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Abstract
Of the many mysteries that surround the brain, few surpass the awe-inspiring complexity of its
development. The intricate wiring of the brain at both the system and molecular level is both
spatially and temporally regulated in perfect synchrony. How such a delicate, yet elegant, system
arises from an embryo’s most basic cells remains at the forefront of neuroscientific research. At
the cellular level, the competitive dance between synapses struggling to gain dominance seems to
be refereed by both neurons themselves and microglia, the innate immune cells of the nervous
system. Additionally, the unexpected complement cascade, a major effecter arm of the innate
immune system, is almost certainly involved in synaptic remodeling by tagging destined neurons
and synapses for destruction. As suddenly as they appear, the mechanisms of neurogenesis recede
entering into adulthood. However, with age and insult, these mechanisms boisterously return,
resulting in neurodegeneration. This review describes some of the mechanisms involved in
synaptogenesis and wiring of the brain from the point of view of the innate immune system and
then covers how similar molecular processes return with age and disease, specifically in the
context of Alzheimer’s disease.
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1. Introduction
Classically, the brain has been deemed an absolute immune privileged organ, due in part to
the tight junction laden epithelial cells that line the cerebrovasculature, constituting the aptly
named blood brain barrier (BBB). This concept, however, has begun to wane with the
observations of infiltrating macrophages and T cells during BBB breakage. However, even
with an intact BBB, neurons, astrocytes and resident microglia express a full range of
immune markers including major histocompatability complexes (MHC), toll-like receptors
(TLR), cytokines and their receptors and components of the complement cascade. This
evidence suggests that in a normal state, the CNS modulates its own ‘neuroimmune’ system
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and thus its immune privilege state is only relative to other organs (Galea et al., 2007). This
provides a second line of defense against infiltrating microbes and a clean up mechanism for
maintaining the brain parenchyma.

Additionally, recent evidence has suggested a role for microglia, the brain’s resident
immune cells, in synaptic development and maintenance through neuron-microglia
interactions and complement-mediated mechanisms. Through unexpected means, microglia
have the ability to influence wiring at the synaptic level and thus aid in the control of
learning and memory.

On the other hand, this newly recognized function of the immune system can have
detrimental effects on the delicate architecture of the brain as seen in many
neurodegenerative diseases. Observations in the field of neuroinflammation suggest an
intricate homeostatic balance between neurons and immune cells that if tipped either way,
leads to neuronal dysfunction and cognitive deterioration. This has become a highly
researched area within the realm of the most common form of dementia, Alzheimer’s
disease (AD), where complement activation and microglial dysfunction seem to contribute
significantly to disease onset and progression. If left unchecked, the mechanisms of
microglia-mediated synaptic development described above can be pushed in a direction of
pathological alteration of synapses and the surrounding brain milieu.

The wide array of functions and their effect on nervous system development and disease has
sparked a massive interest into the cellular and molecular dynamics of the immune system
residing within the walls of the BBB. This review will encompass these mechanisms in
terms of microglial function in the developing brain and how dysfunction of this resident
immune network leads to neurodegenerative diseases such as Alzheimer’s disease. We will
also discuss the dichotomy of complement cascade function in development and
neurodegenerative disease and how microglia influence this transition to pathology. The
novel evidence at hand has ushered in the need for a more complete understanding of the
relationship between microglia and complement in the development and disease progression
of the nervous system.

2. Microglia influence synapse structure and function
The traditional view of microglial function has been one of defense against foreign invaders
and maintenance of the healing process after nervous tissue injury. Microglia have the
ability to react to any number of stimuli (Kreutzberg, 1996) in a matter of minutes (Morioka
et al., 1991), mounting an immune response. Termed the “garbage men” of the brain,
microglia are professional and highly efficient phagocytes, utilizing several methods for
engulfing debris (Napoli and Neumann, 2009; Neumann et al., 2009).

The first implications for an alternate role of microglial phagocytosis in neuronal function
came with studies by Franz Nissl (1889), who showed the close proximity of microglial rod
cells to neuronal apical dendrites. Microglia seem to play an important role in the
metabolically prudent mechanism of clearing a lesioned area of non-functional synaptic
elements to allow regeneration of tissue. It has been shown that microglia migrate to the site
of injury and engulf motor neuron synapses in a process called synaptic stripping (Schiefer
et al., 1999); a process which can also occur during synaptic regeneration (Blinzinger and
Kreutzberg, 1968). More recently, sound evidence has demonstrated that microglia may
eliminate synapses, but not entire neurons, in response to an inflammatory stimulus
(bacterial infection) in the cerebral cortex as a neuron-supportive mechanism (Trapp et al.,
2007). In the non-pathological brain, microglia have been shown to transiently monitor
synapses with brief, but consistent pauses, while maintaining connections for longer periods
of time during ischemic insults (Wake et al., 2009).
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Several molecular signaling pathways exist between neurons and microglia that determine
the extent of their interaction and whether the response is pro- or anti-inflammatory.
Microglia are in a prime position for manipulating neuronal function with their broad,
gridded spatial distribution and plethora of receptors and signaling molecules. Numbering
approximately one per neuron in the mammalian brain, microglia arrange themselves in a
non-overlapping grid, and monitor their own parcel of brain parenchyma (Nimmerjahn et al.,
2005), but do have the ability upon foreign insult to migrate towards a lesion. During mouse
brain development, microglia increase in number and distribute themselves uniformly
throughout the cortical grey matter and within white matter tracts (Milligan et al., 1991),
with increased densities in the hippocampus, basal ganglia, substantia nigra and olfactory
bulb (Lawson et al., 1990; Yang et al., 2012). No studies have conclusively determined the
distribution of microglia in the adult human brain yet, but it seems they populate white
matter more than grey matter (Mittelbronn et al., 2001). Additionally, microglia express a
variety of classical neurotransmitter receptors (Pocock and Kettenmann, 2007), allowing
them to constantly monitor levels of neuronal activity. This could explain the mechanism of
pruning of inhibited dendrites in activity-dependent removal of synapses, discussed in the
next section.

3. The brain’s “garbage men” in synapse and circuit development
The job of monitoring the brain parenchyma for damaged cells and toxins also includes the
removal of newborn cells that have undergone developmentally programmed apoptosis. As
the nervous system develops, it overestimates the number of neuronal connections it will
need, and thus begins with excess. This is controlled for by programmed cell death. In the
subgranular zone of the dentate gyrus, microglia engulf apoptotic neuroblasts that never
integrate into the local hippocampal circuitry. This removal by ramified microglia is highly
efficient as demonstrated by increased phagocytic index in later stages of apoptosis (91% of
apoptotic neuroblasts) compared to earlier stages (5%–8%) (Sierra et al., 2010).
Interestingly, neuronal precursors isolated from the embryonic brain migrate toward a
gradient of microglial-conditioned media in vitro and differentiate into neurons rather than
astrocytes (Aarum et al., 2003; Walton et al., 2006). This is reminiscent of a conductor in an
orchestra and suggests microglia play an influential role in neural patterning.

As neuroblasts find their respective positions, neighboring axons are thought to compete
with each other for post-synaptic targets, and following Hebb’s rule, the more synchronous
connections survive and strengthen and the weaker ones are lost, as shown by Balice-
Gordan and Lichtman at the neuromuscular junction (Balice-Gordon and Lichtman, 1994).
The precedence that the final firing pattern of a circuit is due to competitive inhibition
occurs in the cortex was set by Hubel and Wiesel in the 1960s when they showed that ocular
dominance columns segregated relative to incoming, competing inputs (Wiesel and Hubel,
1965). Inactivity in one eye altered firing in that eye, whereas inactivity in both eyes had no
effect on overall activity within the pathway; similar to the findings of Balice-Gordan and
Lichtman at the synaptic level.

Just as an excess of neurons is a metabolic waste, it is also inefficient to hang on to non-
functioning, weak synapses, thus they necessarily must be removed. As novice, amoeboid
microglia enter the embryonic brain, they begin to ramify taking on a more specialized
morphology (Giulian and Baker, 1986), while retaining their phagocytic capabilities. An
important study in this regard showed that microglia actively phagocytose synapses in the
developing mammalian brain. Conversely, mice with microglia lacking the ability to sense
excess synaptic elements though select chemokine signaling consisted of excess immature
synapses (Paolicelli et al., 2011). Ramified microglial processes have also been found
directly apposed to synaptic clefts and time lapse in vivo microscopy showed changes in
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microglial morphology and phagocytosis of dendritic spines in response to changes in visual
experience (Tremblay et al., 2010).

It has been well established since the studies of Hubel and Wiesel discussed above, that
decreased synaptic activity results in the pruning of the inactive synapses and modification
of the neural circuit so that the strongest synapses survive (Kerschensteiner et al., 2009;
Maffei et al., 2006). Synaptic targets no longer receiving input from upstream axons because
of visual deprivation would lack neurotransmitter spillover that would be detected by
microglial neurotransmitter receptors. How microglia recognize the exact dendrite to engulf
is not yet known, but one candidate stands out among the rest, which will be discussed
below.

4. How do microglia recognize deficient synapses?
Over a decade ago, the first exclusively neuron-to-microglia signaling pathway was
discovered. This cross-talk is mediated by a newly discovered, membrane-bound chemokine
termed fractalkine (FKN), or CX3CL1 (Bazan et al., 1997). Its canonical G protein coupled
receptor, CX3CR1, is found only on microglia in the CNS (Cardona et al., 2006). Since its
discovery, the fractalkine pathway has been intensely studied in many neurodegenerative
and neuroprotective settings. Interestingly, it seems that its role in mediating microglial
function depends on the stimulus and/or the period of development (Gemma et al., 2010). In
a model of facial motor nerve axotomy, CX3CR1(+) microglia showed a robust increase in
intracellular calcium when adhering to damaged neurons in the presence of membrane-
bound FKN, which was not seen with soluble FKN (Harrison et al., 1998). Interestingly,
after the initial injury the smaller 36 kDa FKN fragment (presumably the soluble form
containing the chemokine domain) was found most abundant up to day four post-injury. On
the other hand, the larger 65 kDa fragment (membrane-bound form) was evident throughout
the injury. The presence of the soluble fragment early on may reflect the need to attract
microglia to the site of injury, whereas the consistent presence of the membrane-bound form
would allow more efficient recognition through calcium-dependent adhesion to the damaged
neuron. This interesting finding provides a mechanism by which microglia recognize
distressed and damaged neurons via FKN/CX3CR1 signaling.

How might microglia use the above-mentioned mechanism of chemotaxis to and recognition
of developing neurons? FKN is expressed in the brain at least by the fourth week of age in
rodents (Labrada et al., 2002), but probably earlier. In the absence of CX3CR1 at postnatal
(P)13-P16, mice showed significantly altered electrophysiology and an increased number of
immature synapses in CA1 hippocampal subfield reminiscent of inadequately formed neural
circuitry (Paolicelli et al., 2011). Presumably, microglia lacking the CX3CR1 receptor fail to
recognize synapses displaying FKN, in either form. This study also showed that PSD95
puncta were surrounded by GFP-labeled microglia in three-dimensional reconstruction
confocal microscopy and electron microscopy. However, it was unclear as to what signal
initiated engulfment of synapses as after P28, there was no difference in the number of
synapses or electrophysiological recordings between groups, suggesting a separate
temporally dependent mechanism for synaptic regulation throughout development.
Additionally, this study did not determine what forms of FKN are present in the developing
synaptic milieu, which as seen during neuronal injury, could play an important role for a
microglial response.

4.1. Complement in microglia-mediated synaptic remodeling
Promising molecular candidates for alternative mechanisms of synaptic pruning include the
well-known adaptive immune entity MHC class I and components of the innate immune
system’s complement cascade (MHC class III family). MHC I has been thoroughly studied
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by Shatz et al. and the reader is ushered to view that literature (reviewed in (Boulanger,
2009; Boulanger and Shatz, 2004). C1q, the initiator of the classical complement cascade
has been suggested, along with its downstream partner, C3, to be necessary for synaptic
refinement in the visual system during development. Astrocyte-mediated activation of C1q
results in downstream activation of C3b, which then deposits on neurites, thus “tagging”
them for elimination (Stevens et al., 2007). Mice lacking either C1q or C3 show increased
synaptic connectivity and enhanced epileptiform activity due to failed synaptic pruning
(Stevens et al., 2007; Chu et al., 2010). Although direct opsonization and elimination of
synapses by C1q has been posited (Perry and O’Connor, 2008) and is likely mediated
through Complement Receptor 1 (CR1) or the C1q Receptor (C1qRp) (Webster et al., 2000),
it seems more likely that C3b is the effecter. C1q is only transiently expressed in developing
neocortex between P4 and P10, while C3b manifests up to P30 in synaptic regions (Stevens
et al., 2007). Because of the linearity of the complement cascade in this instance, C1q knock
out (KO) mice would show the same deficits in wiring as C3 KO mice, suggesting a small
role for the alternative complement pathway in development. Traditionally, C1q plays the
role of initiating complement activation, while C3 acts to amplify the pathway, which could
explain the extended deposition of C3b at synaptic sites. However, another indirect method
of C1q-mediated synapse elimination involves the “disorganizing” of the synaptic cleft.
Basically, C1q can bind neuronal pentraxins, a family of acute phase proteins involved in
clustering AMPA receptors at the postsynaptic cleft, removing their stabilizing ability of
dendritic spine receptors. This would ultimately decrease the amount of communication
between the pre- and postsynapses and result in synaptic weakening (Yuzaki, 2010).
Interestingly, this activity-dependent increase in C1q could be mediated by increased
calcium influx and calcineurin-mediated transcription as seen with Cbln1, a part of the C1q-
like family of proteins (Yuzaki, 2010).

Microglia, as the brain’s innate immune cells, possess an arsenal of phagocytic receptors. In
the context of complement-mediated synaptic pruning, Complement Receptor 3 (CR3 or
CD11b) plays a significant role. In the developing hippocampus, just as in the developing
cerebellum (Marin-Teva et al., 2004), apoptosis is triggered by microglial CR3-mediated
superoxide ion release, which is dependent on the DAP12 immunoreceptor (Wakselman et
al., 2008). Although it was not shown, it could be speculated that this respiratory burst by
microglia results from contact with C3b selectively deposited on neurons committed to die
or synapses destined for pruning. Recent work supports this hypothesis. Genetic ablation of
CR3 and C3 or pharmacological perturbations of these proteins results in microglial
dysfunction and deficits in synaptic remodeling (Schafer et al., 2012). Microglia engulf
synapses at peak neuronal activity and at the height of synaptic pruning in the developing
nervous system. This remodeling is CR3/C3b-dependent and requires synaptic activity as
demonstrated with pharmacological manipulation of signaling between competing synapses.
These data suggest that complement-mediated synaptic remodeling represents an even more
important mechanism underlying brain development as CR3 and C3 KO have sustained
deficits in synaptic plasticity into adulthood, whereas it seems the impact of FKN signaling
wanes after P28 as discussed above.

4.2. Putting the story of microglia-mediated brain development together
An intriguing mechanism for neural patterning and circuit development suggests that
microglia direct the migration and differentiation of neural precursors. Once these
precursors reach their destination, effectively into the vicinity of microglial processes, they
apoptose through some unknown, programmed cellular signal or are tagged for
phagocytosis; both scenarios seem to be mediated by microglia (Fig. 1). Apoptosing neurons
are recognized by microglia through adenosine triphosphate (ATP) and uridine triphosphate
(UDP) via P2X4 and P2Y6 receptor signaling, respectively, which result in chemotaxis and
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phagocytosis (Ohsawa et al., 2007, Koizumi et al., 2007). Those neurons that survive the
initial selection process transition to a second trial of synaptic input and output testing. This
could be mediated by two separate mechanisms or by their sequential occurrence: 1) As
axons compete for dendrites, the stronger signaling axon prevails, which could cause
transient downstream cellular transcription of the CX3CL1, which would then locate to the
membrane of the weaker synapse. This has been shown to result in synaptic pruning through
microglial activation (Paolicelli et al., 2011). 2) A more prolonged effect of synaptic pruning
by microglial occurs through the same transcription mechanism, but for C1q, which can
either translocate to the postsynaptic dendrite or activate downstream C3b that deposits on
the presynaptic terminal. In any case, microglia recognize these “tags” via their respective
receptors and effectively engulf their targets. More work will be required to tease apart the
mechanisms of microglial recognition of “tagged” synapses and whether or not new neurons
are directly involved in their death through transcription of complement factors, specifically
C1q.

5. The microglia-complement interaction: from development to disease
With all of the surfacing data presenting itself in the neurodevelopment literature, it might
seem incomplete to concentrate on only two pathways that end at the fully developed brain.
However, an interesting dichotomy presents itself when we look into the classical
neuroinflammatory pathways mediating neurodegeneration—they are quite similar to those
involved in neurogenesis and synaptic turnover and may reflect a molecular reversion back
to an earlier developmental period. The reactivation of microglia and expression of related
complement factors and receptors with age seems to push the brain’s homeostasis back to a
removal of now essential neural components. Why microglia begin re-expressing
complement receptors and other inflammatory mediators at the start of neurodegeneration is
still under investigation, but could simply be due to senescence and aging of the brain milieu
(Streit et al., 2009, Norden and Godbout, 2012) or other systemic factors such as global
dysregulation in cholesterol homeostasis (Castello and Soriano, 2012), which may alter
expression of such mediators and their regulators. It is well established, however, that
microglia play a significant role in the aged and diseased brain. For example, microglia have
been shown to bind and clear amyloid in Alzheimer’s disease (AD) models (Koenigsknecht
et al., 2004; Koenigsknecht-Talboo et al., 2005; Mandrekar et al., 2009; Bamberger et al.,
2003) with a myriad of immune receptors. Additionally, nearly all complement components
have been studied in the context of AD pathogenesis. These complement-mediated disease
mechanisms will be discussed below in relation to microglia activation.

5.1. Role of C1q in AD pathogenesis
It was first reported in the early 1980s that many of the complement proteins, including C1q
and C3b, were localized in neuritic plaques (Eikelenboom and Stam, 1982), even before the
identification of amyloid β (Aβ) as the main component of these deposits. This naturally
suggested their importance for disease pathophysiology. Tenner and colleagues then went on
to show the localization of C1q to astrocytes and microglia in the AD brain and interestingly
to intact neurons, suggesting neuronal synthesis of this component (Afagh et al., 1996). This
was confirmed and extended by Terai and colleagues (Terai et al., 1997)who showed that
pyramidal neurons increase expression of C1q in AD versus normal controls. In a mouse
model of AD crossed with a C1q knockout mouse (APPQ−/−), it was shown that amyloid
plaque load could be reduced and neuronal integrity saved (Fonseca et al., 2004). However,
due to the variability of this finding in other models, these data should be taken cautiously.
Additionally, a separate study by the same group extended these findings and showed that
lack of C1q resulted in increased C3 levels and coincident reduction in neuropathology
compared to APPQ+/+ mice (Zhou et al., 2008).
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In cell culture models, microglia were found to have more robust activation, increase in
intracellular calcium suggestive of chemotaxis and release of proinflammatory mediators
when stimulated with C1q (Farber et al., 2009), but this does not seem to increase uptake of
Aβ by microglia stimulated with immobilized C1q and even decreases uptake via soluble
C1q (Webster et al., 2000). These results may be explained by the aggregation state of Aβ,
as Aβ40 in the fibrillar configuration is highly potent activator of complement (Webster et
al., 1997). More work in this area is required, but a simple scenario presents in the form of
aged and diseased neurons in AD increasing their expression of C1q, possibly in the
presence of Aβ. Although it has not been observed in vivo, these C1q deposits on neurons
(see also (Fonseca et al., 2004)) may induce microglial migration and phagocytosis of
neurons or their dendrites (Fraser et al., 2010) leading to the cognitive dysfunction seen in
AD. These data indicate a contrariety between the unfavorable classical pathway (C1q-
mediated) and the beneficial alternative pathway (C3-mediated) on AD pathogenesis (Table
1).

5.2. C3b as a neuroprotective Aβ opsonin
Complement C3 is the central component of the complement cascade and the joining point
of all three complement pathways. Upon activation either by classical C3-convertase
mediated cleavage (C4b2a) or the alternative pathway C3bBb, C3 is cleaved into its larger
fragment C3b, which acts as an opsonin and can bind many surfaces, and the smaller
anaphylatoxin fragment C3a, which has many effecter functions in the innate immune
system. Further cleavage of C3b results in smaller fragments designated iC3b, C3c and C3d,
which may serve other unknown functions (Nishida et al., 2006). As with C1q, C3b and its
cleavage product iC3b have been found deposited on AD-affected neurons (Loeffler et al.,
2008), which would facilitate efficient removal by microglia.

Although the activation of C1q in AD described above seems to have detrimental effects on
CNS homeostasis, the story of C3 activation seems more complicated and may only function
properly within specific ranges. For example in a mouse model of AD, human amyloid
precursor protein (hAPP) transgenic mice, C3 activation was suppressed with introduction
of the soluble complement receptor-related protein y (sCrry). This led to a 2- to 3-fold
increase in Aβ deposition and prominent neuronal degeneration in hAPP/sCrry mice
compared to age-matched hAPP littermates (Wyss-Coray et al., 2002). A similar study with
C3-deficient APP mice (APP;C3−/−) found increased levels of Aβ in the brain and plasma,
along with a significant loss of hippocampal neurons and an altered microglial phenotype,
including increases in the anti-inflammatory cytokines IL-4 and IL-10 (Maier et al., 2008).
The results from these studies suggest a necessary role for C3- especially the opsonizing
effects of C3b- in removal of Aβ, which may also be dependent on pro-inflammatory
cytokines, but additionally that complement offers neuronal protection in the AD brain.
Unfortunately, neither study measured levels of microglial CR3 expression, a receptor for
C3b/iC3b. Other surface markers suggested a switch of microglia/macrophages to the M2
phenotype associated with scavenging of apoptotic cells and tissue repair.

On the other hand, abundant levels of C3b may be detrimental to neuronal integrity in a
manner dependent on microglial activation. In a model of multiple sclerosis, Crry KO
resulted in priming of microglia via the CR3/C3b interaction (Ramaglia et al., 2012).
Microglia failed to show a classical activation phenotype, but instead one that showed
microglia were ready for activation, or primed, and upon a second stimulus responded much
more vigorously than wild type mice. They possessed thick ramifications and robust CR3
immunoreactivity, but lacked expression of pro-inflammatory mediators (Ramaglia et al.,
2012). Depletion of Crry allowed the accumulation of C3b, which left unchecked, could
bind to microglial CR3 and upon a second stimulus result in myelin phagocytosis and
release of pro-inflammatory cytokines (van der Laan et al., 1996) or propagate to
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downstream membrane attack complex (MAC) consisting of complement components
C5b-9. The MAC notoriously causes cellular injury through osmotic lysis.

Microglia-complement interaction may have downstream detrimental effects on the
cerebrovasculature as well. In a human genetic study, allelic variation in the gene that
encodes CR1, the human homolog of Crry, was strongly associated with the AD-related
pathology, cerebral amyloid angiopathy (CAA) and CAA-associated intracerebral
hemorrhage (ICH) (Biffi et al., 2012). In AD patients with CAA, in which 75% of CAA
patients were homozygous for the CR1 risk allele (A/A), CR3 bound more C3b and Aβ
compared to normal cognitive controls and AD patients without CAA (Zabel et al., 2012). In
accordance with Ramaglia et al. (2012), microglia that bound C3b demonstrated a ramified
phenotype (suggestive of priming), while the microglia in AD without CAA (which did not
bind C3b), showed a much more activated, amoeboid phenotype. Interestingly, CR3 bound
the same levels of Aβ in the absence of C3b in controls and AD only patients. Whether this
binding was dependent on another complement component, such as iC3b is unknown. Not
only did this increase in CR3/C3b/Aβ binding occur in AD with CAA patients, but these
patients also manifested with increased levels of downstream MAC deposition on cortical
and leptomeningeal arteries, which colocalized with smooth muscle cells, suggesting a
specific mechanism of disease pathogenesis (Zabel et al., 2012). Additionally, it was
determined that the MAC regulator, CD59, was not increased on the same blood vessels as
would be expected with increased MAC activation (Zabel et al., 2012). It seems that a
variation in the CR1 gene could lead to a CR1 protein product that is much less efficient at
controlling C3b generation and thus an increase in C3b production. In theory, increased C3b
seen in AD patients with CAA (Zabel et al., 2012) could be a beneficial compensatory
mechanism that allows for more binding of Aβ to CR3 for clearance to the blood vessel.
However, the use of C3b as the opsonin in this case results in downstream activation of the
terminal lytic MAC in the absence of a CD59 response, which could explain the cerebral
microbleeds and ICH seen so frequently in cases of CAA. Because Aβ clearance is
necessary for brain physiology and C3 may augment this mechanism, a downstream
inhibitor of MAC may be a good therapeutic target to leave more proximal aspects of
complement functioning properly. More specific analysis of CAA specimens should directly
compare CR1 risk genotype, C3b levels, MAC deposition and microbleeds.

6. Concluding Remarks
The mounting evidence for direct microglial function on brain integrity loosens the strict
definition of these cells as simply immune effectors. Their elegant and selective ability to
remodel the developing nervous system is crucial for appropriate CNS function as an adult.
Aided by an unlikely cascade of proteins from the complement system, microglia hold
tremendous responsibility in sculpting an immensely complicated organ. However, left
unchecked throughout adulthood or compromised by unfortunate genetic variations, the
complement system can storm out of control, coaxing microglia back into their engulfing
phenotype, but now with much more vigor.

Like all biological systems, the perfectly calibrated titration of homeostatic mechanisms and
temporal regulation are necessary for efficient operation at the molecular and cellular level.
How the competitive signals generated by developing neurons result in exact time-
dependent pruning by microglia is still under investigation. How microglia determine
exactly which synapses to engulf is only now becoming clear. The next major undertaking
will have to take into consideration that the mechanisms driving development can resurface
in adulthood and result in disease. Why do mechanisms important for proper function in
development return to cause havoc in the adult and aged brain? With the newly forming
hypothesis that many neurodegenerative diseases manifest over decades of a person’s life,
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answers to this question will bring preventative therapies for the most dreaded neurological
diseases. Understanding the development of the nervous system will be required for
understanding the dysfunction of the nervous system.
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Highlights

• Contrary to earlier hypotheses, the developing brain is a complex milieu of
innate and adaptive immune molecules and cells.

• The complement cascade is heavily involved in synaptic remodeling, especially
the classical pathway via C1q and C3b.

• Microglia are the effecter cells that recognize complement components on
predestined synapses to be eliminated.

• These same complement molecules and microglia can be reactivated during
adulthood, resulting in neurodegeneration.

• Both microglia and complement are involved in the pathogenesis of Alzheimer’s
disease.
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Fig. 1. Schematic of microglia- and complement-mediated synaptic remodeling during
development
A. Microglia can recognize active synapses through neurotransmitter-mediated signaling via
receptors on their membrane, resulting in their avoidance. Concomitantly, active synapses
experience higher influxes of calcium, which could repress calcineurin-mediated
transcription of complement factors such as C1q, while decreased calcium would do the
opposite (inset). B. Upon expression of C1q or fractalkine by neurites destined for
destruction, microglia recognize these components through respective receptors (1) C1qR or
(2) CX3CR1, which would mediate phagocytosis. Additionally, neuronal expression of C1q
could also cleave C3 into its opsonin unit C3b, which deposits on targeted synapses for
engulfment (3). C. Another mechanism through which microglia sensitize targeted synapses
is through expression of pro-inflammatory molecules (i.e. IL-1β, IL-6 or NO), which
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stimulate neurons to express complement factors or fractalkine. This is not an exhaustive
list, but details these selected mechanism of synaptic remodeling. NT = neurotransmitter;
FKN = fractalkine; CX3CR1 = fractalkine receptor; C1qR = C1q Receptor; CR3 =
Complement Receptor 3; IL-1β = interleukin 1β; IL-6 = interleukin 6; NO = nitric oxide.
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