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SUMMARY

During development, the formation of mature
neural circuits requires the selective elimination
of inappropriate synaptic connections. Here we
show that C1q, the initiating protein in the clas-
sical complement cascade, is expressed by
postnatal neurons in response to immature as-
trocytes and is localized to synapses through-
out the postnatal CNS and retina. Mice deficient
in complement protein C1q or the downstream
complement protein C3 exhibit large sustained
defects in CNS synapse elimination, as shown
by the failure of anatomical refinement of retino-
geniculate connections and the retention of ex-
cess retinal innervation by lateral geniculate
neurons. Neuronal C1q is normally downregu-
lated in the adult CNS; however, in a mouse
model of glaucoma, C1q becomes upregulated
and synaptically relocalized in the adult retina
early in the disease. These findings support
a model in which unwanted synapses are
tagged by complement for elimination and sug-
gest that complement-mediated synapse elim-
ination may become aberrantly reactivated in
neurodegenerative disease.

INTRODUCTION

The formation of mature neural circuits requires the activ-

ity-dependent pruning of inappropriate synapses (Katz

and Shatz, 1996; Sanes and Lichtman, 1999; Hua and

Smith, 2004), but the specific molecular mechanisms

that drive synapse elimination are not known. The mouse

retinogeniculate system has proven to be an excellent

model system for studying developmental CNS synapse
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elimination (Jaubert-Miazza et al., 2005; Hooks and

Chen, 2006). Axons from retinal ganglion cells (RGCs) ter-

minate in distinct nonoverlapping eye-specific domains in

the dorsal lateral geniculate nucleus (dLGN). The majority

of eye-specific segregation occurs postnatally before the

onset of vision, but synaptic pruning continues in monoc-

ular regions of the LGN during a 2 week period spanning

eye opening (P8-P30 in mouse). Initially, dLGN neurons

are multiply innervated by up to ten RGC axons, but by

the third postnatal week, each dLGN neuron receives sta-

ble inputs from only one or two RGC axons (Hooks and

Chen, 2006). This developmental shift in synaptic conver-

gence represents the elimination of inappropriate retino-

geniculate synapses and the maintenance and strength-

ening of appropriate synaptic connections. This dynamic

period of synaptic refinement coincides with the appear-

ance of astrocytes in the postnatal brain, and recent evi-

dence indicates a role for astrocyte-derived signals in

synapse development (Christopherson et al., 2005; Ullian

et al., 2001).

Here we identify an unexpected role for astrocytes and

the classical complement cascade in mediating CNS syn-

apse elimination in the retinogeniculate pathway. By gene

profiling, we found that all three chains of the complement

protein C1q are strongly upregulated when purified RGCs

are exposed to astrocytes. C1q is the initiating protein of

the classical complement cascade, which is part of the

innate immune system. When C1q binds to and coats

(opsonizes) dead cells, pathogens, or debris, it triggers

a protease cascade, leading to the deposition of the

downstream complement protein C3 (Gasque, 2004).

Opsonization with activated C3 fragments (C3b and

iC3b) leads to cell or debris elimination in one of two

ways. Deposited C3 can directly activate C3 receptors

on macrophages or microglia, thereby triggering elimina-

tion by phagocytosis, or activated C3 can trigger the ter-

minal activation of the complement cascade, leading to

cell lysis through the formation of a lytic membrane attack

complex. We show that complement proteins opsonize or
Inc.
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Figure 1. Astrocytes Upregulate C1q

Expression by Neurons

(A) RT-PCR validation of our gene chip analysis

confirms that astrocyte exposure upregulates

mRNAs for all three chains (A, B, and C) of

C1q in purified postnatal RGC neurons in

culture.

(B) C1q is highly expressed by RGCs in vivo.

RT-PCR analysis of mRNA isolated from

RGCs that were acutely isolated from P5 retina

(left lane) and PBS perfused whole postnatal

mouse retina from different developmental

time points (P5–P30).

(C) In situ hybridization confirmation that C1q is

expressed by developing, but not mature,

RGCs in vivo. Expression of C1qA was pre-

dominantly localized to retinal ganglion neu-

rons (arrows) in fresh frozen sections of post-

natal (P5) retina, but C1q gene expression

was largely absent in RGCs by P30. RGC, ret-

inal ganglion cell layer; IPL, inner plexiform

layer; INL, inner nuclear layer; OPL, outer plex-

iform layer; ONL, outer nuclear layer. Scale bar,

20 mm.
‘‘tag’’ CNS synapses during a discrete window of postna-

tal development and that the complement proteins C1q

and C3 are required for synapse elimination in the devel-

oping retinogeniculate pathway. We also show that C1q

becomes aberrantly upregulated and relocalized to adult

retinal synapses in a mouse model of glaucoma at an early

stage of the disease prior to overt neurodegeneration,

suggesting that the complement cascade also mediates

synapse loss in glaucoma and other CNS neurodegenera-

tive diseases.

RESULTS

Astrocytes Upregulate All Three C1q Subunit
mRNAs in Retinal Ganglion Cells
We used a gene profiling approach to screen candidate

neuronal genes that are regulated by astrocytes. RNA

was collected from purified postnatal RGCs that had

been cultured for 1 week in the presence or absence of

a feeding layer of cultured neonatally derived astrocytes,

and the target RNA was hybridized to an Affymetrix gene

chip. We found that mRNA for all three C1q chains was

upregulated by astrocytes in purified RGCs by 10- to 30-

fold, and we verified this upregulation using semiquantita-

tive RT-PCR (Figure 1A). To confirm that C1q mRNA is

normally expressed by developing RGCs in vivo, we per-

formed RT-PCR analysis on mRNA collected from purified
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RGCs that were acutely isolated (Figure 1B) as well as in

situ hybridization on whole retina (Figure 1C). We found

that C1q mRNA levels were highest in postnatal RGCs

between P5 and P10 and declined significantly by P30

(Figures 1B and 1C). Thus, C1q mRNA is expressed by

RGCs in vitro in response to astrocytes and is normally ex-

pressed by postnatal, but not adult, RGCs in vivo during

a window of development corresponding to the presence

of immature astrocytes.

C1q Immunoreactivity Is Localized to Synapses
throughout the Developing CNS
We next investigated whether C1q protein could be de-

tected in the developing mouse CNS by immunostaining

cryosections. Using several different C1q antisera, we ob-

served bright, punctate C1q immunoreactivity throughout

the developing retina that was enriched in the synaptic

inner plexiform layer (IPL) of postnatal mouse retinas

and was also observed in developing RGCs (Figure 2A).

Consistent with the expression pattern of C1q mRNA in

postnatal RGCs in vivo (Figure 1), C1q protein expression

and synaptic localization followed a similar developmental

pattern, being higher in the IPL at P5 and decreasing in the

mature retina (Figure 2A). In addition, many C1q-positive

puncta in the IPL were associated with synaptic puncta

identified by double immunostaining with synaptic

markers such as PSD-95 (Figure 2B). Together, these
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Figure 2. C1q Is Localized to Developing CNS Synapses In Vivo

(A) Longitudinal cryosection of a P8 mouse retina stained with anti-C1q. Layers of the retina are labeled on the right. Punctate C1q immunoreactivity is

enriched in the synaptic inner plexiform layer (IPL). RGC, retinal ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plex-

iform layer; ONL, outer nuclear layer. Scale bar, 20 mm. Confocal imaging demonstrates the developmental enrichment of C1q in synaptic IPL of the

mouse retina (panels, right). Zoomed-in images of IPL are from a region comparable to the boxed area in the epifluorescence image in panel (left).

Punctate C1q immunoreactivity in the IPL was highest at P5 and largely decreased after P15. Scale bar, 20 mm.

(B) Double labeling of C1q (green) with the postsynaptic marker, PSD95 (red), demonstrates C1q-positive puncta in close proximity to PSD95 puncta

in postnatal P5 retina. Several colocalized C1q and PSD95 puncta are highlighted (circles). Scale bar, 10 mm.

(C) Double immunohistochemistry with the synaptic antibody SV2 reveals a higher intensity of C1q immunoreactivity in synaptic regions of developing

(Ca and Cb), but not the adult mouse cortex (Cc and Cd). Scale bar, 10 mm.

(D) Immunostaining of C1q (green) demonstrates strong punctate C1q immunoreactivity in the postnatal (P5) dLGN, but not the mature mouse dLGN

(P30). Scale bar, 10 mm.
findings indicate that C1q protein is expressed by RGCs in

vivo and that C1q is synaptically localized to the postnatal,

but not mature, IPL.

To find out if C1q protein is also present in the brain, we

next immunostained cryosections from postnatal and ma-

ture brain. We again observed punctate C1q staining in

synaptic regions, particularly between P4 and P10, that
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closely resembled the pattern of immunoreactivity ob-

served with synaptic markers such as SV2 (Figure 2C).

Importantly, a similar expression pattern was observed

in the postnatal dLGN, a major target of RGC axons

(Figure 2D). As in the retina, synaptic C1q immunoreactiv-

ity in the cortex and LGN was developmentally downregu-

lated (Figures 2C and 2D) and was largely absent when the
r Inc.



Figure 3. Synaptic Localization of C1q in

the Developing LGN

(A) Single-plane confocal images of C1q

(green) and PSD95 (red) revealed many C1q-

positive puncta that colocalized with the post-

synaptic protein, PSD95 in the developing

dLGN (several examples are circled). Scale

bar, 10 mm.

(B) Array tomography on 70 nm sections of

LGN showing C1q (green), SV2 (red), and

PSD-95 (blue) distribution in LGN. Synapses

were defined by the close apposition of pre-

synaptic (SV2) and postsynaptic (PSD-95)

markers (white boxes). C1q was often colocal-

ized with smaller SV2 and PSD95 synaptic

puncta that lacked a synaptic partner. Several

examples of C1q colocalization with SV2 (red

circles) or PSD95 (blue circles) are highlighted.

Scale bar, 2 mm.
antisera was preadsorbed with purified C1q protein (see

Figure S1 available online). Thus, C1q immunoreactivity

is localized to synapses throughout the postnatal, but

not adult, brain and retina.

To further investigate the synaptic localization of C1q in

the developing brain, we performed double immunostain-

ing with antibodies to C1q and synaptic markers. Using

confocal microscopy, we observed many C1q-positive

puncta that colocalized with the postsynaptic protein

PSD95 in the developing dLGN (Figure 3A). In order to

better visualize C1q’s synaptic localization, we turned to

array tomography, a powerful new imaging technique

that significantly improves the spatial resolution of closely

apposed synaptic proteins over confocal microscopy

(Micheva and Smith, 2007). We performed double and tri-

ple immunofluorescence for C1q, SV2, and PSD95 on

ultrathin resin embedded serial sections of P8 dLGN

(Figure 3B). Mature synapses were identified as closely

apposed presynaptic (SV2-positive) and postsynaptic

(PSD95-positive) puncta (Figure 3B, white boxes). We
Cel
also observed smaller SV2 or PSD-95 puncta, which

lacked a synaptic partner. These structures most probably

represent immature synapses or synapses in the process

of elimination. Interestingly, C1q was often colocalized

with these smaller SV2 and PSD95 synaptic puncta

(Figure 3B, circles), while large SV2-PSD95 synapses

were not often closely associated with C1q. These find-

ings suggest the possibility that C1q may be opsonizing

immature synapses, or synapses that are being eliminated

in the developing dLGN. Taken together, these experi-

ments provide evidence that C1q is localized to synapses

in the developing retina and brain during the period of

synaptic pruning.

C1q Is Required for Retinogeniculate Refinement
The localization of C1q to developing synapses, together

with C1q’s known role in eliminating unwanted cells and

debris, suggested a role for C1q in mediating synapse

elimination. To test this hypothesis, we next used a com-

bination of neuroanatomical and electrophysiological
l 131, 1164–1178, December 14, 2007 ª2007 Elsevier Inc. 1167



Figure 4. C1q-Deficient Mice Have Defects in Synaptic Refinement and Eye-Specific Segregation

(A) Retinogeniculate projection patterns visualized after injecting b-cholera toxin conjugated to Alexa 594 (CTb-594) dye (red) and CTb-488(green) into

left and right eyes of WT and C1q KO mice. C1q KO mice at P10 (Ab) and P30 (Ad) have significant intermingling (yellow, overlap) between RGC axons

from left and right eyes compared to littermate WT controls (Aa and Ac). Scale bar, 200 mm.

(B and C) Quantification of the percentage of dLGN-receiving overlapping inputs in C1q KO versus WT controls at P10 (B) and P30 (C). C1q KO mice

exhibit significantly more overlap than WT mice, regardless of threshold. Data are represented as mean ± SEM (P10, n = 8 mice, p < 0.01 [t test] at 5%

threshold and p < 0.05 at 30% threshold; P30, n = 6 mice, p < 0.009 at 5% threshold, and p < 0.01 at 30% threshold).
techniques to investigate the refinement and elimination of

retinogeniculate synapses in the dLGN of mice that lack

the A chain of C1q (C1q KO). These mice cannot assemble

or secrete a functional C1q protein and thus are unable to

activate the classical complement cascade (Botto et al.,

1998).

To visualize the pattern of retinogeniculate projections,

we first performed anterograde tracing of RGC afferents

by injecting the b subunit of cholera toxin conjugated to

Alexa 594 dye (CTb-594) or to CTb-Alexa 488 into the

left and right eyes, respectively, of wild-type (WT) and

C1q KO mice at several postnatal ages (P5, P10, and
1168 Cell 131, 1164–1178, December 14, 2007 ª2007 Elsevier In
P30). In the mouse LGN, the majority of axons from the

ipsilateral eye (uncrossed projections) have segregated

into an eye-specific patch in the dorsomedial region of

the dLGN by P10 (Figure 4Aa). The pattern of RGC inputs

to the dLGN appeared normal in C1q KO mice at P5,

a time point before significant segregation occurs. In con-

trast, at P10, the amount of dLGN territory occupied by

contralateral (crossed) retinal projections was notably

larger, and in many cases, the ipsilateral projections

appeared more diffuse in C1q KOs compared to age-

matched WT mice and littermate controls (Figure 4Aa ver-

sus Figure 4Ab). Consistent with these observations, the
c.



dLGNs in C1q KOs have significant defects in eye-specific

segregation. We observed significant overlap between

contralateral and ipsilateral RGC projections in the dLGN

of C1q KOs, which resulted in a larger overlap zone (Fig-

ure 4Aa versus Figure 4Ab, bottom row).

We quantified these data using an established multi-

threshold method of analysis (Torborg and Feller, 2004;

Bjartmar et al., 2006) and found that the dLGNs of P10

C1q KO mice had a significantly higher percentage of

overlapping projections, independent of threshold (Fig-

ure 4B). The lack of a phenotype at P5 suggests that

refinement defects in the P10 C1q KO mice are not due

to early defects in axonal path finding or targeting. In

addition, this segregation phenotype can not be explained

by differences in the number of RGCs projecting axons to

the dLGN in C1q KO mice, as there was no difference in

the number of cells in the peripheral or central regions of

whole-mount retinas between C1q KO and controls

(Figure S2A).

To find out whether the dLGN refinement defect in C1q

KO mice was transient or sustained, we next examined

mice at P30, several weeks after segregation is normally

completed. Surprisingly, this eye-specific segregation

phenotype was still evident in P30 C1q KOs (Figure 4Ac

versus Figure 4Ad, bottom row). Normally, by P30, there

is very little overlap between the two eyes, but C1q KOs

still had significant overlapping retinal projections (Figures

4A and 4C). The segregation defects at P30 were thus sus-

tained and similar to those observed at P10, suggesting

that many dLGN neurons remain binocularly innervated

into adulthood.

The segregation defects we measured in C1q KOs were

not due to effects of abnormal retinal activity. Multielec-

trode recordings of RGC firing patterns indicated that

C1q KO retinas (P5) produced spontaneous correlated

waves of activity that were indistinguishable from age-

matched controls (Figure S2B). Thus, C1q KOs exhibit sig-

nificant and sustained defects in retinogeniculate synaptic

refinement that cannot be attributed to a change in RGC

number or early patterned activity.

LGN Neurons Remain Multiply Innervated in C1q
KO Mice
If C1q is required for synapse elimination, then an increase

in synapse number would be expected in its absence. In-

deed, we observed a general increase in the intensity of

synaptic staining in the dLGN of C1q KO mice compared

to littermate controls (Figure S3). Despite these differ-

ences in synaptic staining, the overall morphology of

LGN neurons was similar in C1qKO and WT mice

(Figure S4E). We next used electrophysiology to directly

measure whether the number of functional retinogenicu-

late synapses are increased in the dLGNs of C1q KOs.

We performed patch-clamp recordings from acute brain

slices of P30 mice and measured the amplitude of re-

sponses evoked in relay cells by stimulating RGC axons

in the optic tract (Figure 5A). Small incremental increases

in stimulus intensity were used in order to recruit individual
Cell
RGC axons in a graded manner, thus giving an indication

of the number of axons that innervate each cell (Hooks and

Chen, 2006).

As an initial analysis, we first classified the cells based

on their overall response properties using the criteria

defined by Hooks and Chen (2006). Cells with one or

two large distinct inputs were classified as refined, those

with greater than two inputs that were less defined were

classified as resolving, and cells with numerous small in-

distinct inputs were classified as nonrefined. Representa-

tive recordings obtained from dLGN neurons from a WT

and a C1q KO mouse are shown in Figure 5B. As previ-

ously reported, we found that by P30 the majority of WT

cells were innervated by only one or two axons and thus

were in the refined category. We found, however, that

81% of C1q KO neurons were multiply innervated and

thus still classified as resolving, indicating a deficit in syn-

apse elimination (Figure 5C, C1q KO n = 21, WT n = 30

cells, p < 0.001). No cells were in the nonrefined category,

showing that some synapse elimination and maturation

had occurred even in the absence of C1q. We next deter-

mined the number of axons that innervated each relay

neuron. Inputs were counted when there were distinct

steps between the responses; this analysis is likely to un-

derestimate the real input number but allows a comparison

to be made between the two conditions. We found that the

majority of WT cells received one or two inputs, whereas

the majority of C1q KO cells were innervated by four

or more inputs (Figure S4A, C1q KO = 4 ± 0.3 inputs,

WT = 2.2 ± 0.2 inputs, p < 0.001). When the individual

inputs are plotted out, there is a clear rightward shift in

the distribution of the inputs in the C1q KO, with some

LGN neurons having as many as seven inputs (Figure 5D).

Interestingly, the average amplitude of evoked re-

sponses was significantly reduced in C1q KOs (Fig-

ure S4D). We observed many more small amplitude

responses in C1q KOs than in WTs, as shown by a cumu-

lative probability plot of individual AMPA response ampli-

tudes (Figure 5E). These smaller inputs correlate with the

innervation pattern seen at early stages of development.

The maximum input amplitude observed in C1q KO neu-

rons is similar to WT, however, demonstrating that despite

the multiple innervation of the LGN neurons in the C1q KO

mice, there has been functional maturation and strengthening

of at least one axonal input (Figure S4C). In summary, these

experiments show that the anatomical retinogeniculate

refinement defects observed in the C1q KO mice are ac-

companied by a corresponding defect in the elimination

of functional synaptic inputs.

Role of the Complement Cascade
in Developmental Synapse Elimination
C1q might mediate synapse elimination by its known role

as the initiating protein of the classical complement cas-

cade or alternatively by a novel mechanism. To address

whether C1q acts via the classical complement cascade,

we next investigated whether the pivotal protein of the

complement cascade, C3, is present in the developing
131, 1164–1178, December 14, 2007 ª2007 Elsevier Inc. 1169



Figure 5. LGN Neurons Remain Multiply Innervated in C1q-Deficient Mice

(A) (Left) Representative image showing the LGN slice recording preparation as described (Supplemental Data). Parasagittal brain slices were pre-

pared from�P30 mice), and CTb was used to label contralateral retinal projections in green and ipsilateral projections in blue 24 hr before slices were

made. (Right) Electrophysiological recordings were made from LGN relay neurons (in red) in the proximal third of the dorsal LGN (contralateral region),

and the optic tract was stimulated in the region next to the ventral LGN. The right panel is a zoomed confocal projection showing dye-filled neurons.

Scale bar, 40 mm.

(B) Representative raw data traces of individual LGN neurons recorded from a WT and C1q KO mouse. (Top) Overlay of individual stimulus trials at all

stimulus intensities to show individual responses. The stimulus artifact has been removed for clarity. Currents at�70 mV are mediated predominantly

by activation of AMPA receptors, and those at +40 mV are due to NMDA receptor activation. (Bottom) Plot of stimulus intensity against response

amplitude for the cells shown.
1170 Cell 131, 1164–1178, December 14, 2007 ª2007 Elsevier Inc.



brain and necessary for synapse elimination. We immuno-

stained cryosections of postnatal rodent brain using C3-

specific antisera. Punctate C3 immunoreactivity was

present in the postnatal rodent dLGN and cortex, but C3

levels were significantly lower in these regions in mature

animals (Figure 6A, Figure S5), which is consistent with

published reports (Cowell et al., 2003). In addition, confo-

cal imaging of double immunofluorescence labeling of

postnatal dLGN sections revealed that several C3-posi-

tive puncta colocalized or were closely apposed to synap-

tic puncta (Figure S5B).

The developmental expression and localization of C3

in the developing LGN is similar to that of C1q, suggest-

ing that the classical complement cascade is involved

in synapse elimination. To directly investigate this, we

examined mice deficient in C3 to determine whether

absence of C3 mimics the phenotype we observed in the

LGNs of C1q KOs. We repeated the anterograde tracing

experiments and electrophysiological recordings of reti-

nogeniculate synapses in C3 KO mice and age-matched

controls. Consistent with our hypothesis, C3 KOs dis-

played defects in eye-specific segregation and synapse

elimination that closely mimic the C1q KO phenotype.

C3 KO mice had significant defects in eye-specific seg-

regation, both at P10 and P30 (Figures 6B–6D). Quantifi-

cation of the percentage of dLGN occupied by overlap-

ping retinal axons from both eyes indicates that C3 KO

mice, much like C1q KOs, had significantly more over-

lapping projections than age-matched and littermate

controls. No obvious defects in synapse elimination

were observed at the neuromuscular junction in C3 KO

mice (Figure S6). Electrophysiological recordings of P30

dLGN neurons indicate that LGN neurons recorded

from C3 KO mice had similar response properties to

C1q KO mice (Figure 6E). The majority of C3 KO cells

were classified as resolving (77%) rather than refined

(23%), compared to WT cells, which are mostly refined

by this age (Figure 6E, C3 KO n = 13, WT n = 30,

p = 0.006). The remarkably similar phenotypes in the C1q

and C3 KO mice, along with the presence of C3 cleavage

and activation in the developing but not adult rodent

brain (Cowell et al., 2003), provide evidence that activa-

tion of the classical complement cascade occurs during

normal postnatal CNS development and helps to medi-

ate normal developmental synapse elimination.

C1q Is Localized to Adult Retinal Synapses
at Early Stages of Glaucoma
Growing evidence suggests that one of the earliest events

in neurodegenerative diseases is substantial synapse loss
Cell 1
(Selkoe, 2002). Glaucomas are characterized by the death

of RGCs and are often associated with elevated intraocu-

lar pressure (IOP) (Ritch et al., 1996). Our recent microar-

ray study discovered that C1q and other complement

genes are among the first upregulated in DBA/2J glau-

coma (G.R.H. and S.W.M.J., unpublished data). Given

our findings that C1q mediates developmental synapse

elimination, we investigated whether C1q is re-expressed

and localized to synapses at early stages of glaucoma

using DBA/2J mice (see Libby et al., 2005).

We looked at the timing and localization of C1q in the

RGCs and IPL of retinas of glaucomatous DBA/2J and

control mice. The control mice were from the DBA/2J-

Gpnmb+ substrain that is genetically matched to the

DBA/2J strain but does not develop elevated IOP with

age. Significant RGC loss and nerve damage is absent

in almost all control mice but does occur at low frequency

(Howell et al., 2007). Synaptic C1q was not observed in the

IPL of four young DBA/2J mice (2.2 months) or in the ret-

inas of five aged control mice (10.5 months) (Figure 7Ab).

Punctate staining was observed in one aged control eye

(10.5 months). This may reflect the low incidence of age-

related RGC loss and nerve damage in this strain (Howell

et al., 2007). In marked contrast to the young DBA/2J and

control mice, punctate C1q immunoreactivity was present

in the IPL of 11 out of 15 retinas from aged DBA/2J mice

(four of four at 6 months and seven of 11 at 10.5 months)

(Figure 7Aa). This punctate C1q staining was present in

five eyes that were determined to have the ‘‘no or early’’

stage of glaucoma by optic nerve assessment and have

no detectable RGC loss (see the Supplemental Data).

Confocal imaging revealed that many C1q-positive puncta

colocalized with synaptic puncta in the IPL of retinas from

DBA/2J mice, and this synaptic localization of C1q was

similar to our findings in the IPL of postnatal retinas

(Figure 7Bg). In addition, we observed a more pronounced

increase in C1q punctate staining in the IPL of retinas from

eyes with moderate glaucoma (Figures 7Bb and 7Bh). In

moderate glaucoma, there is some RGC and synapse

loss, as indicated by axonal damage in the optic nerve

and a patchy loss of PSD-95 staining in the IPL (Figures

7Bd and 7Bf). C1q punctate staining was also observed

at lower levels in retinas of DBA/2J mice with severe glau-

coma and corresponded to a further decrease in the den-

sity of PSD-95 positive puncta, reflecting the substantial

loss of RGCs at this late stage of the disease (data not

shown).

In order to further investigate C1q expression in this

mouse model of glaucoma, we performed quantitative

real-time PCR on retinal RNA from 10.5-month-old
(C) Categorization of the response properties of LGN relay neurons. Refined cells receive one or two distinct inputs and resolving cells receive three or

more inputs. The majority of C1q KO neurons are still in the resolving category, whereas most WT neurons are in the refined category (C1q KO n = 21,

WT n = 30 cells, p < 0.001).

(D) Plot of individual axonal input numbers for WT and C1q KO neurons. C1q KOs remain multiply innervated (average of 4 ± 0.3 inputs, n = 21) com-

pared to WT controls (average of 2.2 ± 0.2 inputs, n = 30, p < 0.001).

(E) Individual AMPA receptor inputs plotted in a cumulative probability histogram. The average AMPA input amplitude is decreased in the C1q KO

(0.6 ± 0.1 nA, n = 84) compared to WT (1 ± 0.1 nA, n = 66, p < 0.001).
31, 1164–1178, December 14, 2007 ª2007 Elsevier Inc. 1171



Figure 6. Mice Deficient in C3 Also Have Defects in Synapse Elimination
(A) Double staining of C3 (green) with the presynaptic antibody, SV2 (red) revealed robust C3 staining in the developing (P5), but not the mature dLGN

([Aa] and [Ab] versus [Ac] and [Ad]). Scale bar, 10 mm. C3 immunoreactivity was specific for C3, as C3 antibodies failed to stain brain sections prepared

from C3 KO mice (Figure S5).

(B) Anterograde tracing experiments show that C3 KO mice at P30 exhibit significant overlap (yellow) between RGC axons from left and right eyes

compared to littermate WT controls.

(C and D) Quantification of the percentage of dLGN-receiving overlapping inputs in C3 KO versus WT controls at P10 (C) and P30 (D). C3 KO mice

exhibit significantly more overlap than littermate control mice, regardless of threshold. Data are represented as mean ± SEM (P10, n = 8 mice, p < 0.02

[t test] at 5% threshold and p < 0.05 at 30% threshold; P30, n = 9 mice, p < 0.02 at 5% threshold, and p < 0.03 at 30% threshold).
1172 Cell 131, 1164–1178, December 14, 2007 ª2007 Elsevier Inc.



DBA/2J mice with different stages of disease, as well as

age-matched DBA/2J-Gpnmb+ controls. Compared to

controls, C1qA and C1qB RNA levels were elevated in five

out of ten retinas with no or early glaucoma, and increased

up to 25-fold in eyes with moderate glaucoma (Figure 7C).

The timing and degree of C1q gene expression corre-

sponded to the synaptic pattern of C1q protein in the IPL

of retinas with early and moderate glaucoma. Together,

these findings indicate that C1q is expressed at early

stages of glaucoma and becomes relocalized to synapses

in the adult IPL before significant synapse loss and RGC

death. This suggests that reactivation of complement-

mediated synapse loss occurs as a crucial early event in

glaucoma.

DISCUSSION

The Classical Complement Cascade Mediates
Developmental CNS Synapse Elimination
Our finding that the classical complement cascade helps

to mediate developmental CNS synapse elimination adds

to the growing evidence that components of the immune

system contribute to brain development and function

(Boulanger and Shatz, 2004). Indeed, many components

of the complement cascade have been reported to be

present in the normal developing brain (Morgan and Gas-

que, 1996; Johnson et al., 1994), and it has long been

suggested that they may play some normal role during

brain development. Unlike most nonneuronal cell types,

which express high levels of transmembrane comple-

ment inhibitors, developing CNS neurons are able to

bind complement C1q and spontaneously activate the

classical complement cascade independently of anti-

bodies (Singhrao et al., 2000). The classical complement

cascade is part of the innate immune system, but recent

studies have found that components of the adaptive im-

mune system also participate in developmental synaptic

refinement. In particular, class I major histocompatibity

complex (MHC1) molecules are expressed by neurons

and required for normal retinogeniculate refinement

(Huh et al., 2000), raising the question of whether there

are relevant interactions between complement and

MHC I proteins.

As C1q is a secreted soluble protein, a crucial question

raised by our findings is the identity of its synaptic re-

ceptor. Neuronal pentraxins (NP1 and NP2/NARP) are

secreted synaptic proteins with 20%–30% homology to

the immune pentraxins, pentraxin-3 (PTX3) and C-reactive

protein (CRP). PTX3 and CRP are capable of opsonizing

and marking cells for phagocytosis and are well known

binding partners of C1q (Nauta et al., 2003). Interestingly,

NP1 and NP2 directly bind C1q (M. Perin, personal com-

munication), raising the possibility that C1q and NPs could

interact at early stages of retinogeniculate refinement.
Cel
Both C1q and NP1/2 KO mice have similar defects in

retinogeniculate eye-specific segregation at early stages

(P10), but in contrast to the C1q KOs, these defects are

transient in NP KO mice (Bjartmar et al., 2006). Similarly,

cerebellins are secreted C1q-like molecules that are highly

synaptically localized and participate in CNS synaptic

plasticity (Hirai et al., 2005). The only known synaptically

accumulated protein that is membrane anchored and

also binds to C1q is the prion protein Prpc. Prpc is a par-

ticularly intriguing candidate, given that in its abnormal

conformation it strongly activates C1q activity (Mitchell

et al., 2007).

How Does the Complement Cascade
Eliminate CNS Synapses?
Our findings demonstrate that C1q is localized to many

developing synapses and that the classical complement

cascade is necessary for synapse elimination. What deter-

mines which synapses will be eliminated by complement,

and which will be maintained? The retinogeniculate syn-

apse elimination phenotypes that we have observed in

the C1q and C3 KO mice resemble the phenotypes that

have been observed when electrical activity of developing

RGCs is blocked (Huberman, 2007). Electrical activity is

necessary to drive synapse elimination both in the devel-

oping CNS and at the NMJ. An intriguing model was

proposed over a decade ago for how activity may drive

synapse elimination. This model proposes that strong

synapses, which are effective in driving postsynaptic

responses, actively punish and eliminate nearby weaker

synapses by inducing two postsynaptic signals: a short-

range ‘‘protective’’ signal and a longer-range elimination

or ‘‘punishment’’ signal (Jennings, 1994). A similar activ-

ity-based competition process is necessary to eliminate

terminal branches of retinal axons (Hua and Smith,

2004). Our findings raise the intriguing possibility that

a similar mechanism drives synapse elimination at retino-

geniculate synapses and that the activity-dependent

punishment signal is an activator or component of the

complement cascade. A well-known feature of the com-

plement cascade is that the highly reactive C3b fragment

has only short diffusion ability before it becomes inactive

so that little innocent bystander damage can occur. The

protective signal might be one of the known complement

inhibitors. We do not know yet whether C1q initially tags

most synapses and its activation leads to elimination of

weak synapses or whether only weak synapses can bind

C1q. Thus, important future questions are whether inhibi-

tion of electrical activity blocks the normal complement

cascade activation within the developing brain and, if so,

how to understand the molecular mechanism by which

activity activates the cascade.

How are complement-tagged synapses eliminated?

Since both C1q and C3 are required for normal synapse
(E) Electrophysiological recordings of �P30 dLGN neurons indicate that the majority of neurons in C3 KO mice remain in the resolving

category, similar to C1q KO mice, and in contrast to WT neurons which are mostly refined (C3 KO, n = 13; C1q KO, n = 21; WT, n = 30 cells;

p = 0.006).
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Figure 7. C1q Is Localized to Synapses in Glaucoma and Is an Early Indicator of Disease

(A) (Aa) Punctate C1q staining (green) was observed in the IPL of retinas classified as having no or early glaucoma. (Ab) In contrast, this pattern of C1q

staining was not observed in the majority of retinas from the control DBA/2J-Gpnmb+ strain (10.5 months of age). Scale bar, 10 uM.

(B) Stacked confocal images of C1q and PSD95 staining in the synaptic inner plexiform layer (IPL) of retinas from DBA/2J mice. (Ba–Bf) Represen-

tative sections from an eye with early glaucoma (left panels) and moderate glaucoma (right panels) stained with the indicated antibodies C1q (green),

PSD-95 (red), and DAPI (blue). In the section from an eye with early glaucoma, there is punctate C1q staining before obvious RGC (DAPI) or synapse
1174 Cell 131, 1164–1178, December 14, 2007 ª2007 Elsevier Inc.



elimination and are both localized to developing synap-

ses, synapses to be eliminated most likely need to be

tagged by activated C3 (C3b). Further downstream activa-

tion of the membrane attack complex is unlikely in the

normal brain, because neurons express high levels of

the downstream complement inhibitor CD59 (Wang

et al., 2007). It is likely that the C3b-opsonized synapses

are phagocytosed by resident microglia, the primary

phagocytic cells in the brain and the only known CNS cells

to express the C3 receptor (Gasque et al., 1998). Binding

of C3b to this receptor is well established to induce

phagocytosis. Activated microglia secrete most comple-

ment cascade components, including particularly high

amounts of C1q, and are localized in the gray matter of

cerebellum, hippocampus, and other brain regions during

a narrow window of postnatal development that coincides

with the peak of synapse formation and elimination (Dal-

mau et al., 1998; Maslinska et al., 1998; Fiske and Brunjes,

2000; our unpublished data), and it has been speculated

that activated microglia could participate in synaptic re-

modeling. Microglia are also activated and recruited to

motor neuron synapses after axotomy in a process known

as ‘‘synaptic stripping,’’ in which microglia rapidly dis-

place or engulf synapses (Schiefer et al., 1999). There

are already good precedents that part of a cell can be

phagocytozed in isolation—for example, in axon pruning

and photoreceptor outer segment shedding.

The Complement Cascade Mediates
Only a Portion of Synapse Elimination
Our findings provide evidence for both complement-

dependent and -independent mechanisms of synapse

elimination. In the PNS, synapse elimination at the NMJ

is carried out by perisynaptic Schwann cells (SCs), which

engulf and eliminate presynaptic terminals by a process

known as ‘‘axosome’’ shedding (Bishop et al., 2004).

This process is not likely mediated by the complement

cascade, as we did not observe a synapse elimination

phenotype at the NMJ in complement KO mice (Figure S6).

This is not surprising, as SCs do not express known com-

plement receptors. Thus, complement-dependent syn-

apse elimination may specifically occur within the CNS.

Even in the CNS, although our studies provide anatom-

ical and electrophysiological evidence that C1q and C3

KOs have significant defects in eye-specific segregation

and synapse elimination, these mice still undergo some

degree of synaptic refinement and synaptic pruning, indi-

cating that complement-independent synapse elimination

also occurs. We found that C1q and C3 protein levels and

synaptic localization were highest between P4 and P10

and were necessary for eye-specific segregation, although
Cell
it remains possible that complement could play an addi-

tional role in later stages of development (Mastellos and

Lambris, 2002). Indeed, recent evidence indicates that ac-

tivity-dependent synaptic remodeling occurs in the dLGN

at several developmental stages (Hooks and Chen,

2006). Eye-specific segregation and synapse refinement

occurs largely before P10, but then later, fine-scale prun-

ing occurs in binocular zones as well as in the monocular

regions as described here and in previous studies (Jau-

bert-Miazza et al., 2005; Hooks and Chen, 2006). Initially,

dLGN neurons have a large number of afferents (up to

ten) with small synaptic strength, but by P30, each dLGN

neuron normally receives strong, stable inputs from only

one to two RGC axons. We found that the majority of

C1q and C3 KO cells were innervated by four or more in-

puts at P30, with some LGN neurons having as many as

seven inputs. While complement-deficient mice generally

had many smaller amplitude inputs, one of their synapses

typically was functionally strengthened to become a larger

input, indicating that C1q normally functions to eliminate

these weaker, inappropriate synapses during develop-

ment, while C1q-independent mechanisms strengthen

appropriate synapses.

Role of Glia in Complement-Mediated Synapse
Elimination in Development and Disease
In the developing brain, astrocytes are generated neona-

tally and persist in an immature phenotype until about

P14, prior to undergoing phenotypic maturation. Our find-

ings suggest that a signal produced by immature astro-

cytes in the normal developing brain and retina acts as

a switch that times expression of complement protein

C1q, thus enabling a developmental window for comple-

ment-dependent synapse elimination. The appearance

of astrocytes, and the localization of C1q (and C3) at

synapses in the postnatal brain and retina, coincides

with this critical period of synaptic pruning. Immature as-

trocytes may create a permissive window of time during

which activity-dependent instructive signaling can control

which synapses are retained or eliminated. Consistent

with this possibility, Muller and Best (1989) found that im-

mature astrocytes transplanted into the primary visual

cortex of adult cats were able to restore ocular dominance

plasticity. Interestingly, C1q was one of the few genes

expressed selectively during the critical period for visual

cortex development in kitten (Prasad and Cynader,

1994), and polymorphisms in C3 were found to be the

strongest genetic marker associated with excellent mem-

ory task ability in a quantitative trait loci (QTL) analysis

of heritable traits associated with memory performance

(Nilsson et al., 1996). The identification of the soluble
loss (PSD-95). In a section with no RGC loss (DAPI) from an eye with moderate glaucoma, punctate C1q staining is more intense and there is focal

synapse loss (PSD-95, arrows). (Bg and Bh) Merged images of C1q (green), PSD-95 (red), and DAPI (blue) show that C1q is localized to synapses in

early and moderate stages of glaucoma. Scale bar, 20 mm.

(C) C1qA and C1qB RNA levels are elevated early in glaucoma. C1qA (black bars) and C1qB (purple bars). Increases in C1q expression occurred in

five out of ten retinas with no or early glaucoma and five out of five retinas with moderate glaucoma (expression levels relative to average DBA/2J-

Gpnmb+ controls, >2 SD considered elevated).
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astrocyte-derived signal that triggers C1q upregulation in

neurons will be an important next step to investigate the

specific mechanisms by which astrocytes and comple-

ment control synapse elimination in vivo.

Lastly, our findings have important implications for

understanding the mechanism of synapse loss in neuro-

degenerative disease. Our findings strongly suggest that

the normal developmental mechanism of complement-

mediated synapse elimination that we have described

here becomes aberrantly reactivated in the adult CNS af-

ter injury or neurodegenerative disease. After CNS neuro-

logical injury or disease, C1q is rapidly upregulated within

microglia and neurons concurrently with the appearance

of reactive astrocytes. For instance, C1q is profoundly up-

regulated in human Alzheimer’s disease (AD), glaucoma,

and ALS (Fonseca et al., 2004; Dangond et al., 2004; Stasi

et al., 2006; Steele et al., 2006). As reactive astrocytes are

prominent in these conditions and antigenically resemble

immature astrocytes, we hypothesize that, in early stages

of neurodegenerative disease, reactive astrocytes re-

express the signal that induces C1q expression in devel-

oping neurons, thus playing an early role in a pathophysio-

logical process that ultimately leads to synapse loss and

then neuronal death.

The DBA/2J inherited mouse model promises to be

a useful tool to investigate this possibility further. Our

study demonstrates that C1q protein is localized to reti-

nal synapses in these mice and that this occurs early in

the disease before and/or concurrent with synapse

loss. Although further studies are needed to determine

the exact relationship of these findings to RGC demise,

substantial synapse loss and neuron death appears to

follow synaptic C1q relocalization, as some eyes had

synaptically relocalized C1q prior to RGC loss and optic

nerve damage. These findings suggest that, just as in

development, C1q in the adult glaucomatous retinas

tags synapses for elimination even at early stages of dis-

ease. This early complement-dependent synapse loss

could drive the dendritic atrophy and axon degeneration

that occur with progression of the disease. In future stud-

ies, it will be possible to directly test the role of C1q and

C3 in mediating neurodegeneration by backcrossing their

mutant genes into the DBA/2J background (see John

et al., 1999) or by the use of pharmacological inhibitors

of the complement pathway (Sahu and Lambris, 2000;

Barnum, 2002). If so, pharmacological inhibition of the

classical complement cascade may inhibit synapse loss

and neurodegeneration not only in glaucoma but in

many other neurodegenerative diseases including ALS,

AD, and multiple sclerosis.

EXPERIMENTAL PROCEDURES

Materials and other experimental procedures are described in the

Supplemental Data.

Neuron and Astrocyte Cultures

Step-by-step protocols for all procedures are available on request to

barres@stanford.edu. RGCs were purified by sequential immunopan-
1176 Cell 131, 1164–1178, December 14, 2007 ª2007 Elsevie
ning to greater than 99.5% purity from P5 Sprague-Dawley rats and

cultured in serum-free media as described (Meyer-Franke et al.,

1995; Supplemental Data). Cortical astrocytes were prepared from

P1-P2 rat cortices as previously described (Ullian et al., 2001; Supple-

mental Data).

RGC Gene Expression Analysis Using Affymetrix

GeneChip Arrays

Purified RGCs were plated at a density of �100,000 cells per well in

6-well dishes and cultured in the presence or absence of an astrocyte

feeding layer for 4 days. Total RNA was harvested using RNeasy Mini

Kit (QIAGEN). cDNA was synthesized from 2 mg total RNA using the

GIBCO-BRL Superscript Choice system and a T7-(dT)24 primer as

described (Wang et al., 2007). Primer sequence and details on

hybridization to Affymetrix Gene Array are described in the Supple-

mental Data.

Semiquantitative RT-PCR

Total RNA was prepared as above from RGCs cultured alone or with an

astrocyte feeding layer. RNA (1 mg total) was reverse transcribed using

RETROScript (Ambion) and one twentieth of resulting cDNA product

was used for PCR. Results shown are representative of three biological

replicates. PCR conditions are described in the Supplemental Data.

In Situ Hybridization

In situ hybridization was performed on 12 mm fresh frozen PBS per-

fused retinal sections as previously described (Schaeren-Wiemers

and Gerfin-Moser, 1993) using probes generated with the DIG RNA

labeling kit (Roche Applied Science) as per the manufacturer’s instruc-

tions (see the Supplemental Data).

Mice

C1qAKO mice (C57BL6 background) were generously provided by

M. Botto (Botto et al., 1998). C3KO mice (and a control strain) were

obtained from The Jackson Laboratory. DBA/2J (D2) mice and a con-

trol substrain (full name DBA/2J-Gpnmb+/Sj) were from our colony (Sj)

maintained at The Jackson Laboratory, and glaucoma in our colony

has been studied extensively (Libby et al., 2005). Details on mouse

strains are described in the Supplemental Data.

Immunocytochemistry

Brains and eyes were immersed in 4% paraformaldehyde (PFA), fixed

overnight at 4�C, and cryoprotected in 30% sucrose. For complement

and synaptic staining, tissue was perfused with PBS before fixation,

embedded in a 2:1 mixture of OCT:20% sucrose PBS, and cryosec-

tioned (10–15 microns). Sections were dried, washed three times in

PBS, and blocked with 2% BSA+ 0.2% Triton X in PBS for 1 hr. Primary

antibodies were diluted in antibody buffer (+ 0.05% triton + 0.5% BSA)

as follows: C1q (Quidel goat anti human C1q, 1:1000), C3 (Cappel goat

anti-Rat, 1:1000 or Rabbit anti-C3c, 1:1000 [provided by J.D.L.]),

SV2 (Developmental Studies Hybridoma Bank, 1:50), and PSD95

(Zymed, rabbit, 1:200) and incubated overnight at 4�C. Secondary

Alexa-conjugated antibodies (Invitrogen) were added at (1:200–1:500

in Ab buffer) for 2 hr at room temperature. Slides mounted in Vecta-

shield (+DAPI) were imaged using a CCD camera (SPOT) or a Leica

SP2 AOBS confocal laser scanning microscope.

Array Tomography

Two mice, postnatal day 7, were perfused intracardially with PBS

followed by 4% PFA in PBS. The tissue was then processed for array

tomography as described in Micheva and Smith (2007) and in the

Supplemental Data.

Labeling of Retinogeniculate Afferents

Mouse pups were anesthetized with inhalant isofluorane. Mice

received intravitreal injections of cholera toxin-b subunit (CTb) conju-

gated to Alexa 488 (green label) in the left eye and CTb conjugated
r Inc.
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to Alexa 594 (red label) into the right eye as described in Bjartmar et al.

(2006) and in the Supplemental Data.

Quantification of LGN Images and Preparation

of Photomicrographs

Images were digitally acquired with a color CCD camera (SPOT). All

images were collected and quantified ‘‘blind,’’ and age-matched litter-

mate controls were used in addition to age-matched standard C57BL6

mice. Gains and exposures were established for each label. Raw im-

ages of the dLGN were imported to Photoshop (Adobe),and the degree

of left and right eye axon overlap in dLGN was quantified using the

multithreshold protocol as previously described (Bjartmar et al.,

2006; Supplemental Data).

Electrophysiological Recordings

Mice aged P26–P34 were euthanized, and parasagittal brain slices

containing the LGN (250 mm) were cut on a vibratome and whole-cell

voltage-clamp recordings of thalamic relay neurons from the contralat-

eral region of the dLGN performed following the method of Hooks and

Chen (2006) (see the Supplemental Data). For statistical analysis, a t

test was used to compare two groups of data. Values are expressed

as mean ± SEM.

Determining Stage of Glaucoma

Glaucoma was assessed using standard procedures as previously

described (Libby et al., 2005; Howell et al., 2007). Briefly, retrobulbar

portions of the optic nerves were fixed, processed, embedded in plas-

tic, and sectioned. Sections were stained with paraphenylenediamine

(PPD), which stains all myelin sheaths but differentially stains the axo-

plasm of sick or dying axons darkly. The damage level of each nerve

(no or early, moderate and severe) was determined using the consen-

sus of three masked investigators (see the Supplemental Data).

C1q Real-Time PCR

C1qA and C1qB RNA expression levels were assessed in 15 eyes

from 10.5-month-old DBA/2J mice (ten no or early and five moderate

glaucoma), and five DBA/2J-Gpnmb+ ‘‘control’’ eyes. The retinas

were dissected free and placed in RNAlater (QIAGEN) for at least 24

hr, and RNA was isolated using Microkit RNA extraction (QIAGEN).

For each eye, 500 ng of RNA was used to generate first-strand

cDNA using Message Sensor RT (Ambion). Expression levels were

assessed for C1qA, C1qB as well as the three normalizers. Real-

time PCR reactions were prepared using Power SYBR Green PCR

(Applied Biosystems) and run on the 7900HT Fast Real-Time PCR

System (Applied Biosystems). Details on the PCR conditions, primer

sequences, and relative expression values are described in the

Supplemental Data.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures,

six figures, and Supplemental References and can be found with this

article online at http://www.cell.com/cgi/content/full/131/6/1164/

DC1/.
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