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C1q, a member of the immune complement cascade, is implicated in
the selective pruning of synapses by microglial phagocytosis. C1g-
mediated synapse elimination has been shown to occur during brain
development, while increased activation and complement-dependent
synapse loss is observed in neurodegenerative diseases. However,
the molecular mechanisms underlying C1qg-controlled synaptic prun-
ing are mostly unknown. This study addresses distortions in the
synaptic proteome leading to C1g-tagged synapses. Our data dem-
onstrated the preferential localization of C1q to the presynapse.
Proteomic investigation and pathway analysis of C1qg-tagged synap-
tosomes revealed the presence of apoptotic-like processes in Clg-
tagged synapses, which was confirmed experimentally with apo-
ptosis markers. Moreover, the induction of synaptic apoptotic-like
mechanisms in a model of sensory deprivation-induced synaptic
depression led to elevated C1q levels. Our results unveiled that C1q
label-based synaptic pruning is triggered by and directly linked to
apoptotic-like processes in the synaptic compartment.
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he complement cascade, as part of the innate immune sys-
tem, plays a role in the recognition and removal of invading
pathogens and stimulating further components of the immune
system. It has also been shown that certain complement system
molecules are constitutively expressed in diseased and healthy
brain (1). Specifically, Clq, the first component of the classical
complement pathway, C3, and complement receptor 3 participate in
postnatal synaptic development and pruning (2). Schafer et al. (3)
reported the role of microglia cells in synapse elimination in the
developing murine visual system in a synaptic activity-dependent
and complement-mediated manner. Stevens et al. (4) showed the
synaptic localization of Clq and its expression in a period of post-
natal development of the retina and brain, and they demonstrated
that Clq is the pruning-initiator label on certain synapses. Erro-
neous synapse remodeling was observed in Clq knock-out mice (4).
Stephan et al. (5) showed that correlating with cognitive decline, the
Clq level dramatically increases during normal aging of mouse and
human brain and that Clq is localized in close proximity to syn-
apses. Most recently, participation of Clg-mediated synaptic
pruning was described in early-stage synapse loss in animal models
of Alzheimer’s disease (6) and in frontotemporal dementia (7).
It is well-known that synaptic turnover can occur at high rates
even in adulthood (8) and that synaptic Clq, as a molecular
“tag,” mediates the selective pruning of unnecessary synapses by
the adjacent microglia (6, 7). However, the molecular changes
attracting the Clq tag to a synapse are still unknown. In the
present work, we addressed the question of what kind of specific
synaptic proteome alterations could induce the Clq tagging of a
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synapse. We identified the subsynaptic localization of Clq and
elaborated a technique of separating Clg-labeled murine syn-
aptosomes by fluorescence-activated cell sorting (FACS). We
applied 2D differential gel electrophoresis (2D-DIGE) and mass
spectrometry (MS) for quantitative synaptic proteome change
discovery. Our results revealed the significance of apoptotic-like
mechanisms in the background of synaptic Clq tagging, which
was verified experimentally. To our knowledge, this is a unique
report on the direct link between synaptic local apoptotic-like
processes and Clg-mediated synaptic pruning mechanisms.

Results

Presence of C1q in Synaptic and Subsynaptic Fractions—Preferential
Recognition of the Presynapse by C1q. This study was critically
dependent on the appropriate purification of synaptosomes from
the cerebral cortices of mice. Visual analysis of electron micro-
graphs of the samples demonstrated that ~87% of the particles
were synaptosomes (SI Appendix, Fig. S1 A-C). We also investi-
gated the enrichment of well-known synaptic protein markers
in the cortical synaptosome fraction in comparison with whole
cortical tissue homogenate. Our results demonstrated prominent

Significance

Synaptic pruning is dominant in early ontogenesis when a large
number of unnecessary synapses are eliminated, and it main-
tains synaptic plasticity in the mature healthy brain, e.g., in
memory processes. Its malfunction is involved in degenerative
diseases such as Alzheimer’s disease. C1q, a member of the im-
mune complement system, plays a central role in the selective
pruning of synapses by microglial phagocytosis. Understanding
the molecular aspects of complement-mediated synapse elimi-
nation is of high importance for developing effective therapeutic
interventions in the future. Our analysis on C1qg-tagged synap-
tosomes revealed that C1q label-based synaptic pruning is linked
to local apoptotic-like processes in synapses.
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enrichment of the postsynaptic marker postsynaptic density pro-
tein 95 (Psd95) and a significantly elevated level of the presynaptic
synaptophysin (Syp) in the fraction of synaptosomes (SI Appendix,
Fig. S1D). Synaptosomes were visible via differential interference
contrast (DIC) light microscopy, as they formed large aggregates
in PBS medium (SI Appendix, Fig. S1E). Confocal microscopy
experiments also confirmed sample purity by labeling the synapse-
specific Syp protein (SI Appendix, Fig. S1E).

Another crucial element was the demonstration of the presence
of Clq protein in the synaptosome fraction. Our immunoblotting
experiments indicated the presence of Clq in the whole cerebral
cortex tissue samples. Moreover, Clq was localized to the cerebral
cortical synapses of healthy adult mice (SI Appendix, Fig. S1F). In
addition, the presence of brain-derived, and particularly synapse-
attached Clq in transcardially perfused mice without complement
contamination from the blood confirmed our observations on
synaptosomes. Individual Clg-tagged synaptosomes have also
been observed in sucrose/EDTA/Tris (SET) buffer using confocal
microscopy (Fig. 14). Clq and Syp were clearly colocalized (Fig.
1A), which is in accordance with previous data (5). These results
confirmed the presence of a pool of secreted Clq molecules that
directly bind to synapses in the adult brain.

Clq has been observed previously in colocalization with and in
close vicinity of pre- and postsynaptic molecular markers using
different techniques (4, 5). To estimate precisely the distribution
of Clq between the two sides of synapses, we fractionated pre-
and postsynaptic membranes (PRE and PSD, respectively) from
the synaptosomes. Western blot analysis (Fig. 1B) verified the
enrichment of the mostly presynapse-derived Syp in the PRE
fraction and the postsynapse-marker Psd95 in the PSD fraction
(Fig. 1C). Our results revealed that Clq is predominantly pre-
synaptically bound (PSD/PRE Clq levels = 0.26 + 0.08, mean +
SEM; P = 0.0013; Fig. 1C). These results suggest that Clg-
dependent elimination of synapses originates from the presyn-
aptic compartment in the cerebral cortex.

Sorting of C1q-Tagged Synaptosomes. Analysis (and sorting) of
synaptosomes using flow cytometry has been conducted by few
groups before (9-11). However, experimental designs varied
considerably between the studies (e.g., detection of fluorescence

A
ﬂﬂg

Psd95

.= |
2

-- Syp
C1q

@9-=

O

Syp C1q

-
o

1.0

[
w

—
3
<
=
£
S
=)
w
ol
iz

0.0

Rel. Fluor. Int (AU)
o
w

Rel. Fluor. Int (AU)
o
w

o
o
o
o

PRE PSD PRE PSD PRE PSD

Fig. 1. Presence of C1q in the synaptosome fraction. (4) Confocal image of
dispersed Syp-positive synaptosomes in SET buffer showing several points of
colocalization with C1q (representative image of four independent experi-
ments). (B) Western blot image and (C) bar graphs showing levels of the pre-
and postsynaptic markers Syp and Psd95, respectively, and of C1q in pre- (PRE)
and postsynaptic (PSD) membrane fractions (n = 6 biologically independent
samples). Means + SEM are shown. **P < 0.01, and ***P < 0.001, two-tailed
independent Student’s t test. (Scale bar in A, 5 pm.)
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Fig. 2. Sorting of synaptosomes for the synaptic C1q tag. (A) Representative
histograms illustrating the fluorescence intensity of C1g-immunolabeled syn-
aptosomes (representative image of at least six independent experiments). The
blue histogram in the front represents the negative control sample, labeled
solely with the fluorescent dye-conjugated secondary antibody; the green
histogram in the back depicts the fluorescence intensity of synaptosomes
labeled with anti-C1gA primary antibody as well. G1 and G2 gates show
the populations of untagged and Clg-tagged synaptosomes, respectively.
(B) Representative Western blot image demonstrating the level of Cl1q in
6 million sorted untagged and 6 million sorted Clg-tagged synaptosomes
complemented with an image of the corresponding total protein staining
(SYPRO Ruby) (representative image of four independent experiments).

by antibody-based method or by the presence of transgenically
engineered fluorescent protein); thus, we had to optimize the
method for our purposes. In contrast to the previous practice, we
used SET buffer instead of PBS throughout the immunolabeling
of synaptosomes to prevent their aggregation (12) (Fig. 14).
Synaptosome samples were filtered through a 5-uym pore size
membrane to remove large contaminants and aggregated syn-
aptosomes. This step has been successfully used for synaptosome
purification previously (13). This protocol enabled the analysis of
individual synaptosomes in FACS experiments (SI Appendix, Fig.
S24). Immunolabeled synaptosomes formed a homogeneous
population by size and inner complexity in flow cytometry
analysis (ST Appendix, Fig. S2B). The diameter of the synapto-
somes was in the range of 0.5-1 pm according to our tests with
differently sized flow cytometry calibration beads, which is in
accordance with previously published results (9). We excluded
the possibility that detection of cellular debris could compromise
our observations in flow cytometry experiments because the
detected particles could almost be completely labeled with the
viability dye calcein-acetoxymethyl (AM) ester (S Appendix, Fig.
S2C). In addition, electron microscopy examinations revealed
intact synaptosomes after the sorting procedure (SI Appendix,
Fig. S2D). Gating of fluorescently labeled synaptosomes was
performed strictly eliminating the false positives based on the
histogram of the negative control samples (Fig. 24). Summa-
rizing our flow cytometry data, 15.60 + 3.03% (mean + SEM) of
the synaptosomes were labeled with anti-C1qA antibody (SI
Appendix, Fig. S3). The specificity of the antibody in this ex-
periment was verified in a parallel investigation, as we detected a
similar percentage of Clg-positive synaptosomes using an al-
ternative, highly specific, monoclonal anti-C1q antibody (5) (S
Appendix, Fig. S3). In addition, we also assessed the percentage
of Clqg-positive synaptosomes isolated from the cerebral cortices
of newborn mice [at postnatal day 5 (P5)] and observed a lower
amount of Clg-positive synaptosomes in comparison with the
results obtained using adult mice (SI Appendix, Fig. S3), which is
in accordance with the already described notable increase in Clq
expression during aging (5). Western blot analysis also verified
the reliability of sorting purity via the successful detection of
Clg-signal from Clqg-tagged synaptosome homogenates and the
lack of a detectable signal from the untagged ones (Fig. 2B). In
conclusion, immunolabeling of the complement tag of synapses
and application of the FACS methodology provided sorted
synaptosome samples suitable for characterizing the molecular
composition of Clg-tagged synapses.

Gyorffy et al.
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An Altered Proteome Characterizes Synapses Tagged with C1q. Pro-
teomics experiments were performed on 2 million Clg-tagged and
2 million untagged sorted synaptosomes. The 2D-DIGE proteo-
mics investigation utilized gel-based protein separation and pro-
tein abundance quantification coupled with protein identification
via MS. These experiments were carried out on six independent
parallels (six mice) resulting in 410 quantifiable spots of different
proteins (the criterion was to be comparable on at least five
samples out of six). Out of these spots, 25 exhibited significant
intensity differences between tagged and untagged samples. Re-
liable protein identification was possible for 19 protein spots (S/
Appendix, Table S1). Ten spots exhibited significantly lower levels
and 9 spots indicated significantly higher levels in Clg-tagged
synaptosomes in comparison with untagged ones. Fold changes
were between —1.23 to —1.6 and 1.32-2.24 (Fig. 34 and SI Ap-
pendix, Fig. S4). Altogether, we have identified 18 proteins with
different abundance between the two sorted synaptosome sub-
populations using MS (Fig. 34 and SI Appendix, Fig. S4).

The proteins with altered levels were assigned into functional
groups according to their roles in physiological cellular mechanisms
(Fig. 3B). Our results revealed that many aspects of synaptic and
general cellular functions are different between the two synaptic
subpopulations. Affected proteins are directly linked to synaptic
transmission (Cplxl, Nptxl, Sncb, and Syn2), carbohydrate and
energy metabolism (Aco2, Aldoa, AtpSal, and Enol), signal
transduction (Gnbl, Pitpna, and Ppp3rl), the cytoskeleton (Actb
and Tmod2), protein degradation (Psma5 and Uchll), oxidative
stress response (Prdx6), and ion transport (Vdacl), while the cel-
lular function of Phptl is not well-characterized. Taken together,
our data suggest that disturbances in several cellular mecha-
nisms are present in synapses assigned for complement-mediated
phagocytosis.

We have revealed decreased neuronal pentraxin 1 (Nptx1) in
Clg-tagged synapses. Proteins of the pentraxin family are regu-
lators of complement in the periphery, e.g., pentraxin-3 is an
interacting partner of Clq (14). Nptxl, Nptx2, and neuronal
pentraxin receptor are implicated in synaptic transmission and
plasticity, e.g., participating in the trafficking of AMPA receptors
(15). They are involved in developmental synaptic maturation
(16) and in the refinement of the visual system (17). Nptx1 and
Nptx2 were hypothesized to be binding partners of Clq (4, 18),
but these data need to be confirmed. Interestingly, we have
found a decreased level of Nptx1 in Clg-tagged synapses in one
spot in the 2D-DIGE experiment. However, using 2D immuno-
blotting, we have identified several posttranslationally modified
forms (SI Appendix, Fig. S5). The difference in their isoelectric
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Fig. 3. Results of 2D-DIGE experiments. (A) The extent of protein level
changes. As generally used in proteomics and adapted in the DeCyder 2D
Differential Analysis software, the paired average ratio accounts for the ratio
of protein levels in C1g-tagged and untagged samples in the case of increased
protein levels and its negative reciprocal value in the case of decreased levels.
(B) Functional classification of the proteins exhibiting altered levels. Arrows
indicate the direction of level change of the corresponding protein spot. At
the Bottom, color codes of the different functional classes are shown.
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points possibly indicates phosphorylation as modification. These
data suggest that posttranslational modification of Nptx1 could
be an important factor in Clq tagging or untagging of a synapse.
Considering the predicted significance of neuronal pentraxins in
complement regulation and their importance in synaptic trans-
mission and synaptic pruning, these data have to be deciphered
in the future.

Local Apoptotic-Like Mechanisms Are Linked to Synaptic C1q Tagging.
To reveal the regulatory mechanisms that are responsible for the
molecular disturbances in Clg-tagged synapses, bioinformatics
analyses were conducted using the Pathway Studio knowledge
tool (Elsevier Life Science Solutions). The investigation involved
the identification of possible regulatory components (i.e., small
molecules, proteins, molecular complexes, and cellular pro-
cesses) downstream of the altered proteins. Surprisingly, the
second highest-ranked term after “synaptic plasticity” was “ap-
optosis” among the possible downstream elements regulated by
the identified proteins (SI Appendix, Fig. S6 and Dataset S14).
Investigating the literature, it was revealed that 15 of the 18
proteins were reported to be involved in apoptotic processes,
particularly Vdacl, Prdx6, Uchll, Enol, Ppp3r1, and Nptx1 (for
the list of references, see Dataset S1B). These results suggested
that synaptic Clq tagging plays a role in the recognition of
synapses in which local apoptotic-like processes have been ini-
tiated. Regarding the possible upstream elements, the highest-
ranked term was “Ca®*” (SI Appendix, Fig. S6 and Dataset S1 A4
and B). This finding also strengthens the possibility that a limited
synaptic apoptotic-like mechanism characterizes Clq-tagged
synapses, in light of the fact that local calcium transients in the
dendritic arborization can activate apoptotic molecular mecha-
nisms ultimately leading to dendrite pruning (19).

The coexistence of apoptotic-like mechanisms and Clq tagging
in the synapse required experimental verification. Flow cytometry
experiments were conducted to define the colocalization of Clq
with apoptotic markers, cleaved (or active) caspase-3 and annexin
V. Caspase-3, once it becomes activated by cleavage, is a central
player in the execution of apoptosis (20). Moreover, in the brain,
caspase-3 is present at its second highest level in the subcellular
compartment of nerve endings after the cytosol (21). Annexin V
selectively recognizes externalized phosphatidylserine, a phos-
pholipid translocated from the intracellular to the extracellular
side of the plasma membrane during apoptosis; thus, it is fre-
quently used in apoptosis detection assays (22). The majority of
Clg-labeled synaptosomes exhibit the molecular signs of apopto-
tic-like mechanisms in comparison with nonlabeled ones, as
revealed by double labeling for C1q and cleaved caspase-3 (Fig. 4
A and B) and for Clq and annexin V (Fig. 4 C and D). In contrast,
Clqg-untagged synaptosomes were less likely to show the molec-
ular signs of apoptotic processes (Fig. 4 A-D). Interestingly, we
found a moderate-to-strong positive correlation between synaptic
cleaved caspase-3 and Clq levels (R = 0.61 + 0.01; mean + SEM,;
Pearson correlation coefficient; n = 4 independent experiments).
We also have to note that it is highly probable that the amount of
Clg- and annexin V-double-positive synaptosomes was even
underestimated. This assumption is based on the fact that besides
annexin V, Clq is also reported to bind phosphatidylserine, but
with lower affinity (23). Therefore, annexin V could dissociate
Clq from its common binding partner at the surface of synapto-
somes. This hypothesis is also supported by our observation that
anti-C1qA labeling without the addition of annexin V resulted in a
remarkably increased number of Clg-positive synaptosomes
(15.60 + 3.03%, mean + SEM) relative to after double labeling
(3.71 + 0.71%). These results raise the possibility that phospha-
tidylserine, a nonprotein apoptotic marker, could be an important
binding partner of Clq.

To confirm our observations with an independent method, we
performed immunostaining of brain sections for Clq, cleaved
caspase-3, and Syp. In agreement with our flow cytometry data,
we demonstrated the colocalization of cleaved caspase-3 in Clg-
tagged synapses (Fig. 4E and SI Appendix, Fig. S7). Importantly,
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our translational experiment confirmed the abundant colocali-
zation of Clq, cleaved caspase-3, and Syp in human cerebral
cortex (Fig. 4E and SI Appendix, Fig. S8). The activation of the
molecular machinery, well known in apoptosis, has already been
described under synaptic weakening and long-term depression
(as excellently reviewed in ref. 24). To test the hypothesis that
synaptic downscaling could result in activation of an apoptotic-
like molecular process ending up with Clq tagging of synapses
involved, we studied a well-established model of synaptic de-
pression in the barrel cortex (25, 26). In this model, whisker
removal induces synaptic weakening and degeneration of syn-
aptic boutons and axonal branches in the sensory deprived pri-
mary somatosensory barrel cortex (25, 26). Our investigation
revealed the elevation of Clq and cleaved caspase-3 levels in
homogenates of synaptosomes isolated from affected barrel
cortices in comparison with unaffected ones (Fig. 5). Moreover,
the level of synaptic vesicle-localized Syp decreased (Fig. 5),
which is in accordance with the previously reported presynaptic
dysfunction in this model (25). In conclusion, our data strongly
suggest that the selective C1q tagging of synapses depends on the
occurrence of local apoptotic-like processes.

Discussion

Synaptic pruning is a physiological process necessary in early
ontogenesis to shape functional neuronal circuits (27) and to
promote synaptic plasticity in the mature central nervous system
as it maintains a kinetic balance in synapse turnover (28).
However, unbalanced synaptic turnover shifted toward pruning
is a hallmark of neurodegenerative diseases, e.g., Alzheimer’s
disease (29), and schizophrenia as well (30). The classical path-
way of the complement system has been repeatedly implicated in
the process of synaptic pruning since the pioneering study of
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presence of cleaved caspase-3 in C1g-tagged synap-
ses in the molecular layer of the hippocampal den-
tate gyrus. On stimulated emission depletion (STED)/
confocal combined microscopy images, circles indicate
examples of colocalization between C1q (yellow) and
the presynaptic and apoptotic markers synaptophysin
(cyan) and cleaved caspase-3 (magenta), respectively.
Moreover, the abundant colocalization of these three
proteins was further confirmed on human brain sec-
tions (prepared from the temporal cortex) using the
HyVolution 2 pseudosuperresolution confocal micros-
copy technique (Lower). Means + SEM are shown; n =
4 mice per apoptotic marker. *P < 0.05, **P < 0.01,
and ***P < 0.001, two-tailed Student’s t test of paired
samples. (Scale bar, 0.5 pm.)

Stevens et al. (4). A detrimental role of the excessive activation
of Clq and C3 (6), and other downstream complement compo-
nents (31, 32) leading to synapse and/or neuronal loss has been
identified in neurodegenerative pathology. Despite the signifi-
cance of complement-mediated synapse elimination in health
and disease, knowledge about the molecular changes leading to
Clqg-tagged synapses is limited.

Our investigations were performed on synaptosomes con-
taining both the pre- and postsynaptic neuronal elements, which
can be compartmentalized, and the localization of Clq can be
examined (Fig. 14 and SI Appendix, Fig. S1). The presence of
Clq attached to individual synaptosomes is in accordance with
the results of previous studies that revealed detectable Clq levels
in the brains of healthy adult rodents and of human subjects as
well (5, 6). Separation of the two sides of the synapse unveiled
that the Clq tag is dominantly localized to the presynaptic part
of the labeled synapse (Fig. 1 B and C). Therefore, complement-
mediated synaptic pruning might be directly initiated by pre-
synaptic processes. This finding is supported by the fact that
microglia engulf specific presynaptic elements (3). Although
several interacting partners of Clq are known (33), they were
identified in the periphery, not in the central nervous system.
Our data suggest that it is worth searching for presynapse-specific
interacting partners of Clq in the future.

In this study, we have combined FACS with proteomics
techniques to reveal synapse-specific protein alterations in the
subset of synapses that are assigned for elimination via the local
complement system. The experimental procedure enabled the
multiparametric analysis of individual synaptosomes (Fig. 24 and
SI Appendix, Fig. S2) and the pure separation of Clg-tagged ones
(Fig. 2B). Synaptic proteins of altered abundance in the Clg-
tagged synapses (Fig. 34 and SI Appendix, Fig. S4) were assigned
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Fig. 5. Sensory deprivation elevates synaptic C1q and cleaved caspase-3 levels
in the affected brain region. (A) Schematic illustration of the connection be-
tween the whiskers and the primary somatosensory barrel cortex via the
brainstem and the thalamus. In this experimental model, the whiskers on the
right-hand side were removed, while the flow of sensory information from
the left-hand side remained undisturbed. Molecular alterations between the
affected (Left, contralateral) and unaffected (Right, ipsilateral) barrel cortices
were compared. (B) Representative Western blot images showing levels of
C1q, cleaved caspase-3, synaptophysin (Syp), and the loading control actin in
homogenates of synaptosomes prepared from the barrel cortices of the cor-
responding hemispheres. (C) Synaptic C1q and cleaved caspase-3 levels were
significantly elevated in the affected barrel cortex (normalized to Syp), while a
decrease in the level of the presynaptic protein Syp (normalized to actin)
suggests deterioration of presynaptic structures. Means + SEM are shown; n =
6 (12 mice, pooled in groups of 2 before subcellular fractionation). Two-tailed
Student’s t test of paired samples.

to functional groups (Fig. 3B), which indicated impaired cellular
functions. One of the interesting findings was that our data
suggest a general down-regulation of synaptic transmission. The
low level of synaptic transmission in the Clg-tagged group of
synapses is in accordance with the hypothesis that lower synaptic
strength predisposes to complement-dependent microglial syn-
aptic phagocytosis (34). Specifically, disturbances in synaptic
vesicle recycling could be noted because major participants in
this cellular process, such as Sncb (35), Syn2 (36), and Cplx1
(37), were affected in Clg-tagged synapses. Moreover, we have
revealed a different level of Nptxl, a potential Clg-binding
protein based on its homology to the well-known Clg-interacting
peripheral pentraxins. Nptxl could be present intracellularly,
exhibiting marked proapoptotic function (38), and in a secreted
form, is attached to the synaptic surface (15); therefore, the
mechanistic rules underlying its trafficking have to be uncovered
in future studies.

The functions of altered proteins suggested several interesting
possibilities for cellular processes taking place in a Clqg-tagged
synapse. Applying knowledge-based tools to proteomic changes
provided a better understanding of the general mechanisms
underlying selective Clq tagging and synaptic pruning. This
analysis noted apoptosis with a high rank among all of the pos-
sible downstream entities regulated by the proteins identified in
our proteomics study (SI Appendix, Fig. S6). To verify the
presence of apoptotic-like mechanisms in the Clg-tagged syn-
apses, we investigated the colocalization of apoptosis markers,
either cleaved caspase-3 or annexin V, with Clq. It turned out
that double-labeled synaptosomes were greatly enriched in the
Clg-tagged fraction of synapses (Fig. 4 A-D). Furthermore, the
positive correlation between synaptosomal Clq and cleaved
caspase-3 amounts suggests that the extent of caspase-3 activa-
tion influences the level of synaptic Clq deposition, thereby af-
fecting synaptic pruning. The abundant presence of both cleaved
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caspase-3 and Clq double-positive synapses was also verified
with immunohistochemistry and confirmed on human brain
sections as well (Fig. 4E). Based on our proteomic data, we also
propose that the initiation of local apoptotic-like mechanisms
might be linked to synaptic calcium ion influx because calcium
ion is a common regulator of an outstanding proportion of al-
tered proteins and of apoptosis itself (ST Appendix, Fig. S6). The
elevation of the local calcium ion level is already known to be
involved in dendrite pruning in Drosophila sensory neurons (19).

The phenomenon of local or limited apoptosis at the level of
individual synapses was reported by previous studies (39, 40)
(and also termed “synaptosis”) (41), but it has never been linked
to Clq tagging. The significance of synaptically localized apo-
ptotic mechanisms has been revealed in brain disorders such as
Alzheimer’s disease (40) and schizophrenia (42). Notably, a causal
relationship was uncovered previously between local caspase-
3 activation and synaptic failure in a mouse model of Alzheimer’s
disease (10). Clq is known as a potent recognition molecule of
apoptotic cells in the periphery (43). It has also been described
that Clq is able to recognize apoptotic cultured neurons and
assign them for microglial clearance (44). Focusing on synapse
physiology, it has been demonstrated that synapse weakening
relies on local synaptic activation of apoptotic-like processes,
with a key role of caspase-3 in it (reviewed in refs. 24 and 45).
The activation of this molecular machinery does not necessarily
lead to cell death, but has central roles in normal synaptic
functions. Hence, local activation of caspase-3 is indispensable in
the induction of long-term depression (46) and its spatially re-
stricted activation is tightly controlled to prevent neuronal cell
death (39). In a model of lower synaptic activation, we provided
additional evidence for the induction of apoptotic molecular
machinery, and, importantly, we described a concomitant ele-
vation in Clq level (Fig. 5). These results are in agreement with
previously demonstrated phenomena in which increased synaptic
activity can suppress intrinsic apoptotic pathways (47), whereas
Clq tagging likely affects weak synaptic connections (34). Our
current study is unique to our knowledge in demonstrating that
local synaptic apoptotic-like mechanisms are correlated with the
complement-mediated recognition of synapses for their removal.
Therefore, our unique results provide the link between synapse
removal and Clq tagging via the identification of synaptic apoptotic-
like mechanisms.

Taking together the experimental and bioinformatics results,
we propose that synaptic transmission downscaling or any other
damaging processes affecting normal synaptic functions could
induce apoptotic-like mechanisms in the synaptic region. The
initiated cascade triggers the binding of Clq to the presynapse,
leading to the selective elimination of the synapse by the adjacent
microglia.

Methods
For fully detailed methods, please refer to SI Appendix.

Human Samples and Ethics Statement. Control human cortical tissue was
obtained from a 72-y-old male subject, who died from causes not related to any
brain disease and had no history of neurological disorders, by autopsy in Saint
Borbala Hospital, Department of Pathology, Tatabanya, Hungary. All proce-
dures were approved by the Regional and Institutional Committee of Science
and Research Ethics of the Scientific Council of Health [ETT TUKEB 31443/2011/
EKU (518/PI/11)] and performed in accordance with the ethical standards of
the institutional and/or national research committee and with the Declaration
of Helsinki and its amendments or comparable ethical standards. According to
Hungarian law (1997 CLIV and 18/1998/X11.27. EUM Decree), no informed
consent is required to study postmortem human tissues.

Preparation of the Whole Tissue Samples, Synaptosomes, and Pre- and Postsynaptic
Membrane Fractions. Adult and newborn (at postnatal day 5) male Crl:NMRI BR
mice were used in the experiments. Mouse cortical whole tissue samples were
prepared via mechanical homogenization in lysis buffer. Proteins of the samples
were acetone precipitated and stored at —80 °C. The fraction of synaptosomes
was prepared using a sucrose density gradient centrifugation method, while the
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separation of pre- and postsynaptic membranes was carried out based on the
treatment of synaptic junctions with detergents at different pH.

Immunolabeling of Synaptosomes and Assessment of Apoptotic Processes and
Viability. Synaptosomes were gently fixed and immunolabeled in SET buffer
with anti-C1gA primary and appropriate secondary antibodies. When addi-
tional labeling of the intracellular Syp and cleaved caspase-3 proteins was
conducted, a permeabilization step was applied using 0.2% Tween-20.
Annexin V labeling was performed using annexin V-FITC protein, and for
viability tests, calcein-AM labeling was applied.

Fluorescence-Activated Cell Sorting. Flow cytometry was performed on a BD
FACSAria Il sorter coupled with BD FACSDiva data acquisition and analysis
software. The population of synaptosomes was designated based on their FSC
and SSC characteristics compared with that of the buffer alone, and further
gating of fluorescent and nonfluorescent particles was performed among the
members of this population. Fluorescently labeled, C1g-tagged and un-
labeled untagged synaptosomes were collected separately and used for the
proteomics and validation experiments. To determine the extent of synaptic
colocalization of C1q with apoptotic markers, additional flow cytometry
experiments were carried out.

Proteomics Experiments. Two-dimensional-DIGE was conducted to compare
the proteomes of sorted C1g-tagged and untagged synaptosomes from six
mice. Proteins from 2 to 2 million C1g-tagged and untagged synaptosomes
were labeled with Cy5, and the pooled sample (2 to 2 million from each
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sample) was labeled with Cy3 fluorescent dye. C1g-tagged and untagged
synaptosome samples were prepared and run on separate gels together with
the same amount of a pooled sample. The fluorescence intensity of the
protein spots was detected, and individual spots were identified, matched,
and manually verified using the DeCyder 2D Differential Analysis software.
For mass spectrometric protein identification, HPLC-MS/MS analysis of the
tryptic peptide mixtures was performed using a nanoflow ultra (U)HPLC
system coupled to a high-resolution quadrupole time-of-flight mass
spectrometer.

Bioinformatics Analysis. Functional classification of the altered proteins was
conducted using the GeneOntology (www.geneontology.org) and UniProt
(www.uniprot.org) databases as well as with published literature. Common
regulator and common target analyses of the differentially regulated pro-
teins were conducted using the Pathway Studio software.
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