
control. Relative expression was calcu-
lated using delta-delta Ct method. Data
are presented as mean� standard error
of the mean (SEM; n¼ 6=group). Sta-
tistical significance, Student’s t-test:
*p< 0.05 injured versus respective con-
trol; #p< 0.05 aged versus adult.
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EPO, a hemotopoietic growth factor, has neuroprotective
actions and is also regulated by HIF-1a. Real-time RT-PCR for
EPO mRNA was performed in adult and aged cortex fol-
lowing TBI (Fig. 7). There was 5.71-fold increase in basal ex-
pression of EPO mRNA in the aged brain relative to adult
brain. In response to injury, the adult brain showed a 6-fold
increase in EPO mRNA. However, in the aged animals there

was a decline in EPO mRNA expression compared to basal
and mRNA levels were 0.45-fold lower than in the aged
control. The immunoblot analysis of EPO correlated with the
mRNA data showing an impaired EPO response in the aged
brain following TBI (Fig. 8). These results suggest that a failure
to induce EPO following injury in the aged might contribute
to the reduced neuroprotective response.

FIG. 6. Western blot analysis of heme
oxygenase–1 (HO-1) in protein extract
from cerebral cortex of adult and aged
mice 3 days post-injury. (A) Relative
levels of protein based on optical den-
sity normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)
signal. Data are presented as
mean� standard error of the mean
(SEM; n¼ 3=group). (B) Representative
Western blot for HO-1 along with
GAPDH used as loading control. Sta-
tistical significance, Student’s t-test:
*p< 0.05 injured versus respective
control.

FIG. 7. Expression of erythropoietin
(EPO) mRNA in cerebral cortex of
adult and aged mice 3 days post-injury
analyzed by real-time reverse
transcription—polymerase chain reac-
tion (RT-PCR). Real-time reactions
were performed in duplicate for both
the target gene and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH),
used as a housekeeping control. The
relative expression was calculated
using delta-delta Ct method. Data are
presented as mean� standard error of
the mean (SEM; n¼ 6=group). Statis-
tical significance, Student’s t-test:
*p< 0.05 injured versus respective
control.
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Discussion

The transcription factor HIF-1a is an important regulator of
neuroprotective mechanisms following hypoxic insults (La-
Manna 2007). Induction of HIF-1a is an early cellular response
to changes in oxygen homeostasis in brain, and HIF-1a acti-
vation promotes cell survival in hypoxic tissues (Sharp et al.,
2001). We observed higher basal expression of HIF-1a mRNA
and protein but an impaired injury response in the aged brain.
HIF-1a has been shown to accumulate in the neuronal cyto-
plasm from cerebral cortex of aged rats (Rapino et al., 2005), in
accordance with our findings of higher basal expression in the
aged brain. We observed a blunted HIF-1a response in the
aged brain at 3 days postinjury, a time point where our pre-
vious studies demonstrated maximal neuron death (Onysz-
chuk et al., 2008). It is possible that the time course of the
HIF-1a response is altered in the aged brain, but this seems
unlikely as the time course of other injury responses was not
different in the aged brain (Sandhir et al., 2008). Upregulation
of HIF-1a during the period of neuronal cell death has also
been demonstrated in animal models of spinal cord injury and
stroke. Xiaowei et al. (2006) observed maximal upregulation
of HIF-1a and its target genes 3 days after spinal cord injury in
adult rats. In a stroke model, Baranova et al. (2007) observed
biphasic changes in HIF-1a, including an initial upregulation

peaking at 6 h, a transient decline at 24 h, and a second up-
regulation with HIF-1a, which remained upregulated at days
2–8. They found that the initial upregulation of HIF-1a was
associated with pro-death modulators, while the second
phase was correlated with protective and=or regenerative
responses. Other studies have confirmed upregulation of HIF-
1a immunoreactivity in neurons in peri-infarct and infarct
regions in stroke models in rodents and primates (Chavez and
LaManna, 2002; Stowe et al., 2008), and that HIF-1a accu-
mulation after stroke is attenuated during aging (Chavez and
LaManna, 2003). Furthermore, there are additional prece-
dents for age-related changes in baseline HIF-1a and HIF-1a
responses in nonneural tissue. As we have demonstrated in
the brain, basal HIF-1a activity increases with age in the lung,
and the response to hypoxic stimulation is blunted (Hwang
et al., 2007). In older rats, HIF-1a fails to accumulate following
mild hypoxia (LaManna et al., 2004), and its function is im-
paired (Frenkel-Denkberg et al., 1999). The impaired HIF-1a
injury response in the aged brain might contribute to the
greater neurodegeneration and increased functional deficits
after CCI in aged mice, which occurred in the absence of
significant differences in lesion size (Onyszchuk et al., 2008).
We have also observed increased astrocyte and microglial
responses in the aged brain that, in combination with the
impaired HIF-1a response, may contribute to poor outcomes

FIG. 8. Western blot analysis of
erythropoietin (EPO) in protein extract
from cerebral cortex of adult and aged
mice 3 days post-injury. (A) Relative
levels of protein based on optical den-
sity normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)
signal. Data are presented as mean�
standard error of the mean (SEM;
n¼ 3=group). (B) Representative Wes-
tern blot for EPO along with GAPDH
used as loading control. Statistical sig-
nificance, Student’s t-test: *p< 0.05 in-
jured versus control; #p< 0.05 aged
versus adult.
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(Sandhir et al., 2008). Taken together, these results suggest
that HIF-1a is an important neuroprotective response to TBI
and that the compromised HIF-1a response to injury in the
aged brain may contribute to poor prognosis in the elderly.

One transcriptional target of HIF-1a is the gene encoding for
VEGF, an angiogenic growth and survival factor for endothe-
lial cells that also exhibits neurotrophic and neuroprotective
effects (Sun et al., 2003; Wang et al., 2003). VEGF expression
was upregulated after TBI in adult mice, but this response was
significantly reduced in aged mice. VEGF is upregulated dur-
ing many pathological events (Krum et al., 2008), and it is in-
duced in astrocytes located in and surrounding edematous
tissue following brain contusion (Suzuki et al., 2006). VEGF has
been implicated in neovascularization that precedes brain tis-
sue repair and nerve regeneration following brain injury and is
required to re-establish metabolic support. Although VEGF is
best known for its role as a growth factor for endothelial cells,
its receptors are also expressed by neurons (Carmeliet and
Storkebaum, 2002). It has been shown to prolong the lifespan of
mesencephalic neurons in culture and rescues hippocampal
and cortical neurons from serum deprivation, hypoxia, and
glutamate-induced cell death (Taoufik et al., 2008). Our data
suggest that the weak VEGF response following injury to the
aged brain may also contribute to poor functional recovery
following TBI in the elderly.

Induction of HIF-1a has been shown to promote the tran-
scription of inducible HO-1 an important early response to
enhanced oxidative stress in the brain. HO-1 is upregulated in
response to oxidative stress, hypoxia, exposure to heavy
metals, cytokines, and other stressors (Ferrandiz and Devesa
2008), and it is upregulated in the injured hemisphere after
TBI (Chang et al., 2003). No difference was observed in the
basal expression of HO-1 mRNA in the adult and aged brain,
but the increase in HO-1 mRNA in response to injury was
significantly lower in the aged brain. Age-related defects in
HO-1 mRNA induction have been demonstrated in non-
neuronal tissues (Ito et al., 2009). However, at the protein
level, HO-1 expression was not significantly different in the
aged injured brain. The difference between mRNA and pro-
tein levels might reflect a change in regulation of translation
with aging, perhaps by one of the multiple mechanisms in-
volved in regulation of HO-1 gene (Alam and Cook, 2007),
including differential expression of microRNAs. MicroRNA-
122 has been reported to control HO-1 expression at transla-
tional level in hepatocytes (Shan et al., 2007), and age-related
changes in microRNAs have been reported (Maes et al., 2008).
Our results suggest that neuroprotective effects of HO-1 are
diminished in the aged-injured brain compared to the adult.

EPO is an endogenous glycoprotein hormone that has been
shown to have neuroprotective properties in focal ischemia,
global ischemia, neonatal hypoxia-ischemia, subarachanoid
hemorrhage, and trauma (Ghezzi and Brines, 2004). There
was a significant increase in basal expression of EPO in the
aged brain, and the adult brain showed significant induction
in EPO in response to injury. However, in the aged animals
there was no significant increase in the levels of EPO follow-
ing TBI. These results demonstrate a failure to induce EPO
following injury in the aged brain, and that reduced response
may also contribute to the reduced neuroprotective response.
Studies have shown the antiapoptotic properties of EPO are
related to inhibition of caspase activity, upregulation of Bcl-2
family proteins, decreased excitotoxicity (by decreased Ca2þ

influx and decreased glutamate release), as well as other
mechanisms (Ghezzi and Brines, 2004). EPO does not prevent
necrotic cell death (Sinor and Greenberg, 2000), but it does
inhibit pro-inflammatory cytokines in ischemic tissue (Villa
et al., 2003). EPO therapy in human patients with focal is-
chemia improves neurological scores and clinical outcomes
(Ehrenreich et al., 2002). Based on the present results, we
hypothesize that treatments that increase EPO might be
especially effective in the elderly.

Conclusion

The results from the present study demonstrate that brain
responds to TBI with an increase of transcriptional factor HIF-
1a and its target genes VEGF, HO-1, and EPO that help neural
cells adapt to hypoxic insult and promote survival. However,
the ability of the aged brain to respond to hypoxic insult is
greatly diminished, and this reduced injury response may have
a major impact on the course of recovery from TBI in the
elderly. Our results also support the use of direct measurement
of cerebral oxygenation in neurocritical care (Rose et al., 2006)
and suggest that this intervention may be especially important
in elderly patients. Finally, our study suggests that strategies
aimed at upregulation of HIF-1a genes may prove beneficial in
improving outcome following TBI in the aged brain.
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