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Glia of the central nervous system (CNS) help to maintain homeostasis in the brain and support efficient
neuronal function. Microglia are innate immune cells of the brain that mediate responses to pathogens
and injury. They have key roles in phagocytic clearing, surveying the local microenvironment and
propagating inflammatory signals. An interruption in homeostasis induces a cascade of conserved
adaptive responses in glia. This response involves biochemical, physiological and morphological changes
and is associated with the production of cytokines and secondary mediators that influence synaptic
plasticity, cognition and behavior. This reorganization of host priorities represents a beneficial response
that is normally adaptive but may become maladaptive when the profile of microglia is compromised.
For instance, microglia can develop a primed or pro-inflammatory mRNA, protein and morphological
profile with aging, traumatic brain injury and neurodegenerative disease. As a result, primed microglia
exhibit an exaggerated inflammatory response to secondary and sub-threshold challenges. Consequences
of exaggerated inflammatory responses by microglia include the development of cognitive deficits,
impaired synaptic plasticity and accelerated neurodegeneration. Moreover, impairments in regulatory
systems in these circumstances may make microglia more resistant to negative feedback and important
functions of glia can become compromised and dysfunctional. Overall, the purpose of this review is to
discuss key concepts of microglial priming and immune-reactivity in the context of aging, traumatic CNS
injury and neurodegenerative disease.

This article is part of a Special Issue entitled ‘Neuroimmunology and Synaptic Function’.
© 2014 Elsevier Ltd. All rights reserved.
1. Introduction on microglia in the healthy brain

Microglia are innate immune cells of the brain that mediate
responses to pathogens and injury. In addition, microglia provide
support, synaptic pruning and immunological activities within the
central nervous system (CNS) (Schafer and Stevens, 2013). At one
time, microglia were described as being in a ‘quiescent’ or ‘resting’
state. Recent evidence, however, indicates that microglia are
constantly surveying their microenvironment (Davalos et al., 2005;
Nimmerjahn et al., 2005). Moreover, it is clear that microglia are
actively involved in maintaining homeostasis in the CNS. For
instance, microglia have an important role in brain development
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and are critical in synaptic pruning and clearing debris (Schafer
et al., 2012). Overall, emerging evidence indicates that microglia
work to support normal CNS functions (Salter and Beggs, 2014).

Microglia are myeloid derived cells and have many immune
functions related to innate immunity (Ransohoff and Perry, 2009).
These immune related activities include key roles in immune sur-
veillance and the interpretation and propagation of inflammatory
signals that are initiated in the periphery (Dantzer et al., 2008).
These responses are pivotal in the coordinated communication
between the immune system and the brain. Microglia actively
survey the brain microenvironment for disruptions in homeostasis.
For example, in infection or disease, microglia become ‘activated’
and function as inflammatory cellular mediators. Activated micro-
glia rapidly alter their transcriptional profile and produce inflam-
matory cytokines and chemokines. Active microglia also undergo
cytoskeletal rearrangements that alter the pattern of receptor
expression. This facilitates cytokine communication between cells.
and enhanced reactivity to secondary insult in aging, and traumatic
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In addition, these alterations allow for microglia tomigrate towards
sites of injury or infection and to potentially increase their
phagocytic efficiency (Davalos et al., 2005). In general, microglia
activation and the increased expression of cytokines are aimed to
be protective to the CNS and beneficial to the host organism. This is
represented in their role in mediating the behavioral symptoms of
sickness following innate immune challenge (Corona et al., 2012).
Moreover, a recent study shows that repeated injection of lipo-
polysaccharide (LPS) moves microglia towards a novel profile in
which they migrate to the synapses of inhibitory neurons displac-
ing them from cortical neurons (Chen et al., 2014). This action of
microglia was associated with neuroprotection and reduced lesion
size after cryogenic brain injury. Nonetheless, when microglia
profiles are altered or key regulatory systems are impaired,
microglia activation may be maladaptive. Depending on the
context, exaggerated microglial activation can lead to prolonged
neuroinflammation and neurobehavioral complications. In this
review, we will highlight changes that occur in microglia of aging,
CNS trauma and neurodegenerative disease and the influence of
these changes on secondary inflammatory insult.

2. Evidence of increased brain inflammation with age

There is significant clinical and experimental evidence that the
inflammatory status of the brain increases as a function of normal
aging. Hallmarks of brain aging include increased oxidative stress,
lipid peroxidation and DNA damage (Norden and Godbout, 2013).
Consistent with this premise, microarray studies indicate that there
is an overall increase in inflammatory and pro-oxidant genes with a
reduction in growth and anti-oxidant genes in the brain of older
rodents compared to adults (Godbout et al., 2005b; Lee et al., 1999).
In addition, two potent pro-inflammatory cytokines interleukin
(IL)-1b and IL-6 are increased in the brain of aged rodents and
humans (Fenn et al., 2013; Godbout et al., 2005b; Henry et al., 2009;
Sheng et al., 1998). In addition, there are reductions in several
regulatory molecules and anti-inflammatory cytokines including
IL-10 and IL-4 (Maher et al., 2005; Ye and Johnson, 2001). Because
of these changes in the balance of pro- and anti-inflammatory
profiles, microglia are implicated as the source of this
inflammation.

Microglia are long-lived cells that have limited turnover from
myeloid cells from the bone marrow during the course of a lifetime
(Ajami et al., 2007; Ginhoux et al., 2010). Microglia develop early in
embryogenesis from myeloid precursor cells in the embryonic yolk
sac and migrate to the area of the CNS around embryonic day 8.5
(Ginhoux et al., 2010). Althoughmicroglia are not replaced from the
bone marrow, a recent study shows that turnover may be from a
progenitor sourcewithin the CNS (Elmore et al., 2014). In this study,
intervention with a colony stimulating factor 1 receptor (CSF1R)
antagonist effectively depleted themajority of microglia in the CNS.
The removal of the CSF1R antagonist allowed for the robust repo-
pulation of microglia from a previous unidentified progenitor
source within the CNS (Elmore et al., 2014). It is still unclear
however, the rate at which microglia would normally be turned
over in the absence of CSF1R blockade. Overall, microglia appear to
have a relatively low turnover rate. This stability and longevity of
microglia makes them particularly sensitive to oxidative stress and
inflammatory exposure over time.

3. Evidence of microglial priming with age

As innate immune cells of the CNS, the increased pro-
inflammatory phenotype of the brain that occurs with aging is
linked to changes in microglia. With aging, microglia may develop
an altered profile consistent with amore inflammatory state. This is
Please cite this article in press as: Norden, D.M., et al., Microglial priming
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also referred to as a primed profile. An inflammatory or primed
microglia profile is defined by 1) higher baseline expression of
markers of inflammation and inflammatory mediators, 2) a lower
threshold to be activated and ‘switch’ to a pro-inflammatory state
(Lull and Block, 2010), and 3) an exaggerated inflammatory
response following immune activation. This primed phenotype of
microglia is detected inmodels of aging, neurodegenerative disease
and traumatic brain injury. This phenomena of primed microglia
was first described in a model of prion disease where microglia
from prion infected mice produced exaggerated IL-1b following
both central and systemic immune challenges (Cunningham et al.,
2005). Overall, in this review priming is defined as microglia that
have an increased inflammatory state at baseline and also produce
an exaggerated response to immune challenge. First, we will
describe priming of microglia that occurs with aging. In the
following sections, we will discuss similar phenotypes of primed
microglia in the brain following TBI and with neurodegenerative
disease. Although there are similarities between these disease
models, no single source has been identified as the cause of prim-
ing. Therefore, microglial priming towards an inflammatory state is
likely influenced by exposure to immune challenges, stressors and
injury over time.

In the aged brain, microglial priming has been characterized by
increased mRNA and protein expression of various inflammatory
markers and alterations in morphology. For example, expression of
the antigen presenting molecule major histocompatibility complex
(MHC) II and complement receptor 3 (CD11b) were increased in the
aged brain of rodents and humans (Frank et al., 2006; Streit and
Sparks, 1997; VanGuilder et al., 2011). MHC II is increased specif-
ically on microglia of the aged brain (Henry et al., 2009). MHC II is
commonly used as amarker of microglial priming both inmodels of
aging and injury because primedMHC II positive microglia produce
exaggerated IL-1b following activation (Henry et al., 2009).
Consistent with heightened MHC II expression, several other in-
flammatory markers are also increased in models of aging (for a
review see (Norden and Godbout, 2013). In addition to immune
markers, baseline expression of inflammatory cytokines tumor
necrosis factor (TNF)-a, IL-1b and IL-6 are also increased in the
brains of aged rodents and humans (Hickman et al., 2013; Sheng
et al., 1998; Sierra et al., 2007; Youm et al., 2013).

These results are paralleled by morphological alterations
detected using Iba-1 labeling. Microglia from non-diseased aged
brains have shorter and less branched dendritic arbors than
microglia of young adults (Streit et al., 2004). Microglia from the
brains of aged gerbils (Choi et al., 2007) and dogs (Hwang et al.,
2008) also have a shift towards a more activated morphology
(thickened and de-ramified processes) compared to young adults.
This de-ramified morphology is comparable to the activated
morphology of microglia. Moreover, the de-ramifiedmorphology of
microglia in aged rats corresponded with higher MHC II expression
(VanGuilder et al., 2011). These data further support the hypothesis
that MHC II is a marker of primed microglia. Recent studies have
also used positron emission tomography (PET) to evaluate micro-
glial activation in humans. The ligand PK [11C](R)PK11195 binds to
translocator protein (TSPO) receptors that are expressed in mito-
chondria of activated microglia. PET imaging using this compound
showed increased TSPO in older individuals, indicating that
microglial activation was elevated with age (Schuitemaker et al.,
2012). Taken together, the increase of inflammatory mediators
and altered phenotype of microglia with age indicates that micro-
glia develop a primed phenotype and this may contribute to the
heightened inflammatory status of the aged brain.

As stated above, the source of the glial priming in the aged brain
is unclear. A hallmark of brain aging is increased oxidative stress
and free radical damage that may affect the profile of microglia. In
and enhanced reactivity to secondary insult in aging, and traumatic
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addition, changes in microRNA regulation of multiple genes may
play a role in brain aging (Fenn et al., 2013, 2014a). Moreover, recent
evidence indicates that immune sensors, such as inflammasomes,
are involved in increased inflammatory status with age. The NLRP3
inflammasome is an immune sensor that is activated in response to
a diverse array of signals. When the NLRP3 inflammasome was
deleted, CNS inflammation was reduced in mice that were allowed
to age (Youm et al., 2013). For example, nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB), IL-1b, interferon, and
complement pathways were all markedly increased in the brains of
aged wildtype mice compared to adult wildtype mice. In aged
NLRP3 knockout mice, however, these pathways were significantly
attenuated compared to aged wildtype mice (Youm et al., 2013).
Thus, increases in oxidative stress, changes in microRNA regulation
and increased inflammasome activity with age could drive medi-
ators of inflammation.

4. Evidence of microglial priming after traumatic brain injury
(TBI)

While it is unclear what causes priming as a function of normal
aging, emerging evidence indicates that traumatic brain injury
(TBI) causes prolonged activation of microglia and the development
of a primed profile. Myriad studies indicate that both focal (pene-
trating) and diffuse (non-penetrating) TBI induce significant in-
flammatory processes in the brain mediated, in part, by resident
microglia and astrocytes (Lifshitz et al., 2007b; McCrea et al., 2003;
Tang et al., 1997; Woodcock and Morganti-Kossmann, 2013). There
is evidence of long lasting changes in microglia and astrocytes after
penetrating TBI caused by cortical impact injury (CCI). For example,
there was increased OX6 (MHC II) expression in the brains of rats 16
days after moderate CCI (Holmin et al., 1995). Moreover, a recent
study showed that CCI increased the inflammatory profile of
microglia that persisted (Loane et al., 2014). Microglia in the lesion
border had higher expression of several inflammatory mediators
including MHC II, CD68 and NADPH oxidase (NOX2) in the cortex
and thalamus that persisted 12 months after injury. In the same
brain regions, YM-1, an alternative activation marker (M2) was
transiently up-regulated 1 week later, but was reduced over time
and was undetected at 3 and 12 months after injury. This suggests
that in the midst of heightened inflammatory status and pro-
gressing gliosis, reparative mechanisms are down-regulated.
Furthermore, this inflammation initiated by the CCI continued
over time with increased inflammatory marker expression on
microglia/macrophages and this was associated with lesion volume
expansion and loss of neurons in the hippocampus (Loane et al.,
2014). These features of tissue damage and neuroinflammation
mediated by microglia/macrophages that persist over time are
consistent with other models of focal or penetrating brain injury
(Huang et al., 2014; Shultz et al., 2013).

There is also evidence that a primed or pro-inflammatory profile
of microglia persists after diffuse head injury (non-penetrating).
Experimental models of diffuse injury include midline fluid per-
cussion injury (mFPI), blast injury and closed head impact (CHI)
injuries (Xiong et al., 2013). For instance, mFPI is administered by a
fluid-filled pulse directly to the brain at the midline causing equally
distributed undulation of the brain and leaves the dura intact. This
causes mild neuronal pathology including diffuse axonal injury
(Lifshitz et al., 2007a) and transient neurological deficits (Morales
et al., 2005) that recapitulate complications after mild to moder-
ate concussive head injuries in humans (Lifshitz, 2009). A moderate
mFPI in rodents caused activated microglia and an altered pheno-
type of microglia that persisted up to 1 month after injury. For
instance, mFPI in rats was associated with increased expression of
OX6 (MHC II) and CD68 on microglia that was still detected 1 week
Please cite this article in press as: Norden, D.M., et al., Microglial priming
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later (Ziebell et al., 2014). Moreover, these microglia had a unique
rod-like morphology and train arrangement along axon tracks and
were predominantly detected in the primary sensory barrel fields
of rats (Ziebell et al., 2014). A related study in mice showed that
mFPI increased mRNA and protein expression of MHC II on
microglia in the brain 30 days post injury (dpi) (Fenn et al., 2013,
2014a). In addition, there were subtle changes in microglial
morphology in the parietal cortex and hippocampus, both of which
are brain regions affected by percussive injury. These increases in
MHC II expression on microglia 30 dpi were detected in mice that
had returned to baseline behavior. Overall, these data provide ev-
idence that there are long-term changes in microglial profiles after
diffuse brain injury.

Findings of an inflammatory profile of glia that persists after TBI
are paralleled in humans aftermoderate or severe TBIs. For instance,
evaluation of microglia at immediate, short and long-term time
points following blunt head trauma in humans showed increased
expression of CR3 (CD11b) and CD68 in the parenchyma 16 years
after injury (Gentleman 2004). In another study, post mortem brain
tissue showed extensive, densely packed, reactive microglia (CR3/
43þ and/or CD68) in 28%of cases 1e18 years after a single,moderate
to severe TBI (Johnson et al., 2013). Recent developments in mag-
netic resonance imaging (MRI) techniques have been used to
examine microglial activation in human brains after TBI in vivo. As
described above, PK [11C](R)PK11195 ligand is expressed on acti-
vated microglia. Higher PK binding was detected in TBI patients in
thalami, occipital lobes, putamen and posterior limb of internal
capsule (Ramlackhansingh et al., 2011). Persistent microglial acti-
vation was relatively sparse within and around focal lesions, more
prominent in adjacent normal appearing gray andwhitematter, and
most prominent within subcortical structures (thalami and puta-
men). The time frameafter injury ranged from11months to17years,
but there was no correlation between PK binding and the time in-
terval since head trauma. Overall, these findings indicate that there
are chronic levels of microglia immune activity and priming that
persist months to years after TBI in humans.

5. Microglial priming with neurodegenerative disease

In addition to aging and following TBI, there is also increased
priming of microglia in pre-symptomatic neurodegenerative dis-
ease. Several neurodegenerative diseases including Alzheimer's
disease (AD) increase in risk as a function of aging and may also be
influenced by history of head injury (Nemetz et al., 1999). There-
fore, it is not surprising that microglia in the aged brain and in
neurodegeneration share similar phenotypes. For example, both
prion disease (transmissible spongiform encephalopathies) and AD
show marked microglial priming associated with an increased in-
flammatory status of the CNS. In a mouse model of prion disease,
microglia have an activated morphology and increased expression
of immune markers including MHC II (Betmouni et al., 1996;
Cunningham et al., 2005). In AD, microglia also acquire an acti-
vated morphological profile (McGeer et al., 1987). Furthermore, in
aging combined with AD, microglia become even more activated.
Microglia in aged AD mice were significantly more activated
compared to wildtype controls, and these changes in microglia
morphology were most evident in regions of high beta-amyloid
plaque pathology (Koenigsknecht-Talboo et al., 2008). In AD,
microglia have similar or exacerbated increases in inflammatory
surface markers (such as MHC II and CD68) as in aging (Cameron
and Landreth, 2010). Importantly, these changes in microglial
activation within the hippocampus of AD patients correlated to a
precipitous loss in cognitive function and memory (Cagnin et al.,
2001). Immune changes that occur in the brain with AD have
been linked to such functional impairments.
and enhanced reactivity to secondary insult in aging, and traumatic
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The most prominent pathology during AD is impaired clearance
of neurotoxic AB plaques, which leads to impaired neuronal
signaling and ultimately cognitive decline. The contribution of
neuroinflammation to impaired clearance of AB has been exten-
sively studied, unfortunately no conclusive results have been re-
ported. It is well understood, however, that microglial clearance of
AB plaques is impaired in AD (Floden and Combs, 2011). Recent
genomic studies indicate that several AD risk genes such as TREM2
and CD33 are implicated in microglial phagocytosis (Griciuc et al.,
2013; Jiang et al., 2013; Jonsson et al., 2013), supporting the idea
that microglia in the aged or diseased brain have impaired
phagocytosis functions. TREM2 was recently identified as a gene
that is significantly down-regulated in microglia from aged mice
(Hickman et al., 2013). This result indicates that loss of TREM2
expression is involved in both normal aging and neurodegenerative
aging andmay be a potential target of therapeutics for treatment of
age-associated CNS complications. Another association between
aging and AD is the immune modulator NLP3. As discussed above,
recent evidence highlight the detrimental role of NLPR3 in normal,
non-pathological aging (Youm et al., 2013). Similarly, in mouse
model of AD, the NLPR3 inflammasome also had detrimental ef-
fects. NLPR3 was activated in both human and mouse AD brains.
Genetic deletion of NLPR3 reduced plaque burden and mice were
protected from loss of spatial memory (Heneka et al., 2013). These
recent studies indicate that NLPR3 contributes both to again and to
pathology in AD. Overall, these studies suggest common pathways
for the development of primed microglia in both aging and
neurodegeneration.

6. A link between head trauma and neurodegenerative
disease: potential role of prolonged microglia activation

There is significant interest in the degree to which head injury
can precipitate the increased risk for neurodegenerative disease
including chronic traumatic encephalopathy (CTE) (McKee et al.,
2013). CTE is a progressive degenerative disease of the brain typi-
cally found in individuals with a history of brain trauma, especially
those with repeated injuries. CTE pathology in the brain is close to
that of AD characterized by tau build up (i.e. neurofibrillary tan-
gles), multifocal axonal varicosities and memory deficits. Overall,
there is mounting evidence of a connection between head injury
and the risk of developing CTE and other neurodegenerative pa-
thologies (Smith et al., 2013). For instance, recent post-mortem
analyses of brain tissue of patients surviving more than a year af-
ter a single moderate to severe TBI showed that neurofibrillary
tangles (NFTs) were present at higher density and wider distribu-
tion in TBI cases. This was significantly different in younger cases
(<60yo) of TBI versus uninjured controls (Johnson et al., 2012).
Additionally, a trend of more extensive and fibrillary amyloid pa-
thology was evident. In a subsequent study using the same tissue,
researchers investigated neuroinflammation and associated white
matter degeneration. They found evidence of extensive axonal
pathology, predominantly found in all acute cases (75%) following
TBI, 45% in sub-acute cases, and 8% in long-term cases (~50% dis-
played moderate pathology), whereas age-matched controls
exhibited only ~20% of extensive or moderate pathology (Johnson
et al., 2013). A population study of over 1200 TBI survivors
demonstrated that the time to onset of AD is significantly acceler-
ated compared to age matched controls. In fact, the median time to
onset from TBI to development of AD was 10 years (Nemetz et al.,
1999). Consistent with this premise, repeated mild head injury in
rodents amplified neuroinflammation and accelerated cognitive
decline (Mouzon et al., 2014; Weil et al., 2014). Overall it is likely
that TBI accelerates onset of age-related cognitive decline and fre-
quency of neurodegenerative pathologies. The role of primed
Please cite this article in press as: Norden, D.M., et al., Microglial priming
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microglia in linking head trauma to neurodegenerative disease is
still largely unknown, but is an important area of study.

7. Primed microglia and increased reactivity to secondary
challenge

A functional consequence of microglial priming in aging, CNS
trauma and neurodegenerative disease is an exaggerated neuro-
inflammatory response following a peripheral or central immune
challenge (Cunningham, 2013; Fenn et al., 2013, 2014a; Norden and
Godbout, 2013). This idea is illustrated in Fig. 1. This hypothesis of
microglia priming and immune reactivity is well supported in
research using models of aging. For instance, mixed glial cultures
and coronal brain sections derived from the brains of agedmice had
an exaggerated response to LPS stimulation and produced more IL-
1b and IL-6 compared to cultures established from adults (Xie et al.,
2003; Ye and Johnson, 2001). In addition, microglia cultured ex vivo
from the brains of aged mice had increased IL-6 and TNF-a levels
compared to microglia from adults (Njie et al., 2012). In vivo studies
demonstrate that stimulation of the peripheral innate immune
system by injection of LPS caused a prolonged and exaggerated
neuroinflammatory cytokine response (IL-1b and IL-6) in aged
BALB/c mice compared to young adults (Godbout et al., 2005b;
Wynne et al., 2010). Similarly, peripheral injection of Escherichia
coli (E. coli) promoted higher and prolonged levels of IL-1b in the
hippocampus of aged rats compared to young adults (Barrientos
et al., 2009a, 2006).

It is relevant to note that while a peripheral injection of LPS or
E. coli induced higher levels of IL-1b in the aged brain compared to
adult, plasma levels of IL-1b were not amplified (Barrientos et al.,
2006; Godbout et al., 2005b). The disconnection between periph-
eral IL-1b and brain IL-1b induction has been interpreted to suggest
that an amplification of the immune response occurs within the
brain. Indeed, central activation of the innate immune system by
intracerebroventricular (i.c.v.) administration of LPS or GP120, a
viral envelope glycoprotein, caused amplified mRNA expression of
inflammatory cytokines, IL-1b, IL-6 and TNF-a in aged (22e24 mo)
mice (Abraham et al., 2008; Huang et al., 2008). These studies
provide evidence that increased pro-inflammatory cytokine pro-
duction in the aged brain is related to an amplified response from
the resident glia population.

This exaggerated cytokine production is attributed to the
microglia. The priming effect in microglia of the CNS was first
demonstrated in a mouse model of prion disease (Cunningham
et al., 2005). In this study, microglia from pre-symptomatic prion
disease mice had exaggerated IL-1b production compared to non-
prion mice following both central and systemic LPS challenges.
This study provided direct evidence of heightened inflammatory
response to secondary inflammatory challenge. There are several
studies showing exaggerated activation of primed microglia in
models of aging. For instance, ex vivo stimulation of microglia from
aged mice with LPS (Frank et al., 2010) or Pam3CSK4, a toll-like
receptor-2 (TLR2) agonist (Njie et al., 2012), resulted in exagger-
ated production of IL-1b, IL-6 and TNF-a compared to adults. When
microglia were isolated from whole brain homogenates after a
peripheral LPS injection, microglia-specific mRNA levels of TLR2
and IL-1b were increased in aged compared to adult mice (Henry
et al., 2009). It is important to note that aged microglial reactivity
increased production of both pro-inflammatory cytokines and anti-
inflammatory cytokines. For example, aged mice had amplified
microglial specific mRNA induction and intracellular protein
expression of both IL-1b and IL-10 compared with adult mice
following LPS injection (Henry et al., 2009; Sierra et al., 2007).
Furthermore, a key point was that the reactive (MHC IIþ) microglia
of aged mice had the most prominent IL-1b induction following
and enhanced reactivity to secondary insult in aging, and traumatic
http://dx.doi.org/10.1016/j.neuropharm.2014.10.028



Fig. 1. Conceptualization of microglia priming and reactivity to immune challenge in aging, traumatic CNS injury and neurodegenerative disease. This diagram illustrates that
microglia in the healthy brain are surveying their local microenvironment. Microglia become active with immune challenge and secrete cytokines but return to a surveying state
with the resolution of the challenge. In the healthy brain, microglial activation is transient, adaptive and beneficial to the host organism. In aging, after TBI or in neurodegenerative
disease, there is evidence that microglia develop an altered morphology and primed or immune-reactive phenotype. Compared to the healthy brain, primed microglia have an
intermediate morphological profile with increased expression of several inflammatory receptors and mediators. In the rodent models where this priming profile of microglia is
detected, immune challenge promotes amplified and prolonged inflammatory responses that are maladaptive. In models of neurodegenerative disease, there is evidence that these
events promote chronic and unresolved inflammation.
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immune challenge compared to non-reactive (MHC II�) microglia
(Henry et al., 2009). These studies indicate that after a peripheral
immune stimulus primed, MHC IIþ microglia had an exaggerated
and prolonged production of inflammatory cytokines.

Reactivityofmicroglia to a secondary immune challengeor insult
is mirrored in models of TBI and pre-symptomatic neurodegenera-
tive disease. In fact, the priming effect in microglia of the CNS was
first demonstrated in a mousemodel of prion disease (Cunningham
et al., 2005). In addition, there is significant evidence that TBI in-
creases the pro-inflammatory profile of microglia, and these alter-
ations are long-lasting (Fenn et al., 2013, 2014a; Johnson et al., 2013;
Loane et al., 2014). This low level inflammation is similar to what is
detected in the aged brain and is consistent with the concept of a
primed or sensitizedmicroglial phenotype. For example, in an optic
nerve crush model of CNS injury, there is evidence of microglial
primingwith increased expression of CD68þ residentmicroglia that
persisted 28 days after injury. When these mice were challenged
peripherallywith LPS 28 days after injury, therewas exaggerated IL-
1b, TNF-a and IL-6 expression in the brain compared to the controls
(Palin et al., 2008). The authors interpreted these data to indicate
that the more inflammatory profile was associated with increased
phagocytosis and axonal degeneration. In another recent example of
priming, moderate and diffuse mFPI caused transient inflammation
with increased cytokine expression, edema and evidence of
macrophage trafficking and microglia activation (Fenn et al., 2013,
2014a). The acute neuroinflammation that occurred on a cellular
level was resolved within 72 h coinciding with return of baseline
coordination and behavior. In the post-acute phase, microglia
retained or developed a primed profilewith increasedMHC IImRNA
and protein that was detected 1 month after injury. Furthermore, a
peripheral LPS challenge in sham and TBI mice 1 month after injury
induced exaggerated expression of IL-1b and TNF-a in microglia
from the TBImice. Thus, CNS injury is a “priming event” sufficient to
induce persistent microglial activation and transient activation of
the immune system to cause an amplified glia response.

TBI may also be classified as a secondary insult that causes
microglial reactivity. For instance, aged rodents and older in-
dividuals have exacerbated inflammation, increased neurological
Please cite this article in press as: Norden, D.M., et al., Microglial priming
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damage and poorer recovery following TBI, stroke, spinal cord
injury and other neurological injuries (Kumar et al., 2013; Pelinka
et al., 2004). For example, TBI induced by CCI in aged mice caused
greater neuronal damage and tissue loss than adult mice (Kumar
et al., 2013). This was associated a higher inflammatory or M1
profile (and reduced M2a repair prolife) in the brains of aged mice
(Kumar et al., 2013). Another study showed that markers of
microglia (CD11b and Iba1) and astrocyte activation (GFAP and
S100b mRNA) were higher in aged mice for all time points up to 28
days after CCI (Sandhir et al., 2008). As expected, the presence of
neuroinflammation persisted longer in the brain of aged mice
compared to the adults.

Repeated exposure tohead injurymayalso sensitize or prime the
glia of the CNS. In this manner, the initial hit provides the priming
event and the secondary and tertiary hits result in an exaggerated
inflammatory response and progressive pathology (Aungst et al.,
2014; Mouzon et al., 2014; Weil et al., 2014). This idea has not
been investigated specifically, however, it is clear across the litera-
ture that even a single TBI has long-lasting glial affects and repeated
TBI exacerbates the neuroinflammatory response. For example,
Mouzon et al. (2014) showed morphologically reactive astrocytes
and microglia (thick processes and hypertrophied cell soma) were
evident in cortices and hippocampal regions 6 months after single
and repeated closed head TBI (5 hits with 48 h interval). This
increased to a greater extent by 12 months after repeated TBI. The
pathology at 18 months following single and repeated TBI is still
undergoing analysis. The time frame allotted in between injuries
may also be an important factor. Another study looked at patho-
logical outcomes after a single and repeated closed head TBI (2 hits)
with a3or20day interval (Weil et al., 2014). Onemonthafter the last
hit, repeated TBI with a shorter interval induced an enhanced neu-
roinflammatory response, more robust axonal degeneration and
poorer performance in spatial learning andmemory task. These data
provide evidence that pathological changes evolve months
following initial injury, and multiple injuries augment this process.

In the context of neurodegenerative disease, the hyper-
inflammatory response to secondary challenges is similar to those
observed in aging and CNS trauma. In support of this idea,
and enhanced reactivity to secondary insult in aging, and traumatic
http://dx.doi.org/10.1016/j.neuropharm.2014.10.028



Fig. 2. Microglial priming and senescence in the aged brain: two different sides of the
same coin? This diagram illustrates that microglia in the aged brain have been
described as either primed (left side) or senescent (right side). While the two are often
considered to be contrasting issues, it is more likely that they are related issues and
that it depends on the context in which the function of aged microglia is being eval-
uated. On one hand, aged microglia have a more inflammatory profile and this is
exaggerated after a transient immune challenge (peripheral or central). On the other
hand, aged microglia have a reduction in proliferation, motility and ability to clear
debris. In both sides of the coin, regulation of these microglia is impaired.
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challenges that activate the immune response worsen cognitive
impairments and disease progression in murine models of prion
disease and AD. For example, both central and peripheral immune
challenge exacerbated brain inflammation (IL-1b and iNOS) and
neuronal death in a model of prion disease (Cunningham et al.,
2009, 2005; Murray et al., 2012). In addition, systemic immune
challenge caused a significant increase in CNS IL-1b in transgenic
AD mice compared to non-transgenic controls (Sly et al., 2001) and
these increases in immune activity contributed significantly to
pathology in AD mice (Krstic et al., 2012). Similarly, in a mouse
model of Parkinson's disease, central LPS challenge exacerbated
neurodegeneration and increased microglial IL-1b production (Pott
Godoy et al., 2008). Importantly, systemic expression of IL-1b also
increased neurodegeneration and microglial activation. Similar to
AD, iNOS expression and nitric oxide release was indicated as a
mediator for neuronal death (Pott Godoy et al., 2008).

Because early life infection can alter microglial phenotypes, it is
possible that early exposure to inflammation is a priming event for
microglia (Bilbo, 2010) that sets the stage for predisposition to
neurodegenerative disease (Krstic et al., 2012). For instance, a recent
study showed that systemic inflammatory challenge provided first in
utero and then provided later in adulthood predisposed wild-type
mice to develop AD-like pathology and cognitive impairments later
in life. Wild-typemice subjected to two systemic immune challenges
had similar phenotypes (elevated IL-1b, increased AB peptides and
increased Tau phosphorylation) to transgenic ADmice that received a
single systemic immune challenge. These mice also had activated
microglia based on CD68 labeling and these changes in pathology
were coupled with impairments in working memory in the Y-maze
(Krstic et al., 2012). These results were interpreted to indicate that
inflammation itself is an initial priming event and that subsequent
activation promotes a similar neuropathology profile that is normally
associated with AD (Krstic et al., 2012). Furthermore, repeated expo-
sure to inflammation and increased reactivity may not have to be as
spread out over a lifetime. For example a recent study showed that
repeated injections of LPS in adult mice induced prolonged activation
of microglia and increased expression of complement-phagosome
pathway genes. This increase in microglial activation was associated
with loss of dopaminergic neurons. In complement C3 deficientmice,
neurodegenerationwas rescued. These data indicate a direct effect of
microglial complement expression in loss of dopaminergic neurons
with repeated inflammatory exposure (Bodea et al., 2014). Overall,
priming of microglia and their hyper-activation under inflammatory
conditions contributes to and amplifies the neurodegenerative pro-
cesses, makingmicroglial priming an important research focus in the
field of neurodegeneration (Lucin andWyss-Coray, 2009; Perry et al.,
2007). Last, these data are consistent with the clinical data that pe-
ripheral infections exaggerate cognitive decline in AD patients (Perry
et al., 2007).

8. Senescent versus primed microglia: two sides of the same
coin?

In this review, long-term changes in microglia profiles are
described as primed or pro-inflammatory. This is because there are
increased markers of inflammation (IL-1b, MHC II, CD68) on
microglia with age, injury and neurodegenerative disease and
when these cells are activated by an innate immune challenge (i.e.,
LPS) they have an amplified activation profile (Cunningham et al.,
2009; Fenn et al., 2013, 2014a; Henry et al., 2008). Nonetheless,
several other studies have described microglia of the aged brain to
be anti-inflammatory or neuroprotective, and also as senescent
(Streit and Xue, 2009). For example, a recent study using RNA
sequencing shows a microglial profile interpreted as an anti-
inflammatory or neuroprotective profile (Hickman et al., 2013).
Please cite this article in press as: Norden, D.M., et al., Microglial priming
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The transcriptional profile of microglia from aged mice had
decreased expression of proteins involved in sensing endogenous
ligands whereas transcripts for sensing immune pathogens were
elevated. There was also a significant increase of alternative or
neuroprotective pathways including IL-4. In the same mice, how-
ever, elevated expression of pro-inflammatory mediators such as
IL-1b and TNF-a remained. As discussed above, increased activation
of NF-kB, IL-1b, and NLP3 inflammasome pathways is consistent
with other studies (Godbout et al., 2005a; Youm et al., 2013) and
these data are interpreted to show that aging is associated with a
more inflammatory profile. Therefore, it is difficult to categorize the
activation of glia based on RNA analysis alone.

Consistent with a senescence profile of microglia, microglia from
older rodents have functional impairments in proliferation, motility
and phagocytosis (Hefendehl et al., 2014). For example, there was
reduced phagocytosis of beta-amyloid by microglia from older AD
transgenic mice (Hickman et al., 2008; Lee et al., 2010). Recent
genomic studies indicate that several AD risk genes such as TREM2
and CD33 are implicated in microglial phagocytosis (Griciuc et al.,
2013; Jiang et al., 2013; Jonsson et al., 2013), supporting the idea
that microglia in the aged brain have impaired phagocytosis func-
tions. In addition, microglia from aged rats showed delayed recruit-
ment of phagocytic cells and less clearance of myelin after a toxin-
induced demyelination lesion (Zhao et al., 2006). In a focal laser
injurymodel,microglia fromagedmicemigrated at a slower velocity
towards the site of injury and also aggregated at the injury site for a
longer duration than that of adult mice (Damani et al., 2011).
Microglia may also appear ‘senescent’ in the context of anti-
inflammatory feedback. For instance, microglia from aged mice are
less sensitive to specific regulatory feedback fromanti-inflammatory
mediators including IL-4andtransforminggrowth factorbeta (TGFb).
Activemicroglia from agedmice failed to up-regulate the expression
IL-4Ra after LPS injectionor spinal cord injury (SCI). In both cases this
and enhanced reactivity to secondary insult in aging, and traumatic
http://dx.doi.org/10.1016/j.neuropharm.2014.10.028



D.M. Norden et al. / Neuropharmacology xxx (2014) 1e13 7
was associated with reduced sensitivity to IL-4 dependent pro-
gramming towards anM2a or repair profile ofmicroglia in vivo (Fenn
et al., 2014b) and ex vivo (Fenn et al., 2012). In addition, microglia
isolated from aged mice had reduced expression of TGFb receptor
compared to adults (Hickman et al., 2013) and aged microglial cul-
tures were less sensitive to the anti-inflammatory effects of TGFb
(Rozovsky et al., 1998). Finally, when microglia were isolated from
LPS-injected adult and aged mice, only microglia from adult mice
were responsive to TGFb treatment ex vivo (Tichauer et al., 2014).
Although functional impairments may be considered indicators of
microglial senescence, these same cells may be highly inflammatory
when activated by immune challenge or injury. Therefore, the ter-
minology ofmicroglial priming ormicroglial senescence both reflect
age-related differences in microglia function, but are related to the
context in which they are examined (Fig. 2).

9. Behavioral consequences of microglia priming and
immune reactivity

9.1. Sickness and depressive-complications following innate
immune challenges

The primed profile of microglia leads to an exaggerated
response to a secondary challenge or insult (Fig. 1). Importantly this
Fig. 3. Behavioral and cognitive consequences of exaggerated response to secondary insult. T
or disease and the secondary insult (transient immune challenge or traumatic CNS injury).
each case, the cited references provide evidence for amplified and prolonged neuroinflamm
deficits and progressive pathology.
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exaggerated neuroinflammation negatively affects behavior and
cognition and increases CNS pathology (Fig. 3). One potential
consequence of this is the induction of prolonged sickness and
depressive-like behaviors. While the induction of cytokine-
mediated sickness behavior is a necessary and beneficial response
to systemic infection, an amplified or prolonged response affects
behavioral and cognitive processes (Jurgens and Johnson, 2012). In
the studies discussed above, peripheral or central immune stimu-
lation with LPS caused protracted neuroinflammation in the brain
of aged rodents. This was paralleled by a prolonged sickness
response with protracted anorexia, lethargy and social withdrawal
(Abraham et al., 2008; Godbout et al., 2005b; Huang et al., 2008).
An amplified sickness response was also detected in older rats that
were infected subcutaneously with E. coli. The aged rats displayed
an altered febrile response including a blunted and delayed in-
crease of core body temperature followed by a significant and
prolonged increase of inflammatory cytokines (Barrientos et al.,
2009b). Similar to the extended sickness behaviors in aged BALB/
c mice, the increase of inflammatory cytokines were likely driven
by exaggerated microglial IL-1b (Henry et al., 2009). In support of
this notion, i.c.v. infusion of IL-1 receptor antagonist (IL-1RA)
reversed the prolonged LPS-induced sickness behavior in agedmice
(Abraham and Johnson, 2009b). These findings indicate that the
exaggerated sickness response in aged rodents was likely caused by
his diagram represents the interactions between the primary insult aging, CNS trauma
There is clear interaction between these events on the level of neuroinflammation. In
ation mediated by microglia that is associated with cognitive impairment, behavioral

and enhanced reactivity to secondary insult in aging, and traumatic
http://dx.doi.org/10.1016/j.neuropharm.2014.10.028



D.M. Norden et al. / Neuropharmacology xxx (2014) 1e138
the exaggerated and prolonged production of IL-1b by primed
microglia.

Related to prolonged sickness behavior, there is also evidence of
development of depressive-like complications in aged rodents
following an immune challenge. Depressive-like complications in
rodent models are reflected by increased resignation behavior (i.e.
immobility) in the forced swim test, or tail suspension test. These
behavioral assays are intended to model the aspect of despair dis-
played by depressed human patients (Cryan et al., 2005). In aged
BALB/c mice, peripheral stimulation of the innate immune system
with LPS caused prolonged depressive-like behavior 72 h after in-
jection in aged mice after acute (Godbout et al., 2008) and chronic
(Kelley et al., 2013) immune challenge. In one study aged mice
showed increased resignation behavior in the forced-swim and
tail-suspension tests even after the acute effects of LPS on lethargy
and food intake were resolved. These protracted depressive-like
behaviors are likely a direct consequence of the impaired regula-
tory mechanisms of microglia. As mentioned previously, microglia
from aged BALB/c mice show extended down regulation of frac-
talkine receptor (CX3CR1) on microglia that may be an underlying
cause of prolonged microglial activation (Corona et al., 2010;
Wynne et al., 2010). Consistent with this finding, adult CX3CR1-
deficient mice displayed prolonged social withdrawal and
depressive-like behaviors 48 and 72 h after an LPS injection. The
depressive-like behavior in CX3CR1-deficient mice was paralleled
by a prolonged activated morphology of microglia in the absence of
apparent neuronal death (Corona et al., 2010).

TBI elicits immediate neuroinflammatory events that cause
acute cognitive, motor and behavioral disturbances (Lifshitz et al.,
2007b; McCrea et al., 2003; Tang et al., 1997; Woodcock and
Morganti-Kossmann, 2013). Despite resolution of these acute
complications, depression can develop and persist years after TBI
(Fleminger, 2008; Jorge et al., 1993; Kreutzer et al., 2001). Indeed,
individuals who suffer a TBI are 5e10 times more likely to develop
symptoms of depression compared to the general population
(Gualtieri and Cox, 1991). Depressive symptoms are diagnosed in
30e40% of individuals within the first year of TBI (Jorge et al., 1993,
2004), in 60% of individuals within 8 years of TBI (Hibbard et al.,
1998) and 50 years after TBI patients continue to report higher
rates of depression (Holsinger et al., 2002). Therefore, these in-
dividuals are at risk for a lifetime of depressive complications that
negatively affect quality of life and life-span. In rodents, multiple
closed head injuries provided over time are associated with the
development of depressive like behavior (Petraglia et al., 2014). In
addition, it is plausible that the second insult does not have to be an
additional head injury. In fact, a recent study showed that transient
activation of the immune system 30 days after diffuse TBI in mice
caused amplified and prolonged inflammatory cytokine response
from microglia in TBI mice compared to shams (Fenn et al., 2013,
2014a). This was associated with prolonged social withdrawal and
the development of depressive-like behavior with increased
resignation like behavior and reduced sucrose preference. Thus, a
challenge to the immune system that is unrelated to the initial head
injury is sufficient to promote the onset of depressive complica-
tions. These findings paralleled the consequences of secondary
immune challenge in aged mice with a primed microglia profile
(Godbout et al., 2008). These data can be interpreted to indicate
that the depression associatedwith head injury is influenced by the
inflammatory status of the brain.

9.2. Cognitive complications following innate immune challenges

Asmentioned, increased cytokine expression is important in the
behavioral response to inflammation in order to mount an adaptive
sickness response. These transient increases in neuroinflammation
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also effect cognitive performance even in healthy rodents. For
example, IL-1b administered into the hippocampus caused
hippocampal-dependent memory deficits (contextual fear condi-
tioning) but not deficits to hippocampal-independent memory
tasks (auditory fear conditioning) (Rachal Pugh et al., 2001).
Furthermore, a recent study in rats assessed neural circuit activity
in the hippocampus in relation to context discrimination memory
retrieval after systemic administration of LPS (Czerniawski and
Guzowski, 2014). They showed that along with eliciting an acute
neuroinflammatory response in the hippocampus, LPS abolished
retrieval of discrimination memory by disrupting cellular pattern
separation processes within the hippocampus. Together these
studies show that acute and transient increases in neuro-
inflammation can lead to cognitive impairments in healthy mice.
Similar immune challenges, however, lead to amplified and exag-
gerated cognitive impairments in conditions where microglia are
primed.

There are multiple studies indicating that increased cytokine
production in the aged brain after peripheral innate immune
challenge is associated with impaired cognitive function. For
example, injection of LPS caused an amplified cytokine response in
the hippocampus of older mice that was paralleled by impaired
hippocampal-dependent spatial memory (Chen et al., 2008).
Moreover, infection by E. coli led to prolonged production of IL-1b in
the hippocampus of aged rats (Barrientos et al., 2009a) and reduced
long-term contextual memory examined by context-dependent
fear conditioning and Morris water maze (Barrientos et al., 2009a,
2006). When aged mice were fed a diet supplemented with
resveratrol, a potent anti-oxidant, LPS-induced neuroinflammation
and working memory deficits were attenuated (Abraham and
Johnson, 2009a). In the absence of an immune stimulus there is
not a significant effect of age on the acquisition of memory tasks.
There is, however, evidence of age-associated memory problems in
the reversal task of the Morris water maze (Jang et al., 2010).
Nonetheless, age-related cognitive impairment is exaggerated
when a secondary immune challenge is provided.

This exaggeration or acceleration of cognitive decline after im-
mune challenge has also been reported in models of preclinical
prion disease. In these mice with prion disease, prior to the onset of
pathology, both central and peripheral immune challenges exac-
erbated brain inflammation and neuronal death (Cunningham
et al., 2005). Furthermore, in prion diseased mice, an LPS injec-
tion caused acute cognitive deficits in hippocampal-dependent
learning task (Cunningham et al., 2009). Furthermore, even after
recovery from the transient immune challenge, these mice showed
accelerated onset of progressive and permanent loss of neurolog-
ical function. Also in pre-symptomatic prion disease, systemic im-
mune challenge induced acute working memory deficits and
increased CNS inflammation (Murray et al., 2012). These studies
give a clear indication that there cognitive deficits can be triggered
by activation of primed microglia in the degenerating brain.

Cognitive issues also develop after TBI and may be exaggerated
by secondary insults. Thesemay also represent a progression in CNS
pathology associated with CTE. In a neuropsychological evaluation,
human TBI subjects had significantly lower performance on tests
for processing speed than uninjured controls (Ramlackhansingh
et al., 2011). However, no differences were detected between
groups in tests for executive function (inhibition, cognitive flexi-
bility, word generation fluency, set-shifting), memory (working,
logical, associative) and other measures of intellect (reading,
nonverbal). In this study, higher PK binding of activated microglia
inversely correlated with speed of processing complex information
(measured by time to complete the conflicting task, stoop inhibi-
tion). While this method has not yet been applied to cases of
multiple head trauma, meta-analyses of CTE records in the
and enhanced reactivity to secondary insult in aging, and traumatic
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literature (verified by post-mortem pathology) confirms that
chronic neuropathology is correlated with the progressive onset of
a memory impairments and emotional instability (McKee et al.,
2009; Stern et al., 2011). This is important because currently
post-mortem examination is the only method by which CTE is
diagnosed (Stern et al., 2011). As a result, biomarker studies in
humans are highly relevant to improve and validate clinical eval-
uation of CTE (Jeter et al., 2012; Pelinka et al., 2004). Similarly, ro-
dent models of multiple head injury have been used and report
similar pathological and behavioral characteristics of CTE (Mouzon
et al., 2014; Petraglia et al., 2014; Weil et al., 2014). For example,
mice performworse than sham in learning and memory tasks at 6,
12 and 18 months after a single injury, though the more pro-
nounced deficits are apparent earlier and persist after repeated TBI
(Mouzon et al., 2014). These studies confirm that multiple mild
head injuries augment CNS pathologies compared to a single TBI.
Moreover, the enhanced inflammation after multiple hits in ro-
dents is associated with accelerated cognitive decline. It is impor-
tant to note that the idea of acute cognitive deficits from post-
inflammatory insult and long-term cognitive decline occurring af-
ter such insults are separate issues. These kinds of studies are of
high interest and future investigations should address if a single
inflammatory insult will lead to cognitive decline even after the
initial acute phase following the challenge. Such studies would give
insight into the degree to which a secondary insult to primed
microglia cause a precipitous decline in cognitive function.

9.3. Age-related alterations of neuroplasticity following innate
immune challenges

The mechanisms by which depressive-like and cognitive com-
plications develop and persist in these models is unclear. A po-
tential explanation is that neuroinflammatory pathways can impact
neuronal plasticity (e.g, neurogenesis, long-term potentiation and
dendritic restructuring). For example, when neuroinflammation
was prolonged in aged mice, increased dendritic atrophy was
detected in the CA1 region of the hippocampus (Richwine et al.,
2008). In addition, neurogenesis steadily decreases throughout
life inmousemodels of aging (Ben Abdallah et al., 2010) andmay be
further disrupted by inflammation (Ekdahl et al., 2003; Monje et al.,
2003). It is expected that age-related decreases in neurogenesis
would be exaggerated during an inflammatory challenge, but to our
knowledge, this has not been determined. Nevertheless, it is
possible that impaired microglial regulatory processes in the aged
brain would negatively impact neurogenesis. For example,
Bachstetter et al. (2011) have shown that CX3CR1-deficient mice
show profound deficits in neurogenesis. Furthermore, infusion of
recombinant CX3CL1 into the brain of the aged rats reversed this
decrease (Bachstetter et al., 2011). Therefore, it is plausible that a
prolonged impairment of CX3CR1 on the microglia of aged mice
after an LPS injection (Corona et al., 2010) may cause impaired
neuroplasticity, leading to depressive-like and cognitive
complications.

Increased pro-inflammatory cytokines and other neuro-
inflammatory pathways also suppress long-term potentiation (LTP)
(Griffin et al., 2006; Kelly et al., 2001; Murray and Lynch, 1998;
Vereker et al., 2000). LTP is a key mechanism involved in memory
formation and can have different manifestations, including early
and late-phase LTP. A recent study examined different types of LTP
in hippocampal slices prepared from young or aged rats after re-
covery from E. coli infection or no infection. Early-phase LTP was
not different with age, but late-phase LTP was significantly sup-
pressed in aged rats 4 days after E. coli infection in hippocampal
area CA1 (Chapman et al., 2010). These electrophysiological data
correspond with observed deficits in long-term memory with age.
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Suppression of LTP is likely caused by enhanced IL-1b expression as
i.c.v. administration of IL-1RA reversed the E. coli induced sup-
pression of late-phase LTP in aged rats (Chapman et al., 2010).
Furthermore, IL-1RA also prevented E. coli-induced suppression of
Arc expression, an immediate early gene that is essential for LTP,
and long-term memory consolidation in contextual fear condi-
tioning in aged rats (Frank et al., 2010). Taken together, these data
show that impaired regulation of the neuroimmune response re-
sults in inflammatory cytokine-mediated suppression of neuronal
plasticity to cause cognitive deficits.

10. Evidence of astrocyte changes with age, injury and disease

This review focuses on evidence of priming and reactivity of
microglia. It is, however, important to discuss that astrocytes have
increased inflammatory profiles with age, trauma and diseases
associatedwith increased expression of glial fibrillary acidic protein
(GFAP) and vimentin. Up-regulation of GFAP and vimentin fila-
ments is associated with numerous functions, including increased
astrocyte motility and vesicle trafficking (Lepekhin et al., 2001). In
aging, there are several reports showing that astrocyte inflamma-
tory markers GFAP and vimentin are increased in the brains of aged
rodents and humans (Cotrina and Nedergaard, 2002; Finch, 2003;
Godbout et al., 2005b; Nichols et al., 1993; Porchet et al., 2003;
Unger, 1998; VanGuilder et al., 2011). Similar to microglia, astro-
cytes have an increased hypertrophic morphology with a shift from
resting/stellate to active in the brains of aged rats (VanGuilder et al.,
2011).

In addition to aging, there are robust changes in astrocytes after
TBI and spinal cord injury. Research in spinal cord injury has
extensively characterized the glial scar that forms as rapidly
proliferating astrocytes accumulate around the damaged tissue. In
this way, astrocytes serve as a mechanical and chemical barrier,
walling off areas of damage to protect surrounding tissue (White
and Jakeman, 2008). Therefore, it is not surprising that focal
models of TBI, with overt tissue cavitation, cause a glial scar around
the site of impact (Kabadi et al., 2014). However, in diffuse models
of TBI, as well as regions non-adjacent to site of impact in focal
trauma, there is long-lasting increase in reactive astrocytes pop-
ulations (Browne et al., 2006; ,). In more critical cases of human TBI,
increased serum levels of GFAP is an accurate predictor of TBI
severity and prognosis (Pelinka et al., 2004). Similar to aging and
trauma, activated astrocytes in AD have increased GFAP and
vimentin expression. Recently, these reactive astrocytes were
implicated in improved clearance of AB plaques in a mouse model
of AD (Kraft et al., 2013).

More recent findings also reveal that astrocytes provide several
important immunological functions (Kimelberg, 2010; Kimelberg
and Nedergaard, 2010). For example, astrocytes express several
immune receptors including scavenging receptors, toll-like re-
ceptors and complement receptors and produce inflammatory cy-
tokines when activated. Under homeostatic conditions, astrocytes
maintain an anti-inflammatory environment by producing media-
tors that regulate inflammation. Upon immune challenge, disease,
or injury, astrocytes can be activated directly by cytokines produced
by microglia or cytokines reaching the brain from the periphery.
Activated astrocytes are also involved in propagating cytokine
production and producing factors that resolve microglial activation
(Tichauer et al., 2007). For example, astrocytes produce TGFb,
which down-regulates inflammatory cytokine expression in
microglia (Norden et al., 2014; Ramirez et al., 2005) (Fig. 4). While it
is known that astrocytes have a more ‘reactive’ profile with higher
GFAP expression in aging trauma and neurodegenerative disease,
the consequence of this reactive profile is less clear. We propose
that this these altered profiles of astrocytes effect the dynamic
and enhanced reactivity to secondary insult in aging, and traumatic
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Fig. 4. Primed glia and impaired regulation of active microglia by reactive astrocytes. Astrocytes also have a more ‘reactive’ profile with higher GFAP expression after TBI or in
neurodegenerative disease. The long-term consequence of this reactive astrocyte profile in the brain is not well understood. One idea that this these altered profiles of astrocytes
affects the dynamic interaction with active microglia. In this scenario, astrocytes help to regulate microglia activation. Thus it takes the appropriate interactions between these two
glia cells types to make things go right.

D.M. Norden et al. / Neuropharmacology xxx (2014) 1e1310
interactions between microglia and influences the ability to regu-
latemicroglia activation (Fig. 4). These features of astrocytes should
open up new areas of research aimed at understanding the specific
role of astrocytes and their dynamic interactions with microglia.

11. Conclusion

In conclusion, there are inflammatory alterations in microglia
biology with aging, traumatic CNS injury and neurodegenerative
diseases. These changes represent a profile of microglia that are
more reactive to secondary insults. This shift towards priming is
associated with a prolonged and amplified response to an immune
challenge. In each of the models examined in the review, this
prolonged neuroinflammation mediated by microglia is associated
with cognitive and behavioral deficits and progressive pathologies.
What causes these impairments and gives rise to a primed micro-
glial population are not well understood. Head injury may provide
the most direct evidence of a primed and pro-inflammatory profile
that persist long after the injury. This is particularly relevant
because of an increased frequency of neuropsychiatric disorders
and increased risk for the development of neurodegenerative dis-
ease after TBI. Two key questions that remain elusive are, to what
degree can theses long term changes in microglia profiles be pre-
vented and can priming be reversed once it has been established?
Further characterization of microglia, astrocyte and neuronal in-
teractions is needed in all of these examples discussed. It is
important to highlight that these concepts of microglia priming and
reactivity are also relevant to psychological stressors (Wohleb et al.,
2011, 2014) and early life insults (Bilbo, 2010). Overall, a better
understanding of the pathways that cause long term changes in glia
profiles is needed to improve therapies and interventions for
neuropsychiatric disorders.
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