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@ PERSPECTIVE
Age-at-injury effects of microglial
activation following traumatic brain
injury: implications for treatment
strategies

Traumatic brain injury (TBI) remains one of the leading caus-
es of disability and death in infants and children. Studies have
demonstrated that the youngest age group (especially < 4 years
old) exhibit worse functional outcome following moderate to
severe TBI compared to older children or adults (Anderson et
al,, 2005; Emami et al., 2017). These data suggest that age-at-in-
jury may be an important determinant of outcome, as damage
to the developing brain at a young age likely disrupts normal
brain development which will influence cognitive and psycho-
social skills. The negative consequences of early injury manifests
not only during early childhood, but throughout their life as
these individuals have difficulty in developing new cognitive or
social skills. The acute and long-term cognitive deficits such as
impairments of learning and memory, attention, and executive
function are often associated with development of brain atrophy.
Psychosocial problems such as depression, anxiety, and sleep
disturbances become more apparent as these children become
older. Other than the supportive care in the acute and chronic
post-traumatic period being the usual standard, therapies target-
ed at reversing or attenuating the behavioral deficits do not exist
for the brain-injured patient. These clinical observations demon-
strate the need for clinically relevant pre-clinical animal models
to better understand the age-at-injury responses to TBI.

In a clinically-relevant model of pediatric TBI, we demonstrated
an age-at-injury response where closed head injury to the 11-day-
old rat resulted in greater cognitive deficits and brain atrophy at
4 weeks post-injury compared to the 17-day-old rat (Raghupathi
and Huh, 2007). Following lateral fluid percussion brain trauma,
the youngest animals (17-day-old rats) demonstrated worse hypo-
tension and mortality compared to older animals (28-day-old and
adult rats) (Prins et al., 1996). While the mechanisms underlying
age-specific pathologic alterations following TBI are not complete-
ly understood, one intriguing possibility is that cerebral inflamma-
tion may play an important role in the sequelae of secondary inju-
ry. TBI leads to activation of resident microglia and release of pro-
and anti-inflammatory cytokines and chemokines. Following TBI
in children, cytokines and chemokines such as interleukins-6 and
-10 were increased in the cerebrospinal fluid with more prominent
increases observed in the youngest age group (< 4 years of age) (Bell
et al.,, 1997), suggesting that neuroinflammation may put these
patients at higher risk for worse outcome.

As the primary mediators of the resident immune response
in the brain, microglia are thought to play an important role in
neuroinflammation affecting both acute and chronic neurodegen-
eration that are observed following brain injury. The development
of an unregulated, highly reactive microglial activation state (M1-
like) may result in an excessive release of pro-inflammatory and
cytotoxic mediators which may contribute to neuronal dysfunc-
tion and cell death. However, microglial activation also plays a
beneficial role by removing excess neurons, dendritic spines and
axons especially during development by phagocytosis (“prun-
ing”). M2-like microglia release anti-inflammatory cytokines and
neurotrophic factors to help prevent or minimize neuronal injury
and restore tissue integrity and function in the injured brain.

While the understanding of the functional roles of microglia in
adult models of TBI has developed dramatically in recent years
(Loane and Kumar, 2016), very little is known about the role of
microglia in pediatric models of TBI. Recently, we and others
have demonstrated microglial reactivity following experimental
TBI to the immature brain that corresponded to areas containing
degenerating neurons in the grey matter tracts and degenerating
axons in the white matter tracts that was associated with tissue
loss, spatial learning and memory deficits, and working memory
deficits (Zhang et al., 2015; Chhor et al., 2016; Hanlon et al., 2016;
Hanlon et al., 2017). These data suggest that microglial activity
may be involved in the ongoing pathogenesis following TBI in the
immature brain and may potentially serve as a therapeutic target.

Minocycline is a tetracycline derivative antibiotic with anti-in-
flammatory properties, effectively crosses the blood-brain barrier
after systemic administration and has demonstrated neuropro-
tection in many models of neurodegenerative diseases and brain
injury. Early treatment with minocycline in most models of adult
TBI demonstrated neuroprotection with a reduction of microg-
lial activation and proliferation which was associated with a de-
crease in pro-inflammatory cytokine response, cerebral edema,
lesion volume and attenuation of locomotor and spatial learning
and memory deficits. In contrast, we recently reported that short-
term early minocycline administration (within the 1% week)
initiated immediately following closed head injury in the 11-day-
old rat reduced microglial proliferation and activation and was
accompanied by an increase, in the extent of neurodegeneration
(Hanlon et al., 2017). This observation suggests that microglia
may either participate in clearance of degenerating cells or may
play a more active role in neuronal survival following injury to
the immature brain. Moreover, there was no attenuation of spa-
tial learning and memory deficits by minocycline (Hanlon et al.,
2017). To test whether extended dosing of minocycline may be
necessary to reduce the ongoing pathologic alterations, a separate
group of animals received minocycline into the second week
post-injury. Immediately after completion of this extended dura-
tion, microglial activation, axonal degeneration and neurodegen-
eration were exacerbated in multiple brain regions and this effect
was sustained in the cortex and hippocampus up to the third
week post-injury. Furthermore, whereas spatial learning deficits
were unaffected by extended dosing of minocycline treatment,
retention of the learned task was worsened in the extended dos-
ing of minocycline-treated, brain-injured group (Hanlon et al.,
2017). It is possible that decreasing the microglial response for a
prolonged period may have lessened the neuroprotective effects
of microglia such as secretion of neurotrophic factors and clear-
ance of unwanted cellular debris and thus contributed to reactive
delayed exacerbation of the microglial response which may have
contributed to further damage.

A recent study demonstrated that within the first week follow-
ing closed head contusive TBI in a 7-day-old mouse, an early in-
crease in microglial number was associated with a predominantly
reparatory/regenerative or anti-inflammatory microglial-associ-
ated phenotype in the injured cortex (Chhor et al., 2016). Acute
post-traumatic administration of minocycline decreased the num-
ber of microglia and the absence of long-term neuroprotection
suggested that minocycline may have been interfering with the re-
parative properties of activated microglia (Chhor et al., 2016). This
is different from most adult models of contusive TBI, where there
is predominantly a cytotoxic/pro-inflammatory microglial-associ-
ated profile (Loane and Kumar, 2016), suggesting an age-at-injury
inflammatory response. This is not surprising since recent experi-
mental studies demonstrated robust age-dependent differences in
microglia-associated gene expression patterns in normal neonate
and adult brains (Bennett et al., 2016).
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While repetitive brain trauma in adults on the battlefield or
sports have received much deserved attention and research
due to concern for long-term neurologic complications such as
chronic traumatic encephalopathy, relatively little research has
been done on the “signature” disease of repetitive brain trauma
associated with very poor outcome in the infant population, abu-
sive head trauma (AHT). Survivors of this devastating trauma
often develop profound cognitive and behavioral deficits into
adulthood. Victims of AHT have demonstrated increased levels
of microglial/macrophage-associated neurochemicals in the cere-
brospinal fluid (Berger et al., 2004). In a clinically relevant model
of AHT in 11-day-old rats, we demonstrated that 3 impacts (24
hours apart) resulted in increased microglial reactivity associated
with traumatic axonal injury, neuronal degeneration, cortical and
white matter atrophy, and long-term spatial learning and memo-
ry deficits. While acute short-term post-traumatic administration
of minocycline decreased phagocytic microglial reactivity in the
white matter tracts (corpus callosum) of brain-injured animals,
this effect was lost after cessation of minocycline treatment. Un-
fortunately, minocycline treatment failed to provide any overt
neuroprotection as it failed to attenuate traumatic axonal injury,
axonal neurodegeneration, tissue atrophy, or spatial learning
deficits. Interestingly, minocycline-treated animals demonstrated
exacerbated injury-induced spatial memory deficits (Hanlon
et al., 2016). It is possible that the reduction in the number of
phagocytic microglia in the corpus callosum as a result of mino-
cycline treatment may have prevented the removal of unwanted
cellular debris such as myelin fragments or apoptotic oligoden-
drocytes in the white matter tracts and/or negatively influenced
microglial-associated pro- and anti-inflammatory cytokine re-
lease, thereby preventing proper white matter repair and contrib-
uting to worsening long-term cognitive deficits.

While more experimental studies must be done to better un-
derstand the role of age-at-injury related microglial responses, it
is likely that the developmental status of the brain is important
for microglial function and will be an important consideration
for studies of neuroinflammation following TBI. A better un-
derstanding of the role of M1-like (pro-inflammatory) and M2-
like (anti-inflammatory) microglia polarization state in the
immature brain following trauma is needed. Broad-spectrum
anti-inflammatory therapies have not been successful in clinical
human TBI trials (Loane and Kumar, 2016). Further research is
needed to discover critical mechanisms that control phenotype
switching in microglia in order to enhance their beneficial and
suppress their detrimental activation states following pediatric
TBI. It is much more feasible that recovery after TBI requires
both the M1-like and M2-like functional responses, and that
this may be different during the acute and chronic phases of
injury. Furthermore, there may be regional-specific effects (e.g.,
gray matter vs. white matter) of microglial polarization. Caution
is advised against initiating a poorly timed M1- to M2-like phe-
notypic shift especially in the immature brain because microglia
is known to play an active role in sculpting neuronal circuits,
synapse and axonal remodeling, and pruning of unwanted or
excess cells. Conversely, a prolonged repair phase or anti-in-
flammatory phase after a rapid pro-inflammatory response that
is driven by M2-like activity can promote aberrant repair, such
as fibrosis (Loane and Kumar, 2016). Further research on the se-
verity of pediatric TBI and its effect on microglial activity is also
warranted. Additional studies on different types of pediatric TBI
such as contusive vs. diffuse vs. repetitive and its effect on mi-
croglial polarization is also warranted. Repetitive brain trauma
may be an area to investigate whether early microglia reactivity
undergoes “priming” that potentiates chronic microglial activity
associated with chronic neuroinflammation.
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