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In 2010, the US Centers for Disease Con-
trol reported 50,000 deaths and 2.5 mil-
lion hospitalizations linked to traumatic
brain injury (TBI). The manifestations of
TBI can vary greatly across patients, but
they have common mechanistic bases,
which are sorted into primary and sec-
ondary effects. Primary injury is the direct
damage caused by the application of force
to the brain, such as the diffuse axonal
injury associated with shearing forces.
Secondary damage results from the body’s
response to the initial injury and can
include neuroinflaimmation, herniation,
blood-brain barrier (BBB) disruption,
white matter degradation, and neuronal
loss (Dash et al., 2016; Hay et al., 2015).
These internal responses beget long-
lasting health consequences including
sleep disruption (Morawska et al., 2016),
increased likelihood for psychiatric diag-
nosis (Merkel etal., 2016), and greater risk
for the development of neurodegenerative
disease including dementia and chronic
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traumatic encephalopathy (Hay et al,
2015; Li et al., 2016). Despite trends to-
ward safety and awareness, a growing pro-
portion of sports-related injuries in
youths is linked to TBI (Coronado et al.,
2015); this is concerning because even
one instance of moderate or severe TBI
can be associated with long-lasting, exten-
sive BBB dysfunction (Hay et al., 2015).
Although many researchers focus on the
effect of inflammation on disease progres-
sion within the CNS, few investigate the role
of peripheral systems in the etiology of TBIL.
Studies in TBI patients have revealed ele-
vated concentrations of the proinflamma-
tory cytokines interleukin (IL)-6 and tumor
necrosis factor (TNF)-a in circulating
plasma, though these increases were far less
pronounced than those of CNS cytokine
concentrations. This significant difference
in cytokine levels between the CNS and
the periphery suggested to researchers that
disease progression after TBI was almost ex-
clusively the result of inflammatory cascades
initiated and maintained within the CNS
compartment (Helmy et al., 2011; Roberts
etal., 2013). However, intraperitoneal injec-
tion of IL-1 B and TNF-a in rodents worsens
behavioral reflexes, contusion histopat-
hology, and BBB permeability after TBI
(Utagawa et al., 2008; Dash et al., 2016).
Furthermore,  macrophage-produced
TNF-a contributes to disruption of the BBB
in rodent models of multiple sclerosis, and
blockage of TNF-a activity lowers the con-
centration of immune-reactive cells within

the CNS compared with untreated controls
(Valentin-Torres et al., 2016). These find-
ings suggest that peripheral macrophage
activation and infiltration play a significant
role in the regulation and maintenance of
the neural immune response.

Recent studies have suggested that the
autonomic nervous system, as a regulator
of homeostatic processes, modulates pe-
ripheral macrophage activation through
the activity of the splenic nerve (Martelli
et al,, 2014). Specifically, nerve terminals
in the white pulp of the spleen discharge
norepinephrine to activate B-adrenergic
receptors of nearby T cells. These lympho-
cytes then release acetylcholine which
binds to a7 nicotinic acetylcholine recep-
tors (nAChR«a7) on nearby macrophages,
suppressing the production of proinflam-
matory cytokines, including TNF-«, and
decreasing antibody production in mac-
rophages and B cells (Pereira and Leite,
2016). With this in mind, Dash et al.
(2016) examined the effect of nAChRa7
signaling in the spleen on BBB permeabil-
ity and histopathology after TBI. They
found that nAChRa7-null mice with in-
duced TBI had significantly higher sys-
temic cytokine levels, amplified M1-type
macrophage expression in the dentate
gyrus, and increased neutrophil infiltra-
tion at the site of injury than wild-type
and uninjured controls. Significantly
greater staining with Evans Blue Dye, a
common assay for BBB permeability,
was seen in the brains of nAChRa7
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knock-outs after TBI than in controls.
This indicated that the BBB degraded to
a greater extent in the absence of nAChRa7
signaling. Injecting the nAChRa7 agonist
PNU-282987 into the spleen ameliorated
this effect in wild-type mice and rats, pre-
venting degradation of the BBB and de-
creasing circulating levels of cytokines when
administered after injury. In contrast, ad-
ministrating the nAChRa7 antagonist
a-bungarotoxin after injury significantly in-
creased the permeability of the BBB in wild-
type mice.

Given the ubiquity of acetylcholine re-
ceptors, Dash et al. (2016) next tested
whether these results required splenic
nAChRa7 expression. They removed the
spleens from a cohort of rats and separated
the rats into three treatment groups (PNU-
282987, a-bungarotoxin, and a saline con-
trol) and again measured resultant BBB
permeability. The previously seen effects of
both treatments disappeared in splenecto-
mized rats. This strongly suggests that BBB
integrity after TBI relies on the mediation of
the systemic immune response by splenic
nAChRa7 signaling. If future studies corre-
late nAChRa7 signaling and BBB mainte-
nance with salvaged cognitive function after
TBI, mediation of the systemic immune re-
sponse by positive allosteric modulation of
macrophage nAChRa7 could be a bold new
neuroprotective strategy in instances of
neural injury.

The beneficial effects of nAChRa7 acti-
vation could extend beyond macrophage
modulation into other clinical aspects
of TBI. Recent evidence suggests that
nAChRa7 activation in the thalamic reticu-
lar nucleus increases both spindle oscillation
and the duration of non-REM sleep (Ni et
al., 2016). This is particularly interesting
given indications that short-term sleep de-
privation and the associated increase in
slow-wave sleep (SWS) exhibit neuropro-
tective effects after TBI (Martinez-Vargas et
al., 2012). Morawska et al. (2016) found
that, after TBI, both sleep-restricted rats and
rats in which sleep was induced pharmaco-
logically showed average increases in SWS
compared with untreated controls. When
cognitive function in these rats was com-
pared with a pre-TBI baseline, neither treat-
ment group exhibited the significant
cognitive deficits seen in untreated rats. Im-
munohistochemical staining of the brains of
these rats indicated that amyloid precursor
protein (APP) expression was significantly

higher in the cortex and hippocampus of
control rats compared with those in the
treatment groups. Because APP levels in the
CNS are associated with diffuse axonal in-
jury, this suggests sleep has a significant neu-
roprotective effect (Morawska et al., 2016).
These beneficial effects of sleep may be due
to glymphatic clearing (Iliff et al., 2012) and
BBB-stabilizing sleep recovery as noted in
cases of neural injury and degeneration
(Keaney and Campbell, 2015). This sugg-
ests that therapeutic application of an
nAChRa7-positive allosteric modulator
after TBI could improve TBI outcome
through both immune (Dash et al., 2016)
and sleep modulation.

The potential lifelong repercussions of
TBI are profound. Treatments lessening
the severity of TBI's secondary effects
could go a long way toward improving
long-term prognoses for individuals af-
fected by TBI. Considering the similarities
that exist between TBI pathologies and
other diseases of neurodegeneration and
neuroinflammation, the ongoing study of
TBI could be crucial in improving our un-
derstanding of human neural health as an
interplay between CNS response, sleep,
and peripheral immune activation.
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