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Traumatic brain injury (TBI), caused by
an exertion of forces to the head, involves
immediate structural damage followed by
neuropathological cascades, which may
include degeneration (Green et al., 2014;
Hammad et al., 2018). Chronic neuroin-
flammation is an important driver of on-
going neurodegeneration observed after
injury, contributing to secondary cell
death and tissue damage associated with
persistent deficits (Morganti-Kossmann
et al., 2002; Van Beek et al., 2003; Johnson
et al., 2013; Lozano et al., 2015). There-
fore, studying neuroinflammation in TBI
is essential to understanding its degenera-
tive pathology.

Because of its prominent role in neuro-
inflammatory processes, the complement
system may be an important contributor to
neurodegeneration after TBI (Hammad et
al., 2018). The complement system, a com-
ponent of the innate immune system, com-
prises �30 zymogens (enzyme precursors),
which are activated sequentially in the pres-
ence of antigens, such as foreign pathogens
or cellular debris. The complement cascade

can be activated simultaneously through
three known pathways: the classical path-
way, the lectin pathway, and the alternative
pathway. The classical pathway is activated
by the formation of antigen-antibody com-
plexes. This subsequently initiates the bind-
ing of zymogen C1q to the antigen-antibody
pair. This complex in turn cleaves comple-
ment C2 into C2a and C2b, and cleaves C4
into C4a and C4b. The C4bC2b complex
then cleaves C3 into C3a and C3b. C3a and
C3b play important roles in immune activa-
tion and neuroinflammation. Specifically,
C3a is an anaphylatoxin that increases vas-
cular permeability, smooth muscle contrac-
tion, and histamine release from mast cells,
whereas C3b is an opsonin that increases
phagocytic activity of macrophages, includ-
ing microglia (Zabel and Kirsch, 2013). The
lectin pathway is activated by different anti-
gens than the classical pathway, but it in-
volves the same downstream signaling
cascade leading to the generation of C3a and
C3b. The alternative pathway, in contrast, is
not directly activated by antigens; rather, it is
constantly active at a low level, with the
downstream, inflammatory cascade initi-
ated by spontaneous hydrolysis of C3 into
C3a and C3b. C3b can subsequently bind to
factor B fragment Bb (fBb), forming the al-
ternative C3 convertase, C3bBb. The C3
convertases of all three pathways can lead to
cleavage of C5 to form C5a and C5b. C5a is
an anaphylatoxin similar to C3a, but C5b
binds to C6, C7, C8, and several C9 mole-

cules to form the membrane attack complex
(MAC). The MAC, produced by all three
pathways, inserts into cell membranes, dis-
rupting membrane integrity and other cel-
lular processes (Hammad et al., 2018).

Recent studies have identified the
MAC as a potential therapeutic target for
mitigating early neuropathology in TBI.
In animal models, MAC inhibition within
a week of TBI reduced neuronal damage,
microglial activation, neurological defi-
cits, and neuronal death (Fluiter et al.,
2014; Ruseva et al., 2015), attenuated the
inflammatory response, and upregulated
expression of genes associated with neu-
roprotection (Leinhase et al., 2007). The
importance of complement in chronic
neuroinflammatory changes after TBI
remains to be elucidated, however. Com-
pellingly, activation of the complement
system triggers a cascade of pathophysio-
logical events that have been implicated in
the poor neural outcomes observed after
TBI. These include the following: induc-
tion of neural apoptosis, neuronal death,
and increased leukocyte infiltration into
the brain accompanied by subsequent free
radical-mediated oxidative stress (Longhi
et al., 2009; Hammad et al., 2018). With
growing consensus that neurodegenera-
tion and behavioral deterioration occur in
the chronic stages of TBI (Himanen et al.,
2006; Green et al., 2014), and that neuro-
inflammation is a persisting consequence
of TBI (Johnson et al., 2013), elucidation
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of underlying neuroinflammatory mech-
anisms implicated in these chronic defi-
cits may help identify novel therapeutic
targets.

Alawieh et al. (2018) recently investi-
gated the role of complement in chronic
neuropathological and behavioral out-
comes after TBI. The authors subjected
adult male mice to controlled cortical im-
pact (CCI) to mimic TBI. Complement
pathways were inhibited starting 1 h after
CCI by administering CR2Crry (which in-
hibits all complement pathways), CR2fH
(which inhibits the alternative comple-
ment pathway and C3 activation), or
CR2CD59 (which inhibits MAC forma-
tion). Although all three inhibitors re-
duced deposition of terminal MAC, only
CR2Crry and CR3fH reduced deposition
of C3d (a C3b breakdown product), al-
lowing the authors to compare the respec-
tive roles of MAC and C3 in recovery and
neurodegeneration. Mice were examined
histologically at the chronic stages of in-
jury, 30 d after CCI.

Alawieh et al. (2018) provided evidence
that complement-mediated neuroinflam-
mation is associated with degenerative
changes observed in the chronic phase of
TBI. Targeted inhibition of C3 activation
reduced neuroinflammation relative to
vehicle-treated control mice, in which
neuroinflammation was increased, as in-
dicated by accumulation of proinflamma-
tory microglia and macrophages. Specific
inhibition of MAC formation had no ap-
parent effect on neuroinflammation com-
pared with controls.

To assess whether C3 inhibition affected
the neuroprotective response to injury,
namely, neurogenesis and neuroblast mi-
gration, the migration rate of neuroblasts
was measured. At 30 d CCI, neuroblast mi-
gration was not significantly different be-
tween vehicle controls and animals treated
to inhibit MAC formation. In contrast, the
number of neuroblasts migrating to the
lesion site was significantly greater in C3-
inhibited mice, suggesting that neurorepa-
ratory mechanisms were preserved by
inhibiting C3 after TBI. Somewhat surpris-
ingly, MAC inhibition was associated with
significantly greater neurodegeneration and
degenerative loss of neurons, greater com-
plement deposition, and less elaborate den-
dritic arborization than mice treated with
C3 inhibitors. These findings differ from
previous studies that have linked MAC inhi-
bition to improved recovery and reduced
neuropathology after TBI (Fluiter et al.,
2014). Perhaps accounting for this differ-
ence, studies linking MAC inhibition to im-
proved neural outcomes examined animals

in the acute temporal window, suggesting
distinct roles for MAC at different time
points during TBI recovery. The current
study highlights the potential utility of tar-
geted C3 inhibitors for modulating neuro-
degeneration while preserving the repair
and regeneration mechanisms of the com-
plement system.

To investigate contributions of the com-
plement system to the substantial, persisting
cognitive and motor impairments observed
after TBI, Alawieh et al. (2018) examined
cognitive and motor recovery after inhibit-
ing the alternative complement pathway.
C3 inhibition was associated with signifi-
cantly improved spatial learning and reten-
tion, assessed using the Barnes maze 24–27
d after TBI. Compared with controls and
animals treated with the MAC inhibitor,
C3-inhibited mice had significantly faster
learning curves and fewer errors during
the acquisition and retention of spatial
memory. These findings are consistent
with previous research implicating greater
dendritic arborization and neurogenesis
in learning and memory, highlighting a
role of neuroinflammation in cognitive
deficits that occur after TBI (Ziv et al.,
2006; Viggiano et al., 2018). In addition,
C3 inhibition significantly increased mo-
tor scores on the ladder walking task and
resulted in faster recovery compared with
controls and mice treated with the MAC
inhibitor. C3 inhibition also resulted
in significantly reduced forelimb and
hindlimb errors. Together, these findings
implicate the complement pathway as a
mediator of cognitive and motor dysfunc-
tion after TBI, with C3 inhibition result-
ing in improved cognitive and motor
recovery compared with MAC inhibition
alone.

Together, the findings by Alawieh et al.
(2018) indicate that activation of C3 likely
contributes to chronic, deleterious neural,
cognitive, and behavioral outcomes that
commonly occur after TBI. While previous
studies have demonstrated an important
role for MAC in acute neuroinflammation
after TBI, Alawieh et al. (2018) found that
inhibition of MAC did not significantly alter
neuroinflammatory processes or motor and
cognitive recovery in the chronic phase. In
contrast, inhibition of C3 activation, which
occurs upstream of MAC formation, led to
significant reductions in neurodegenera-
tion, along with increases in neuroblast mi-
gration and dendritic and synaptic density,
as well as improved cognitive and motor re-
covery after TBI. These findings suggest that
other complement activation products,
such as anaphylatoxins (C3a, C5a) and op-

sonins (C3b), might play an important role
in neurodegeneration during the chronic
stages of TBI. Namely, complement ana-
phylatoxins generate an inflammatory re-
sponse in which neutrophils are recruited to
the CNS, releasing nitric oxide synthetase
resulting in neuronal death and subsequent
neurodegeneration (Kulkarni et al., 2004).
Moreover, complement opsonins promote
activation of infiltrating immune cells, mi-
croglial phagocytosis, and synaptic clear-
ance, which contribute to neuronal loss and
neurodegenerative processes (Alawieh and
Tomlinson, 2016). Thus, the expanded
characterization of neuroinflammatory
mechanisms by Alawieh et al. (2018)
demonstrates the importance of targeting
upstream complement components to
maximally reduce degeneration and behav-
ioral deficits in the chronic phase of TBI.

The findings of Alawieh et al. (2018) may
be extended to provide insight into media-
tors of other chronic neurological changes
following TBI. Relevantly, recent evidence
has demonstrated that, after moderate to se-
vere injury, ongoing volumetric decline of
the hippocampal formation may be exacer-
bated by anxiety (Terpstra et al., 2017). Sub-
stantial psychological stress, a common
feature of anxiety disorders in general, in-
creases plasma concentrations of C3 and
complement activation and is accompanied
by an elevated inflammatory response
(Burns et al., 2008; Vogelzangs et al., 2013).
Considering the demonstrated importance
of these neuroinflammatory processes in
mediating chronic, neurodegenerative out-
comes after TBI, the results of Alawieh et al.
(2018) suggest a potential mechanism by
which psychiatric health might influence
functional and organic recovery after TBI.
Future work into the influence of psychiat-
ric status on TBI-associated neurodegenera-
tion should focus on the role of complement
systems and the potential of C3 inhibition in
mitigating volumetric declines.

Through modulation of the comple-
ment system and C3 inhibition specifica-
lly, Alawieh et al. (2018) have provided
expanded insight into the mechanisms
underlying neuropathology and behavioral
recovery after TBI. These findings challenge
previous understandings of biochemical
mechanisms responsible for neurodegen-
erative changes after TBI and highlight
opportunities for clinical intervention. Fur-
thermore, etiological insight regarding cel-
lular drivers of degenerative change may
have broad implications, advancing under-
standings of clinically observed mediators of
neurodegeneration.
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