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In many parts of the developing vertebrate nervous system, axons are pruned to establish mature patterns of
connectivity. In this issue of Neuron, Schafer et al. (2012) show that microglia may play a role in develop-
mental axon pruning in the thalamus by engulfing presynaptic retinal ganglion cell terminals via a C3- and
CR3-dependent mechanism.
Circuitry in the vertebrate peripheral and

central nervous systems is initially estab-

lished as a rough draft, which is refined

through significant axon pruning. This

pruning is influenced by synaptic activity,

can involve elimination of functional

synapses, and is generally complete

soon after birth. A particularly well-

studied example is in the developing

mammalian visual system, where retinal

ganglion cells (RGCs) from both eyes

establish overlapping projections in the

dorsal lateral geniculate nucleus (dLGN).

Activity-dependent competitive interac-

tions among RGC inputs drive axon re-

modeling that results in the adult pattern

of nonoverlapping eye-specific projec-

tions in the dLGN (Shatz, 1990).

Growing evidence implicates proteins

of the immune system—known for their

roles in recognizing and removing in-

fected, cancerous, and damaged cells—

in axon remodeling in the developing

visual system. Proteins of the major histo-

compatibility complex class I (MHCI) and

complement cascade (C1q and C3) are

expressed in the developing brain and

are necessary for normal pruning of RGC

axons in the dLGN (Datwani et al., 2009;

Huh et al., 2000; Stevens et al., 2007).

PirB, an immunoreceptor for MHCI, is

not required for development of either

retinogeniculate or thalamocortical visual

projections, but limits thalamocortical

plasticity in response to visual deprivation

(Syken et al., 2006). It is tempting to spec-

ulate that proteins involved in identifica-

tion and removal of unwanted cells and

debris by the immune system could use

analogous mechanisms to identify and

remove unwanted inputs during develop-
mental synapse elimination. In some

cases, there are hints that this simple

model may not fit. For example, MHCI

and PirB have functions in neurons that

bear no known resemblance to their

functions in the immune response: MHCI

limits NMDAR-mediated synaptic trans-

mission (Fourgeaud et al., 2010), while

PirB serves as a receptor for myelin-

derived axon outgrowth inhibitors (Atwal

et al., 2008). For the complement system,

however, the final molecular signaling

pathways and cellular effectors involved

in neuronal and immunological functions

may be substantially similar. What may

distinguish normal neurodevelopmental

and pathological clearance of cellular

material by the complement cascade is

the factor(s) that trigger their recruitment.

The complement cascade consists of

over thirty small proteins and protein

fragments, present in inactive forms in

blood. Binding of C1q initiates the clas-

sical complement cascade, including

activation of C3, triggering events that

target cellular debris for phagocytosis.

Previous studies showed that C1q and

C3 localize to developing retinogeniculate

synapses and are required for anatomical

pruning of RGC inputs (Stevens et al.,

2007). The precise role of complement in

synapse elimination remained unknown,

but was hypothesized to involve micro-

glia, the resident macrophages of the

central nervous system, given their

expression of the C3 receptor, CR3, and

their well-known phagocytic ability.

Microglia engulf neuronal debris fol-

lowing a variety of insults and in degenera-

tive disorders. In addition, microglia can

engulf synaptic material in the developing
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mouse hippocampus, and in mice with

defects in microglial migration, hippocam-

pal spine densities are higher (Paolicelli

et al., 2011). This studywas among the first

to provide evidence that microglia, in

addition to their role in removing damaged

cells, may also help clear neuronal com-

ponents during normal development.

In this issue of Neuron, Schafer et al.

(2012) examined this possibility in the

developing visual system, using light-

and electron-microscopic (E.M.) imaging

to visualize interactions between RGCs

andmicroglia in the early postnatal mouse

dLGN. RGC inputs from each eye were

labeled with intraocular injections of dif-

ferently colored anterograde tracers,

allowing identification ofmaterial that orig-

inated from either eye. During the time

when RGCs were being pruned, microglia

contained RGC material from both eyes

within their processes and soma. Some

RGC-derived material was found in lyso-

somes, indicating it was destined to be

degraded. EM analysis of microglial lyso-

somes showeddouble-membrane-bound

structures containing components that

resembled neurotransmitter vesicles, as

well as immunoreactivity for vGluT2, indi-

cating engulfment of presynaptic RGC

terminals. Since there is a brief window

between phagocytosis and degradation

of lysosomal contents, EM studies may

underestimate the synaptic content of

microglial lysosomes. Together, these ex-

periments suggest microglia can engulf

presynaptic terminals of RGCs, though

they do not rule out the engulfment of non-

synaptic or postsynaptic structures, as

has been seen in hippocampus (Paolicelli

et al., 2011).
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Microglia are exquisitely sensitive to

injury and inflammation, and the above

studies involved intraocular injections,

which might cause microglia to target

RGCs. To control for this possibility,

a genetically encoded marker was used

to label RGCs, eliminating the need for

injections, and similar microglial engulf-

ment of RGC material was still seen. The

idea that microglial engulfment is part of

a normal developmental pathway is further

supported by the fact that engulfment

of RGC components in vivo roughly

paralleled the timing of developmental

remodeling.

Previous work demonstrated that C3

is present at synapses during the early

postnatal period and is required for

normal developmental remodeling of

retinogeniculate axons (Stevens et al.,

2007). Given that microglia are the only

known resident brain cells to express the

C3 receptor, CR3, Schafer et al. (2012)

hypothesized that C3-CR3 interactions

might recruit microglia to RGC axons as

they remodel. To directly test the require-

ment for CR3 in remodeling, similar RGC-

tracer experiments were performed in

transgenic mice lacking functional CR3.

Overlap between inputs from the two

eyes was increased, and engulfment of

RCG material by microglia was reduced,

in CR3-deficient mice, effects that were

mimicked by pharmacologically inhibiting

microglial activity in WT animals. The

increase in overlap in CR3-deficient mice

was paralleled by an increase in synapse

density in adults, as assessed by colocal-

ization of VGlut2 (a marker for RGC

presynaptic terminals) and GluR1 (a

marker of postsynaptic sites) by array

tomography. These and other results

show that in the absence of complement

C3 or its microglial receptor, CR3, micro-

glia contain less RGC-derived material

than in WT, and inappropriate axon

projections and synapses are present.

Interestingly, CR3-deficient mice

showed increase in both VGlut2-contain-

ing synapses and VGlut2 puncta not

associated with synapses. Some of the

nonsynaptic VGlut2 could represent re-

tracting RGC axons that successfully

underwent elimination in the absence of

CR3-dependent mechanisms. This is

likely, since significant pruning still occurs

in CR3 knockouts. However, these re-

cently pruned inputs should also be
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present in WT dLGNs. In fact, if pruning

is impaired in CR3-deficient animals, this

might be expected to lead to fewer

recently pruned inputs than WT, not

more. So what is the source of the extra

nonsynaptic VGlut2 puncta in CR3 knock-

outs? One possibility is that increases in

nonsynaptic vGlut2 above WT levels

could be evidence of increased presyn-

aptic RGC sprouting in CR3-deficient

mice. Such sprouting could contribute to

both increased synapse density and

ectopic axons in CR3-deficient mice.

Indeed, axon sprouting in response to

neurotrophic factors delays synapse elim-

ination in the peripheral nervous system

(Nguyen et al., 1998). Therefore, it will be

important to determine if manipulations

of C3/CR3 and microglia influence RGC

sprouting as well as RGC phagocytosis.

This counterintuitive possibility is particu-

larly worth exploring given that microglia

may promote growth and regeneration

in some systems (Glezer et al., 2007).

Intriguingly, although inputs from both

eyes are engulfed by microglia, increased

overlap in CR3-deficient mice stems

primarily from a larger-than usual ipsilat-

eral projection, suggesting that CR3 may

promote engulfment and/or limit sprout-

ing preferentially for ipsilateral inputs.

Retinogeniculate remodeling is thought

to be an activity-dependent competitive

process. Reducing activity in a subset of

inputs (e.g., with TTX) promotes their

elimination, while enhancing activity in

a subset of inputs (e.g., with forskolin)

reduces their elimination. Schafer et al.

(2012) used monocular injection of these

drugs in one eye to test the prediction

that cells with elevated activity would be

phagocytosed less than controls, while

reduced activity would facilitate removal.

Indeed, microglia preferentially engulfed

less-active RGC inputs, the same inputs

that are known to undergomore extensive

synaptic pruning.

Overall, these results convincingly and

elegantly demonstrate that microglia can

internalize RGC axon material, and that

this phagocytosis shows the same timing

and activity dependence as the re-

modeling process as a whole. Further-

more, they show that loss of microglial

involvement (either by disrupting CR3

receptors or by pharmacologically inhibit-

ing microglial activation) is associated

with reduced phagocytosis of RGC
Inc.
material and an increase in synapses

and inappropriate axonal projections.

These results raise several exciting ques-

tions for future study.

A key question is how active a role

microglia play in deciding the outcome

of the synapse elimination process. Ex-

periments bidirectionally manipulating

activity indicate that microglial pruning

follows the same rules of activity depen-

dence as the pruning process itself.

This could be because microglia detect

activity levels and instruct removal of

less-active inputs, or because microglia

engulf inputs that have been tagged for

elimination through as-yet-unidentified

activity-dependent mechanisms. In mice

lacking C1q or C3, although retinal

ganglion cell axons show incomplete

anatomical remodeling, often only one

strong input remains (Stevens et al.,

2007). This indicates that competitive

interactions among neurons have not

been halted. Instead, it suggests that

C1q and C3 are required to physically

remove inputs that have already been

functionally weakened through com-

petitive interactions. Consistent with this

model, Schafer et al. (2012) found that

mitochondria were absent from several

engulfed presynaptic terminals, a charac-

teristic of terminals with decreased

activity that are destined to undergo elim-

ination. It will be important to examine

synaptic strength in C3R KOs, to deter-

mine if activity-dependent synaptic weak-

ening is prevented by loss of CR3 in

microglia. This will help clarify if microglia

destroy otherwise strong and healthy

axon branches or arrive on the scene

after the competitive damage has been

done. In either case, the fact that synapse

density is increased in CR3-deficient

animals suggests that the ultimate

readout of developmental competition in

this system—net physical removal of

synapses—requires microglia.

A related question concerns the molec-

ular cascade that precedes microglial

engulfment of RGC processes. The cur-

rent paper suggests that C3 bound

to RGCs could interact with microglial

CR3 (Figure 1), although direct binding in

this context has not been demonstrated.

Array tomography shows that C1q is

present at a subset of synapses in the

developing dLGN (Stevens et al., 2007).

However, it remains unknown what leads



Figure 1. Microglia Phagocytose RGC Axon Material in a C3- and CR3-Dependent Manner
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to deposition of C1q and C3 at some

synapses and not others. In other words,

what instructs complement to bind to

specific connections and mark them for

microglial uptake?

One candidate for this instructive signal

comes from recent studies in cultured

mouse neurons. In these studies, neurites

bound C1q, and were taken up by cocul-

tured microglial cells in a CR3-dependent

manner, but only after enzymatic removal

of sialic acid residues from the neuronal

glycocalyx (Linnartz et al., 2012). Several

neuronal cell surface proteins are sia-

lated, including the neural cell adhesion

molecule (NCAM), and sialation is devel-

opmentally regulated, disappearing from

most brain regions in the adult (Mühlenh-

off et al., 1998). Understanding the distri-

bution of sialation at individual, competing

inputs, aswell as its dynamics in response

to changes in activity, will help clarify if

this molecular mark could play an instruc-

tive role in the deposition of complement

and subsequent recruitment of microglia

during development.

Another open question is the relation-

ship, if any, among the similar axon re-
modeling phenotypes seen in MHCI-defi-

cient (b2 m�/�TAP�/�, Kb�/�Db�/�) and

complement cascade-deficient (C3�/�,
Cd11b�/�, and C1q�/�) mice (Huh et al.,

2000; Datwani et al., 2009; Stevens et al.,

2007; Schafer et al., 2012). MHCI mole-

cules and C1q are closely associated

at retinogeniculate synapses by array

tomography (Datwani et al., 2009), indi-

cating they could function together in

developmental remodeling.

In addition to their new role in neurode-

velopmental remodeling, microglia have

been implicated in neurodevelopmental

disease pathology. Microglial activation

is increased in the brains of patients

with autism (Vargas et al., 2005), and

WT microglia arrest the progression

of neuropathology in Mecp2-null mice

(Derecki et al., 2012), suggesting that

microglial defects may be important in

the pathogenesis of Rett syndrome.

Thus, understanding the nature of the

signals that recruit microglia to devel-

oping axons may help identify the factors

that target synapses for elimination in the

CNS, either during development or in

disease states.
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