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The neuronal pentraxin Nptx2 regulates complement
activity and restrains microglia-mediated synapse loss
in neurodegeneration
Jiechao Zhou1, Sarah D. Wade2‡, David Graykowski2, Mei-Fang Xiao1, Binhui Zhao2,
Lucia A. A. Giannini3, Jesse E. Hanson4, John C. van Swieten3, Morgan Sheng2*, Paul F. Worley1,5*,
Borislav Dejanovic2†*

Complement overactivation mediates microglial synapse elimination in neurological diseases such as Alz-
heimer’s disease (AD) and frontotemporal dementia (FTD), but how complement activity is regulated in the
brain remains largely unknown. We identified that the secreted neuronal pentraxin Nptx2 binds complement
C1q and thereby regulates its activity in the brain. Nptx2-deficient mice show increased complement activity,
C1q-dependent microglial synapse engulfment, and loss of excitatory synapses. In a neuroinflammation culture
model and in aged TauP301S mice, adeno-associated virus (AAV)–mediated neuronal overexpression of Nptx2
was sufficient to restrain complement activity and ameliorate microglia-mediated synapse loss. Analysis of
human cerebrospinal fluid (CSF) samples from a genetic FTD cohort revealed reduced concentrations of
Nptx2 and Nptx2-C1q protein complexes in symptomatic patients, which correlated with elevated C1q and ac-
tivated C3. Together, these results show that Nptx2 regulates complement activity and microglial synapse elim-
ination in the brain and that diminished Nptx2 concentrations might exacerbate complement-mediated
neurodegeneration in patients with FTD.
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INTRODUCTION
Tight regulation of synapse formation and removal, as well as main-
tenance of appropriate connections, is important for the assembly
of neuronal circuits in the mature brain. Aberrant synapse function
and aberrant elimination is a key pathomechanism in neuropsychi-
atric and neurodegenerative diseases like schizophrenia and Alz-
heimer’s disease (AD) (1–3). Innate immune molecules, including
the classical complement pathway (CCP), play a role in synapse
removal during developmental circuit refinement and in patholog-
ical conditions (4–6). C1q, the initiating factor of the CCP, binds to
synapses and, upon activation of the downstream cascade, leads to
engulfment of the complement-opsonized synapses by microglia (4,
7, 8). This process is overactivated in several central nervous system
(CNS) diseases, including AD, virus-induced synapse loss, fronto-
temporal dementia (FTD), Huntington’s disease, and perhaps
schizophrenia, leading to synapse loss and subsequent cognitive
decline (6–12). Blocking C1q binding to neurons is sufficient to at-
tenuate synapse loss in mouse models of AD, FTD, and Hunting-
ton’s disease (7, 11, 13).

Despite the pivotal role of C1q in neurodegeneration and
synapse loss, it is not well understood how C1q and downstream
complement activity are regulated in the brain. Recently, the

secreted neuronal sushi repeat protein X-linked 2 (SRPX2) has
been shown to bind C1q and block complement-mediated
synapse elimination during development of the visual system and
somatosensory cortex (14). However, loss of SPRX2 had no effect
on complement activity and synapse density after the developmen-
tal period (14), suggesting that SPRX2 is not involved in comple-
ment regulation in the adult brain. Apolipoprotein E (ApoE), a
major risk factor for AD, has been shown to interact with C1q
and thereby modulate CCP activity (15).

In the periphery, several proteins have been described to bind
C1q and other complement factors to regulate complement activa-
tion. Members of the pentraxin family directly bind C1q and
thereby regulate peripheral complement activity (16). Long pen-
traxins are characterized by their C-terminal pentraxin domain
and sequence homology among family members. In the CNS,
three pentraxins are primarily expressed by excitatory neurons, neu-
ronal pentraxin 1 and 2 (Nptx1 and Nptx2) and the neuronal pen-
traxin receptor (Nptxr). NPTXs form disulfide-linked hetero-
oligomers that remain tethered to the plasma membrane by the
transmembrane domain of Nptxr (17). NPTX oligomers bind and
promote the clustering of postsynaptic α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) type glutamate recep-
tors (AMPA-R), thereby contributing to different forms of synaptic
plasticity (18–23). Moreover, Nptxr-containing complexes can be
shed from the synapse upon enzymatic cleavage of Nptxr (19). In
vivo imaging of Nptx2 indicates that the Nptx1/Nptx2/Nptxr
complex is exocytosed at excitatory synapses on parvalbumin inter-
neurons (PV-INs) during periods of behavioral activity; as much as
40% of the complex is later shed on a diurnal and circadian schedule
during sleep, presumably in the process of circuit refinement (24).
The shedding process can be monitored in humans by measuring
Nptx2 in cerebrospinal fluid (CSF) and is disrupted by sleep
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deprivation in both mice and humans, highlighting its dynamic
physiological regulation (24).

Nptx2 is expressed as an immediate early gene by excitatory
neurons and is particularly important for activity-dependent
strengthening of GluA4 AMPA-R–containing excitatory synapses
on PV-INs (20, 23, 25). Ocular dominance plasticity requires
Nptx2 (26), and monocular deprivation results in rapid shedding
of Nptx2 expressed by pyramidal neurons at excitatory synapses
on PV-INs in the deprived cortex. Coincidently, excitatory synapses
that couple pyramidal neurons with PV-INs disconnect (27). In an
AD amyloidosis mouse model, Nptx2 deletion amplifies the effect
of amyloid-beta to reduce inhibitory circuit function required for
gamma rhythmicity (25). Nptx2 in CSF serves as a biomarker in
genetic FTD (28), AD (25, 29), Down syndrome (30), dementia
with Lewy bodies (31), schizophrenia (24), and normal aging (32)
and consistently correlates with cognitive measures. The reduction
of Nptx2 in CSF may reflect inhibitory circuit dysfunction with as-
sociated excitatory synapse damage or loss, a pathomechanism
common between neurodegenerative and neuropsychiatric diseases
(24, 25, 33).

Here, we provide evidence that NPTX proteins bind C1q and
thereby regulate CCP activity. Nptx2 is critical to target the
Nptx1/Nptx2/Nptxr complex to presynaptic sites (25), and we
found that deletion of Nptx2 leads to increased activation of the
CCP and microglia-mediated elimination of excitatory synapses
in the adult mouse brain. These consequences of Nptx2 knockout
(Nptx2KO) are prevented by genetic deletion of C1q or by C1q-
blocking antibodies, consistent with the notion that the natural
function of Nptx2 is to inhibit C1q and CCP activation in the
brain. Nptx2 also inhibits the cytotoxic action of activated microglia
in a coculture system. Moreover, in TauP301S mice, a FTD and AD
model characterized by neuroinflammation and complement-de-
pendent neuronal damage (7–9), adeno-associated virus (AAV)–
mediated overexpression of Nptx2 decreased complement activa-
tion and associated synapse loss. Last, we show that Nptx2 interacts
with C1q in human CSF and that the fraction of Nptx2-bound C1q
is decreased in symptomatic carriers of genetic FTD, whereas com-
plement activity is increased compared with healthy noncarriers
and presymptomatic carriers.

RESULTS
NPTXs bind C1q and inhibit CCP activity in vitro
C1q binds peripheral pentraxins with high affinity (34). To deter-
mine whether C1q interacts with NPTXs, we immobilized purified
NPTXs, or immunoglobulin M (IgM) as a positive control, onto mi-
crotiter plate wells and measured C1q binding. C1q bound to all
three NPTXs (Fig. 1A). Binding to immobilized Nptxr was
protein concentration dependent and saturable (fig. S1A). The in-
teraction was C1q specific, because NPTXs did not bind to immo-
bilized complement C2, C3, or C4 (Fig. 1B). To visualize the C1q-
Nptx2 complex, we analyzed purified Nptx2 and C1q by negative
staining electron microscopy. As expected, C1q showed a character-
istic radial spoke structure with six globular heads connected by col-
lagen-like stalks. Consistent with prior biochemical studies (17),
Nptx2 formed a hexameric ring about 10 nm across (Fig. 1C).
When incubated together, the resulting C1q-Nptx2 complex
showed Nptx2 bound to the core of the C1q molecule in between
the globular heads (Fig. 1C). Peripheral pentraxins bind C1q with

their pentraxin domain (34). To test whether C1q binds to the pen-
traxin domain of NPTXs, we expressed and purified Nptx2 pentrax-
in domain (X2-PD) and immobilized it to cyanogen bromide–
activated Sepharose beads. X2-PD–coated beads, but not control
beads, pulled down C1q (fig. S1B). To independently confirm the
C1q-NPTX interaction, we performed cell surface binding assays
with a stable doxycycline-inducible CHO cell line that coexpressed
Nptxr and Nptx2. Upon addition of C1q to fresh cell medium, es-
sentially all CHO cells with doxycycline-induced Nptxr/Nptx2 ex-
pression were decorated with C1q, whereas C1q did not bind to the
CHO cell lines in the absence of tetracycline (and without detect-
able expression of Nptxr and Nptx2) (Fig. 1D). To estimate the C1q-
Nptxr/Nptx2 binding affinity, we incubated Nptxr/Nptx2-express-
ing CHO cells with increasing concentrations of C1q, fixed the cells,
and quantified the amount of bound C1q on the surface using an
anti-C1q antibody. We measured a saturable interaction with a dis-
sociation constant (KD) of about 2 nM for C1q and Nptxr/
Nptx2 (Fig. 1E).

On the basis of the interaction data, we tested whether NPTXs
modulate CCP activity. In a hemolytic complement activity assay,
addition of normal human serum (NHS), which contains all CCP
proteins, leads to the lysis of erythrocytes (fig. S1C). Similar to
ApoE, which was previously shown to inhibit CCP (15), addition
of nanomolar amounts of Nptx1, Nptx2, or Nptxr decreased com-
plement-mediated hemolysis in a dose-dependent manner
(Fig. 1F). Addition of glutathione S-transferase (GST)–tagged
Nptxr pentraxin domain (XR-PD), but not GST alone, efficiently
inhibited CCP-mediated hemolysis in a dose-dependent manner
(fig. S1D). Furthermore, in a CCP-mediated Escherichia coli
killing assay, bacteria cells remained viable in the presence of XR-
PD in a dose-dependent manner (fig. S1E). Last, we used a plate-
based assay in which we immobilized IgM onto microtiter plate
wells. C1q binds with high affinity to aggregated antibodies, result-
ing in the activation of the CCP; addition of NHS with CCP-acti-
vating buffer showed potent C1q-dependent deposition of cleaved
C3 in IgM-coated wells, reflecting CCP activation. Addition of re-
combinant Nptxr inhibited CCP activity in a dose-dependent
manner (Fig. 1G). Together, these results show that all three
NPTXs can bind C1q and inhibit the CCP, likely by blocking C1q.

Nptx2 deletion increases CCP activity and leads to loss of
excitatory synapses in vivo
In AD, Nptx2 is decreased in postmortem brain and in patient CSF,
where its concentration correlates with disease status, cognitive per-
formance, and disease progression (25). Nptx2 concentrations are
also reduced in CSF from patients with schizophrenia, and
Nptx2KO mice show schizophrenia-related behavioral deficits (24).
Given the identification of Nptx2 as a regulator of complement, we
next examined whether Nptx2KO mouse brains exhibited dysregu-
lated complement. We first immunostained C1q in 2- to 3-month-
old Nptx2KO mouse brains; C1q immunofluorescence intensity was
similar in Nptx2KO compared with wild-type (WT) brains (Fig. 2A),
which we further validated by C1q enzyme-linked immunosorbent
assay (ELISA) (Fig. 2B). Whereas full-length protein concentration
of the downstream C4 was also unchanged in Nptx2KO brains
(Fig. 2C), the amount of cleaved activated C4 (C4b) was signifi-
cantly (P = 0.0036) increased in Nptx2KO brains (Fig. 2D), which
is consistent with increased processing of C4 resulting from in-
creased CCP activity in NPTX2KO brains.
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Microglia are the cellular effectors of complement-mediated
synapse pruning. Given the increased complement activity, wewon-
dered whether microglia show a phagocytic phenotype in Nptx2KO

brains. By immunohistochemistry (IHC) staining and immunoblot-
ting, we found that immunoreactivity of the phagolysosomal micro-
glial marker CD68 was significantly (P = 0.048) increased in the
cortices from Nptx2KO mice (Fig. 2, E to G). The number of micro-
glia was unchanged in the cortices of Nptx2KO brains (Fig. 2H). By
IHC, we confirmed that Nptx2 is expressed by excitatory neurons
(fig. S2, A and B), and we detected synaptic Nptx2 puncta in the
vicinity of excitatory synapse marker proteins vesicular glutamate
transporter 1 (Vglut1) and synaptophysin, but not the inhibitory
synapse marker protein gephyrin (fig. S2, C and D). Thus, we won-
dered whether loss of Nptx2 might render synapses more vulnerable
to complement-dependent synapse loss through microglial phago-
cytosis. By coimmunostaining of excitatory postsynaptic marker
Homer1 and presynaptic marker Vglut1 with microglial CD68+ ly-
sosomes (Fig. 2I), we found significantly more Homer1 (P = 0.0317)
and Vglut1 (P = 0.0159) immunoreactivity inside CD68+ lysosomes
in the cortices from Nptx2KO mice compared with WT brains
(Fig. 2, J and K), suggesting that microglial phagocytosis of excitato-
ry synapses is increased in Nptx2KO brains. Given that Nptx2

concentration is particularly high on dendrites of PV-INs (20), we
hypothesized that excitatory synapses on PV-INs might be especial-
ly vulnerable to complement-mediated pruning in Nptx2KO mice.
Using mice that selectively express green fluorescent protein
(GFP)–tagged postsynaptic density protein 95 (PSD95) in PV-INs
(Fig. 2L), we found a significant (P = 0.0197) increase in C1q-
labeled PSD95-GFP puncta in Nptx2KO mice (Fig. 2, M and N).
The increase in C1q and synapses correlated with decreased
PSD95-GFP density along dendrites in Nptx2KO brains (Fig. 2O).
We speculated that microglia eliminate the excitatory synapses on
PV-INs; however, we failed to identify GFP fluorescence in micro-
glial lysosomes, possibly because GFP fluorescence is pH sensitive.
Instead, using a PV-Cre reporter mouse that expresses the pH-stable
tdTomato selectively in PV-INs, we found more tdTomato+ struc-
tures within CD68+ microglial lysosomes in NPTX2KO versus WT
brains (fig. S2E). To validate the loss of excitatory synapses on PV-
INs, we measured the density of colocalized postsynaptic Homer1
and presynaptic Vglut1 puncta around PV somas. Excitatory
synapse density around PV somas was significantly (P = 0.0028) de-
creased in Nptx2KO brains by about 20% (Fig. 2P). PV cell density
was unaffected, suggesting that microglia remove synapses (and
possibly other structures) from PV-INs without inducing PV

Fig. 1. NPTXs bind C1q and inhibit CCP activity in vitro. (A) Microtiter wells were coated with BSA, IgM, or NPTXs (Nptx1, Nptx2, and Nptxr) as indicated and incubated
with C1q. Binding of C1q to the wells was detected using an anti-C1q antibody. P values were determined by one-way ANOVA followed by Šidák post hoc test. (B)
Microtiter wells were coated with BSA or complement proteins (C1q, C2, C3, and C4) as indicated. Binding of His-tagged NPTXs wasmonitored using an anti-His antibody.
P values were determined by two-way ANOVA followed by Šidák post hoc test. (C) Shown are representative images of negative staining electron microscopy of purified
C1q, Nptx2, and C1q-Nptx2 complexes. Scale bars, 10 nm. (D) C1q cell surface binding assays were conducted with a stable tetracycline-inducible CHO cell line that
coexpressed Nptxr and Nptx2. C1q proteins were added to the fresh culture medium, and bound C1q was visualized by immunofluorescence labeling (red). Expression of
Nptxr was detectedwith a Nptxr-specific antibody (green). Images are shown of cells treatedwith (+DOX) or without (−DOX) doxycycline. Scale bar, 50 μm. (E) Cell surface
binding of C1q to Nptxr- and Nptx2-expressing CHO cells was quantified. Stable-inducible CHO cells expressing Nptxr and Nptx2 were incubated with C1q at indicated
concentrations. Bound C1q was detected with an anti-C1q antibody. The signal shown was subtracted from the background in CHO cells without induced Nptxr expres-
sion (ΔOD450). (F) The ability of NPTX to inhibit hemolysis of sheep erythrocytes was tested. Purified Nptx1, Nptx2, Nptxr, or ApoE3 was incubated in NHS, which was
activated using CCP-specific GVB++ buffer, and lysis of sheep erythrocytes was analyzed bymeasuring released hemoglobin at 415 nm. P values were determined by two-
way ANOVA followed by Šidák post hoc test. (G) The ability of Nptxr to inhibit CCP and activated C3 deposition was measured. NHS (1%) supplemented with recombinant
Nptxr was added to IgM-coated microtiter plates, and activated C3 deposition was measured using specific antibodies. Heat-inactivated (Inact.) NHS and C1q-depleted
(dpl) human serum were used as negative controls. P values were determined by one-way ANOVA followed by Šidák post hoc test. Data are presented as means ± SEM.
Each dot represents data from individual samples. OD450, optical density at 450 nm.
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neuronal loss in Nptx2KO brains (fig. S2F). To test whether excitato-
ry synapses are more globally affected in Nptx2KO brains, we mea-
sured excitatory synapse density around NeuN+ somas (a pan-
neuronal marker). Intriguingly, excitatory synapse density was sig-
nificantly (P = 0.0381) decreased by about 15% around NeuN+

somas (Fig. 2Q), suggesting that loss of Nptx2 leads to loss of excit-
atory synapses from additional neuronal subtypes beyond PV-INs.

Microglia have been shown to prune inhibitory synapses under
physiological and pathological conditions through a complement-
dependent mechanism (8, 35, 36). To determine whether loss of
Nptx2 has an impact on inhibitory synapse density, we

Fig. 2. Nptx2 regulates complement
activity in vivo. (A) Shown on the left
are representative images of C1q im-
munostaining in WT and Nptx2KO

mice brains. Scale bar, 1000 μm. The
right shows quantification of C1q im-
munofluorescence in WT and Nptx2KO

brains. P values were determined by
unpaired t test. n = 9 for WT; n = 6 for
Nptx2KO. Norm., normalized. (B to D)
C1q (B), C4 (C), and C4b (D) concen-
tration inWT and Nptx2KO cortices was
measured by ELISA. P values were
determined by unpaired t test. n = 8
for WT; n = 9 for Nptx2KO. (E) Shown
are representative confocal images of
CD68 (green) and Iba1 (magenta) im-
munostaining in WT and Nptx2KO

cortical layers II to V. Scale bars, 30 μm
and 2 μm (inset). (F) CD68 volumewas
quantified in WT and Nptx2KO cortical
layers II to V. P values were determined
by unpaired t test. n = 5 for WT; n = 7
for Nptx2KO. (G) Representative
Western blots and quantification show
CD68 abundance in hippocampi from
WT and Nptx2KO cortices. P values
were determined by unpaired t test.
n = 12 for WT; n = 12 for Nptx2KO. (H)
The number of Iba1+ microglia in WT
and Nptx2KO whole brains was quan-
tified. P values were determined by
unpaired t test. n = 3 for WT; n = 3 for
Nptx2KO. (I to K) Shown are represen-
tative confocal images and three-di-
mensional (3D) surface rendering of
immunostained CD68 (green), Vglut1
(magenta), and Homer1 (blue) in WT
and Nptx2KO cortical layers II to V (I).
Scale bars, 5 μm and 1 μm (inset).
Homer1 (J) and Vglut1 (K) puncta
inside CD68+ lysosomes were quan-
tified. P values were determined by
unpaired t test. n = 4 for WT; n = 5 for
Nptx2KO. (L) Representative confocal
images of PSD95-GFP and immunos-
tained parvalbumin are shown in samples from PSD95-GFPf/f:PV-Cre WT cortical layers II to V. Scale bars, 10 μm and 4 μm (inset). (M) Shown are representative confocal
images of immunostained C1q (magenta) and PSD95-GFP (green) in PSD95-GFPf/f:PV-Cre:WT and Nptx2KO hippocampus CA1 strata radiata. White circles and white
arrowheads indicate C1q colocalized with PSD95-GFP. Scale bars, 2 μmand 0.5 μm (inset). (N) The percentage of C1q + PSD95-GFP puncta inWT and Nptx2KO hippocampi
was quantified. P values were determined by unpaired t test. n = 5 for WT; n = 6 for Nptx2KO. (O) PSD95-GFP puncta density was quantified in PSD95-GFPf/f:PV-Cre:WT and
Nptx2KO hippocampi. P values were determined by unpaired t test. n = 3 for WT; n = 3 for Nptx2KO. (P) Shown on the left are representative confocal images and mask of
immunostained PV (gray), Homer1 (blue), and Vglut1 (magenta) in WT and Nptx2KO cortical layers II to V. The bar graph on the right shows excitatory synapse density
around somas of PV+ cells. P values were determined by unpaired t test. n = 4 for WT; n = 5 for Nptx2KO. Scale bars, 5 μm. (Q) Shown on the left are representative confocal
images and mask of immunostained NeuN (gray), Homer1 (blue), and Vglut1 (magenta) in WT and Nptx2KO cortical layers II to V. Scale bars, 5 μm. The bar graph on the
right shows normalized number of excitatory synapses around NeuN+ soma. P values were determined by unpaired t test. n = 4 for WT; n = 5 for Nptx2KO. Scale bars, 5 μm.
Data are presented as means ± SEM. Each dot represents data from one mouse.
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immunostained the inhibitory postsynaptic marker gephyrin and
presynaptic marker glutamic acid decarboxylase 67 (GAD67) and
measured inhibitory synapse density around PV+ and NeuN+

somas (fig. S3, A to D). Inhibitory synapse density was unchanged
in Nptx2KO versus WT brains (fig. S3, B and D). The amount of
gephyrin puncta inside microglial lysosomes was not significantly
(P = 0.1561) different between WT and Nptx2KO brains, whereas
GAD67 content was slightly but significantly (P = 0.007) elevated
in Nptx2KO microglial lysosomes (fig. S3, E and F). Together, our
results show that microglia remove excitatory synapses in the
Nptx2KO cortex, whereas inhibitory synapses are largely unaffected
by Nptx2 deficiency.

Complement inhibition rescues synapse loss in
Nptx2KO brains
To test whether synapse loss in Nptx2KO brains is complement de-
pendent, we compared animals that were deficient in C1q, Nptx2, or
both (Nptx2KO;C1qKO double knockout mice). Given that the
volume of microglial CD68+ lysosomes was increased in Nptx2KO

brains, we first analyzed whether this microglial phenotype is C1q
dependent. CD68 volume in C1qKO brains was unchanged com-
pared with WT mice, but C1q deletion prevented the CD68 increase
in Nptx2KO brains (fig. S4A). Concordantly, microglial excitatory
synapse engulfment, as measured by density of Homer1 and
Vglut1 puncta inside CD68+ lysosomes, was unchanged in C1qKO

compared with WT brains but was significantly (Homer1,
P = 0.0053; Vglut1, P = 0.0006) decreased in Nptx2KOC1qKO

versus Nptx2KO brains (Fig. 3, A to C). To measure whether C1q
deletion in Nptx2KO brains resulted in increased synapse density,
we measured excitatory synapse density around NeuN+ and PV+

somas. At 10 weeks of age, C1qKO mice had a comparable
synapse density to WT mice around NeuN+ and PV+ somas, sug-
gesting that C1q is not essential for synapse pruning in the
adult cortex (Fig. 3, D to G). The decreased synapse density
seen in Nptx2KO mice was rescued by C1q deletion, because
Nptx2KOC1qKO mice had a similar synapse density to WT mice
(Fig. 3, D to G). Because in all these IHC readouts C1qKO and
Nptx2KOC1qKO brains were not statistically different, the data
imply that C1q is required in Nptx2KO brains to induce microglia
activation and excitatory synapse elimination.

We showed previously that C1q-blocking antibodies rescued
synapse loss in neuron-microglia cocultures and in P301S mice
(7). To examine whether acute inhibition of C1q is sufficient to
reduce microglial synapse elimination and rescue synapse density,
we stereotactically injected C1q-blocking antibodies that potently
inhibit CCP activity in vitro (fig. S4B), or isotype control IgGs
into opposite somatosensory cortical hemispheres of 2- to 3-
month-old Nptx2KO mice, and analyzed the brains 6 days after in-
jection (fig. S4, C and D). Although the control IgG was diffusely
distributed in the hippocampus and cortex, the anti-C1q antibody
was strongly enriched in the hippocampus and cortex and showed a
punctate staining that is characteristic for C1q distribution in the
brain (fig. S4E) (7). By IHC, we found a significant (P = 0.0005) de-
crease in CD68 volume in the C1q-blocking antibody-injected
cortex compared with the contralateral control IgG-injected
cortex (Fig. 3, H and I). Furthermore, microglial engulfment of
the excitatory synapse marker proteins Homer1 and Vglut1 was sig-
nificantly (Homer1, P = 0.0087; Vglut1, P = 0.0007) decreased in
C1q-blocking versus control IgG-injected cortical hemispheres

(Fig. 3, H, J, and K). To determine whether decreased synapse en-
gulfment resulted in increased synapse density, we measured
Homer1-Vglut1–colocalized puncta around NeuN+ and PV+

somas 6 days after antibody injection. A single dose of C1q-blocking
antibody was sufficient to increase synapse density around NeuN+

and PV+ somas compared with IgG-injected contralateral cortical
hemispheres in all Nptx2KO mice used in the experiment (Fig. 3,
L to O). Together, these findings reveal that Nptx2 deletion leads
to C1q/CCP-dependent synapse elimination through microglial
pruning in the adult mouse brain.

Neuronal Nptx2 overexpression limits complement-
mediated neurotoxicity in a neuroinflammation neuron-
microglia coculture model
Activated microglia can mediate neurodegeneration in culture. Ad-
dition of the bacterial endotoxin lipopolysaccharide (LPS) to
neuron-microglia cocultures induces a strong proinflammatory
and phagocytic microglia state and increased expression of comple-
ment components (37, 38), leading to notable loss of dendrites and
neurons as measured by microtubule-associated protein 2 (Map2)
immunostaining (fig. S5, A and B). It has been shown previously
that blocking C1q is sufficient to ameliorate neurotoxicity mediated
by activated microglia in cultures (38). Notably, when we added
C1q-blocking antibodies together with LPS to neuron-microglia co-
cultures, neuronal loss was completely prevented (fig. S5, A and B).
Thus, C1q-mediated activation of CCP is essential for LPS-induced
neurotoxicity in those cocultures. Given that Nptx2 binds C1q and
blocks CCP activation, we wondered whether increasing Nptx2
quantities would be sufficient to prevent LPS-induced neurotoxicity
in neuron-microglia cocultures. We added recombinant Nptx2
protein (rNptx2) or bovine serum albumin (BSA) as a negative
control together with LPS to the cultures (fig. S5C). Addition of
rNptx2 prevented neurotoxicity induced by LPS (fig. S5, C and
D). To test whether enhanced Nptx2 expression by neurons
would be sufficient to ameliorate neurotoxicity, we infected neuro-
nal cultures with AAVs overexpressing V5-tagged Nptx2 or GFP as
a control for 3 days before the addition of microglia to the cultures.
AAV-Nptx2 resulted in increased expression and secretion of Nptx2
into the medium (fig. S5E). Overexpression of Nptx2, but not GFP,
prevented neuronal killing by LPS-activated microglia (Fig. 4, A and
B). We speculated that secreted Nptx2 bound and blocked extracel-
lular C1q, thereby inhibiting CCP activation. To test this hypothe-
sis, we established a proximity ligation assay (PLA) using DNA-
labeled antibodies, followed by ligation of the two DNA tails, am-
plification, and detection by quantitative polymerase chain reaction
(qPCR) to detect and quantify amounts of C1q-Nptx2 complex in
the culture medium. AAV-mediated overexpression of Nptx2 or the
addition of rNptx2 strongly increased the abundance of C1q-Nptx2
complexes as compared with the respective controls in coculture
media (Fig. 4C and fig. S5F). These results show that, analogously
to C1q-blocking antibodies, secreted Nptx2 can bind and block
C1q, thereby preventing neuronal loss in microglia-neuron
cocultures.

AAV-induced Nptx2 overexpression ameliorates synapse
loss in P301S mice
We showed previously in the TauP301S mouse model of FTD/AD
(termed P301S mice hereafter) that C1q labels synapses for micro-
glial elimination and that a C1q-blocking antibody or genetic
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Fig. 3. Complement inhibition rescues
synapse loss in Nptx2KO brains. (A) Shown
are representative confocal images and 3D
surface reconstructions of Homer1 (blue),
Vglut1 (magenta), and CD68 (green) inmouse
cortical layers II to IV. Scale bars, 5 μm. (B and
C) The relative amount of Homer1 (B) and
Vglut1 (C) puncta within CD68+ microglial
lysosomes was quantified. P values were de-
termined by one-way ANOVA followed by
Šidák post hoc test. n = 5 for WT; n = 7 for
Nptx2KO; n = 7 for C1qKO; n = 6 for
Nptx2KO;C1qKO. (D and E) Shown are repre-
sentative confocal images (D) and quantifi-
cation (E) of excitatory synapse density
around somas of PV+ cells in the cortical
layers II to V. White arrows indicate synapses,
which were identified by colocalization of
Homer1 and Vglut1 puncta. P values were
determined by one-way ANOVA followed by
Šidák post hoc test. n = 5 for WT; n = 7 for
Nptx2KO; n = 7 for C1qKO; n = 6 for
Nptx2KO;C1qKO. Scale bars, 5 μm and 2 μm
(inset). (F and G) Shown are representative
confocal images (F) and quantification (G) of
excitatory synapse density around somas of
NeuN+ cells in cortical layers II to V. White
arrows indicate synapses, which were iden-
tified by colocalization of Homer1 and
Vglut1 puncta. P values were determined by
one-way ANOVA followed by Šidák post hoc
test. n = 5 for WT; n = 7 for Nptx2KO; n = 7 for
C1qKO; n = 6 for Nptx2KO;C1qKO. Scale bars, 5
μm and 2 μm (inset). (H) Shown are repre-
sentative confocal images and 3D surface
reconstructions of CD68 (green), Vglut1
(magenta), and Homer1 (blue) in control IgG
and C1q-blocking antibody-injected Nptx2KO

cortices. Scale bars, 5 μm and 1 μm (inset). (I)
Volume of CD68+ microglial lysosomes in the
cortices of Nptx2KO mice injected with
control IgG and C1q-blocking antibody was
quantified. P value was determined by
paired t test. n = 7. (J and K) The relative
amount of Homer1 (J) and Vglut1 (K) puncta
within CD68+ microglial lysosomes was
quantified in the cortices of Nptx2KO mice
injected with isotype IgG antibody or C1q-
blocking antibody. P values were determined
by paired t test. n = 7. (L) Shown are repre-
sentative confocal images of immunostained
NeuN (gray), Homer1 (blue), and Vglut1
(magenta) in the cortical layers II-V of
Nptx2KO mice injected with control IgG or
C1q-blocking antibody. White arrows indi-
cate synapses, which were identified by co-
localization of Homer1 and Vglut1. P value was determined by paired t test. n = 7; Scale bars, 5 μm and 2 μm (inset). (M) Shown are representative confocal images of
immunostained PV (gray), Homer1 (blue), and Vglut1 (magenta) in the cortical layers II to V of Nptx2KO mice injected with control IgG or C1q-blocking antibody. White
arrows indicate synapses, which were identified by colocalized Homer1 and Vglut1 puncta. Scale bars, 5 μm and 2 μm (inset). (N) Excitatory synapse density around
somas of NeuN+ cells was quantified. P value was determined by paired t test. n = 7. (O) Excitatory synapse density around somas of PV+ cells was quantified. P value
was determined by paired t test. n = 7. Data are presented as means ± SEM. Each dot represents data from one mouse.
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deletion of C1q or the downstream C3 is sufficient to ameliorate
synapse loss (7–9). C1q immunoreactivity was elevated in all
layers of the frontal cortex and was even stronger in hippocampal
regions of 9-month-old P301S mice compared with WT mice (fig.
S6, A to D). However, Nptx2 immunoreactivity was comparable
across cortical layers and hippocampal regions in 9-month-old
P301S versus WT brains, with the exception of the stratum
lucidum of the hippocampus, where Nptx2 immunoreactivity was
slightly but significantly (P = 0.0467) reduced in P301S brains (fig.
S6, E to H). C1q and Nptx2 immunoreactivity in the frontal cortex
and hippocampus was comparable between P301S and WT mice at
3 months (fig. S6). This suggests that at 9 months, an age when
synapse loss is detectable in P301S mice (7, 8), there is a C1q-

Nptx2 imbalance, which might contribute to CCP overactivation.
Therefore, we considered whether overexpression of Nptx2 is suffi-
cient to blunt CCP activity and ameliorate complement-mediated
synapse loss in P301S brains. AAVs overexpressing V5-tagged
Nptx2 or GFP as a control were bilaterally injected into the hippo-
campi of 9-month-old P301S mice (Fig. 5, A and B). Three weeks
after injection, we measured the protein concentration of comple-
ment proteins by ELISA. C1q and C4 concentrations were compa-
rable in GFP- and Nptx2-overexpressing hippocampi (Fig. 5, C and
D). However, C4b, the activated cleaved form of C4, was signifi-
cantly (P = 0.015) lower in Nptx2- versus GFP-overexpressing hip-
pocampi (Fig. 5E). Mean concentrations of total C3 and cleaved C3
(C3b) were reduced in Nptx2- compared with GFP-overexpressing
hippocampi by about 35 and 50%, respectively, but this was not stat-
istically significant (total C3, P = 0.144; C3b, P = 0.205) (Fig. 5, F and
G). As expected, the concentration of all measured complement
proteins was elevated in P301S hippocampi relative to WT hippo-
campi of the same age (fig. S7A). These results imply that overex-
pression of Nptx2 is sufficient to limit CCP overactivation in P301S
brains. To test whether Nptx2-mediated complement inhibition is
sufficient to ameliorate synapse loss in P301S mice, we injected
AAV-Nptx2 or AAV-GFP into the ipsilateral and contralateral hip-
pocampal hemispheres of 8.5-month-old P301S mice and analyzed
the brains 6 weeks after injection by IHC (Fig. 5H and fig. S7B). As
expected at this age, P301S brains were characterized by robust
phospho-Tau staining (measured by AT8 immunoreactivity) as
well as microgliosis and astrogliosis, as measured by ionized
calcium–binding adaptor molecule 1 (Iba1) and glial fibrillary
acidic protein (GFAP) immunoreactivity, respectively (fig. S7, C
to F); all those hallmarks were most strongly detectable in the hip-
pocampus as previously described (fig. S7C) (7, 9). Nptx2 overex-
pression did not affect AT8, Iba1, or GFAP immunoreactivity (fig.
S7, G to I). In line with our ELISA results (Fig. 5C), C1q immuno-
reactivity was also unaffected by Nptx2 overexpression (fig. S7J).
However, overexpression of Nptx2 reduced the percentage of C3-
labeled synapses in the hippocampus, whereas the total number
of C3 structures in the hippocampus was not changed (Fig. 5, I
and J, and fig. S7K). Consistent with restrained CCP activity, the
volume of CD68+ microglial lysosomes was significantly
(P = 0.0126) smaller (Fig. 5, K and L), and microglial engulfment
of excitatory synapses was significantly (P = 0.0165) reduced in
Nptx2- versus GFP-overexpressing hippocampal regions (Fig. 5, K
and M). This correlated with an increase in synapse density in
Nptx2-overexpressing hippocampi, as measured by number of
Homer1 puncta (Fig. 5N). Thus, Nptx2 overexpression is sufficient
to ameliorate CCP-mediated microglial synapse pruning in P301S
mice without affecting AT8 immunostaining or gliosis, implying
that Nptx2 and complement act downstream of Tau pathology
and microglial activation as measured here.

Nptx2, C1q, and Nptx2-C1q complex concentrations are
altered in genetic FTD CSF
Complement is recognized as a major driver of synapse loss and
neuronal damage in many neurodegenerative diseases, and we re-
ported previously that total and CCP activation–induced cleavage
of C3 and C4 are increased in CSF from patients with AD (8, 9).
In a previously characterized cohort of patients with genetic FTD,
symptomatic carriers of pathogenic mutations in GRN or C9orf72
had lower Nptx2 concentrations in CSF, and decreased amounts of

Fig. 4. Neuronal Nptx2 overexpression limits complement-mediated neuro-
toxicity in a neuroinflammation neuron-microglia coculture model. (A)
Shown are representative images of immunostained Map2, Iba1, and Nptx2-V5
or GFP fluorescence in neuron-microglia cocultures treated with LPS or vehicle
(Ctrl) for 24 hours. Neurons were infected with AAV-GFP or AAV-Nptx2-V5. Scale
bars, 50 μm. (B) The percentage of Map2+ area in indicated cultures was quantified.
Three independent neuron-microglia cocultures were used per condition. P values
were determined by two-way ANOVA followed by Tukey post hoc test. (C) Nptx2-
C1q complex abundance in culture medium was analyzed by proximity ligation
assay (PLA). Media from three independent neuron-microglia cocultures were
used. P values were determined by two-way ANOVA followed by Tukey post
hoc test.
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Nptx1 and Nptxr, compared with presymptomatic carriers or non-
carrier controls (Fig. 6A) (28). In a subset of this cohort, we mea-
sured CSF C1q concentrations by ELISA (Fig. 6B). Whereas C1q
concentrations were similar in CSF samples from noncarriers and
presymptomatic carriers, they were significantly (P = 0.0002) elevat-
ed, on average, in CSF from symptomatic patients (Fig. 6B). Next,
we wanted to determine whether C1q and Nptx2 present in the CSF
were biochemically associated and whether Nptx2-C1q complex

amounts were changed in FTD CSF. We used the PLA that we pre-
viously used to measure Nptx2-C1q complex concentration in
culture medium. The specificity of this assay in complex samples
was validated using Nptx2KO and C1qKO mouse brain lysates (fig.
S8A). Furthermore, we monitored whether Nptx2 and C1q would
form new protein complexes in solution by coincubating Nptx2KO

and C1qKO lysates. However, we detected only background signal
compared with lysates from WT brains (fig. S8A), suggesting that

Fig. 5. AAV-induced Nptx2 overexpression ameliorates synapse loss in P301S mice. (A) Shown is a schematic representation of AAV-CamKII-GFP and AAV-CamKII-
Nptx2-V5 constructs used for in vivo studies. (B) Shown is a schematic illustration of the workflow and data analysis. AAVs were injected bilaterally into hippocampi of 9-
month-old male and female P301S mice and analyzed by ELISA 3 weeks later. (C to G) Concentrations of C1q (C), C4 (D), C4b (E), C3 (F), and C3b (G) were measured in
hippocampus lysates from AAV-GFP– and AAV-NPTX2–injected P301S mice. Protein concentrations were measured by ELISA and are expressed as ng or A.U. (arbitrary
unit)/mg of total protein. P values were determined by unpaired t test. AAV-GFP, n = 10; AAV-Nptx2, n = 13 (n = 12 for C1q and C3 ELISA because of low protein yield in one
sample). (H) Shown is a schematic illustration of AAV injection into hippocampi of 8.5-month-old P301S mice and IHC analysis 6 weeks later. (I) Shown are representative
confocal images of immunostained C3 (green) and Homer1 (red) in AAV-GFP– and AAV-Nptx2–injected hippocampal regions of P301S mice. White circles indicate C3
colocalized with Homer1. Scale bar, 2 μm. (J) The percentage of C3-labeled Homer1 puncta in AAV-GFP– and AAV-Nptx2–injected hippocampi from P301S mice was
quantified. P value was determined by paired t test. n = 4. (K) Shown are representative confocal images and 3D surface renderings of Homer1 and CD68+ microglial
lysosomes in AAV-GFP– and AAV-Nptx2–injected hippocampi of P301S mice. (L) The volume of CD68+ structures in AAV-GFP– and AAV-Nptx2–injected hippocampi of
P301S mice was quantified. P value was determined by paired t test. n = 4. (M) The fraction of Homer1 puncta within CD68+ lysosomes in AAV-GFP– and AAV-NPTX2–
injected hippocampi of P301S mice was quantified. P value was determined by paired t test. n = 4. (N) The relative spot number of Homer1 in AAV-GFP– and AAV-NPTX2–
injected hippocampi of P301S mice was quantified. P value was determined by paired t test. n = 4. Data are presented as means ± SEM. Each dot represents data from
individual samples.
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we primarily detected Nptx2-C1q complexes that preexisted in vivo.
In addition, we confirmed that the assay requires the presence of
both oligo-labeled C1q and Nptx2 antibodies in WT brain lysates
(fig. S8B). Last, compared with NHS, we measured only background
Nptx2-C1q PLA signal in C1q-depleted human serum (fig. S8C).
Using the C1q-Nptx2 PLA assay, we measured robust signal in
the CSF, suggesting that C1q and Nptx2 are present in a complex
in the CSF (Fig. 6C). The Nptx2-C1q PLA signal, corresponding
to the amount of the protein complexes containing these two pro-
teins, was decreased in symptomatic carrier CSF versus both pre-
symptomatic and noncarrier CSF (Fig. 6C). To test whether
downstream complement activity is changed in FTD CSF, we mea-
sured the concentration of the C3 cleavage product C3b by ELISA.
CSF C3b concentration strongly correlated with C1q (fig. S8D).
Compared with those in presymptomatic carriers and noncarriers,
C3b concentration was significantly (presymptomatic carriers,
P = 0.0001; noncarriers, P = 0.0001) increased in symptomatic
CSF (Fig. 6D). By comparison, CSF concentration of factor B, a
component of the alternative complement pathway, was similar
between the three patient groups (Fig. 6E). Thus, in CSF from pa-
tients with symptomatic genetic FTD, Nptx2 and Nptx2-C1q
complex concentrations are lowered, whereas CCP activity (C3b)
is increased. These findings support the role of Nptx2 as a potential
regulator of CCP activity in the brain.

DISCUSSION
We report that Nptx2 binds C1q and thereby regulates CCP activity
in the brain under physiological and pathological conditions. The
CCP is triggered by binding of C1q to a wide range of receptors
and subsequent activation of the downstream pathway. Although
other neuronal CCP inhibitors have been identified to play a role
in synapse sculpting during neurodevelopment, including SRPX2
and CUB and sushi multiple domains 1 (CSMD1) (14, 39), to our
knowledge, Nptx2 is the first neuronal protein that regulates CCP
activity in the adult brain. Deletion of Nptx2 in mice led to in-
creased CCP activity, resulting in microglia-mediated removal of
excitatory synapses in the adult brain. Consistent with the hypoth-
esis that Nptx2 acts as a CCP inhibitor, overexpression of Nptx2 was

sufficient to decrease CCP activity and ameliorate neural damage in
a neuroinflammation cell model and in P301S mice. One important
finding of our study is the diminished concentrations of Nptx2-C1q
complexes and elevated C3b in the CSF from individuals with
symptomatic genetic FTD, which is indicative of elevated CCP ac-
tivity in the brain at a stage of disease when cognitive failure
is present.

A recent study reported that Nptx2 interacts with C1q’s globular
head domain with a binding affinity in the nanomolar range (40),
which independently validates our protein interaction analysis.
Because Nptx2 binds to the head region of C1q, the domain by
which C1q interacts with targets like antigen-bound synapses or
IgGs, the interaction blocks downstream CCP activation. A
similar mode of action has been described for a therapeutical
C1q-neutralizing antibody that binds to the head domain of C1q
and prevents the interaction of C1q with diverse ligands (41, 42),
including synapses (7), and is currently in clinical trials for Hun-
tington’s disease and amyotrophic lateral sclerosis.

Without a “stressor” and subsequent glial cell activation and ex-
pression of downstream complement factors, C1q accumulation
alone is likely insufficient to trigger an aberrant innate immune re-
action and widespread neuronal damage (9, 43). Although C1q is
relatively abundant in the brain, expression of downstream CCP
genes, including C1s and C1r which, together with C1q, form the
CCP-initiating C1 complex, is very low and only induced under
pathological conditions (9). Our data suggest that in the absence
of Nptx2, basal CCP activity is elevated enough to increase micro-
glia-mediated excitatory synapse elimination without inducing
more severe neuronal damage. This is consistent with previous
work showing that mice deficient in the complement inhibitors
SRPX2 or CSMD1 are characterized by loss of excitatory synapses
without frank neurodegeneration early in brain development (14,
39). Genetic variations of the complement component 4 (C4)
gene C4A, which lead to increased expression of the C4a protein,
are among the strongest common variant risk factors associated
with schizophrenia (44, 45). Increased expression of C4 is sufficient
to elevate microglia-mediated elimination of excitatory synapses, re-
sulting in aberrant behavior in mouse models (10, 46). Nptx2KO

mice parallel the phenotype of C4-overexpressing mice; we found

Fig. 6. Nptx2, C1q, and Nptx2-C1q complex concentrations are altered in genetic FTD. (A and B) Concentrations of Nptx2 (A) and C1q (B) were quantified in ce-
rebrospinal fluid (CSF) from noncarriers as well as presymptomatic and symptomatic carriers of C9orf72 or GRN mutations. Protein concentrations were measured by
ELISA. Nptx2 concentrations were measured and reported previously (28). P values were determined by one-way ANOVA test followed by Šidák post hoc test. (C) NPTX2-
C1q complex abundance in CSF samples was analyzed by PLA. Quantitative qPCR data are represented using 2−ΔCt. P values were determined by one-way ANOVA test
followed by Šidák post hoc test. (D and E) Concentrations of C3b (D) and factor B (E) were quantified in CSF from noncarriers as well as presymptomatic and symptomatic
carriers of C9orf72 or GRNmutations. Protein concentrations were measured by ELISA. P values were determined by one-way ANOVA test followed by Šidák post hoc test.
All data are presented asmeans ± SEM. Each dot represents data from one individual. Noncarriers, n = 22; presymptomatic GRNmutation, n = 25; presymptomatic C9orf72,
n = 15; symptomatic GRN mutation, n = 7; symptomatic C9orf72, n = 14 (n = 13 for factor B ELISA).
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elevated concentration of cleaved C4b in brains from Nptx2KO mice,
and we previously reported that Nptx2KO mice exhibit increased
vulnerability to social isolation stress, with emergent neuropsychi-
atric behavioral deficits (24). The present finding extends the notion
that Nptx2 loss of function spans the complex genetics of schizo-
phrenia as a shared common pathway (24).

In contrast to modestly raised CCP activity and moderate loss of
excitatory synapses in Nptx2KO or C4-overexpressing mice, C1q and
downstream complement components are highly up-regulated in
many chronic neurodegenerative diseases, including AD, FTD,
and Huntington’s disease (7–9, 11, 13, 36, 47). The marked increase
in CCP activity in these diseases correlates with exacerbated synapse
loss and severe neurodegeneration, and genetic or pharmacological
inhibition of CCP or downstream complement components is suf-
ficient to ameliorate neuronal damage (7–9, 11, 13, 36, 47–49).
Thus, the degree of CCP activity correlates with the severity of neu-
ronal damage across multiple diseases with different etiologies and
genetic risk factors. At least in our neuroinflammation neuron-mi-
croglia coculture model, C1q activity is required for microglia-me-
diated neurodegeneration. In this context, it is remarkable that
neuronal overexpression of Nptx2 in neuron-microglia cultures or
in P301S mice at an age when Tau pathology and neuroinflamma-
tion are present limited CCP activity, complement tagging, and sub-
sequent microglial removal of synapses. Our genetic FTD CSF
analysis and recently published data (50, 51) identify that CCP ac-
tivity is elevated in brains of symptomatic patients, potentially
driven by the increased amount of C1q that is not regulated by
Nptx2. The CSF results support the idea that, similar to our data
in neuron-microglia cocultures and P301S mice, Nptx2 binds C1q
and thereby constrains CCP activity. Notably, CSF Nptx2 concen-
tration changes are detectable before CSF C1q and C3b concentra-
tions increase at a later disease stage (51). Together with decreased
amounts of C1q-Nptx2 complexes that we measured in CSF from
symptomatic GRN or C9orf72 mutation carriers, the data support
the idea that decreased Nptx2 concentration might unleash detri-
mental CCP activity. We hypothesize that beyond genetic FTD,
CSF C1q-Nptx2 complex concentration might be a disease-relevant
biomarker across other CNS diseases characterized by aberrant CCP
activity.

Our study has limitations. NPTXs bind postsynaptic AMPA re-
ceptors through a transsynaptic interaction, and, at least in neuronal
cultures, this interaction appears to be sufficient to induce postsyn-
aptic specializations (17, 18). Although we cannot exclude the pos-
sibility that Nptx2 might modulate synapse stability or density
independent of complement through binding to AMPA receptors
or other (synaptic) interaction partners, the decreased synapse
density in Nptx2KO mice was C1q dependent. The dynamic redis-
tribution of synaptic Nptx2 in response to behavior, sleep, circadian
rhythm, and afferent activity (24, 27) indicates that Nptx2-C1q
might contribute to the precise refinement of circuits that
mediate homeostasis of excitability, rhythmicity, and capacity for
information processing. Another limitation is that we did not
analyze whether rescue of synapses by Nptx2 overexpression in
P301S mice results in functional benefits. Last, there is no human
genetics evidence so far that NPTX2 is associated with
neurodegeneration.

Overall, our study identifies Nptx2 as a neuronal synaptic CCP
inhibitor. Elevating Nptx2 expression might be a viable therapeutic

strategy to curb complement overactivation and subsequent neuro-
nal damage in FTD, AD, and other neuroinflammatory diseases.

MATERIALS AND METHODS
Study design
This study aimed to test whether NPTX Nptx2 binds complement
C1q and thereby regulates complement activity. To this end, we per-
formed in vitro and in vivo experiments and analyzed CSF samples
from patients with FTD. Sample sizes were determined on the basis
of previous experience for each experiment. No statistical methods
were used to predetermine sample size. No data were excluded, and
no outlier analysis was performed. Mice were randomly assigned to
experimental groups whenever possible. All experiments were per-
formed and analyzed blinded to the genotype, group, and treat-
ment. In vivo experiments were performed in biological replicates
as indicated by n values in the figure legends. For in vitro cell assays,
data were collected from at least three independent cultures, as in-
dicated in the figure legends.

Statistical analysis
All raw, individual-level data for experiments where n < 20 are pre-
sented in data file S1. The number of samples is shown in figures
and described in figure legends. All values are presented as
means ± SEM unless otherwise stated. Student’s t test was per-
formed for comparison between two groups. Data were tested for
normality using Shapiro-Wilk test. One-way analysis of variance
(ANOVA) or two-way ANOVA with Šidák’s or Tukey’s post hoc
test was performed to analyze more than two groups, as indicated
in the figure legends. Statistical analysis was performed using
GraphPad Prism 9, and specific statistical tests are defined in the
figure legends. For all experiments, statistical significance is
defined as follows: not significant (n.s.), *P < 0.05, **P < 0.01,
and ***P < 0.001.

Supplementary Materials
This PDF file includes:
Materials and Methods
Figs. S1 to S8

Other Supplementary Material for this
manuscript includes the following:
Data file S1
MDAR Reproducibility Checklist

View/request a protocol for this paper from Bio-protocol.
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