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Caspases are known to mediate neuronal apoptosis during brain development.
However, here we show that nonapoptotic activation of caspase-3 at pre-
synapses drives microglial synaptic phagocytosis. Real-time observation and
spatiotemporal manipulation of synaptic caspase-3 in the newly established,
mouse-derived culture system demonstrate that increased neuronal activity

triggers localized presynaptic caspase-3 activation, facilitating synaptic tag-
ging by complements. High-resolution live imaging reveals that caspase-3
activation promotes synapse-selective complement-dependent microglial
phagocytosis without axonal shearing. Furthermore, activity-dependent cas-
pase-3 activation at inhibitory presynapses induces microglial phagocytosis in
mice and increases seizure susceptibility. This increased susceptibility is
reversed by genetic depletion of microglial complement receptors. Thus,
localized, nonapoptotic caspase activity guides complement-dependent
microglial synaptic phagocytosis and remodels neuronal circuits.

Caspase-3 is a central effector of neuronal apoptosis in the central
nervous system, playing a critical role in brain development. During
early development, caspase-3-mediated apoptosis shapes neuronal
circuits by eliminating excess neurons, thereby ensuring proper brain
patterning*. However, studies focusing on postnatal and adult neu-
roplasticity have identified a distinct, nonapoptotic role for caspase-3:
localized activation of caspase-3 influences neuronal morphology and
function by mediating dendritic and axonal pruning as well as reg-
ulating synaptic plasticity*”’.

Nonapoptotic caspase-3 activation has been observed in dendritic
spines, where it influences long-term depression (LTD) and synaptic
shrinkage, processes critical for learning and memory®®, Spatial and
temporal regulation of nonapoptotic caspases-3 allows for synaptic
modifications without inducing cell death. Despite these insights, the

involvement of caspase-3 in glial cell-mediated synaptic pruning
remains largely unexplored.

Microglia, the resident macrophages of the brain parenchyma,
play a key role in synaptic pruning, which is essential for neuronal
circuit maturation and plasticity’’®. Microglial synaptic pruning is
primarily mediated by the classical complement cascade, initiated by
the binding of complement protein Clq to synapses’. Notably,
synaptosome analysis suggests the colocalization of Cl1q with activated
caspase-3 at presynapses’, raising the possibility that presynaptic
caspase-3 activation triggers Clq tagging and subsequent microglial
phagocytosis. However, the mechanisms linking presynaptic caspase-3
activation to complement-mediated microglial pruning remain
unclear. Key questions include how presynaptic caspase-3 activation is
triggered, its spatiotemporal relationship with Clq tagging, and
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whether this activation selectively drives microglial phagocytosis of
presynapses.

In this study, we aimed to address these knowledge gaps by
investigating the role of nonapoptotic caspase-3 activation in synaptic
pruning and circuit remodeling. Using high-resolution live imaging
and innovative tools to manipulate and detect synaptic caspase-3
activity in vitro, we investigated the relationship between caspase-3
activation, synaptic tagging by complement, and microglial phagocy-
tosis. Additionally, we employed an in vivo febrile seizure (FS) model
to validate the impact of caspase-3-driven synaptic phagocytosis on
neuronal circuit remodeling and function.

We found that nonapoptotic caspase-3 activation at presynaptic
sites facilitates complement-dependent microglial phagocytosis under
elevated neuronal activity. These findings reveal an activity-dependent
mechanism of synaptic refinement with implications for both normal
brain function and neurodevelopmental or neurodegenerative dis-
orders. Specifically, the pruning of highly active synapses may con-
tribute to maintaining synaptic network homeostasis beyond
pathological conditions characterized by abnormal pruning.

Results

Increased neuronal activity triggers localized caspase-3 activa-
tion at presynapses

To investigate synaptic caspase-3 activation at high resolution in real
time, we first cocultured neurons and microglia with astrocytes to
mimic the ramified morphology of microglia, which might be essential
for synaptic phagocytosis' (Supplementary Fig. 1a, b; Supplementary
Movie 1). RT-qPCR analysis confirmed that microglia in the coculture
express microglia-related genes, including homeostatic genes but not
monocyte-related genes (Supplementary Fig. 1c). We also confirmed
that excitatory and inhibitory synaptogenesis occurred over time
(Supplementary Fig. 1d-g) and that both excitatory and inhibitory
presynapses were phagocytosed by microglia (Supplementary Fig. 1h—-
k) in our coculture system. For live imaging, we labeled these pre-
synapses with  adeno-associated virus (AAV) expressing
synaptophysin-mCherry under the hSyn promoter (Supplementary
Fig. 11, m).

Increased neuronal activity opens voltage-gated calcium channels
(VGCCs), leading to an influx of calcium ions®. When calcium ion influx
into mitochondria becomes excessive, caspase-3 is activated through
cytochrome c¢ release into the cytosol™. Since increased neuronal
activity leads to mitochondrial accumulation at presynapses®, it is
conceivable that caspase-3 is activated at these locations. To explore
this hypothesis, we employed an AAV to introduce hM3Dq, a designer
receptor exclusively activated by designer drugs (DREADD), into
neurons using the hSyn promoter. hM3Dq specifically responds to the
artificial ligand clozapine-N-oxide (CNO), inducing calcium ion influx
and neuronal firing. CNO application increased neuronal activity and
the abundance of presynaptic mitochondria in hM3Dg-expressing
neurons, a result corroborated by c-Fos immunostaining and live
mitochondrial imaging (Supplementary Fig. 2). Subsequent immu-
nostaining revealed localized cleaved caspase-3, a marker for activated
caspase-3, at presynapses labeled with synaptophysin-mCherry;
cleaved caspase-3 signals were significantly increased in the CNO
group (Fig. 1a, b). This hM3Dq-driven increase was blocked by the
caspase-3 inhibitor Z-DEVD-FMK (10 uM) (Fig. 1b). Compared to the
presynapses, the neuronal soma and axonal shafts showed lower
cleaved caspase-3 signals, suggesting nonapoptotic caspase-3 activa-
tion (Fig. 1c, d).

To monitor caspase-3 activation in real time, we developed a new
probe named the monomeric sensor for activated caspase based on
fluorescence resonance energy transfer (FRET), or mSCAT3 (Fig. le;
Supplementary Fig. 3a—c). In its steady state, mSCAT3 allows FRET
between mECFP and mVenus, thereby decreasing the mECFP/mVenus
ratio. Upon caspase-3 activation, the DEVD sequence linking mECFP

and mVenus is cleaved, leading to an increased mECFP/mVenus ratio
(Fig. 1e; Supplementary Fig. 3b, ¢). We fused mSCAT3 to synaptophysin
(synaptophysin-mSCAT3) for specific observation at presynapses.
Although conventional SCAT3 tends to aggregate when fused with
synaptophysin, we addressed this issue by introducing a monomeric
mutation to SCAT3 (Supplementary Fig. 3a). mSCAT3 and
synaptophsin-mSCAT3 were able to monitor DEVDase activity in
response to apoptotic stimulation by TNFa and cycloheximide (CHX).
The time course of caspase activation detection during apoptosis
using these probes was identical to that of SCAT3 (Supplementary
Fig. 3b)"°. Thus, these probes were found to detect caspase activity
with high sensitivity. To relate the mECFP/mVenus ratio of
synaptophysin-mSCAT3 to actual caspase-3 activation, we measured
FRET in live neurons, followed by immunostaining for cleaved caspase-
3 (Fig. If, g). We analyzed the maximum mECFP/mVenus ratio at each
presynapse based on the presence or absence of cleaved caspase-3
signals. The distribution of the maximum mECFP/mVenus ratio
showed a clear division between cleaved caspase-3-negative and
-positive presynapses (Fig. 1g). We inferred caspase-3 activation when
the mECFP/mVenus ratio was 1 or higher, as the mean mode of the
mECFP/mVenus ratio of cleaved caspase-3-negative presynapses and
that of cleaved caspase-3-positive presynapses was 1. Consequently,
live imaging of hM3Dq-expressing neurons after CNO application
showed an increased mECFP/mVenus ratio at specific presynapses, a
pattern not seen with dimethylsulfoxide (DMSO) application
(Fig. 1h, j). There was a significant increase in the proportion of pre-
synapses with a ratio of 1 or higher after CNO application (Fig. 1i, k). In
addition, we confirmed the specificity of synaptophysin-mSCAT3
response in the neuron-glia cocultures by showing that CNO applica-
tion did not increase the proportion of presynapses with a ratio of 1 or
higher in neurons expressing synaptophysin-mSCAT3®¢, a negative
control for synaptophysin-mSCAT3 (CNO Pre: 2.137%; CNO 6 h: 1.46%,
median, n=11 regions each from two independent experiments,
P>0.05, Wilcoxon signed-rank test).

We further investigated the involvement of mitochondrial cyto-
chrome c release in presynaptic caspase-3 activation because of the
link between activity-dependent Ca* influx, mitochondrial cyto-
chrome c release, and caspase-3 activation™, To suppress cyto-
chrome c release and subsequent caspase-9 activation, we used Bax
channel blocker (2 uM) and NS3694 (Apaf-1 inhibitor, 2 uM), respec-
tively. As a result, while CNO application significantly increased the
proportion of presynapses with increased caspase-3 activity, this
increase was inhibited in the CNO + Bax channel blocker and CNO +
NS3694 groups (Supplementary Fig. 3d). We further assessed the
correlation between mitochondrial accumulation and caspase activity
at presynapses using live imaging of mito-DsRed and synaptophysin-
mSCAT3, which suggested a positive correlation between them (Sup-
plementary Fig. 4). These results suggest that increased neuronal
activity may trigger presynaptic caspase-3 activation through mito-
chondrial accumulation, cytochrome c release, and subsequent
caspase-9 activation.

It should be noted that the above results did not reflect any off-
target effects of CNO, as CNO application did not affect synaptic dis-
tribution (Supplementary Fig. 5) or presynaptic caspase-3 activation
(Supplementary Fig. 3d) in neurons that did not express hM3Dq.

Presynaptic caspase-3 activation amplifies complement-
dependent microglial synaptic phagocytosis

Previous synaptosome analyses have shown that Clq is more prone to
colocalize with synaptosomes containing cleaved caspase-3". It has
been established that synaptic tagging by Clq, which triggers the
complement cascade and C3 tagging of synapses, induces microglial
synaptic phagocytosis through the activation of microglial comple-
ment receptor 3 (CR3) under both physiological and pathological
conditions””?°, These findings imply that presynaptic caspase-3
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Fig. 1| Increased neuronal activity triggers local caspase-3 activation at pre-
synapses. a Representative images of cultured neurons expressing synaptophysin-
mCherry (left) 6 hours after drug application. The middle and right panels are
magnified images of the dashed-line square in the left panel. Arrowheads indicate
caspase-3 immunosignals in presynapses. b Cleaved caspase-3 volume in a pre-
synaptic bouton 6 hours after drug application. DEVD refers to the caspase-3
inhibitor Z-DEVD-FMK. Mean + SD, n =121, 188, 124 presynapses in 20 regions from
2 independent experiments, Dunn’s test after one-way ANOVA on ranks. Box plots
are defined as follows: the central line within the box represents the median (50th
percentile), while the bounds of the box represent the 25th and 75th percentiles.
The whiskers extend to the minimum and maximum values. All individual data
points are plotted. ¢ Representative images of cleaved caspase-3 in presynapses
(arrowheads) and BllI-tubulin-immunostained axons (arrows) 6 hours after drug
application. d Cleaved caspase-3 signals in H2B-GFP-positive soma, BllI-tubulin-
immunostained axons and synaptophysin-mCherry-positive presynapses 6 hours
after drug application. Plots from the same region are connected with a line. n=20
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regions from 2 independent experiments, Tukey’s test after two-way repeated-
measures ANOVA. e Diagram illustrating the real-time caspase-3 activity assay using
mSCATS3. fImages displaying cleaved caspase-3 detected by immunocytochemistry
(left, center) and the mECFP/mVenus ratio for synaptophysin-mSCAT3 (right).
Arrows indicate cleaved caspase-3-positive presynapses. The experiment was
independently repeated 2 times with similar results. g Frequency distribution of
maximum mECFP/mVenus ratios in presynapses, based on the presence (magenta
bars) or absence (gray bars) of cleaved caspase-3 signals. The inset image shows the
mECFP/mVenus ratio in a single presynapse, and arrows point to the maximum and
minimum ratios. n=143 (cleaved caspase-3 positive), 1576 (cleaved caspase-3
negative) presynapses in 3 regions from 2 independent experiments. h, j Images
showing the mECFP/mVenus ratio for synaptophysin-mSCAT3 before and after
drug application. Arrows indicate presynapses whose mECFP/mVenus ratio is 1 or
higher. i, k Proportion of presynapses whose mECFP/mVenus ratio is 1 or higher.
n=20 regions from 3 independent experiments, two-sided Wilcoxon signed-rank
test (i), two-sided paired ¢ test (k). Source data are provided as a Source Data file.
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activation could drive complement-dependent synaptic phagocytosis
by microglia.

To investigate the impact of hM3Dg-induced caspase-3 activation
on synaptic tagging by Clq, we activated neuronal hM3Dq and applied
fluorescently labeled mouse recombinant ClgA (ClqA-647), a major
constituent of Clq, to cell cultures (Supplementary Fig. 6). We con-
firmed that ClqA-647-derived puncta were immunostained by both

C1qgA/presynapse
(% volume in ROI)

Phagocytosed synpatophysin-mCherry
% of pre

Synaptophysin-mCherry

C  cCcigA CNO + C1gA
- C1gA, mean -»- CNO + C1gA, mean
p=0.0431
3 -5 3 p =0.0431
© —~
2 N e
g52
Rs3re]
1 Q >
°R1
<< —
0 =
© 0
2 & o
@06\ w beQ%
*
S
¥
DMSO CNO C1qA C1qA C19A
+DMSO +CNO +CNO
4000 +DEVD
=0.0945 -
2000 = p=0.4895 p=0.2329
p=0.0095
2000 T
p=0.1529
1000
i 1
o o iy
T T T T T T T T
Q¢ ,1/&“ Q¢ q/&(‘ Q@ (L&Q Q¥ ,L&Q Q@ ,Lbl‘\
h Live imaging
Time (h) -05 0 2

C1qA and/or CNO

—

p=00288

I
[ ]

Number of
N

phagocytosed presynapses (/h)
=}

T
(o) (¢) X .0 X
o S NS O
N ¢ XQ@ oxoé

Membrane-iRFP

anti-ClgA and anti-Clq antibodies, suggesting that C1qA-647 is inte-
grated into Clq (Supplementary Fig. 6). Notably, the localization of
ClqA-647 to presynapses significantly increased upon CNO application
and was suppressed to control levels when the cells were cotreated
with the caspase-3 inhibitor Z-DEVD-FMK (Fig. 2a, b). We also con-
firmed that ClqgA-647 was preferentially localized to presynapses
(Fig. 2c), similar to cleaved caspase-3 (Fig. 1d). These results suggest
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Fig. 2 | Presynaptic caspase-3 activation promotes complement-dependent
synaptic phagocytosis by microglia. a Images displaying colocalization between
ClgA-647 and a presynaptic bouton (arrowheads) at 6 hours after CNO application.
b Proportion of presynapses colocalized with C1qA-647 6 hours after drug appli-
cation. DEVD refers to the caspase-3 inhibitor Z-DEVD-FMK. Mean + SD, n=20
regions from 2 independent experiments, Dunn’s test after one-way ANOVA on
ranks. Box plots are defined as follows: the central line within the box represents
the median (50th percentile), while the bounds of the box represent the 25th and
75th percentiles. The whiskers extend to the minimum and maximum values. All
individual data points are plotted. ¢ C1qA-647 signals in H2B-GFP-positive soma,
BllI-tubulin-immunostained axons and synaptophysin-mCherry-positive pre-
synapses at 6 hours after drug application. Plots from the same region are con-
nected with a line. n=7, 14 regions from 2 independent experiments, Tukey’s test
after two-way repeated-measures ANOVA. d Images displaying a time-lapse assay
monitoring synaptic phagocytosis by microglia. Arrows indicate phagocytosed
synaptophysin-mCherry. The inset image is an orthogonal view of the yellow-line
square. e Volumetric assay of synaptophysin-mCherry signals within microglia
before and after drug application. Mean + SD, DMSO: n =170, 193 microglia from 4
independent experiments; CNO: n =155, 172 microglia from 4 independent
experiments; C1gA + DMSO: n =92, 96 microglia from 3 independent experiments;

ClgA + CNO: n=163, 173 microglia from 4 independent experiments; C1qA +
CNO +DEVD: n =79, 82 microglia from 3 independent experiments, two-sided
Mann-Whitney U test. Box plots are defined as follows: the central line within the
box represents the median (50th percentile), while the bounds of the box represent
the 25th and 75th percentiles. The whiskers extend to the minimum and maximum
values. All individual data points are plotted. f A representative image of microglia,
presynapses, and axons in the coculture system. The experiment was indepen-
dently repeated 30 times with similar results. g An orthogonal view showing the
phagocytosis of a presynapse by microglia 24 minutes after starting live imaging.
h Timeline showing drug application and live imaging of microglial synaptic pha-
gocytosis. i Snapshots of live imaging representing microglial synaptic phagocy-
tosis in control (DMSO) and corresponding 3D reconstructed images of
presynapses and axons. Arrows indicate synaptophysin-mCherry-positive puncta
phagocytosed by microglia. Arrowheads indicate the axon where phagocytosis
occurred. The elapse time from the start of live imaging is shown in the upper left
corner of each image. j Number of presynaptic puncta phagocytosed by microglia
during the continuous 2-hour live imaging session. Mean + SD, n=7 (DMSO), 7
(CNO), 8 (C1gA + DMSO0), 8 (C1gA + CNO) independent experiments, Dunnett’s test
after one-way ANOVA. Source data are provided as a Source Data file.

that presynaptic caspase-3 activation promotes complement tagging.
Some studies highlight the enhancement of phosphatidylserine (PS)
externalization by caspase-3 activation” and the subsequent binding
of PS to C1q*. Here, we examined PS exposure using Annexin V con-
jugates. We confirmed that presynaptic PS exposure is promoted by
increased neuronal activity and is reversed to control levels when
caspase activity is inhibited by Z-DEVD-FMK (Supplementary Fig. 7).
Thus, PS exposure in synaptic membrane is a potential mechanism to
restrict C1q labeling to specific synapses.

Next, we investigated whether hM3Dq-induced caspase-3 activa-
tion boosts microglial synaptic phagocytosis. We conducted live ima-
ging to compare the volume of presynapses phagocytosed by
microglia derived from CX3CRI-GFP heterozygous mice, in which
microglia were labeled with GFP, before and after drug application
(Fig. 2d). We noted an enhancement in complement-dependent
synaptic phagocytosis following hM3Dq activation, which was sup-
pressed by the caspase-3 inhibitor Z-DEVD-FMK (Fig. 2e). This finding
further reinforces the connection between hM3Dg-induced comple-
ment-dependent tagging and microglial phagocytosis through pre-
synaptic caspase-3 activation.

To test whether presynaptic caspase-3 activation induces
presynapse-specific phagocytosis by microglia, we conducted live
imaging of synapse-microglia interactions following hM3Dq activa-
tion. Microglia, neuronal membranes, and presynaptic proteins were
fluorescently labeled using CX3CR1-GFP mice or AAV-mediated trans-
fection (Fig. 2f). We successfully documented ramified microglia
engaging in presynaptic phagocytosis (Fig. 2g, i; Supplementary
Movie 2, 3) and found that the axonal structure remained intact both
before and after the phagocytic event (Fig. 2i; Supplementary
Movie 4). This unprecedented observation reveals that microglia can
selectively phagocytose presynapses without shearing axons. Fur-
thermore, the phagocytosed synaptic proteins remained enveloped in
the neuronal membrane (Fig. 2i). This synapse-selective phagocytosis
significantly increased only when hM3Dq was activated in the presence
of complement (Fig. 2h, j). We validated that the presynaptic area and
microglial number in each region of interest (ROI) were comparable
between groups (Supplementary Fig. 8). Importantly, we also con-
firmed that microglial synaptic phagocytosis (10, 13, 8, and 31 events in
DMSO, CNO, C1gA + DMSO, and C1gA + CNO conditions, respectively)
did not cause neuronal death, as the neuronal nuclei were intact during
live imaging. We further confirmed that hM3Dg-induced increased
activity did not induce neuronal death by performing TUNEL staining
6 hours after drug treatment. No neuronal death was observed (0%, 10
regions from 2 independent experiments).

A previous study suggested that the axon terminals from less
active neurons are preferentially phagocytosed in the developing lat-
eral geniculate nucleus’. Here, we investigated whether decreased
neuronal activity affects presynaptic caspase activation and synaptic
phagocytosis by microglia using hM4Di, an inhibitory DREADD (Sup-
plementary Fig. 9a, b). We confirmed that decreased activity does not
significantly reduce synaptic caspase activity compared to the control
group through live imaging of synaptophysin-mSCAT3 (Supplemen-
tary Fig. 9c, d). We also assessed synaptic phagocytosis by microglia
and confirmed that it was decreased with inhibited neuronal activity
(Supplementary Fig. 9e, f). From these results, we hypothesize that
caspase-dependent synaptic phagocytosis is applied to highly active
synapses to balance excitatory/inhibitory synapses during homeo-
static circuit remodeling.

Presynaptic caspase-3 activation through optogenetics induces
complement-dependent synaptic phagocytosis

To further clarify the role of presynaptic caspase-3 activation in
enhancing presynaptic complement tagging and subsequent micro-
glial phagocytosis, we employed an optogenetic approach. This
approach allowed us to selectively activate the caspase cascade in
specific neuronal compartments. Considering that the cytochrome ¢
release to caspase-9 activation cascade is the possible upstream of
presynaptic caspase-3 activation (Supplementary Fig. 3d), we used the
opto-casp9_AtCRY2-PHR-casp9 (CRY2-casp9) system. In this system,
caspase-9 activation is initiated by domain oligomerization upon
exposure to blue light (Fig. 3a), which subsequently activates down-
stream caspase-3%°. CRY2-casp9 was introduced to neurons via the
hSyn promoter and activated at an individual presynaptic level using a
patterned illumination system (Fig. 3b, arrowheads). Intriguingly,
activation of caspase-9 and caspase-3 was observed not only at the
stimulated presynapse but also in proximal presynapses along the
same axon (Fig. 3b; Supplementary Fig. 10a).

Caspase-9 activation could lead to the cleavage of both caspase-7
and caspase-3, which prompted us to investigate the involvement of
caspase-7. However, we did not detect cleaved caspase-7 signals in
photoactivated neurons (Supplementary Fig. 10a). Consistent with
previous reports***, our findings suggest that caspase-3 plays a major
role in neuronal local apoptosis.

We proceeded to examine whether CRY2-casp9-induced caspase-
3 activation induces synaptic tagging by complement. After applying
ClgA and stimulating presynapses with blue light, we fixed and
immunostained the cultured neurons to identify presynapses and the
presence of C1gA (Fig. 3c). The C1gA signal in presynapses significantly
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Fig. 3 | Optogenetic caspase-3 activation induces complement-dependent
synaptic phagocytosis. a Diagram illustrating optic induction of caspase activa-
tion. b Images showing cleaved caspase-3 signals at presynapses (arrows) following
blue light stimulation of a single presynaptic bouton (arrowhead). The experiment
was independently repeated 4 times with similar results. ¢ Timeline showing cas-
pase activation and synaptic complement tagging identification by immunocy-
tochemistry (ICC). d Images showing C1qA and presynapses. The stimulated points
are outside the ROI. e Proportion of C1gA area in a presynaptic bouton. LEHD refers
to the caspase-9 inhibitor Z-LEHD-FMK TFA. n=119, 63, 78, 74 presynapses from 3
independent experiments, Dunn’s test after one-way ANOVA on ranks. Box plots
are defined as follows: the central line within the box represents the median (50th
percentile), while the bounds of the box represent the 25th and 75th percentiles.

The whiskers extend to the minimum and maximum values. All individual data
points are plotted. f Timeline showing caspase activation, live imaging of microglial
synaptic phagocytosis, and ICC detection of complement receptors. g A repre-
sentative image of microglia-neuron interactions. h Magnified images from

g (dashed-line square). Top: live images of microglial synaptic phagocytosis. The
elapsed time from the start of live imaging is shown in the upper left corner of each
image. Bottom: ICC evidence of CR3 surrounding phagocytosed synapses.

i Magnified images from h detailing phagocytosed presynapses and CR3.

j Comparison of CR3 intensity around phagocytosed synapses (phagocytic site) and
at other sites in microglial processes (nonphagocytic site). Plots from the same
region are connected with a line. n =12 presynapses from 7 independent experi-
ments, two-sided paired ¢ test. Source data are provided as a Source Data file.

increased exclusively upon CRY2-casp9 activation in the presence of
ClgA, which was reversed to control levels by the caspase-9 inhibitor Z-
LEHD-FMK TFA (Fig. 3d, e). This finding highlights that presynaptic
caspase-3 activation alone is sufficient for complement tagging.

Subsequently, we examined the capacity of CRY2-casp9-driven
caspase-3 activation to amplify complement-dependent synaptic phago-
cytosis. We began with live imaging of neurons and microglia (Fig. 3f, g)
after ClgA application and blue light stimulation of targeted synapses
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Fig. 4 | Caspase-3 is specifically activated at inhibitory synapses after febrile
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b Immunohistochemical images showing c-Fos together with excitatory (Reelin) or
inhibitory (GAD67) neurons 1 hour and 4 hours after FSs. ¢ c-Fos-positive neuron
density at each time point after FSs. Mean + SD, n =5 (inhibitory, 0 h), 6 (inhibitory,
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1h), 6 (inhibitory, 4 h), 6 (excitatory, O h), 6 (excitatory, 1h), 6 (excitatory, 4 h) mice,
Dunnett’s test after one-way ANOVA. d, e Inmunohistochemical images of cleaved
caspase-3 with excitatory (VGLUTI) or inhibitory (VGAT) presynapses 6 hours after
FSs. Arrows indicate synapses with colocalized cleaved caspase-3 signals.

f Proportion of excitatory and inhibitory presynapses with colocalized cleaved
caspase-3 6 hours after FSs. Mean + SD, n=4 mice, Tukey’s test after one-way
ANOVA. Source data are provided as a Source Data file.

(Fig. 3h, arrowheads). After observing presynaptic phagocytosis, we fixed
the samples to ensure that the observed phagocytosis was indeed
complement-dependent (Fig. 3h). We particularly identified the presence
of the C3 receptor (CR3), which recognizes activated C3, a downstream
molecule of Clq, through immunostaining (Fig. 3h, i). The CR3 fluores-
cence intensity was markedly increased in regions where microglial pro-
cesses grabbed presynapses (phagocytic site), implying complement-
dependent phagocytosis of caspase-3-activated presynapses (Fig. 3i, j).
Notably, microglia selectively phagocytosed presynapses without shear-
ing axons after caspase-3 activation with CRY2-casp9 (Fig. 3h).

Next, we investigated whether photoactivation of CRY2-casp9
induces synaptic phagocytosis on its own. We have performed live
imaging of synaptic phagocytosis by microglia following photoactiva-
tion of CRY2-casp9 with or without ClgA addition. We confirmed that
the addition of C1qA significantly decreases the latency to CRY2-casp-9-
induced synaptic phagocytosis (Supplementary Fig. 10b, c). In conclu-
sion, photoactivation of CRY2-casp9 alone induces synaptic phagocy-
tosis, which is further accelerated by synaptic accumulation of Clq.

Finally, we examined the characteristics of presynaptic proteins
that are phagocytosed in a caspase-3-dependent manner, specifically
whether microglia phagocytose presynapses that form synapses.
However, it is challenging to determine whether phagocytosed

synaptophysin-mCherry puncta formed synapses by immunostaining
after live imaging due to the positional changes of neurites caused by
astrocytic movement. Therefore, we examined the colocalization of
postsynaptic markers with synaptophysin-mCherry that remained on
the neuronal side after partial phagocytosis (trogocytosis) of
synaptophysin-mCherry. Our results show that 80% of the remaining
synaptophysin-mCherry puncta are colocalized with excitatory or
inhibitory postsynapses (Supplementary Fig. 11a, b). This finding is
consistent with additional data indicating that about 85% of all
synaptophysin-mCherry in the field of view formed synapses (Sup-
plementary Fig. 11c, d). Furthermore, we confirmed that postsynaptic
molecules are not incorporated into microglia after live imaging of
synaptophysin-mCherry phagocytosis (Supplementary Fig. 11e, f).
These results suggest that the majority of mCherry-labeled
synaptophysin puncta are associated with postsynapses and that
microglia selectively phagocytose presynaptic components. While we
acknowledge that approximately 20% of synaptophysin-mCherry
puncta may not correspond to true presynapses and could be mere
axonal boutons, the high percentage of colocalization provides a rea-
sonable level of accuracy for referring to these puncta as presynapses.
The results presented in Figs. 1 to 3 confirmed that presynaptic
caspase-3 activation in response to increased neuronal activity
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cleaved caspase-3 or Clq or C3 6 hours after FSs (arrows). DEVD refers to the
caspase-3 inhibitor Z-DEVD-FMK. h-j Density of inhibitory presynapses colocalized
with PSVue and cleaved caspase-3 or Clq or C3 6 hours after FSs. Mean+SD, n=35
mice, Tukey’s test after one-way ANOVA. Source data are provided as a Source
Data file.

promotes the Clq tagging of presynapses, subsequently facilitating
microglial phagocytosis.

Localized caspase-3 activation after febrile seizures (FSs) pro-
motes inhibitory synaptic tagging by complement
We employed an FS mouse model to understand how synaptic pha-
gocytosis facilitated by nonapoptotic caspase-3 activation affects
neuronal circuit remodeling. Previous studies have suggested that FSs
result in increased neuronal activity and complement pathway
dysregulation®*, Our focus was presynapses projecting to the dentate
granule cells in the hippocampus, recognized as the seizure focus in
the FS model (Fig. 4a). In the middle molecular layer of the dentate
gyrus, granule cell dendrites receive both excitatory projections from
Reelin-positive cells in layer Il of the entorhinal cortex and inhibitory
projections from interneurons in the hilus (Fig. 4a). First, we assessed
neuronal activity after FSs by evaluating the proportion of c-Fos-
positive cells (Fig. 4b, c). Remarkably, an increase in c-Fos-positive cell
density was evident in Reelin-positive cells 1hour after FSs, which
returned to control levels 3 hours later. In contrast, the density of c-
Fos-positive interneurons continued to rise for at least 4 hours after
FSs (Fig. 4b, c).

Subsequently, we evaluated whether neuronal activation after FSs
leads to caspase-3 activation at presynapses. A notable increase in

cleaved caspase-3 immunostained signals, which predominantly
colocalized with inhibitory presynapses, was evident 6 hours after FSs
(Fig. 4d-f). This finding supports the notion that prolonged neuronal
activity can induce presynaptic caspase-3 activation. Concurrently, at
this 6-hour mark, both Clq and C3 expression levels increased, as
evidenced by immunohistochemistry (Fig. 5a-d). We also observed a
significant increase in the colocalization of inhibitory presynapses with
Clq or C3 and externalized PS detected by PSVue (Fig. 5e-j). Notably,
introducing the caspase-3 inhibitor Z-DEVD-FMK 15 minutes prior to
seizure induction reduced this colocalization to baseline levels
(Fig. 5e-j). It should be noted that the caspase-3 inhibitor did not affect
FSs induction, as latencies to seizures (time to induce clonic seizures
after applying hyperthermia) were comparable between FSs and DEVD
+ FSs groups (FSs: 511.4 + 49.8 seconds; DEVD + FSs: 502.2 + 41.7 sec-
onds, mean +SD, n=5 mice, P>0.05, unpaired ¢ test). Overall, these
results suggest that after FSs, caspase-3 activation facilitates inhibitory
presynaptic tagging by complement, possibly via PS exposure.

After FSs, microglia phagocytose inhibitory presynapses in a
complement-dependent fashion

The prominent tagging of inhibitory synapses by complement after
FSs led us to further examine microglial synaptic phagocytosis. A rise
in CR3 mRNA (Fig. 6a) and subsequent protein expression (Fig. 6b, c)
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within microglia 6 hours after FSs was apparent, suggesting enhanced
complement recognition. Additionally, microglia appeared to interact
with cleaved caspase-3-positive inhibitory presynapses 6 hours after
FSs (Supplementary Fig. 12a, b), implying a possible role of caspase-3 in
synapse-microglia interplay. Immunohistochemical analyses revealed
an increase in the phagocytosis of inhibitory presynapses after FSs
(Fig. 6d, f), while phagocytosis of inhibitory postsynapses and

excitatory synapses remained stable (Fig. 6e; Supplementary
Fig. 12c, d). Aligning with these findings, only the density of inhibitory
synapses declined 24 and 72 hours after FSs (Fig. 6g—n). We verified
that this microglial synaptic phagocytosis was complement-depen-
dent, as both the increase in phagocytosis and the reduction in inhi-
bitory synapse density after FSs were nullified in CR3 knockout mice
(Fig. 60, p). Consistent with these results, inhibitory synaptic
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Fig. 6 | After febrile seizures (FSs), microglia phagocytose inhibitory synapses
through a complement cascade. a CR3 mRNA levels in hippocampal extracts
1hour and 4 hours after FSs. B-actin was used as an internal standard. Mean + SD,
n=6 mice, Tukey’s test after one-way ANOVA. b Immunohistochemical images of
microglia (Ibal) and CR3 in the middle molecular layer 6 hours after FSs.

¢ Immunostained CR3 intensity in the middle molecular layer. Mean+SD, n=5
mice, Tukey’s test after one-way ANOVA. d Representative 3D reconstructed ima-
ges of microglia (CX3CR1-GFP), lysosomes (CD68) and inhibitory presynapses
(VGAT) 6 hours after FSs. e, f Excitatory (VGLUT1) and inhibitory (VGAT) pre-
synaptic volume phagocytosed by microglia 6 hours after FSs. Mean+SD, n=5
mice, two-sided unpaired ¢ test. g, i Imnmunohistochemical images of excitatory

synapses (pre: VGLUT1; post: Homerl) and inhibitory synapses (pre: VGAT; post:
Gephyrin) in the middle molecular layer at 24 hours after FSs. h, j Images of colo-
calized synaptic puncta corresponding to (g) and (i). k-n Colocalized synaptic
puncta density (as shown in images of (h) and (j)) 24 hours and 72 hours after FSs
shown as % of control. Mean + SD, n =5 mice, two-sided unpaired ¢ test. o Inhibitory
presynaptic (VGAT) volume phagocytosed by microglia in CR3 knockout (KO) mice
6 hours after FSs. Mean + SD, n =3 mice, two-sided unpaired ¢ test. p Inhibitory
synapse density in CR3 KO mice 24 hours after FSs. Mean + SD, n =3 mice, two-
sided unpaired ¢ test. q Seizure scores following kainic acid injection 72 hours after
FSs. Mean £ SD, n=15, 15, 8, 7 mice, two-way repeated-measures ANOVA (Time x
Group Factor). Source data are provided as a Source Data file.

phagocytosis by astrocytes was not increased after FSs, suggesting
that the reduction in inhibitory synapses after FSs was mainly attrib-
uted to microglia (Supplementary Fig. 13).

Finally, we examined how microglial synaptic phagocytosis
influences neuronal circuit excitability. Three days after FSs, at a
point when inhibitory synapse density remained decreased
(Fig. 61, n), we introduced kainic acid-triggered acute seizures in
mice. Seizure scores were significantly higher in mice that had pre-
vious FSs, indicating increased circuit excitability (Fig. 6q). How-
ever, thisincrease was suppressed in CR3 knockout mice. Given that
there was no discernible inhibitory neuronal cell death after FSs
(Supplementary Fig. 14), these findings suggest that the decrease in
inhibitory synapses 24 hours after FSs underpins the increased cir-
cuit excitability.

Discussion

Here, we describe a culture system for live imaging of
synapse-microglia interactions. Experiments using this system
revealed two main insights. First, increased neuronal activity triggers
nonapoptotic caspase-3 activation locally at presynapses. Second, this
caspase-3 activation leads to subsequent presynaptic tagging by
complement, which results in microglial synaptic phagocytosis. Addi-
tionally, microglial synaptic pruning via this nonapoptotic caspase-3
activation alters neuronal excitability in a mouse model of FSs. Hence,
our results identified a role of nonapoptotic caspase-3 activation in
synaptic pruning and circuit remodeling (Fig. 7).

Our culture system enabled the real-time observation of micro-
glial synaptic phagocytosis without axonal shearing. Since this
synapse-specific phagocytosis is a distinguishing feature of synaptic
pruning prompted by local apoptosis, future research should deter-
mine whether similar phagocytic processes occur in vivo. Although
in vivo live imaging of synaptic phagocytosis was recently reported”,
studying the phagocytic mechanisms evident in our culture system
may be challenging due to resolution and multicolor imaging con-
straints. Synapse-specific phagocytosis might be regulated by
mechanisms distinct from traditional phagocytosis, where phagocytes
engulf whole cells’*?". We propose the involvement of membrane
fusion, as synaptic proteins phagocytosed by microglia were detected
in clathrin-coated vesicles'®. Live imaging of the cytoskeleton and
clathrin during synaptic phagocytosis may elucidate the intricate
molecular mechanisms involved in this process. Our study revealed
increased complement receptor expression in microglial processes
during synaptic phagocytosis. Given the importance of local transla-
tion at peripheral processes for efficient microglial synaptic
phagocytosis?, complement receptor translation in these locations
might aid synapse-specific phagocytosis.

Interestingly, while a previous study suggested that the axon
terminals from less active neurons are preferentially phagocytosed in
the developing lateral geniculate nucleus in a complement-dependent
manner’, we found that microglia preferentially phagocytose synapses
from highly active neurons. We further showed that reduced neuronal
activity decreased synaptic phagocytosis by microglia while synaptic
caspase-3 activation was not affected. These results suggest the

distinct mechanisms of synaptic tagging by complement between
neuronal circuit formation and modulation.

We found that increased neuronal activity leads to presynaptic
caspase-3 activation, possibly due to calcium influx related to this
increased activity. Considering that VGCCs allow calcium ion influx
into neurons after membrane depolarization® and that excessive cal-
cium ion influx into mitochondria can lead to cytochrome c release,
activating procaspase-3'*, it is possible that increased neuronal
activity upregulates apoptotic protein expression via VGCC activation.
Notably, since prior research reported upregulated VGCC expression
in inhibitory hippocampal neurons after pilocarpine-induced
seizures®, it is possible that a similar mechanism takes place in our
FS model. It has also been suggested that pro-brain-derived neuro-
tropic factor, which is released by neurons in an activity-dependent
manner, promotes cytochrome c release from mitochondria and
caspase-3 activation®. Moreover, the activation of caspase-3 being
limited to the presynapse might be connected to the distribution of
neuronal mitochondria, given that these energy hubs are transported
from the soma to energy-demanding presynapses®.

Our observations highlight that caspase-3 activation extends to
neighboring presynapses within the same axons. This propagation of
caspase-3 activation along axons may be mediated by motor proteins
and the cytoskeleton'. However, our results indicate that complement
tagging and microglial phagocytosis remain confined to specific pre-
synapses. Determining the specifics of this process, which might
involve factors such as caspase-3 activity levels and synapse coverage
by astrocytic processes or the extracellular matrix, requires further
exploration. Nonetheless, the lower number of microglia compared to
presynapses and the constraints of live imaging duration in our in vitro
experiments might have led to overlooking certain phagocytic events.

We found that localized caspase-3 activation at presynapses did
not result in neuronal death. One potential factor that enables this
localized and transient activation is the inhibition of caspase-3 by
inhibitor of apoptosis proteins (IAPs)*°. Following increased neuronal
activity, the expression and activation of IAPs could occur in the
neuronal soma, which is in consistent with case of local caspase acti-
vation observed during dendrite elimination®. Employing mSCAT3
could verify localized and transient caspase-3 activation in vitro,
although further validation is warranted due to variations in FRET
recovery speed based on the linked protein.

The DEVD sequence in synaptophysin-mSCAT3 could also be
cleaved by caspase-7, because caspase-9 activation could promote the
cleavage of both caspase-7 and caspase-3. However, previous reports
have shown lower expression levels and activation of caspase-7 than
caspase-3 in hippocampal neurons®***. Additionally, it has been
demonstrated that local apoptosis at spines and dendrites is mainly
attributed to caspase-3*>**. In the current research, we confirmed that
caspase-7 would not be cleaved following local caspase-9 activation
(Supplementary Fig. 10a). These findings suggest that synaptophysin-
mSCAT3 primarily reflects the activation of caspase-3 following
increased neuronal activity. While we acknowledge the possibility that
caspase-7 might also contribute to the cleavage of synaptophysin-
mSCAT3 under certain conditions, our current data strongly indicate
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that caspase-3 is the primary driver in our experimental system. Future
studies may further elucidate the specific contributions of each cas-
pase in synaptic environments.

The exact mechanism by which caspase-3 activation promotes
synaptic tagging by complement remains elusive. Some studies
reported the enhancement of PS externalization by caspase-3
activation” and the subsequent binding of PS to Clg*. We found
that increased neuronal activity enhanced synaptic PS externalization
both in vitro and in vivo. However, other pathways beyond caspase-3
activation can also promote PS externalization, and some research
challenges the notion of Clq binding to PS¥.

An in-depth examination of upregulated molecules in the acti-
vated caspase-3-positive synaptosome may help identify the inter-
mediary linking synapses and Clq. The current study suggests that
stronger and longer binding of Clq is crucial for the activation of the
complement pathway triggered by Clq, which is facilitated by
increased neuronal activity, subsequent caspase activation, and PS
presentation. This might explain the presence of Clq puncta without
inducing microglial phagocytosis in the brain (Fig. 5i).

We hypothesize that Clq not colocalized with VGAT may be tran-
siently attaching and detaching from other neuronal compartments or
being incorporated into glial cells. Therefore, only those Clq puncta that
are strongly and irreversibly tagged, particularly when PS is present, are
likely to be detected by microglia and targeted for phagocytosis.

In our FS mouse model, both excitatory and inhibitory neurons
displayed distinct activity patterns following FSs. The sustained

increase in inhibitory neuronal activity could act to recurrently sup-
press the activity of excitatory neurons, as seen in pilocarpine-induced
seizure models*®*, Given the specificity of caspase-3 activation, Clq
tagging, and microglial phagocytosis of inhibitory presynapses after
FSs, constant neuronal activity might be a precursor to caspase-3
activation. However, there are claims suggesting that the VGCC and
mitochondrial distributions differ between excitatory and inhibitory
neurons*®*., Thus, further studies are necessary to explore the cell type
specificity of caspase-3 activation in response to increased neuronal
activity.

While our study provides insights into synaptic phagocytosis
driven by localized caspase-3 activation, the neuronal activity
observed both in vitro and in the FS model might be more intense than
regular neuronal activity. Therefore, evaluating the relevance of our
discoveries in other contexts, such as during brain development and
synaptic plasticity, is crucial. Nonetheless, the data from our in vivo
seizure model emphasize the importance of the mechanisms we have
detailed in situations with increased neuronal activity. Recognizing
these limitations is essential for a comprehensive understanding of the
role of localized nonapoptotic caspase activity in circuit remodeling
both in physiological and pathological conditions.

Methods

Animals

All animal experiments were conducted with the approval of the Ani-
mal Experiment Ethics Committee of the University of Tokyo (approval
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numbers, P4-2, P4-4) and in accordance with the University of Tokyo’s
guidelines for the welfare of experimental animals. C57BL/6] mice
(SLC), Thyl-GFP mice (Tg(Thyl-EGFP)MJrs/J, Stock No: 007788, The
Jackson Laboratory), CX3CRI-GFP (B6.129P2(Cg)-Cx3crI™*/}, Stock
No: 005582, The Jackson Laboratory), CR3 KO mice (B6.12954-
Itgam™ ™%/, Stock No: 003991, The Jackson Laboratory), CX3CRIC™R
mice (B6.129P2(Cg)-Cx3crimere/tR12kung /) Stock No: 020940, The Jack-
son Laboratory) and Ail4 mice (B6;12956-Gt(ROSA)26Sor™#cA¢dTomatoltize/
J, Stock No: 007908, The Jackson Laboratory) were purchased. To
specifically express tdTomato in microglia, Ail4 mice were crossed with
CX3CRI™ER mice to generate CX3CRI7™R::Ail4* mice. Micl-tTA::tetO-
YC-Nano50 mice were kindly gifted by Dr. Kanemaru (Nihon University
School of Medicine, Tokyo). All mice were maintained on a 12-hour
light/dark cycle at 24 °C with 50-60% humidity and provided with
unlimited food and water. At the end of experiments, mice were anes-
thetized with isoflurane in a bell jar, followed by transcardial perfusion
and tissue collection.

Neuron-glia coculture

For preparation of glial cocultures, P1-4 mice were anesthetized with
ice, and brains were removed and placed into ice-cold Hank’s balanced
salt solution (HBSS). The brains were rapidly dissected using fine
scissors and forceps and the cortex was separated from the meninges
and isolated under a dissection microscope. Cortices were collected in
ice-cold HBSS and kept on ice until the brains had been removed from
all mice. Tissues were minced using scalpels and incubated with 0.25%
trypsin (Nacalai, #35555-54) and 0.01% DNase | (Roche, #10104159001)
in HBSS at 37 °C for 40 minutes. Heat-inactivated fetal bovine serum
(FBS; Gibco, #10437028) was added to stop trypsinization, and tissues
were centrifuged for 10 minutes at 136 x g at room temperature. The
tissues were then dissociated into a single-cell suspension in culture
medium containing 10% FBS and 1% penicillin-streptomycin (Nacalai,
#09367-34) in Dulbecco’s modified Eagle medium (DMEM; Gibco,
#10569010). Single cells were filtered through a 100-um-pore cell
strainer and plated in a poly-D-lysine (PDL; 10 pg/mL, Sigma, #P6407)-
coated T75 flask (Falcon, #353136). The flask was placed in a 35 °C, 5%
CO, incubator. The medium was changed the day after plating of the
mixed cortical cells and every 3 days thereafter. After culturing for
2 weeks, cortical microglia and astrocytes were transferred to 35 mm
glass-bottom dishes (IWAKI, #11-0606) as follows. The cultures were
rinsed twice with 10 mL of 0.1 M phosphate-buffered saline (PBS) and
incubated with 0.05% trypsin-ethylenediaminetetraacetic acid (EDTA;
Gibco, #25200072) at 35 °C for 10 minutes. Detached cells were col-
lected and centrifuged for 5 minutes at 95 x g at room temperature.
After the supernatant was discarded, the cells were processed into a
single-cell suspension in culture medium, filtered through a
100-um-pore cell strainer and plated onto PDL (10 ug/mL)-coated
35 mm glass-bottom dishes at a density of 1.5 x 10° cells/dish. Sec-
ondary cultures were placed in a 35°C, 5% CO, incubator, and the
medium was changed the day after transfer of the mixed cortical cells
and every 3 days thereafter.

After 7 days, hippocampal neurons were added to secondary
glial cultures. P1 mice were anesthetized with ice, and brains were
removed and placed in warmed HBSS. Using fine scissors and for-
ceps, brains were rapidly dissected, and the hippocampi were sepa-
rated from the meninges and isolated under a dissection microscope.
Hippocampi were collected in warmed HBSS and kept until the brains
were removed from all mice. Tissues were minced with scalpels and
incubated with 0.05% trypsin-EDTA in HBSS at 37 °C for 15 minutes,
followed by incubation with 0.01% DNase I in HBSS at room tem-
perature for 5 minutes. Tissues were washed with HBSS 3 times for
5 minutes each time and fragmented with Pasteur pipettes in neu-
robasal medium (Gibco, #12348017) containing 2% B27 supplement
(Gibco, #17504-044), 0.5mM glutamine solution (Nacalai, #16948-
04), 25uM glutamate (MW 147.13g/mol), 0.5% penicillin-

streptomycin, 1 mM HEPES (MW 238.3 g/mol, Sigma, H3375), and 10%
heat-inactivated horse serum (Gibco, #26050088). Single cells were
filtered through a 40-um-pore cell strainer and centrifuged for
10 minutes at 54 x g at room temperature. After the supernatant was
discarded, the cells were processed into a single-cell suspension in
DMEM containing 10% FBS and plated on secondary glial cultures at a
density of 2 x 10° cells/dish. Cultures were placed in a 35°C, 5% CO,
incubator, and the medium was changed the day after plating hip-
pocampal neurons and every 3 days thereafter. For neuron gene
transduction, each adeno-associated virus (AAV) was added to the
culture medium at a multiplicity of infection (MOI) of 3 x 10* 1 weeks
after plating hippocampal neurons.

For glial cocultures derived from CX3CRIY™“R:Ail4" mice,
4-hydroxy tamoxifen (final concentration: 2uM) was added to the
culture medium at 9-14 days in vitro (DIV) to induce Cre-dependent
tdTomato expression in microglia.

Quantitative real-time PCR (RT-qPCR) in vitro

RNA was extracted from MACS-sorted microglia using an RNeasy Plus
Mini Kit (Qiagen) according to the manufacturer’s instructions. The RNA
samples were reverse-transcribed into cDNA using a SuperScript VILO
cDNA Synthesis Kit (Invitrogen), and the 1/10 of the cDNA was amplified
with the THUNDERBIRD® Next SYBR™ qPCR Mix (TOYOBO) using a
QuantStudio™ 3 Real-Time PCR (Applied Biosystems). Triplicate Ct
values were averaged, and data are shown as respective to the GAPDH
using the Ct delta method (272%). Primer sets were as follows: GAPDH, 5-
catcactgccacccagaagactg-3’ and 5-atgccagtgagctteccgttcag-3’, P2Y12, 5-
cattgaccgctacctgaagace-3’ and 5-gectcctgttggtgagaatcatg-3', CD11b, 5-a
tggacgctgatggcaatacc-3’ and 5-tccccattcacgtctceca-3’, Tmemll9, 5-cc
tactctgtgtcactcccg-3’ and 5-cacgtactgccggaagaaatc-3, Hexb, 5-cgc
agtccccgegtag-3’ and 5-agttgtaatatcgccgaaacgce-3’, Cx3crl, 5-gagtatgacg
attctgetgagg-3’ and 5-cagaccgaacgtgaagacgag-3, Ccr2, 5-aggagcca-
tacctgtaaatgec-3’ and  5-tgtggtgaatccaatgecct-3’, Ly6C, 5-gtgtge
agaaagagctcagg-3’ and 5-gaaaggcactgacgggtctt-3.

Virus production

Plasmid design. For pAAV-hSyn-hM3Dq-T2A-H2B-GFP and pAAV-
hSyn-hM4Di-T2A-H2B-GFP, the coding sequences of T2A and H2B-
GFP were PCR-amplified from pAAV-tetO-GFP-2A-bPAC* and pEGFP-
N1-H2B-GFP (Addgene, #11680), respectively. Then, both fragments
were ligated into the pAAV-hSyn-hM3D(Gq)-mCherry vector and
pAAV-hSyn-hM4D(Gi)-mCherry vector (Addgene, #50474 and
#50475) using In-Fusion (Takara, #639648). For pAAV-hSyn-Mito-
DsRed, the coding sequences of Mito-DsRed were PCR-amplified
from the pDsRed2-Mito vector (TakaRa, #632421), and the fragments
were ligated into the pAAV-hSyn-EGFP vector (Addgene, #50465)
using In-Fusion. For pAAV-hSyn-synaptophysin-mCherry, the coding
sequences of synaptophysin and mCherry were PCR-amplified from
a mouse cDNA library and pAAV-CaMKlla-hM3D(Gq)-mCherry
(Addgene, #50476), respectively. Both fragments were ligated into
the pAAV-hSyn-EGFP vector using In-Fusion. For pAAV-hSyn-mem-
brane-iRFP, the coding sequences of membrane-iRFP were PCR-
amplified from pCMV-Mem-iRFP (Addgene, #59134), and the frag-
ments were ligated into the pAAV-hSyn-EGFP vector using In-Fusion.
For pAAV-hSyn-opto-casp9_AtCRY2-PHR-casp9, the coding sequen-
ces were PCR-amplified from pcDNA3.1-opto-casp9_AtCRY2-PHR-
casp9 (Addgene, #131221), and the fragments were ligated into the
pAAV-hSyn-EGFP vector using In-Fusion cloning.

Virus packaging. Recombinant AAVs were generated by triple trans-
fection of the 293 AAV cell line (Cell Biolabs, #AAV-100) with AAVdj
rep-cap, pHelper from the AAV-DJ Helper Free Packaging System (Cell
Biolabs, #VPK-400-DJ) and pAAV-hSyn-hM3Dq-T2A-H2B-GFP or pAAV-
hSyn-hM4Di-T2A-H2B-GFP or pAAV-hSyn-Mito-DsRed or pAAV-hSyn-
Synaptophysin-mCherry or pAAV-hSyn-Synaptophysin-mSCAT3 or
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pAAV-hSyn-membrane-iRFP or pAAV-hSyn-opto-casp9_AtCRY2-PHR-
casp9 or pAAV-hSyn-EGFP using PEI-Max (Polysciences, #24765). AAV
vectors were purified using the AAVpro Purification Kit All Serotypes
(TaKaRa, #6666). Virus titers were determined by quantitative real-
time PCR (RT-qPCR) using the AAV2 ITR primer pair*®, Luna Universal
gPCR Master Mix (New England Biolabs, #M3003S) or THUNDERBIRD
Next SYBR qPCR Mix (TOYOBO, #QPX-201), and the LightCycler gPCR
2.0 system (Roche, #DX400).

Preparation for reagents

Each reagent was purchased and reconstituted as follows: Clozapine N-
oxide (final: 20 uM, stock: 20 mM in DMSO) (Tocris, # 4936), Z-DEVD-
FMK (final: 10 uM, stock: 10 mM in DMSO, Adooq, # A13503), BAX
channel blocker (final: 2 uM, stock: 20 mM in DMSO, Santa Cruz, #sc-
203524), NS3694 (final: 2 uM, stock: 20 mM in DMSO, Santa Cruz, #sc-
203823) and Z-LEHD-FMK TFA (final: 20 uM, stock: 20 mM in water)
(Selleck, #S7313).

Immunohistochemistry and immunocytochemistry

Antibodies for immunostaining. The following primary antibodies
were used: rabbit anti-Ibal (1:500; Wako, #019-19741), rat anti-CD68
(1:500; Bio-Rad, #MCA1957GA), guinea pig anti-VGLUT1 (1:1000;
Synaptic Systems, #135 304), mouse anti-VGLUTI (1:1000; Synaptic
Systems, #135 311), guinea pig anti-VGAT (1:1000; Synaptic Systems,
#131 004), mouse anti-VGAT (1:1000; Synaptic Systems, #131 011),
rabbit anti-Homerl (1:500; Synaptic Systems, #160 002), guinea pig
anti-Homerl (1:500; Synaptic Systems, #160 004), rabbit anti-Gephyrin
(1:500; Synaptic Systems, #147 008), mouse anti-Reelin (1:500; MBL,
#D223-3), mouse anti-GAD67 (1:500; EMD Millipore, #MAB5406B),
rabbit anti-c-Fos (1:5000; Synaptic Systems, #226 008), chicken anti-
GFP (1:1000; Abcam, #ab13970), rabbit anti-cleaved caspase-3 (1:400;
Cell Signaling Technology, #9661), rabbit anti-cleaved caspase-7
(1:1000; Cell Signaling Technology, #8438), rabbit anti-cleaved cas-
pase-9 (1:50; Cell Signaling Technology, #9509), rabbit anti-Clq (1:100;
Abcam, #ab182451), rabbit anti-C1gA (1:200; Abcam, #ab155052), rab-
bit anti-human C3d (1:100; Agilent, #A0063), rat anti-mouse CD11b
(1:500; Bio-Rad, #MCA711G), mouse anti-MAP2 (1:1000; EMD Millipore,
#MAB378), mouse anti-BlIl tubulin (1:200; Abcam, #ab78078), rabbit
anti-DsRed (1:1000; Clontech, #632496), mouse anti-RFP (1:1000;
MBL, #M155-3), rabbit anti-GFAP (1:1000; Sigma Aldrich, #G9269) and
rabbit anti-LAMP1 (1:500; Abcam, #24170). Secondary antibodies
conjugated with Alexa Fluor dyes (1:500; Invitrogen, Gaithersburg,
MD, USA) were used.

Sample preparation and immunostaining for in vivo experiments.
Experimental mice were anesthetized with isoflurane (Pfizer Inc.) and
transcardially perfused with cold PBS, followed by fixation with 4%
paraformaldehyde (PFA). Brain samples were incubated with 4% PFA
overnight at 4 °C. Coronal sections (100 um thick) were prepared using
a Zero-1 vibratome (Dosaka). The fixed sections were rinsed 3 times
with PBS and incubated in PBS, 0.3% Triton X-100, and 5% goat serum
at room temperature for 1hour. The samples were subsequently
incubated with primary antibodies in PBS, 0.3% Triton X-100, and 5%
goat serum overnight at room temperature. After antibody incubation,
the sections were rinsed 3 times with PBS and then incubated with
secondary antibodies in PBS, 0.3% Triton X-100, and 5% goat serum
overnight at room temperature. Finally, the samples were rinsed 3
times with PBS and mounted on slide glasses with antifade reagent
containing DAPI (Nacalai, #12745-74). Complement immunostaining
was performed as previously described””.

Sample preparation and immunostaining for in vitro experiments.
Cultured cells were fixed with 4% PFA for 15 minutes at 37 °C and rinsed
3 times with PBS. The samples were incubated in PBS, 0.3% Triton X-
100, and 5% goat serum at room temperature for 1hour and then

subsequently incubated with primary antibodies in PBS, 0.3% Triton X-
100, and 5% goat serum overnight at 4 °C. The samples were rinsed
with PBS 3 times and incubated with secondary antibodies in PBS, 0.3%
Triton X-100, and 5% goat serum for 4 hours at room temperature.
Finally, the samples were rinsed 3 times with PBS and mounted with
antifade reagent containing DAPI. Complement immunostaining was
performed as previously described®".

TUNEL staining. Cultured cells were fixed with 4% PFA and TUNEL
staining was performed according to the manufacturer’s instructions
of CF™640R TUNEL Assay Apoptosis Detection Kit (BTI, #30074).
Cells were counterstained with anti-chicken antibody against GFP
and DAPI.

Annexin V staining. Cultured cells were washed twice in PBS and
incubated in the medium containing Annexin V conjugate (1:100,
Invitrogen, #A23204) at 35°C, 5% CO, for 20 minutes. Then cultured
cells were fixed with 4% PFA.

Image acquisition and analysis in vitro

During live imaging, cultured cells were kept at 37 °C with 5% CO, using
a stage top incubator (TOKAI HIT). For surface rendering, the bright-
ness of fluorescence images was adjusted to eliminate noise and
halation. The thresholds for binarization and surface rendering were
then manually determined based on the signal intensity.

Cleaved caspase-3 localization. Images were captured using a
SpinSR10 (Evident) with a 60x objective (NA =1.5) at a resolution of
2048 x 2048 pixels. Z series images were collected with 0.25-um steps,
and 25 Z sections were exported to Imaris Bitplane software. Surface
renderings were created for cleaved caspase-3, H2B-GFP (neuronal
nuclei), PBlll-tubulin (axons) and synaptophysin-mCherry (pre-
synapses), and other surface renderings for cleaved caspase-3 colo-
calized with each neuronal compartment were created. In Fig. 1b, the
volumes of colocalized cleaved caspase-3 in a single presynapse were
calculated. In Fig. 1d, the volume ratios of cleaved caspase-3 to each
neuronal compartment in the field of view were calculated. Neuronal
somas were defined as spheres with a radius of 10 um from the center
of the neuronal nuclei.

Live imaging of caspase-3 activation. Images were captured using a
SpinSR10 at a resolution of 2048 x 2048 pixels. mECFP of
synaptophysin-mSCAT3 was excited at 445 nm, and mECFP and mVe-
nus fluorescence intensities were divided by a 445-, 515-, 640-triple
dichroic mirror and were simultaneously recorded through
432-483 nm and 527-542 nm band-path filters, respectively. Fifteen Z
sections were collected with 0.5-um steps using a 60x objective
(NA =1.5). Z sections were stacked, and then the mECFP to mVenus
fluorescence emission ratio was calculated using ImageJ software
(NIH image).

C1gA-647 localization after hM3Dq activation. Images were cap-
tured using a SpinSR10 with a 60x objective (NA = 1.5) at a resolution of
2048 x 2048 pixels. Z series images were collected with 0.25-um steps,
and 25 Z sections were exported to Imaris Bitplane software. Surface
renderings were created for C1qA-647, H2B-GFP (neuronal nuclei), BlII-
tubulin (axons) and synaptophysin-mCherry (presynapses), and other
surface renderings for ClqA-647 colocalized with each neuronal
compartment were created. The volume ratios of colocalized ClgA-
647 to each neuronal compartment in the field of view were calculated.
Neuronal somas were defined as spheres with a radius of 10 um from
the center of the neuronal nuclei.

C1gA localization after CRY2-casp9 stimulation. Images were cap-
tured using a SpinSR10 with a 60x objective (NA = 1.5) at a resolution of

Nature Communications | (2025)16:918

13


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56342-7

2048 x 2048 pixels. Z series images were collected with 0.25-um steps,
and 9 Z sections were stacked and analyzed using ImageJ software.
Binary images were created for each channel, and the colocalized areas
between CIgA and presynapses were measured. The ratios of coloca-
lization to presynapses were calculated.

CR3 intensity after CRY2-casp9 stimulation. Images were captured
using a SpinSR10 with a 60x objective (NA=1.5) at a resolution of
2048 x 2048 pixels. Then, 25 Z series images were collected with
0.25-um steps and analyzed using Image) software. Phagocytosed
presynapses were identified by hSyn-EGFP puncta. The phagocytic
site was defined as microglial membranes surrounding phagocytosed
presynapses detected by CX3CRI-tdTomato signals. All microglial
membranes of the same cell other than those at the phagocytic site
were defined as the nonphagocytic site. The fluorescence intensities
of CR3 at the nonphagocytic site and the phagocytic site were
compared. To determine the CR3 intensity, the following calculation
was used: (mean CR3 intensity - background intensity)/background
intensity.

Synaptic phagocytosis. In Fig. 2d and Supplementary Fig. 9e, images
were captured using a SpinSR10 with a 60x objective (NA=1.5) at a
resolution of 2048 x 2048 pixels. Z series images were collected with
0.33-um steps, and 25 Z sections were analyzed using ImageJ software.
Binary images were created for each channel, and the colocalized areas
between presynapses and microglia were calculated for a single plane.
To determine synaptic phagocytosis by microglia, the following cal-
culation was used: volume of internalized presynapses (um?)/volume
of microglia (umd).

In Fig. 2g, i, images were captured using a SpinSR10 with a 60x
objective (NA =1.5) at a resolution of 2048 x 2048 pixels. Thirteen Z
sections were collected with 0.33-um steps every minute. Images were
exported to Imaris Bitplane software, and surface renderings were
created for CX3CR1-GFP (microglia), synaptophysin-mCherry (pre-
synapses) and membrane-iRFP (axons). Synaptic phagocytosis was
manually detected.

In Fig. 2j, images were captured using an FV1200 (Evident) with a
40x objective (NA=0.6) at a resolution of 1024 x 1024 pixels. Ten Z
sections were collected with 1-.um steps every 3 minutes. Synaptic
phagocytosis was manually identified.

In Supplementary Fig. 1h, j, images were captured using a
SpinSR10 with a 60x objective (NA =1.5) at a resolution of 2048 x 2048
pixels. 29 Z series images were collected with 0.25-um steps, and
synaptic phagocytosis was analyzed using ImageJ software in the same
way as in Fig. 2d.

In Fig. 3f, to avoid the activation of CRY2-casp9 by the 488 nm
laser before live imaging, both microglia and presynapses were labeled
with red fluorescence. The 561 nm laser was used to determine the field
of view. Images were captured using a SpinSR10 with a 60x objective
(NA =1.5) at a resolution of 2048 x 2048 pixels. Fifteen Z series images
were collected with 0.5-um steps every 3 minutes. Synaptic phagocy-
tosis was manually identified.

Live imaging of mitochondria. Images were captured using a
SpinSR10 with a 40x objective (NA =0.95) at a resolution of 2048 x
2048 pixels. Thirty-one Z series images were collected with 0.3-um
steps and were analyzed using Image) software. Binary images were
created for each channel, and the colocalized areas between Mito-
DsRed and presynapses were measured at each time point.

c-Fos intensity. Cultured neurons were transduced with AAV-DJ-
hM3Dq-T2A-H2B-GFP or AAV-DJ-hM4Di-T2A-H2B-GFP and treated with
either DMSO or CNO (20 uM) in the culture medium. After 2 hours, the
samples were fixed with PFA and subjected to immunostaining for
c-Fos. Imaging was performed using a SpinSR10 with a 40x objective

(NA =0.95) at a resolution of 2048 x 2048, capturing 31 slices with a
0.35-um interval. The images were stacked and analyzed using ImageJ
software. The nuclei of hM3Dq- or hM4Di-expressing cells were
detected by H2B-GFP. To determine the c-Fos intensity, the following
calculation was used: (mean c-Fos intensity - background intensity)/
background intensity.

Image acquisition and analysis in vivo
The immunostained samples were analyzed using a Nikon Al1-HD25
confocal system.

Cell density. Images were captured with a 20x objective (NA = 0.75) at
a resolution of 1024 x 1024 pixels. Z-series images were collected in
2-um steps, and 6 Z-sections (resulting in a total thickness of 10 um)
were stacked using Image) (NIH) for quantification of cell density.
These stacked images were used to identify neuronal somas. For each
mouse, four separate regions were imaged and processed in this
manner, and the average value from these regions was considered as
N=1. Multiple mice were used for each experiment, with detailed
information provided in the figure legends.

Colocalization assay (cleaved caspase-3, Clq, C3). Images were
captured with a 100x objective (NA =1.49) at a resolution of 1024 x
1024 pixels. Z-series images were collected in 0.33-um steps, and 4
Z-sections (resulting in a total thickness of 1um) were stacked using
ImageJ (NIH) for quantification of colocalization between synapses and
cleaved caspase-3, Clq, C3, and phosphatidylserine. For each mouse,
six separate regions were imaged and processed in this manner, and
the average value from these regions was considered as N = 1. Multiple
mice were used for each experiment, with detailed information pro-
vided in the figure legends. Binary images were created for each
channel, and the colocalization between presynapses and cleaved
caspase-3, C1q or C3 was measured. The number of colocalized puncta
was quantified in the field of view.

CR3 intensity. Images were captured with a 60x objective (NA =1.35)
at a resolution of 1024 x 1024 pixels. Z-series images were collected in
0.5-um steps, and 5 Z-sections (resulting in a total thickness of 2 um)
were stacked using ImageJ (NIH) for quantification of CR3 intensity.
The mean intensities of CR3 in Ibal-positive microglia were measured
in the stacked images. For each mouse, four separate regions were
imaged and processed in this manner, and the average value from
these regions was considered as N=1. Multiple mice were used for
each experiment, with detailed information provided in the figure
legends.

Synaptic density. Images were captured with a 100x objective (NA =
1.49) at a resolution of 1024 x 1024 pixels. Z-series images were col-
lected in 0.33-um steps, and 4 Z-sections (resulting in a total thickness
of 1um) were stacked using ImageJ (NIH) for quantification of synaptic
density. Binary images were created for each channel, and the colo-
calization between presynapses and postsynapses was determined.
The number of colocalized puncta was quantified in the field of view.
For each mouse, six separate regions were imaged in the middle
molecular layer and processed in this manner, and the average value
from these regions was considered as N =1. Multiple mice were used
for each experiment, with detailed information provided in the figure
legends.

Synaptic phagocytosis by microglia. Images were captured with a
60x objective (NA =1.35) at a resolution of 1024 x 1024 pixels. Z-series
images were collected in 0.33-um steps, and 10 Z-sections (resulting in
a total thickness of 2.97 um) were stacked using ImageJ (NIH) for
quantification of synaptic phagocytosis by microglia. For each mouse,
four separate regions were imaged in the middle molecular layer and
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processed in this manner, and the average value from these regions
was considered as N =1. Multiple mice were used for each experiment,
with detailed information provided in the figure legends.

Synapse engulfment was quantified using a modified protocol
based on previous studies’**. Threshold levels for microglial, synaptic,
and CD68 immunofluorescent signals were established in ImageJ.
Colocalized images of microglia with synapses or CD68 were then
generated, and the volumes of microglia and synaptic signals within
CD68-labeled lysosomes were quantified in the middle molecular
layer. Synapse engulfment by microglia was calculated using the for-
mula: Volume of internalized synaptic puncta (um3) / Volume of
microglia (um?3).

Synaptic phagocytosis by astrocytes. Images were captured with a
100x objective (NA =1.49) at a resolution 0f 1024 x 1024 pixels. Z-series
images were collected in 0.33-um steps, and 45-60 Z-sections
(resulting in a total thickness of 14.52-19.47 um) were stacked using
ImageJ (NIH) for quantification of synaptic phagocytosis by astrocytes.
For each mouse, four separate regions were imaged in the middle
molecular layer and processed in this manner, and the average value
from these regions was considered as N =1. Multiple mice were used
for each experiment, with detailed information provided in the figure
legends.

Threshold levels for astrocytic, synaptic, and LAMP1 immuno-
fluorescent signals were established in ImageJ. Colocalized images of
astrocytes with synapses or LAMP1 were then generated, and the
volumes of astrocytes and synaptic signals within LAMP1-labeled
lysosomes were quantified in the middle molecular layer. Synapse
engulfment by astrocytes was calculated using the formula: Volume of
internalized synaptic puncta (um3) / Volume of astrocyte (um3).

Microglia synapse touch analysis. Images were captured with a 100x
objective (NA=1.49) at a resolution of 1024 x 1024 pixels. Z-series
images were collected in 0.33-um steps, and 10 Z-sections (resulting in
a total thickness of 2.97 um) were stacked using ImageJ (NIH) for
microglia synapse touch analysis (Supplementary Fig. 13). For each of
the 20 microglia from four FS-experiencing mice analyzed, 29-143
VGAT-positive inhibitory synapses (including both touched and
untouched synapses) within a single microglial region (defined as the
smallest circle encompassing all processes extending in the xy direc-
tion) were quantified. The mean intensities of cleaved caspase-3 in
both touched and untouched inhibitory presynapses were measured
and compared between the two groups.

Establishment and validation of mSCAT3

Molecular cloning. For pcDNA3.1-mSCAT3PEPPEC A206K (GCC to
AAG) mutations for both ECFP and Venus were introduced via PCR-
based site-directed mutagenesis from pcDNA3.1-SCAT3 (16) and liga-
ted into a BamHI/Hindlll-digested pcDNA3.1-SCAT3 vector using In-
Fusion. For pcDNA3.1-Synaptophysin-SCAT3PEPPEC and pcDNA3.1-
Synaptophysin-mSCAT3PEPPEVC  the coding sequences of Synapto-
physin were PCR-amplified from pAAV-hSyn-Synaptophysin-mCherry.
The coding sequences of SCAT3PEPPEVC and mSCAT3PEPPERG were
PCR-amplified from pcDNA3.1-SCAT3PEPPRC  and  pcDNA3.1-
mSCAT3PEPPEG Then, both fragments were ligated into a BamHI/
Hindlll-digested pcDNA3.1-SCAT3 vector using In-Fusion. For pAAV-
hSyn-Synaptophysin-mSCAT3P®PPE¢ - the coding sequences of
mSCAT3PEPPEG were PCR-amplified from pcDNA3.1-mSCAT3PEVD/DEVG
and ligated into a BamHI/Hindlll-digested pAAV-hSyn-Synaptophysin-
mCherry vector using In-Fusion.

Cell culture. Hela cells were grown at 37 °C in DMEM (high glucose)
with L-glutamine, phenol red and sodium pyruvate (Wako, #041-30085)
supplemented with 10% (v/v) heat-inactivated FBS (NICHIREI, #175012),
100 U/mL penicillin and 100 pg/mL streptomycin (Wako, #168-23191).

Live imaging. Cells were seeded in four-compartment glass bottom
dishes (Greiner, #627870) with DMEM (Wako, #040-30095) supple-
mented with 1 mM sodium pyruvate (Gibco, #11360-070), 1x GlutaMAX
supplement (Gibco, #35050-061), 10% (v/v) heat-inactivated FBS,
100 U/mL penicillin, and 100 pg/mL streptomycin. Cells were trans-
fected with the desired plasmids using PEI-Max (Polysciences, #24765)
and incubated for 24 hours. Then, the cells were treated with 50 ng/mL
TNFa (Wako, #94948-59-1) and 10 pg/mL cycloheximide (Sigma,
#C7698) for apoptosis induction. Time-lapse imaging was conducted
using a TCS-SP8 confocal microscope (Leica) at 2-minute intervals.
mECFP was excited using a 448 nm laser, and the emissions of mECFP
and mVenus (FRET) were determined simultaneously using two Leica
HyD detectors (450-500 nm and 510-550 nm, respectively). Images
were analyzed and edited using Image) software.

Western blotting. Cells were seeded in 12-well plates with L-glutamine,
phenol red and sodium pyruvate supplemented with 10% (v/v) heat-
inactivated FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin.
Cells were transfected with the desired plasmids using PEI-Max (Poly-
sciences, #24765) and incubated for 24 hours. To induce apoptosis,
cells were treated with 50 ng/mL TNFa (Wako, #94948-59-1) and 10 pg/
mL cycloheximide (Sigma, #C7698) for 6 hours. Cells were washed
with ice-cold PBS twice and directly lysed using radio-
immunoprecipitation assay (RIPA) buffer (50 mM Tris-HCI, pH 8.0,
150 mM sodium chloride, 0.5w/v% sodium deoxycholate, 0.1% w/v
sodium dodecyl sulfate and 1.0% w/v NP-40) supplemented with
cOmplete ULTRA EDTA-free protease inhibitor cocktail (Roche,
#05892953001). Samples were centrifuged at 20,000 x g and 4 °C for
10 minutes. The supernatants were collected and snap-frozen in liquid
nitrogen. Protein concentrations were determined using the BCA assay
(Wako, #297-73101) following the manufacturer’s protocol. The sam-
ples were mixed with 6x Laemmli buffer and boiled at 95°C for
5 minutes. Samples were separated using SDS-PAGE and transferred
onto Immobilon-P PVDF membranes (Millipore, #IPVH00010) for
immunoblotting. Membranes were blocked with 4% skim milk diluted
in 1x Tris buffered saline with Tween (TBST). Immunoblotting was
performed using the antibodies mentioned below, which were diluted
with 4% skim milk. Signals were visualized using Immobilon Western
Chemiluminescent HRP Substrate (Millipore, #WBKLS0500) and
FUSION SOLO. 7S. EDGE (Vilber-Lourmat). Contrast and brightness
adjustments were uniformly applied using ImageJ software.

The primary antibodies used were mouse anti-myc monoclonal
antibody (1:5,000, Invitrogen, #46-0603) and rabbit anti-Caspase-3
polyclonal antibody (1:10,000, Abcam, #ab184787). Mouse anti-alpha
tubulin (DM1A) monoclonal antibody (1:10,000, Sigma, #T9026) was
used as a loading control. The secondary antibodies used were HRP-
conjugated goat anti-rabbit IgG antibody (1:5,000, Cell Signaling
Technology, #7074S) and HRP-conjugated goat anti-mouse IgG anti-
body (1:5,000, Promega, #W402B).

Fluorescent labeling of C1qA

ClqA-647 was made in-house using recombinant mouse C1gA (Abcam,
#ab91203) and an Alexa Fluor™ 647 Antibody Labeling Kit (Thermo
Fisher, #A20173) following the manufacturer’s instructions.

Optogenetic activation of caspase-9

Light stimulation of CRY2-casp9 was performed using a SpinSR10
equipped with an LED light (Prizmatix) and a pattern illumination
system (Polygon 1000, OPTO-LINE). Samples were observed under a
60x objective (NA = 1.5), and 460 nm light at 200 uW was delivered to a
single presynapse detected by synaptophysin-mCherry for 15 minutes.

FS induction and monitoring
Complex FSs were induced by exposing P11 mice to hyperthermia.
Hyperthermic conditions were maintained via a regulated stream of
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moderately heated air. The core temperature of the mice was raised
gradually and measured as the rectal temperature every 2 minutes. A
rectal temperature between 39.5 and 43°C was maintained for
30 minutes. The definition of clonic seizures was behavioral seizures
with hindlimb clonus and falling. Drugs were administered 15 minutes
before the induction of hyperthermia.

Intrahippocampal injection

Surgery was performed before the induction of FSs. Mice were
anesthetized with isoflurane, and lidocaine was subcutaneously
injected into the head area before the incision for local anesthesia.
The mouse head was fixed in place using a fixation device made by
cutting the tip of a 1.5mL tube, according to a previous protocol®.
After an incision was made on the head, the heights of the bregma
and lambda were aligned by adjusting the fixation device. A 26 G
needle (TERUMO, #NN-2613S) was used to make a hole in the skull
at the administration site. To target the dentate gyrus of the
hippocampus (DP = +1.5 mm, AP=-1.5mm, ML =1.5mm), 500 nL of
Z-DEVD-FMK (400uM in PBS, Adooq, #A13503) or 500 nL of
DMSO diluted in PBS to the same concentration as the control was
injected into both sides of the hippocampus at a rate of 200 nL/
minute using a syringe pump (KD Scientific Inc., #30-0034). To avoid
aggregation of PSVue, 500 nL of PSVue® 643 (1 mM in water, Mole-
cular Targeting Technologies, #P-1006) was injected into both sides
of the hipocampus after Z-DEVD-FMK injection. Finally, the head was
sutured, and the mice were allowed to recover on a heat pad for
15 minutes.

Quantitative real-time PCR (RT-qPCR) in vivo

After the FS experiments, whole hippocampi were dissected with
scissors. Total RNA was extracted using an RNeasy Plus Mini Kit
(Qiagen). The RNA samples were reverse-transcribed into cDNA
using a SuperScript VILO cDNA Synthesis Kit (Invitrogen), and the
c¢DNA was subjected to RT-qPCR. Quantitative RT-qPCR was con-
ducted in a 20 uL reaction containing LightCycler TagMan Master
Mix (Roche) and using a LightCycler Il (Roche). The expression levels
of CDIlb were normalized to those of [-actin. Primer sets
were designed by Universal Probe Library (Roche): CDIlb, 5'-
tgtcectggetgtttctactg-3’ and  5-attctccttgeagttttggtg-3’, TagMan
probe #3; B-actin, 5’- ctaaggccaaccgtgaaaag-3’ and 5'- accagaggcata-
cagggaca-3’, TagqMan probe #64.

Kainic acid seizure induction and monitoring

Three days after the induction of FSs, kainic acid (3 mg/kg, Tocris,
#7065) was intraperitoneally administered to the mice, and convulsive
seizures were observed over time. We have established our own sei-
zure scores based on careful observation of mouse behavior and our
previous study*®: (1) immobility; (2) repetitive scratching, gustatory
movement; (3) rigid posture, pivoting, limb clonus; (4) rearing, falling;
(5) clonic seizure, jumping, running; (6) tonic-clonic seizure, jumping
(interval); and (7) death.

Statistical analysis

Statistical analyses were performed using GraphPad Prism statistical
software. For all comparisons, groups were assessed for normal dis-
tribution. If the data were normally distributed, two-tailed unpaired ¢
tests were used for comparing differences between two groups. If the
data were not normally distributed, two-tailed Mann-Whitney U tests
for comparing differences between two groups. For samples with
multiple groups, one-way or two-way analysis of variance (ANOVA)
with post hoc tests was performed. If the data were not normally dis-
tributed, one-way ANOVA on ranks with post hoc tests was used. No
data points were excluded from the analysis. Data are presented as the
mean + standard deviation (SD). Data collection and analysis were

blindly performed in all experiments. Data for each experiment were
collected and processed randomly, and animals were randomly
assigned to various experimental groups.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data necessary to evaluate the conclusions in this paper are inclu-
ded within the main text and Supplementary Materials. Given the large
volume of image data generated in this study, we have included key
representative images within the figures and Supplementary Infor-
mation. Additional image data can be made available upon request due
to storage limitations and practical considerations. Source data are
provided with this paper.
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