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Abstract
Old age is associated with enhanced susceptibility to and poor recovery from brain injury. An
exacerbated microglial and astrocyte response to brain injury might be involved in poor outcomes
observed in the elderly. The present study was therefore designed to quantitate the expression of
markers of microglia and astrocyte activation using real-time RT-PCR, immunoblot and
immunohistochemical analysis in aging brain in response to brain injury. We examined the
hippocampus, a region that undergoes secondary neuron death, in aged (21–24 month) and adult (5–
6 month) mice following controlled cortical impact (CCI) injury to the sensorimotor cortex. Basal
mRNA expression of CD11b and Iba1, markers of activated microglia, was higher in aged
hippocampus as compared to the adult. The mRNA expression of microglial markers increased and
reached maximum 3 days post injury in both adult and aged mice, but was higher in the aged mice
at all time points studied, and in the aged mice the return to baseline levels was delayed. Basal mRNA
expression of GFAP and S100B, markers of activated astrocytes, was higher in aged mice. Both
markers increased and reached maximum 7 days post injury. The mRNA expression of astrocyte
markers returned to near basal levels rapidly after injury in the adult mice, whereas again in the aged
mice return to baseline was delayed. Immunochemical analysis using Iba1 and GFAP antibodies
indicate accentuated glial responses in the aged hippocampus after injury. The pronounced and
prolonged activation of microglia and astrocytes in hippocampus may contribute to worse cognitive
outcomes in the elderly following TBI.
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Introduction
In the United States, an estimated 1.5 million people sustain traumatic brain injury (TBI) every
year; about one every 21 seconds (Letarte, 2006). The cumulative burden of this epidemic is
estimated to be 5.3 million Americans, which is nearly 2% of the population, living with
disabilities resulting from TBI. The Centers for Disease Control and Prevention analyzed TBI
related hospitalizations by age and found that TBI most commonly occurs in adolescents and
young adults aged 15 to 24 years, and in the elderly (75 years and older). The incidence rates
of TBI, starting at age 65, have been observed to double for every additional 10 years of age
(Coronado, et al., 2005). Persons aged ≥ 75 years had the highest TBI-related hospitalization
rate, at least twice the rate of any other age group (Coronado, et al., 2005). Older age is a
variable known to negatively influence outcome after TBI (Hukkelhoven, et al., 2003). Studies
indicate that outcome and mortality rates are generally worse for older people than for younger
people with similar injuries (Ferrell and Tanev, 2002, Mohindra, et al., , Rapoport, et al.,
2006). The aging of the United States population will further increase the incidence and
associated disability of non-fatal TBI (Brown, et al., 2004).

Long-term cognitive and motor dysfunction have been recognized as the most debilitating
consequences of human TBI (Klein, et al., 1996). TBI results in neurological dysfunction
through primary and secondary (delayed) brain injury. Primary injury occurs at the time of the
insult, whereas secondary injury occurs over a period of days. Secondary brain injury is
incurred as a result of pathological processes initiated at the time of the primary injury and
may be amenable to treatment, thereby improving prognosis. Secondary molecular,
biochemical, and cellular events cause neuronal injury and loss in multiple brain areas,
including the hippocampus (Bigler, et al., 2002). In both humans and rodents, age exacerbates
the cognitive decline following TBI, suggesting synergistic action (Goldstein and Levin,
2001, Johnstone, et al., 1998, White-Gbadebo and Hamm, 1993). In addition, the hippocampus
has been demonstrated to be a selectively vulnerable region after experimental TBI with
neurons undergoing apoptotic death (Rink, et al., 1995).

We have recently investigated the effect of age on outcomes after controlled cortical impact
(CCI) injury in the mouse using behavioral, magnetic resonance imaging and histological
studies and found higher vulnerability of the aged brain to neurodegeneration along with
diminished functional recovery (Onyszchuk, et al., 2008). Furthermore, a greater number of
dying neurons was observed in hippocampus of aged mice following CCI. The mechanism of
worse outcome in aging is unknown, but aging has been shown to exaggerate the inflammatory
phase of wound healing, a finding that may be causally related to slower wound healing in
older subjects (Ashcroft, et al., 2002).

Neuroinflammation contributes to the cascade of events that are responsible for development
of secondary brain damage and adverse outcome following TBI (Schmidt, et al., 2004). In the
context of inflammatory mechanisms, glial cells are recognized to play an active role in most
degenerative CNS pathologies, and reactive gliosis is recognized as universal hallmark of both
acute or chronic damage to the CNS (Marchetti and Abbracchio, 2005). Glial activation in
response to cytokine exposure is enhanced in the aged brain (Deng, et al., 2006, Godbout, et
al., 2005), and previous work from our laboratory has demonstrated higher expression of pro-
inflammatory cytokines and chemokines during secondary neuron death in thalamus of aged
mice following cortical aspiration injury (Sandhir, et al., 2004).

Despite extensive evidence implicating inflammatory mechanisms in CNS damage following
traumatic brain injury, the influence of age on microglial and astrocytic responses has not been
investigated. This study was therefore designed to quantitate glial responses in the
hippocampus of aged (21–24 mo) and adult (5–6 mo) mice after CCI injury to the sensorimotor
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cortex by examining the expression of markers of microglia and actrocyte activation using real-
time RT-PCR, western blot and immunochemical analysis.

Materials and methods
Animals

Studies were performed using adult (28–32 g, 5–6 months old) and aged (28–32 g, 21–24
months old) C57BL/6 male mice obtained from the National Institute of Aging colonies, which
were barrier raised, monitored for genetic purity and screened for bacterial and viral pathogens
strictly according to the NIA guidelines. The animals were housed in the AAALAC-accredited
Laboratory Animal Resources (LAR) of the University of Kansas Medical Center and
acclimatized for 2 weeks before commencing experiments. The LAR facility is supervised by
a head veterinarian and is fully staffed with animal technicians. The mice were maintained on
a 12-hour light–dark cycle and were provided standard rodent diet (8604, Harlan Teklad
Laboratories, Madison, WI) and water without restriction. All the procedures followed
protocols approved by the University of Kansas Medical Center Institutional Animal Care and
Use Committee (IACUC). A total of 106 (53 adult and 53 aged) mice were used for the study.

Controlled Cortical Impact Injury
Adult and aged mice were randomly assigned to undergo moderate impact injury utilizing a
model that causes non-penetrating localized deformation of the cortex. The impactor consisted
of a microprocessor controller linear motor device (Linmot, Zurich, Switzerland) mounted on
an adjustable manipulator (Kopf, Tujunga, CA) that allowed precise positioning, and control
of velocity and the level of cortical deformation as described previously (Onyszchuk, et al.,
2007). A 3.0mm flat face tip with a strike velocity of 1.5 m/s, strike depth of 1.0 mm, and
contact time of 85 ms was used for injury. Briefly, mice were anesthetized with isoflurane
(induction, 2.5%; maintenance, 1.0%) and stabilized in a Cunningham stereotaxic frame
(Stoelting, Wood Dale, IN), and body temperature maintained at 37 ± 1°C throughout the
procedure. The skull was exposed after a midline incision, and a 3.5mm diameter circular
craniotomy was performed using a burr drill, lateral to the mid-sagittal suture, with center
coordinates: AP = 0, ML = +2.0 rostral to bregma. After the dural surface was exposed, the
position of the impactor and tip was adjusted so that the tip contacted the dura. The tip contact
area included motor (M1, M2) and sensory (S1FL, S1HL) cortical areas. The cortical impact
was initiated through the device graphical user interface of the impactor control software. After
the impact, the scalp was sutured closed, anesthesia was discontinued and animals allowed to
recover in a temperature controlled environment. The injury to the sensorimotor cortex did not
result in any direct damage to hippocampus. Sham control animals went through the same
surgical procedures without the impact injury. We have previously shown that contusion
volumes do not differ between the adult and aged mice measured at 3 days following CCI
injury (Onyszchuk, et al., 2008).

Total RNA isolation
Tissues were harvested at survival times of 0, 1, 2, 3, 7, 14 and 28 days and stored in RNA
Later (Ambion, Austin, TX) for 24 h at 4°C, sliced coronally at 1mm using a mouse brain
matrix (Harvard Apparatus, Holliston, MA). The hippocampus was dissected from blocks
taken from slices. Total RNA was extracted using TRIZOL Reagent (Invitrogen, Life
Technologies, Carlsbad, CA) using with a Polytron homogenizer (Brinkmann Instruments,
Westbury, NY) according to manufacturers instructions. Denatured total RNA (2µg/sample)
was separated on 1.5%agarose/formaldehyde gels to check for RNA integrity.
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Real-time PCR analysis
Gene expression analysis was conducted using quantitative real-time PCR using SYBR Green
dye. The following transcripts were analyzed: CD11b (Integrin αM), Iba1 (ionized calcium
binding adapter molecule 1); GFAP (glial fibrillary acidic protein) and S100B (calcium-
binding protein, beta) to quantitate microglial and astrocyte activation response in
hippocampus of adult and aged mice following CCI injury. In brief, the RNA samples were
treated with DNaseI to remove any contaminating DNA. Complementary DNA (cDNA) was
synthesized by using 1 µg total RNA from each sample and random hexamers in a Taqman
reverse transcription reaction (Applied Biosystems, Foster City, CA, USA). 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 optimal buffer components; Applied
Biosystems, Foster City, CA), and subjected to PCR amplification (one cycle at 50°C for 2
min, one cycle at 95°C for 10 min, and 40 cycles at 95°C for 15 s and 60°C for 1 min) in a
TaqMan 7500 sequence detection system (Applied Biosystems). PCR reactions were
conducted in duplicate. Primer sequences used were designed using Primer Express software
(Applied Biosystems) and based on GenBank accession numbers (Table 1). The resulting
amplicon products were visualized on agarose gel to verify size and specificity of RT-PCR
reaction (Fig. 1). The relative amounts of amplified transcripts were quantified with the
comparative cycle threshold (CT) method using GAPDH as housekeeping gene using the delta-
delta CT method (Pfaffl, et al., 2002).

Immunoblotting
Tissue specimens from the hippocampus were homogenized using cold lysis buffer (20 mM
Hepes buffer, pH 7.4, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM DTT,
0.1 mM PMSF, 5 µg/ml pepstatin A, 10 µg/ml leupeptin and 10 µg/ml aprotanin) using a
homogenizer. The brain homogenate was centrifuged at 12,000 g (10 min, 4°C). The clear
supernatant was collected and the total protein concentration measured with a bicinchoninic
acid assay kit using bovine serum albumin as a standard (Pierce Biotechnology Inc., Rockford,
IL). Proteins were separated through 12 % SDS-PAGE, electrophoretically transferred to
polyvinylidene difluoride membranes and probed with antibodies to Iba1 (019-19741, Wako,
Richmond, VA), GFAP (AB-5804, Chemicon, Temecula, CA) and GAPDH (sc-20357, Santa
Cruz Biotechnology, Santa Cruz, CA). Bands were visualized by the addition of IRDye 800
(Rockland Immunochemicals, Gilbertsville, PA) and Alexa 680 (Invitrogen, Eugene, OR)-
conjugated secondary antibodies using Odyssey Infrared Imaging System (LI-COR, Lincoln,
NE). Relative band intensity was determined using Odyssey software version 1.0 (LI-COR).

Immunohistochemical analysis
Microglia and astrocyte activation were detected by staining with anti-Iba1 and anti-GFAP.
Briefly, sham and injured animals were deeply anesthetized with an overdose of Nembutal
(sodium pentobarbitone). Trans-cardiac perfusion was carried out with 0.1 M phosphate
buffered saline pH 7.4 (PBS) followed by 100 ml of 4% buffered formaldehyde. Brains were
quickly removed and immersion fixed in 4% buffered formaldehyde for 12 hours. The brains
were then cryoprotected and embedded in 5 × 5 arrays in gelatin blocks using the Multibrain™
process (Neuroscience Associates, Knoxville, TN). Tissue sheets of coronal sections (35µm)
were collected from the each gelatin array. The sheets were used for free-floating
immunohistochemistry. The sheets were rinsed in PBS, permeabilized with Triton X-100,
quenched for peroxidase using H2O2 and incubated overnight with primary antibodies; GFAP
(rabbit anti-mouse 1:2000, Chemicon AB-5804) or Iba1 (rabbit anti-mouse 1:2000; Wako
019-19741). The sheets were subsequently rinsed and incubated with biotinylated secondary
antibody (1:500 goat anti-rabbit; Vector Labs BA-1000) for 2 hours at room temperature.
Immunodetection was carried with Vectastain Elite ABC amplification kit (Vector Labs,
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Burlingame, CA) and developed using diaminobenzidine as chromogen. The sections were
visualized under Nikon inverted-stage microscope (100 × magnification) and digital images
were captured with a SPOT microscope camera (Diagnostic Instruments, Sterling Heights,
MI).

Statistical analysis
Significant group differences were determined by a one-way analysis of variance (ANOVA),
followed by a post-hoc analysis using the Student–Newman–Keuls test. In all cases, a p value
of < 0.05 was considered significant. Results were expressed as the mean ± standard error.

Results
Microglial activation in hippocampus following CCI Injury

Hippocampal mRNA levels of microglial activation markers, CD11b and Iba1, were
determined using real time RT-PCR 1, 2, 3, 7, 14 and 28 days following CCI injury in
hippocampus of adult and aged mice (Fig. 2). Basal levels of both CD11b and Iba1 mRNA
were higher in the aged hippocampus than in the adult tissue. Following injury, expression of
CD11b and Iba1 increased after 24 hours and peaked at 3 days in both the adult and aged mice.
Both microglial markers were significantly higher in the aged hippocampus after injury at all
time points. Expression of CD11b mRNA was 1.9-fold higher in the aged hippocampus at 3
days and 2-fold higher 7 days post injury, and expression of Iba1 mRNA was 2-fold higher at
3 day time point and 3.5 fold higher at 7 day time point in the aged mice. Both microglial
markers rapidly returned to baseline levels in the adult animals. At day 14 there was no
significant difference in the expression of CD11b and Iba1 with respect to uninjured adult.
However, in the aged mice the mRNA levels for both the markers remained significantly
elevated at day 14 (p<0.001), suggesting that neuroinflammation was ongoing.

To determine if the increased mRNA expression of microglial markers corresponds with
increased protein levels, immunoblot analysis of Iba1 was performed after 3, 7 and 14 days
following CCI injury in adult and aged mice (Fig. 3). Iba1 was preferred for immunoblot
analysis as it is specifically expressed in microglia and plays an important role in signaling
events underlying microglial activation including phagocytosis (Ohsawa, et al., 2000). In
addition, CD11b shows multiple isoforms on the western blot because of post-translational
modifications (glycosylation) of the protein (Diamond, et al., 1991). A significantly higher
amount of Iba1 protein was present in the hippocampus of aged animals at base line and at all
time points post injury compared to the adult hippocampus. Relative expression of Iba1 protein
was 1.6 fold higher at the 3 and 1.9 fold higher at 7 day time points, whereas it was 2.8 fold
higher at the 14 day time point in the aged mice. This difference confirms enhanced and
sustained increases in microglial markers in the aged hippocampus in response to injury.

Because RT-PCR and western blotting showed quantitative increases in expression of Iba1,
immunohistochemical analysis was carried out in brain sections with anti-Iba1 antibodies to
confirm localization of Iba1 protein within microglia (Fig. 4a). A higher Iba1 staining was
observed in DG of aged mice, whereas, in CA1 region there was reduced expression of Iba1
as compared to adult hippocampus. Immunoreactive cells demonstrating hypertrophied
cytoplasm with thickening of proximal processes and decreased ramification of distal branches
were observed in the dentate gyrus of aged mice (Fig. 4b). These morphological features are
typical of activated microglia (Kreutzberg, 1996). In response to injury there was an increase
in Iba1 staining throughout the hippocampus in both adult and aged hippocampus at 3 and 7
days after CCI injury. Maximal Iba1 staining was seen at 3 day post injury in both adult and
aged hippocampus, in accordance with mRNA and protein expression data. These results
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demonstrate that the increase in activation markers occurs in microglia that exhibit the
morphological features of activation.

Astrocyte activation in hippocampus following CCI Injury
The time course of mRNA expression of astrocyte activation markers, GFAP and S100B, was
studied in hippocampus using real time RT-PCR following CCI injury (Fig. 5). Higher basal
levels of both GFAP and S100B were observed in the aged brain in comparison to the adult
brain. Both mRNAs were upregulated beginning at day 1 following injury and peaking 7 days
post-injury in both the adult and aged mice. Levels of GFAP and S100B mRNAs were 2-fold
and 1.6-fold higher 7 days post injury in the aged animals compared to that in the adult mice
(p<0.001 for GFAP and p<0.05 for S100B). Expression of astrocyte markers returned rapidly
to the baseline in the adult mice; but, in the aged mice injury-induced increases in mRNAs for
GFAP and S100B was prolonged.

GFAP protein expression was analyzed by immunoblot to determine if increased transcription
of astrocyte mRNAs resulted in higher protein levels. We chose GFAP for this analysis because
it is better characterized than S100B. The immunoblot analysis for GFAP was carried out in
hippocampus after 3, 7 and 14 days following CCI injury in adult and aged mice (Fig. 6).
Relative expression of GFAP was significantly higher in the uninjured aged animals as
compared to uninjured adult. Following CCI injury GFAP expression was significantly higher
at all time points in the aged animals than in adult animals. The response to injury was also
prolonged in the aged brain. In the aged mice GFAP expression was significantly higher 14
days post injury as compared to uninjured aged, whereas in the adult mice after 14 days of
injury GFAP expression was comparable to that in uninjured adult.

Immunohistochemical staining of CA1 and dentate gyrus regions of hippocampus with anti-
GFAP antibodies in adult and aged mice after 3 and 7 days following CCI injury is shown in
Fig. 7a. Astrocytes in the uninjured aged hippocampus had hypertrophic somata and thicker
processes typical of reactive astrocytes that were not observed in uninjured adult hippocampus
(Fig. 7b). In response to injury, there was a progressive increase in the GFAP staining reaching
a maximum after 7 days of injury in both adult and aged mice. The results demonstrate that
the increase in GFAP protein occurs in activated astrocytes following injury.

Discussion
Neuroinflammation following acute brain trauma plays a prominent role in both pathological
and reconstructive response of the brain to injury (Lucas, et al., 2006). Activated microglia and
astrocytes play a crucial role in the neuroinflammatory process. Activated glial cells contribute
to the pathogenesis and progression of neurological disorders ranging from traumatic brain
injury to Alzheimer's disease (Maeda, et al., 2007). While the glial response can provide trophic
and metabolic support to the damaged neurons, deactivating toxic species and eliminating cell
debris (Hauwel, et al., 2005), there is growing evidence that the response may also be
detrimental to neurons, as activated microglia and astrocytes can produce a variety of
potentially neurotoxic molecules that are implicated in neurodegeneration (Mrak and Griffin,
2005).

Microglial Response following Injury
Microglia are the primary intrinsic immune effector cells of the central nervous system and are
involved in virtually all pathological processes of the brain involving inflammation (Berman,
et al., 1999). Microglia exacerbate the neural damage that occurs in neurodegenerative diseases.
However, activated microglia do not constitute a single, uniform cell population, but
compromise a family of cells with diverse phenotypes-some that are beneficial and others that
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are destructive depending on whether they secrete neurotoxic or neurotrophic factors
(Schwartz, et al., 2006).

Up-regulation of CD11b and Iba1 expression within the CNS is regarded as evidence of
microglial activation (Scholz, et al., 2008). We observed higher expression of CD11b and Iba1
mRNA in hippocampus of uninjured aging mice as compared to adult mice, confirming
previous studies demonstrating that the aged brain is in a pro-inflammatory state. Anti-Iba1
staining revealed higher immunoreactivity for activated microglia in the dentate gyrus of the
aged brain, whereas, in the CA1 region there were fewer activated microglia. These results
suggest that there might be regional differences in microglial activation in the aged brain. The
increase in number of activated microglia with age has been reported in many human and
animal studies (Conde and Streit, 2006, Felzien, et al., 2001, Sheffield and Berman, 1998), and
chronic activation of microglia in the aging brain has been linked with increased neuronal loss
(Stolzing, et al., 2005). In addition, microglia from the aging brain show an altered phenotype
that is considered dysfunctional, associated with the loss of neuroprotective properties that
likely contributes to age-related neurodegeneration (Streit, et al., 2004).

Our results show up-regulation of microglial activation markers, CD11b and Iba1, in
hippocampus at the transcriptional level and Iba1 at the translational level following CCI injury.
Maximum activation was observed after 3 days of injury in both adult and aged mice. It is clear
from the data that the microglial response to injury was exaggerated and prolonged in the old
mice compared to that in the adult mice. This observation is consistent with reports of elevated
microglial responses in the aged nervous system following diverse types of injury e.g. cerebral
ischemia (Popa-Wagner, et al., 2007), retinal ischemia (Kim, et al., 2004), MPTP neurotoxicity
(Sugama, et al., 2003), peripheral nerve injury (Conde and Streit, 2006). It has been proposed
that after injury microglia in the aged brain are primed to produce faster and more pronounced
inflammatory responses (Godbout, et al., 2005) and to proliferate more vigorously than in the
younger brain (Conde and Streit, 2006). These activated dysfunctional microglia might
contribute to worse outcome in the elderly following TBI. In accord with that hypothesis, it
has been shown that LPS activated microglia in aged mice promote DA neuron death whereas
in neonatal mice microglia protect DA neurons against the PD-producing neurotoxin 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine, MPTP (Sawada, et al., 2008).

The prolonged microglial response observed in the aging hippocampus after injury may be an
important contributor to the progressive damage observed following TBI. Several studies have
provided evidence for chronic nature of inflammatory response in TBI and SCI patients for up
to 1 year after trauma (Bramlett and Dietrich, 2007). Our results are certainly consistent with
this clinical evidence.

Astrocyte Response following Injury
Astrocytes, the predominant cell type of the nervous system, have important neuroregulatory
functions that include regulation of neuron communication, neurosecretion, metabolism and
synaptic plasticity (Mahesh, et al., 2006). In addition, astrocytes respond to pathological insults
such as TBI with a graded cellular activation in relation to severity of injury referred to as
reactive gliosis. They make essential contributions to many homeostatic functions that could
directly influence neuronal survival, tissue integrity and functional outcome after TBI (Floyd
and Lyeth, 2007). The wide range of astrocyte functions contributes to uncertainty over whether
these cells exert beneficial or detrimental effects after CNS injuries. For example, potential
protective effects include maintenance of extracellular ion and fluid balance, glutamate uptake
and neurotrophin release, while potential detrimental effects include the release of
inflammatory cytokines and cytotoxic radicals (Myer, et al., 2006).
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In this study, higher basal expression of GFAP and S100B in hippocampus was observed in
the aged mice as compared to adult. A progressive age-related increase in basal expression of
GFAP mRNA and protein levels has been observed in rodents and humans (Yoshida, et al.,
1996). The increase in GFAP expression has been shown to roughly parallel an increase in the
number of reactive astrocytes with age (Goss, et al., 1991). Age related increases in GFAP
mRNA or protein in extracts of the whole hippocampus have been attributed to more GFAP
molecules per cell (Major, et al., 1997), likely due to morphological changes associated with
activation. In accord with that observation, the aged hippocampus shows an altered astrocyte
phenotype with hypertrophic soma and thickening of the processes. Astrocyte hyperplasia and
hypertrophy has been observed in several areas of the aging brain accompanied by an elevated
content of GFAP and S100B by many investigators (Francesco Amenta, 1998), which is
associated with a reduction in neuroprotective capacity (Pertusa, et al., 2007).

We observed upregulation of GFAP and S100B mRNA expression in response to injury in
both adult and aged hippocampus, but the aged animals had significantly higher expression of
GFAP and S100B mRNA in response to injury. Maximum mRNA and protein expression was
observed at day 7 post-injury in both aged and adult hippocampus. A large number of studies
indicates that GFAP, part of the astroglial skeleton, and S100B, an astroglial protein, are
upregulated after TBI (Pelinka, et al., 2004). Increased astrocyte responses have been observed
in the aged brain after hippocampal stab (Zhu, et al., 2003) and cortical stab injuries
(Kyrkanides, et al., 2001). Higher trauma induced proliferation of astrocytes in aged rats has
also been observed (Topp, et al., 1989). Interestingly, astrocytes respond to TBI by pronounced
changes in gene expression, cellular hypertrophy and cell proliferation, all of which occur in
a gradated fashion in relation to the severity of the injury. Thus the present results suggest that
in the aged brain, astrocytes react as if the injury were more severe than it actually is. The
hypertrophy of processes of reactive astrocytes appears to be of fundamental importance in
inhibiting CNS regeneration. In a recent study increased regeneration after CNS trauma in the
GFAP−/− Vim−/− mice was observed (Wilhelmsson, et al., 2004). In this study increased
regeneration was attributed to reduced hypertrophy of cellular processes of individual reactive
astrocytes. Clinical data also support the contention that increased astrocytic proteins in the
aged brain may be detrimental, as a correlation has been observed between increase in serum
GFAP and S100B levels and poor outcome in humans after TBI (Pelinka, et al., 2004).

It is clear from the results that microglial activation precedes astrocyte activation following
CCI injury, suggesting that the inflammatory response in brain is spearheaded by microglia.
These results confirm other studies demonstrating that microglia respond faster than astrocytes
in response to CNS injury (Liu, et al., 2003). For example, LPS-induced production of NO
occurred within the first 6–12 hr in microglia, compared with a much delayed time point (24
hr) in astrocytes (Liu, et al., 2002). It appears that astrocytes rely on secondary responses to
produce certain proinflammatory factors. These observations strongly imply that microglia, as
the first line of response to immunologic challenges in the brain, play the primary role in the
brain inflammatory process following TBI.

This is the first study involving quantitation of the time course of the microglial and astrocyte
response in aging following TBI. Most of the studies reporting enhanced glial response in aging
have utilized only immunohistochemical staining to demonstrate glial activation. Furthermore,
higher expression of glial markers in aged brain might involve more glial activation marker
molecules per cell, which might be overlooked by conventional histological techniques.

Enhanced glial activation and poor outcome in aging
The results demonstrate increased transcription of genes involved in microglia and astrocyte
activation in hippocampus of aged animals following injury. Gene expression profiling in aging
brain of rodents has also shown increased transcription of markers indicative of primed
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microglia and astocytic proteins (Lee, et al., 2000). The increased transcription of genes
involved in activation of microglia and astrocytes in aging might be responsible for altered
phenotype of microglia and astrocytes with loss of their neuroprotective properties consquently
limiting their ability to rescue damaged and dying neurons following TBI. In addition,
accentuated activation of microglia and astrocyte might also be responsible for enhanced
production of proinflammatory cytokines and chemokines in the aged brain following CCI.
We have observed higher expression of proinflammatory cytokines and chemokines during
secondary neuron death in thalamus of aged mice following cortical ablation injury (Sandhir,
et al., 2004). Higher glial activation may explain the enhanced neurodegeneration observed in
various brain regions including hippocampus of aged mice following CCI (Onyszchuk, et al.,
2008). Studies with a stroke model found larger infarct area characterized by higher rate of
cellular degeneration, and a large number of apoptotic cells in aged brains accompanied by
acceleration in formation of a glial scar (Petcu, et al., 2007). In addition, the response of
plasticity associated proteins such as MAP1B was delayed, whereas, the amount of neurotoxic
c-terminal fragment of β-amyloid precursor protein was increased in the aged animals.
Furthermore, higher microglial response in the aged brain in response to injury might have an
adverse affect on the ability of the aged brain to repair.

The mechanism involved in enhanced microglial and astrocyte activation in the aged brain
following injury is not understood. However, evidence from many recent studies suggests
poorly controlled inflammatory process in aging and age-related diseases. For example,
reduced activity of peroxisome proliferators-activated receptors (PPAR-α and γ) has been
linked to increased inflammatory mediators during aging process (Chung, et al., 2008), and
increased activation of the transcription factor NF-kappaβ has been linked to accentuated
inflammatory response in aging (Wu, et al., 2007).

In conclusion, the findings demonstrate that aging is associated with increased glial responses
in the hippocampus following CCI injury that may ultimately lead to augmented
neurodegeneration and/ or reduced neuronal plasticity required for optimal recovery.
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Fig. 1.
Electrophoresis of RT-PCR products corresponding to mRNA encoding mouse CD11b, Iba1,
GFAP, S100B and GAPDH. Markers (100bp ladder as a size marker); CD11b (217 bp); Iba1
(157 bp); GFAP (224 bp); S100B (101 bp); GAPDH (177 bp)
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Fig. 2.
Relative mRNA Expression of Microglia activation markers in Hippocampus of adult and aged
mice following CCI injury analyzed by real-time RT-PCR. CD11b (A) and Iba1 (B) mRNA
expression was studied after 1, 2, 3, 7, 14 and 28 days after injury. The real time reactions were
performed in duplicates for both the target gene and GAPDH used as a housekeeping control.
The relative expression was calculated using delta delta CT method. Data are presented as
mean + SEM (n=5/group). Asterisk denotes statistical significance after ANOVA and post-
hoc testing where *p < 0.05, **p < 0.01, ***p < 0.001 vs. adult
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Fig. 3.
Relative expression of Iba1 protein in hippocampus of adult and aged mice following CCI
injury analyzed using immuoblotting. Protein extracts from hippocampus were analyzed by
immunoblotting using anti-Iba1 antibodies after 3, 7 and 14 days after injury. Numbers
represent relative levels of protein based on optical density normalized to GAPDH signal. The
bottom panel shows the representative western blot for Iba1 along with GAPDH used as loading
control. Data are presented as mean ± SEM (n=3/group). Asterisk denotes statistical
significance after ANOVA and post-hoc testing where *p < 0.05 vs. adult

Sandhir et al. Page 15

Exp Neurol. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Sandhir et al. Page 16

Exp Neurol. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
a. Immunohistochemical labeling of microglia with anti-Iba1 antibodies in CA1 region and
dentate gyrus from ipsilateral hippocampus of adult and aged mice following CCI injury.
Coronal sections from hippocampus were stained with anti-Iba1 antibodies at day 3 and 7 post
injury. Images taken at 100x magnification. Scale bar 0.1mm. Boxed area shows representative
microglia from polymorphic layer of dentate gyrus from adult and aged hippocampus showing
phenotypic changes in Fig 4b (scale bar 0.01).
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Fig. 5.
Relative mRNA Expression of astrocyte activation markers in Hippocampus of adult and aged
mice following CCI injury analyzed by real-time RT-PCR. GFAP (A) and S100B (B) mRNA
expression was studied after 1, 2, 3, 7, 14 and 28 days after injury. The real time reactions were
performed in duplicates for both the target gene and GAPDH used as a housekeeping control.
The relative expression was calculated using delta delta CT method. Data are presented as
mean ± SEM (n=5/group). Asterisk denotes statistical significance after ANOVA and post-
hoc testing where *p < 0.05, **p < 0.01, ***p < 0.001 vs. adult
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Fig. 6.
Relative expression of GFAP protein in hippocampus of adult and aged mice following CCI
injury analyzed using immuoblotting. Protein extracts from hippocampus were analyzed by
immunoblotting using anti-GFAP antibodies after 3, 7 and 14 days after CCI injury. Numbers
represent relative levels of protein based on optical density normalized to GAPDH signal. The
bottom panel shows the representative western blot for GFAP along with GAPDH used as
loading control. Data are presented as mean ± SEM (n=3/group). Asterisk denotes statistical
significance after ANOVA and post-hoc testing where *p < 0.05, **p < 0.01, ***p < 0.001 vs.
adult
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Fig. 7.
a. Immunohistochemical labeling of astrocytes with anti-GFAP antibodies in CA1 region and
dentate gyrus from ipsilateral hippocampus of adult and aged mice following CCI injury.
Coronal sections from hippocampus were stained with anti-Iba1 antibodies at day 3 and 7 post
injury. Images taken at 100x magnification. Scale bar 0.1mm. Boxed area shows representative
astrocytes from polymorphic layer of dentate gyrus from adult and aged hippocampus showing
phenotypic changes in Fig. 7b (scale bar 0.01)

Sandhir et al. Page 21

Exp Neurol. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Sandhir et al. Page 22

Table 1
Primer sequences used for quantitative real-time RT-PCR analysis.

Gene Genebank Accession Number Primer Sequence (5’-3’) Position Amplicon Size (bp)

CD11b NM019467 F=CCTTGTTCTCTTTGATGCAG 1127–1146 217

R=GTGATGACAACTAGGATCTT 1324–1343

Iba1 NM019467 F=GTCCTTGAAGCGAATGCTGG 518–537 157

R=CATTCTCAAGATGGCAGATC 655–674

GFAP NM010277 F=TCCTGGAACAGCAAAACAAG 271–290 224

R=CAGCCTCAGGTTGGTTTCAT 475–494

S100B NM009115 F=TGCCCTCATTGATGTCTTCCA 141–161 101

R=GAGAGAGCTCGTTGTTGATAAGCT 218–241

GAPDH XR003802 F=ATGACATCAAGAAGGTGGTG 769–788 177

R=CATACCAGGAAATGAGSCTTG 926–945
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