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Synaptic pruning of murine adult-born neurons by
microglia depends on phosphatidylserine
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New neurons, continuously added in the adult olfactory bulb (OB) and hippocampus, are involved in information processing in
neural circuits. Here, we show that synaptic pruning of adult-born neurons by microglia depends on phosphatidylserine (PS),
whose exposure on dendritic spines is inversely correlated with their input activity. To study the role of PS in spine pruning
by microglia in vivo, we developed an inducible transgenic mouse line, in which the exposed PS is masked by a dominant-
negative form of milk fat globule-EGF-factor 8 (MFG-E8), MFG-E8P3°E, In this transgenic mouse, the spine pruning of adult-born
neurons by microglia is impaired in the OB and hippocampus. Furthermore, the electrophysiological properties of these adult-
born neurons are altered in MFG-E8P%E mice. These data suggest that PS is involved in the microglial spine pruning and the
functional maturation of adult-born neurons. The MFG-E8P8%E-based genetic approach shown in this study has broad
applications for understanding the biology of PS-mediated phagocytosis in vivo.

Introduction

Adult mammalian brains have a remarkable capacity to generate
new functional neurons. Neural stem cells (NSCs) in the adult
ventricular-subventricular zone (V-SVZ) of the lateral ventricles
and the subgranular zone (SGZ) of the hippocampal dentate
gyrus (DG) continuously generate new neurons, which are in-
tegrated into the olfactory bulb (OB) and hippocampal circuits,
respectively (Lim and Alvarez-Buylla, 2016; Song et al., 2016;
Lepousez et al., 2015). In the OB, new neurons differentiate into
two types of olfactory interneurons, granule cells in the granule
cell layer (GCL) and periglomerular cells in the glomerular layer
(GL), which form dendrodendritic synapses with mitral/tufted
(M/T) cells, projection neurons in the OB, and receive centrif-
ugal inputs from higher olfactory centers (Shepherd et al.,
2004). In the DG, new neurons differentiate into granule cells
in the GCL and receive neuronal inputs from the entorhinal

cortex in the molecular layer (ML; Johnston and Amaral, 2004).
Blocking or activating new neurons’ synaptic transmission alters
olfaction and memory (Hardy et al., 2018; Gao et al.,, 2018;
Muthusamy et al., 2017; Sakamoto et al., 2014), indicating that
synapses formed on new neurons are crucial for these brain
functions. Recent accumulating pieces of evidence revealed
various molecular mechanisms for the synapse formation of
adult-born neurons (Breton-Provencher et al., 2016; Duan et al.,
2014; Burk et al., 2012; Sultan et al., 2015; Tran et al., 2009).
However, how synaptic pruning, another critical step for the
functional integration of new neurons into circuits, is controlled
in adult-born neurons is not fully understood.

Microglia, the professional phagocytes in the central nervous
system, contribute to various facets of adult neurogenesis
(Rodriguez-Iglesias et al., 2019; Sierra et al., 2013). Dead cells in
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the adult neurogenic regions are rapidly eliminated by micro-
glial phagocytosis (Sierra et al., 2010; Diaz-Aparicio et al., 2020;
Denizet et al., 2017). Moreover, microglia secrete and receive
cytokines to promote adult neurogenesis (Diaz-Aparicio et al.,
2020; Shigemoto-Mogami et al., 2014; Mosher et al., 2012;
Ribeiro Xavier et al., 2015; Matsuda et al., 2015). Spine density in
adult-born neurons is altered by chemical depletion of mi-
croglia in the OB and DG (Reshef et al., 2017; Wallace et al.,
2020; Wang et al., 2020), suggesting a role of microglia in the
synaptic dynamics of adult-born neurons. In the hippocam-
pus, microglia phagocytose CA3 synapses of granule cells
during postnatal development (Andoh et al., 2019) and den-
dritic spines of engram cells in the adult stage (Wang et al.,
2020). Furthermore, microglia also phagocytose perisynaptic
extracellular matrix to promote synaptic plasticity in adult-
born neurons in the DG (Nguyen et al., 2020). However, the
molecular mechanisms that control synaptic pruning by mi-
croglia in adult-born neurons in the OB and DG have been
largely unknown.

Phosphatidylserine (PS) is an important membrane phos-
pholipid that serves as an eat-me signal for phagocytes to engulf
dead cells (Lemke, 2019; Segawa and Nagata, 2015; Nagata and
Segawa, 2021). While PS is localized at the inner cellular mem-
brane in live cells, it becomes exposed on the outer cellular
membrane of apoptotic or damaged cells by caspase- and
calcium-induced inactivation of flippases and activation of
scramblases (Segawa et al., 2016, 2014; Suzuki et al., 2016, 2013).
In the central nervous system, the mechanisms for PS recogni-
tion, including those mediated by milk fat globule-epidermal
growth factor-factor 8 (MFG-E8)-avp3 integrin (Fricker et al.,
2012; Fuller and Van Eldik, 2008; Neher et al., 2013), protein
S/Gas6-Tyro3/Axl/Mer (TAM receptors; Fourgeaud et al., 2016;
Diaz-Aparicio et al., 2020; Park et al., 2021), and triggering re-
ceptor expressed on myeloid cells 2 (TREM2; Filipello et al.,
2018; Wang et al., 2015), enable microglia to efficiently iden-
tify, phagocytose, and remove cells and synapses. Recent studies
reported that synapses present PS and are phagocytosed by
microglia during postnatal brain development (Scott-Hewitt
et al., 2020; Li et al., 2020; Park et al., 2021). Furthermore, mi-
croglial Mer and GPR56 regulate PS-mediated synaptic pruning
during the postnatal stage (Li et al., 2020; Park et al., 2021),
suggesting that PS acts as a synaptic eat-me signal in vivo.
However, the function of PS in synaptic pruning by microglia in
adult-born neurons has not been demonstrated. In addition to
microglia-specific deficient mice for PS recognition molecules,
tools for target-cell-specific PS blocking without affecting mi-
croglia will be also beneficial for a better understanding of the
PS-mediated biological processes.

In the present study, we show that PS is localized at the
dendritic spines of adult-born neurons and is involved in their
pruning by microglia in the OB and DG. To investigate the role of
PS in spine pruning by microglia in vivo, we generated a
transgenic mouse line, in which exposed PS is masked spe-
cifically in adult-born neurons by MFG-E8P%°E, a dominant-
negative form of the opsonin MFG-E8 (Hanayama et al., 2002;
Asano et al., 2004). We found that MFG-E8P8E inhibits micro-
glial phagocytosis of spines, leading to altered spine dynamics
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and density, and modified electrophysiological properties in
adult-born neurons.

Results

Microglia phagocytose a subset of granule cell spines in the
adult OB

To study whether microglia phagocytose granule cell spines in
adult OB, we performed sequential image acquisition of targeted
microglia using a serial block-face scanning electron microscope
(SBF-SEM; Matsumoto et al., 2019; Sawada et al., 2018; Fig. 1 [n =
23 cells from three mice] and Fig. S1 [n = 22 cells from three
mice]). OB microglia were identified in SBF-SEM images based
on their ultrastructural features: irregular contour with elon-
gated processes, dark cytosol containing long endoplasmic re-
ticulum and lysosomes, and association with extracellular space
(Matsumoto et al., 2019; Fig. S1 A). While apical dendrites of
granule cells form dendrodendritic synapses with secondary
dendrites of M/T cells in the external plexiform layer (EPL),
distal, proximal, and basal dendrites in the GCL form synapses to
receive inputs from the axonal terminals of M/T cells in the OB
and projection neurons in higher olfactory centers (Shepherd
et al., 2004). In the SBF-SEM images, we observed dendroden-
dritic synapses between secondary dendrites of M/T cells and
dendritic spines of granule cells in the EPL (Fig. S1 G). At these
synapses, granule cell spines contained 40 nm synaptic vesicles
and postsynaptic densities, as described previously (Price and
Powell, 1970; Fig. S1 G). Similar 40 nm vesicles were observed in
double-membrane inclusion bodies within the microglial pro-
cesses (Fig. 1, A-F and J; Schafer et al., 2012). These inclusion
bodies were occasionally making contact with the inner surface
of the plasma membrane of microglial processes associated with
a granule cell dendrite (Fig. 1, A-C and J; and Video 1; 21 events
from 12 cells), suggesting that they had been engulfed immedi-
ately before fixation. The remaining inclusion bodies were de-
tached from the microglial plasma membrane (Fig. 1, D-F and J;
59 events from 17 cells), indicating the later stage of microglial
phagocytosis. Quantification analysis revealed that 50.8 + 7.9%
and 77.2 + 10.1% of microglia showed early and later stages of
spine phagocytosis, respectively (n = 3 mice). We also observed
granule cell spines partially phagocytosed by microglia (Fig. 1,
G-J; and Video 2; nine events from six cells [n = 3 mice]). Taken
together, these results suggest that microglia phagocytose
granule cell spines in the adult OB.

PS at spines is masked in MFG-E8P3%E transgenic mice

While recent studies reported that synapses present PS and are
phagocytosed by microglia during postnatal brain development
(Scott-Hewitt et al., 2020; Li et al., 2020), the synaptic locali-
zation and function of PS in synaptic pruning in adult-born
neurons are still unknown. To address these points, we gener-
ated a transgenic mouse line that inhibits PS-dependent phag-
ocytosis by using MFG-E8 mutant proteins (Fig. 2, A and B).
MFG-E8 is a secreted glycoprotein that simultaneously binds to
PS on targeted cells and avf3 integrin on phagocytes, via its
C-terminal domain and arginine-glycine-aspartate (RGD) motif,
respectively (Hanayama et al., 2002). A dominant negative form
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Figure 1. Microglia phagocytose a subset of granule cell spines in the adult OB. (A-1) Representative illustrations (A, D, and G), SBF-SEM images (B, E, and
H), and 3D reconstructions (C, F, and I) of microglia (n = 23 cells from three mice, pooled from eight independent experiments) in the process of “phagocytosis
(early)” (A-C), “phagocytosis (late)” (D-F), or “partial phagocytosis (early)” (G-I). Blue arrows (A-1) indicate phagocytosed spines (A-C and G-I) or synaptic
material (D-F). Yellow arrowheads (B) and circles (A, D, and G) indicate lysosomes and synaptic vesicles, respectively. Microglia (A-I, green), granule cells (A-C
and G-I, pink), phagocytosed spine/synaptic material (B, C, E, F, H, and |, blue), and mitral cells (C, H, and I, light blue) are also shown. Pink arrows (C and I)
indicate dendrodendritic synapses between granule cell spines and mitral cell dendrites. Interactive 3D models of microglial phagocytosis shown in A-C and
G-I are shown at https://sketchfab.com/3d-models/phagocytosis-of-spine-by-microglia-7f168d4801e1444fb1f14750bbad7175 and https://sketchfab.com/3d-
models/partial-phagocytosis-of-spine-by-microglia-b3b4332f1bc74dea86ae81965a3d23d3, respectively. (J) Event per microglial volume (density) of phago-
cytosis (early), phagocytosis (late), or partial phagocytosis (early) (n = 23 cells from three mice, pooled from eight independent experiments). Each dot indicates
data from one cell. Scale bars in B, C, E, F, H, and |, 400 nm. Data shown are mean + SEM.

of MFG-E8, MFG-E8P#E, can bind to PS but not avf3 integrin
due to a point mutation (D89E) in the RGD motif, thereby in-

R26-MFG-ESEPT or DSE (R)6-EPT or D89E) mice to generate Dcx-
CreER™% R26-EPT or D89E; R26-tdTomato mice (hereafter referred

hibiting PS-dependent phagocytosis (Hanayama et al., 2002;
Asano et al., 2004; Fig. 2 B, right). As a control, we used a de-
letion mutant lacking the C-terminal domain, MFG-E8EFT, which
does not mask PS (Hanayama et al., 2002; Asano et al., 2004;
Fig. 2 B, left). To induce the secretion of MFG-E8FPT or
MFG-E8P%°E protein from adult-born neurons, Dcx-CreERT?;
R26-tdTomato mice (Fujioka et al., 2017) were crossed with
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to as EPT or D8YE mice). In these lines, tamoxifen injection at the
adult stage induced the Cre-mediated recombination and subse-
quent expression of tdTomato and MFG-E8EPT or D8%E jn Dcx-
expressing cells but not in GFAP-expressing astrocytes or
Ibal-expressing microglia (Fig. 2, A and B; and Fig. S2, A and B).

To detect synaptic PS in the adult OB, we injected a PSVue
probe, which labels PS exposed on the outer surface of the
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Figure 2. MFG-E8P8%E masks PS exposed at spines in vivo. (A) Schematic illustration of the transgenic mouse lines developed in the study. Left: Following
Cre-mediated excision of the LoxP-flanked “Stop” sequence, MFG-E8FPT and MFG-E8P8°F (see explanation in B) are expressed under the control of the CAG
promoter located in the Rosa26 locus. Dcx-CreER™ mice were used for Tamoxifen-induced recombination in Dex-expressing new neurons in the adult brain.
Rosa26-tdTomato mice were used to visualize recombined Dcx-expressing cells. Right: Tamoxifen-induced expression of MFG-E8P8%E in Dex-expressing cells in
the adult brain. MFG-E8P89E (blue) is specifically secreted from Dcx-expressing new neurons and masks PS* spines (yellow) to suppress microglial phago-
cytosis. Recombined new neurons are visualized by tdTomato expression (red). (B) Mechanism for the inhibition of PS-dependent phagocytosis by MFG-
E8D8%E. Under physiological conditions, PS on damaged or apoptotic cells/synapses is recognized by adaptor molecules from several phagocytic pathways,
including the MFG-E8-av3 integrin pathway (magenta and pink, respectively) and the Protein S/Gas6/TAM receptors pathway (light blue, yellow, and green,
respectively). Overexpressed MFG-E8EPT (left, blue), which binds to avB3 integrin but not PS, does not interfere with phagocytosis. On the contrary, over-
expressed MFG-E8P89E (right, blue), which is a dominant-negative form of MFG-E8, binds to PS but not avB3 integrin, hindering PS recognition and subsequent
phagocytosis. (C and D) Representative images of the GCL in the OB of adult WT mice injected with PSVue550 (white) with (C) or without (D) zinc solution (n =
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3 mice). White arrows and red arrowheads indicate PS* dots and a pyknotic cell, respectively. Nuclei are stained by Hoechst 33342 (blue). (E) Representative
images of the GCL in the OB of adult WT mice injected with PSVue550 (white) and AnnexinV-FITC (green), stained for postsynaptic marker PSD95 (red; n = 3
mice, pooled from two independent experiments). The boxed area is enlarged in the bottom. Arrows in the boxed area (E! and E, orthogonal view) indicate
PS*AnnexinV-FITC*PSD95* signal. (F~H) Representative images of the GCL in the OB of control (F, n = 3 mice), EPT (G, n = 3 mice), and D89E (H, n = 4 mice)
mice injected with MFG-E8-FITC (green). The boxed areas (F-H) are enlarged in the right (F) and bottom (G and H). (I) Proportion of MFG-E8-FITC*tdTomato*
spines in control (n = 3 mice), EPT (n = 3 mice), and D89E (n = 4 mice) mice (pooled from three independent experiments; F(,7 = 33.2, P = 0.00027, one-way
ANOVA; control versus D89E, P = 0.00053, EPT versus D89E, P = 0.00067, Tukey-Kramer test). GCL, granule cell layer. Scale bars in C and D, 5 um; E-H, 1 pm.

*** P < 0.005. Data shown are mean + SEM.

cellular membrane (Scott-Hewitt et al., 2020; Li et al., 2020) into
the OB. The PSVue signals were observed as small dots in non-
pyknotic cells in addition to pyknotic cells in the GCL in a zinc-
dependent manner, as reported previously (Scott-Hewitt et al.,
2020; Li et al., 2020; Fig. 2, C and D). To determine whether PS is
localized to synaptic structures, we injected PSVue550 and
AnnexinV-FITC, which also labeled exposed PS (Koopman et al.,
1994), and performed immunostaining for the postsynaptic
marker PSD95. PSVue550 was colocalized with AnnexinV-FITC
at PSD95* spines (Fig. 2 E; 94.1  3.0% [n = 3 mice]), suggesting
that post-synapses present PS in the adult OB. Similar PSVue
signals were observed at spines even in the postfixed OB sec-
tions (Fig. S3, A-C). Furthermore, the exposed PS signals were
not detectable in the cell body of adult-born neurons (Fig. S3,
E-G), suggesting that synaptic PS exposure is not attributable to
apoptosis. Taken together, these results suggest that post-
synapses present PS in the adult OB.

We next studied the distribution of MFG-E8-FITC injected
into the OB of control (Dcx-CreERT?; R26-tdTomato), EPT, and
D89E mice at 28 d post-tamoxifen injection (dpi). The MFG-E8-
FITC signals were associated with spines of tdTomato+ granule
cells in control mice (Fig. 2 F), suggesting that MFG-E8 is lo-
calized at the spines of adult-born neurons. Moreover, binding
of MFG-E8-FITC to tdTomato* spines was inhibited in D89E but
not EPT mice (Fig. 2, G-I), suggesting that MFG-E8P2°F competes
with MFG-E8-FITC for their binding to spines. These results
suggest that MFG-E8P%°E specifically masks PS exposed on the
spines of adult-born neurons.

PS exposure is involved in microglial phagocytosis of spines of
adult-born neurons in the OB

To evaluate the activity level of PS+ synapses, we used the
F-actin capping protein CapZ, which is accumulated in spines
given high-frequency inputs (Kitanishi et al., 2010). In AiCE-Tg
transgenic mice (Kuboyama et al., 2020), expressing EGFP-
tagged CapZ protein, the intensity of EGFP fluorescence in
spines reflects both the level of received inputs to spines and
cellular activity (Arc promoter-dependent expression). We oc-
cluded the left naris of AiCE-Tg mice and here defined active
spines as PSD95* spines with higher EGFP intensity than those
with mean of EGFP signals in the highest 100 spines in naris-
occluded side of OBs (Fig. 3, D-G; see Materials and methods).
Odor-input deprivation was confirmed by the decrease in the
density of c-Fos* cells in the GCL in the occluded side (Fig. 3,
A-C). These EGFP*PSD95" spines contained Bassoon, a compo-
nent of the active zone (Whitman and Greer, 2007; Fig. 3 F). PS
signal was never observed in the active spines but was found ina
small but significant subset of other spines (0.63%; Fig. 3 G).
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Taken together, these results suggest that PS preferentially la-
bels spines that receive lower neuronal inputs.

To support this idea, we further investigated whether PS
exposure on spines was affected by olfactory input and tested
the effects of 2-d odor deprivation or enrichment in adult WT
mice (Sawada et al., 2011; Kato et al.,, 2012). The density of
PSD95*PS* spines was significantly increased and decreased by
odor deprivation and enrichment, respectively (Fig. 3, H-K),
indicating that the PS exposure is inversely correlated with the
input activity of spines in the adult OB.

To examine the role of PS in microglia-synapse interaction,
we compared microglial contacts to spines of tdTomato* granule
cells in EPT and D89E mice at 28 dpi. Microglial contacts with
spines were classified into three categories based on the area of
the spine surface covered by the microglial process: touching,
spreading, and wrapping (Fig. 4 A; see Materials and methods).
This microglia-spine interaction was also confirmed in SBF-
SEM analyses (Fig. S1, A-E). Spiny protrusions were morpho-
logically classified into filopodia, thin, stubby, and mushroom
types (Breton-Provencher et al., 2014; Fig. S4 A). The proportion
of spines expressing PSD95 was lower in the thin type than in
stubby and mushroom types (Huang et al., 2015), suggesting that
the thin-type spines are immature. We found that 62.4 + 2.6% of
spreading microglial processes (n = 3 mice) and 71.4 + 4.8% of
wrapping microglial processes (n = 3 mice) were making contact
with thin-type spines, indicating that microglia preferentially
wrap immature spines (Fig. S4, B and C). The densities of mi-
croglial touching to, spreading on, and wrapping of tdTomato*
spines were not significantly different between control and EPT
mice (Fig. 4, B and D-F), suggesting that MFG-E8FFT over-
expression does not affect microglia-synapse interaction. In-
terestingly, the densities of microglial spreading on and
wrapping of but not touching to the spines in D89E mice were
significantly lower than those in EPT mice (Fig. 4, C-F). These
results demonstrate that microglial spreading and wrapping of
spines depend on PS exposure.

To investigate whether microglial phagocytosis of spines is
also inhibited in D89E mice, we stained OB sections for Ibal,
PSD95, and CD68, a marker for lysosomes, in control, EPT, and
D89E mice at 28 dpi. The density of PSD95*tdTomato* spines
within the CD68* lysosomes in Ibal* microglial processes was
significantly decreased in D89E but not EPT mice (Fig. 4, G and H;
and Video 3), suggesting that the microglial phagocytosis of
spines was suppressed. Consistently, the proportion of PS*
spines was significantly increased in D89E mice (Fig. S2, C-E).
MFG-E8EPT and MFG-E8P®%E did not affect the migration of
tdTomato* adult-born neurons into the OB or the number of
Ibal* microglia in the OB (Fig. S2, F-J). Taken together, these
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Figure 3. PS exposure on less-active spines, and its suppression by olfactory inputs in the adult OB. (A and B) Representative images c-Fos staining
(red) of the GCL in the naris-occluded (A) and opened (B) side of OB in adult AiCE-Tg mice (n = 3 mice) with unilateral naris occlusion. Nuclei were stained with
Hoechst 33342 (blue). Arrows indicate c-Fos* signals in the GCL. (C) Density of the c-Fos* cells in the GCL (n = 3 mice, pooled from two independent ex-
periments, t(») = 7.7, P = 0.016, paired t test). (D and E) Representative images of the EPL in the naris-occluded (D) and opened (E) side of OB in the adult AiCE-
Tg mice (n = 3 mice) stained for PS (white), PSD95 to define spines (red), and EGFP (green, EGFP-CapZ). Active and less-active spines, defined here by the level
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of EGFP signal (see Materials and Methods), in E are enlarged and shown by orthogonal view in (E* and E2) and (E® and E“), respectively. Arrowheads and
arrows (E and E1-E%) indicate active spines and representative PS* spines, respectively. (F) Representative single z-plane and orthogonal images of the active
spine (arrowhead) in the EPL of the naris-opened side of the OB of adult AiCE-Tg mice (n = 3 mice) stained for the postsynaptic marker PSD95 (red), EGFP
(green, EGFP-CapZ), and a presynaptic marker Bassoon (white). (G) Proportion of PS* population in active and less-active PSD95* spines in the EPL of the adult
OB (pooled from two independent experiments; 0 PS*/629 active spines, 282 PS*/44,371 less-active spines from two mice; P = 0.037, Fisher’s exact test).
(H-J) Representative images of the EPL in the OB of naris-opened (H, n = 4 mice), naris-occluded (I, n = 4 mice), and odor-enriched (J, n = 6 mice) adult WT mice
stained for PS (white) and PSD95 (red). PSD95*PS* spines (arrows) are enlarged and shown by orthogonal view in the boxes (H, H2, I%, 12, I3, and J%). Different
z-level images of PSD95*PS* spine in (H! and I%) are also shown by a single z-plane and orthogonal view (z + 0.5 um). (K) Density of the PSD95*PS* spines (n = 4
[opened], 4 [occluded], 6 [odor-enriched] mice pooled from two independent experiments; F;11) = 33.3, P = 0.000022, one-way ANOVA; opened versus
occluded, P = 0.0041, opened versus enriched, P = 0.011, occluded versus enriched, P = 0.000015, Tukey-Kramer test). GCL, granule cell layer; EPL, external

plexiform layer. Scale bars: A, B, 20 pm; D-F and H-J, 2 pm. *, P < 0.05; ***, P < 0.005. Data shown are mean + SEM.

results suggest that PS is involved in the phagocytosis of im-
mature spines by microglia in adult-born neurons in the OB.

To examine the effects of olfactory input on the microglia-
spine interaction, we analyzed microglial contacts and phago-
cytosis of spines in naris-occluded EPT and D89E mice at 28 dpi.
Consistent with the enhanced PS exposure on the spines of
naris-occluded WT mice (Fig. 3, H-K), the three-day naris oc-
clusion significantly increased the densities of microglial
spreading and wrapping of tdTomato* spines (Fig. 4, D-F) and
the density of PSD95*tdTomato* spines incorporated in the
CD68* lysosomes in Ibal* processes (Fig. 4 H) in EPT but not
D89E mice. These results support that PS exposure on spines,
inversely correlated with sensory input activity, is coupled with
microglial spreading, wrapping, and subsequent phagocytosis of
spines of adult-born neurons in the OB.

To study the dynamics of microglial phagocytosis of spines of
adult-born neurons and the involvement of PS in these pro-
cesses in live animals, we performed in vivo two-photon time-
lapse imaging of microglia and adult-born neurons in EPT or
D89E; Ibal-EGFP mice (Fig. 5 A; and Fig. S5, A and B). Consistent
with histological analyses (Fig. 4), EGFP* microglial processes
touched and wrapped tdTomato* spines in EPT; Ibal-EGFP mice
(Fig. 5, B-D; and Video 4). While most of the microglial touching
and wrapping of spines were transient, these microglial contacts
occasionally proceeded to phagocytosis of spines in EPT; Ibal-
EGFP mice (Fig. 5, B-E; and Video 4). Following phagocytosis,
tdTomato* debris were observed in EGFP* microglial processes
(Fig. 5, B and E, arrowheads). These results suggest that the
microglial touching, wrapping of, and phagocytosis of spines are
sequential steps in the adult OB. In D89E; Ibal-EGFP mice, the
frequency of microglial wrapping and phagocytosis, but not
touching, of tdTomato* spines, was significantly decreased
(Fig. 5, F and G; and Video 5). Taken together, these results
suggest that PS is involved in the microglial membrane exten-
sion along targeted spines of adult-born neurons in the OB.

PS is involved in the dendritic spine pruning of adult-born
neurons in the OB

To investigate the effect of MFG-E8P3°E on adult-born neurons’
spine dynamics in the OB, we performed in vivo two-photon
imaging of dendritic spines of tdTomato* granule and peri-
glomerular cells at 28 and 30 dpi in EPT and D89E mice (Fig. 6
and Fig. S5, C-H). By comparing two consecutive images cap-
tured at 2-d interval, the spines were classified as added, lost,
and stable (Sailor et al., 2016; Fig. 6 A). The percentages of added
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and lost spines of granule cells were not significantly different in
adult EPT mice (Fig. 6, B and D), as was reported previously in
adult WT mice (Sailor et al., 2016). In contrast, the percentage of
lost spines was significantly lower than that of added spines in
DS89E mice (Fig. 6, C and D). Furthermore, we also noted that the
proportion of lost spines in D89E mice was significantly lower
than that in EPT mice (Fig. 6 D). A similar decrease in spine
pruning was also observed in periglomerular cells in D89E mice
(Fig. 6, E-G). Together, these results show that PS affects the
spine dynamics of adult-born neurons in the OB.

The decrease in the lost population of spines (Fig. 6, D and G)
of adult-born neurons in D89E mice could be attributable to (1)
failure of spine pruning and/or (2) promotion of filopodium
formation and suppression of filopodium retraction. To address
these possibilities, we performed in vivo two-photon time-lapse
imaging of filopodium dynamics in granule cells and found no
effect of MFG-E8P®E on filopodium formation and retraction
(Fig. S5, E-H). Thus, our results support the idea that PS is in-
volved in the spine pruning of adult-born neurons in the OB.

Inhibition of PS-dependent spine pruning by MFG-E8P8%¢
increases the spine density in adult-born mature neurons in
the OB

In granule cells of the adult OB, the spine density reaches its
peak 4 wk after cell generation in the V-SVZ, and subsequently
decreases during the following 4-wk-long functional develop-
ment of neuronal connections (Whitman and Greer, 2007). To
examine whether PS-mediated spine pruning (Figs. 2, 3, 4, 5,
and 6) affects spine density in adult-born neurons, we compared
the density of total spiny protrusions in granule and peri-
glomerular cells at 28 and 56 dpi in control, EPT, and D89E mice
(Fig. 7 A). Spine density in granule and periglomerular cells in
these three mouse lines showed no significant difference at 28
dpi (Fig. 7 B), suggesting that synaptogenesis is not affected by
MFG-E8EPT or MFG-E8P®%E, In control and EPT mice, the density
of total spiny protrusions in granule cells and periglomerular
cells was decreased by spine pruning from 28 to 56 dpi (Fig. 7 B),
as reported previously for WT mice (Whitman and Greer, 2007).
In contrast, this spine pruning was disrupted in D89E mice. To
examine whether the effects of D89E on spine pruning are
region-specific, granule cell dendrites were subdivided into four
regions: apical, distal, proximal (<30 pm from the soma), and
basal (Lepousez et al., 2014; Fig. 7 C). Apical dendrites of granule
cells receive inputs from secondary dendrites of M/T cells in the
EPL. On the other hand, distal, proximal, and basal dendrites in
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Figure 4. PSisinvolved in microglial phagocytosis of spines of adult-born neurons in the OB. (A) Representative image of the EPL in the OB of adult Dcx-
CreER™ R26-tdTomato (control) mice at 28 dpi (n = 4 mice) stained for DsRed (red) and Ibal (green). The boxed areas in A are enlarged in A’-A3, Contacts
between microglia and spines are classified into three types: touching (A%, asterisks), spreading (A2, arrowheads), and wrapping (A3, arrows). (B and C) Effect of
MFG-E8P89E on spine contacts by microglia in adult-born neurons in the OB. Representative images of the EPL in the OB of adult Dex-CreER™%; R26-EPT; R26-
tdTomato (B, EPT, n = 5 mice), and Dex-CreER™% R26-D89E; R26-tdTomato (C, D8IE, n = 3 mice) mice at 28 dpi stained for DsRed (red) and Ibal (green) are shown.
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The boxed areas (B and C) are displayed on the right-hand side (O pum). Asterisks, arrowheads, and arrows in the three consecutive images (B, C, right) indicate
microglial touching to, spreading on, and wrapping of spines, respectively. (D-F) Density of microglial contacts (touching [D], spreading [E], and wrapping [F])
to spines in the adult control (n = 4 mice), naris-opened or occluded EPT (n = 5 mice each) or D89E (n = 3 mice each) mice (E, for comparison among control, EPT,
and D89E mice, F(5,9) = 10.8, P = 0.0041, one-way ANOVA; control versus D89E, P = 0.0045, Dunnett’s test; for comparison of EPT versus D89E and opened
versus occluded, Frnouse (1,12) = 72.6, P = 2.0 x 107%, Foccusion (1,12) = 8.87, P = 0.012, two-way ANOVA; EPT versus D8JE in opened, t(g) = 4.4, P = 0.018, opened
versus occluded in EPT, t(g) = -3.8, P = 0.021, EPT versus D89E in occluded, t(g) = 8.0, P = 0.00082, unpaired t test; F, for comparison among control, EPT, and
D89E mice, Fp0) = 93.6, P =9.5 x 1077, one-way ANOVA; control versus D89E, P = 1.6 x 1076, Dunnett’s test; for comparison of EPT versus D89E and opened
versus occluded, Froyse (1,12) = 128, P = 9.1 x 1078, Focciusion (1,12) = 18.3, P = 0.0011, two-way ANOVA; EPT versus D89E in opened, t() = 15.4, P = 1.9 x 1075,
opened versus occluded in EPT, t() = -5.2, P = 0.018, EPT versus D89E in occluded, t() = 7.6, P = 0.0011, unpaired t test). Pink bars indicate data from
controlmice. Data are pooled from 10 independent experiments. (G) Representative images of EPL in the OB of adult EPT mice (n = 4 mice) stained for PSD95
(yellow), CD68 (cyan), and Ibal (green). tdTomato* signals (red) are directly observed without staining. The boxed area in G is enlarged (G?) and is shown by
orthogonal (G?) and a surface-rendered 3D view (G). White arrowheads indicate tdTomato*PSD95* spine incorporated in CD68* lysosomes within Ibal*
processes (GY). Also, see Video 3. (H) Density of tdTomato*PSD95* spines incorporated in CD68* lysosomes within Ibal* processes in the adult control (n = 3
mice), naris-opened or occluded EPT (n = 4 [opened] or 3 [occluded] mice) or D89E (n = 3 mice each) mice (for comparison among control, EPT, and D89E mice,
F,7) = 41.0, P = 0.00014, one-way ANOVA; control versus D89E, P = 0.00018, Dunnett’s test; for comparison of EPT versus D8E and opened versus occluded,
Frouse (1,0) = 110.7, P = 2.3 x 1078, Focctusion (1,9) = 16.8, P = 0.0027, Frnousexocclusion (1,9) = 8-8, P = 0.016, two-way ANOVA; EPT versus D89E in opened, t(s) = 7.6, P =
0.0025, opened versus occluded in EPT, t(s) = -4.2, P = 0.035, EPT versus D89E in occluded, t(4) = 7.3, P = 0.0074, unpaired t test). Pink bar indicates data from
control mice. Data are pooled from six independent experiments. EPL, external plexiform layer. Scale bars: A-C, 10 um; G, 5 um. *, P < 0.05; **, P < 0.01; ***,
P < 0.005; adjusted with Bonferroni correction. Data shown are mean + SEM.

the GCL receive inputs from axonal terminals of M/T cells in
the OB and projection neurons in higher olfactory centers
(Shepherd et al., 2004). When comparing with the dendrites in
EPT mice, we found that the density of total protrusions was
significantly increased only in proximal and apical dendrites in
D89E mice (Fig. 7, D and F). Furthermore, the density of
mushroom spines was also significantly increased exclusively in
the apical dendrites in D89E mice (Fig. 7, E and F). This regional
difference in the density of total protrusion was attributable to
that in the distributions of PS* spines and microglial contact
(Fig. S4, E-I). Together, these results reveal that PS-mediated
spine pruning controls the density of synapses in a dendritic
region-specific manner in adult-born granule cells in the OB.

Inhibition of PS-dependent spine pruning by MFG-E8P8%E
disrupts synaptic maturation of adult-born neurons in the
hippocampal DG

In the hippocampal DG, adult-born neurons generated from
NSCs in the SGZ develop their dendritic spines in the GCL and
ML, where their density continues to increase for two months
(Zhao et al., 2006). To elucidate whether PS-dependent spine
pruning also occurs in adult-born neurons in the DG, we first
examined PS exposure in the hippocampal synapses. Dot-like
signals of injected PSVue were overlapped with those of
PSD95 (Fig. 8, A and B; and Fig. S3 D), indicating the localization
of PS on a subset of postsynaptic structures of granule cells in
the adult ML. Furthermore, in Dcx-CreERT%; R26-tdTomato mice,
tdTomato*PS* spines were wrapped by microglial processes at
28 dpi (Fig. S4 D). Interestingly, 76.9 + 3.5% and 75.7 + 8.4% (n =3
mice) of spread and wrapped spines, respectively, were of the
thin type, confirming that microglia preferentially wrap im-
mature spines of adult-born neurons in the DG as well. These
observations demonstrate that a subset of dendritic spines of
adult-born neurons presents PS and is phagocytosed by mi-
croglia in the hippocampal DG.

To investigate the role of PS in the spine pruning of adult-
born neurons in the DG, we compared microglia-spine inter-
actions, as well as the microglial phagocytosis of spines, between
EPT and D89E mice at 28 dpi. The densities of microglial
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spreading on and wrapping of, but not touching to spines, were
significantly lower in D89E mice than those in EPT mice (Fig. 8
C). Moreover, the density of PSD95*tdTomato* spines incorpo-
rated in the CD68* lysosomes in Ibal* processes was significantly
decreased in D8YE mice (Fig. 8 D and Video 6). Together, these
results show that PS is involved in the microglial phagocytosis of
spines of adult-born neurons in the DG.

To study the effect of MFG-E8P2%E on the synaptic develop-
ment of adult-born neurons in the DG, we compared the den-
sities of total protrusions and mushroom spines between EPT
and D89E mice at 56 dpi, i.e., at the peak of synaptic maturity of
the studied neurons (Zhao et al., 2006). There was no significant
difference in the density of tdTomato*NeuN* mature granule
cells between EPT and D89E mice (Fig. 8, E and F), suggesting
that MFG-E8P#E did not affect their survival. While the density
of total protrusions was increased in D89E mice compared with
EPT mice (Fig. 8, G and H), the density of mushroom spines was
decreased, suggesting that synaptic development is disrupted by
MFG-E8P®E, Taken together, these results demonstrate that PS
is involved in the spine pruning of adult-born neurons by mi-
croglia in the DG.

Finally, to examine whether the observed morphological
differences between spines correlated with their electrophysi-
ological function, we measured miniature excitatory postsyn-
aptic currents (EPSCs) in adult-born neurons in EPT and D89E
mice. Whole-cell patch-clamp recordings were performed from
tdTomato* adult-born neurons at 65-74 dpi in acute brain slices
of EPT and D89E mice (Fig. 8 I). Adult-born neurons in EPT and
D89E mice showed similar input resistance (EPT, 138.7 + 15.4
MQ, n = 8 cells; D89E, 147.7 + 8.9 MQ, n = 6 cells; P > 0.05, un-
paired t test), resting membrane potentials (EPT, -66.3 + 2.4 mV,
n = 8 cells; D89E, -60.2 + 3.9 mV, n = 6 cells; P > 0.05, unpaired
t test), and the maximum number of action potentials (EPT, 11.4
+ 0.9, n = 8 cells; D8YE, 10.3 + 1.0, n = 6 cells; P > 0.05, unpaired
t test), suggesting that their passive membrane properties and
excitability were comparable in both groups. On the other hand,
the frequency of high-amplitude events in D89E mice was
smaller than that in EPT mice (Fig. 8 ], inset), suggesting a de-
crease in the ratio of spines with large inputs in D89E mice.
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Figure 5. PS is involved in the microglial membrane extension along targeted spines to proceed phagocytosis in adult-born neurons in the OB.
(A) Experimental scheme. In vivo two-photon imaging of dendritic spines of tdTomato* granule cells and EGFP* microglia in the adult Dcx-CreER™ R26-EPT;
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R26-tdTomato; Ibal-EGFP (EPT; Ibal-EGFP) and Dcx-CreER™% R26-D89E; R26-tdTomato; Ibal-EGFP (D89E; Ibal-EGFP) mice was performed at 28-42 dpi.
(B) Classification of microglia-spine interaction in two-photon imaging. (C-F) Representative two-photon images of dendrites of tdTomato* granule cells (red)
and EGFP* microglial processes (green) in the adult OB of EPT (C-E, also see Fig. S5, A and B; and Video 4; n = 3 mice) or D89E (F, also see Video 5; n = 5 mice);
Ibal-EGFP mice. Dotted line boxes in C and D are magnified and shown in orthogonal view (C* and DY), respectively. Dotted line boxes (F, 15 and 21 min) are
magnified and shown in orthogonal view (F* and F2), respectively. (G) Frequency of microglial touching to, wrapping of, and phagocytosis of tdTomato* spines
in EPT or D89E; Ibal-EGFP mice (n = 3 or 5 mice pooled from three or five independent experiments, respectively; wrapping, t() = 2.5, P = 0.047, unpaired t test;
Phagocytosis, P = 0.032, Welch’s t test). EPL, external plexiform layer. Dashed and solid arrows indicate microglial touching to and wrapping of spines, re-
spectively (B-F). Arrowheads indicate phagocytosed spines observed in the microglial processes (B and E). Numbers (C-F) indicate minutes after the first

imaging frame. Scale bars, 2 um. *, P < 0.05. Data shown are mean + SEM.

In addition, the distribution of interevent intervals in D89E mice
was significantly shifted toward longer intervals (Fig. 8 K),
suggesting a decrease in the total number of functional spines in
D89E mice. Taken together, these results indicate that PS-
dependent spine pruning by microglia contributes to the syn-
aptic maturation of adult-born neurons in the DG.

Discussion

PS as a synaptic eat-me signal

PS is exposed on the outer plasma membrane of apoptotic cells
and serves as an eat-me signal for phagocytes (Segawa and
Nagata, 2015; Nagata and Segawa, 2021). A recent study
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suggests that degenerating dendrites of neurons also present PS
and are phagocytosed by epidermal cells in Drosophila mela-
nogaster (Sapar et al., 2018). In rodents, synapses present PS and
are phagocytosed by microglia during postnatal brain develop-
ment (Scott-Hewitt et al., 2020; Li et al., 2020; Park et al., 2021).
Microglia deficient for TREM2, GPR56, and Mer, all of which
directly or indirectly bind to PS, showed defects in phagocytosis
of PS* liposomes (Scott-Hewitt et al., 2020) and synaptic prun-
ing ability (Li et al., 2020; Park et al., 2021), suggesting that PS acts
as an eat-me signal for microglia during brain development. Here,
we developed a transgenic mouse line expressing MFG-E8PS%E,
which specifically masks PS in vivo, and found a disrupted spine
pruning by microglia in adult-born neurons in these mice. Our

30 dpi Figure 6. PS is involved in the spine pruning
of adult-born neurons in the OB. (A) Experi-
mental scheme. In vivo two-photon imaging of
dendritic spines of tdTomato* granule and
periglomerular cells in the adult Dcx-CreER'™;
R26-EPT; R26-tdTomato (EPT) and Dcx-CreER™;
R26-D89E; R26-tdTomato (D89E) mice was per-
formed at 28 and 30 dpi. Dendritic spines iden-
tified at 28 and 30 dpi were classified into stable
(black arrowheads), lost (pink arrow), or added
(yellow arrow; B, C, E, and F). (B-G) Effect of
MFG-E8P8%E on dendritic spine dynamics in
tdTomato* granule (B-D) and periglomerular
(E-G) cells. Representative in vivo projection
images of dendritic spines of granule (B and C)
and periglomerular (E and F) cells in adult EPT (B,
E; n = 4 mice) and D89E (C, F; n = 4 mice) mice
are shown. Numbers identify spines that were
maintained over the 2-d observation period.
Percentages of added and lost spines of granule
(D) and periglomerular (G) cells in the adult EPT
(n = 4 mice) and D89E (n = 4 mice) mice are
shown (Granule cells [D], Fgroup(r,6) = 378.7, Pgroup
=12x 1076; denamic5(1,6) =29, Pdynamics = 0.90,
Faroupxdynamics(e) = 27.9, P = 1.9 x 1073, two-way
repeated measures ANOVA; EPT versus D89E,
t(e) = 3.2, P = 0.019 in Lost, unpaired t test; added
versus lost, tz) = 5.5, P = 0.012 in D89E, paired
t test; Periglomerular cells [G], Fyroup(1,6) = 332.8,
Pgroup = 17 x 107, denamics(1,6) =15, Pdynamics =
0.89, Fyroupedynamics(ie) = 43.2, P = 5.9 x 1074,
two-way repeated measures ANOVA; EPT versus
D8YE, te) = 3.1, P = 0.021 in Lost spines, un-
paired t test; added versus lost, tz) = 7.4, P =
0.0050 in D89E, paired t test). Data are pooled
from three independent experiments. Scale bars
inB, C,E, F, 2 um. %, P < 0.05 **, P < 0.0}
adjusted with Bonferroni correction. Data shown
are mean + SEM.
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Figure 7. Inhibition of PS-dependent spine pruning by MFG-E8P8%E increases the synaptic density in adult-born mature neurons in the OB.
(A) Experimental scheme. (B) Total protrusion density of granule and periglomerular cells in Dcx-CreER™; R26-tdTomato (Ctrl), Dcx-CreER™; R26-EPT; R26-
tdTomato (EPT), and Dcx-CreER™ R26-D89E; R26-tdTomato (D89E) mice at 28 and 56 dpi (Ctrl, n = 4 [28 dpi] and 3 [56 dpi] mice; EPT, n = 3 [28 dpi] and 4 [56 dpi]
mice; D8IE, n = 3 mice [28 and 56 dpi]) (Granule cells, Ctrl, 28 dpi versus 56 dpi, tsy) = 5.6, P = 9.2 x 108, unpaired t test; EPT, 28 dpi versus 56 dpi, t(120) = 6.0,
P = 17 x 1078, unpaired t test; 56 dpi, x%(2) = 10.7, P = 0.0048, Ctrl versus D89E, P = 0.015, EPT versus D89E, P = 0.013, Steel-Dwass test; periglomerular
cells, Ctrl, 28 dpi versus 56 dpi, t(g>) = 114, P = 2.2 x 1073, unpaired t test; EPT, 28 dpi versus 56 dpi, t(sg) = 5.0, P = 5.8 x 1075, unpaired t test; D89E, 28 dpi versus
56 dpi, tse) = 2.0, P = 0.045, unpaired t test; 56 dpi, x%(;) = 11.7, P = 0.0029, Ctrl versus D89E, P = 0.0023, EPT versus D89E, P = 0.032, Steel-Dwass test).
Data are pooled from eight independent experiments. (C) Representative image of tdTomato* granule cells of adult Dcx-CreER™; R26-tdTomato mice at 56 dpi
(n = 3 mice) stained for DsRed (white). Dendrites of granule cells are divided into four subregions: apical, distal, proximal, and basal. (D-F) Effect of MFG-E8P%°F on
the spine density of granule cells in the OB. Density (D [Proximal, P = 0.012, Welch'’s t test; Apical, t(gg) = 2.9, P = 0.0051, unpaired t test], E [Apical, P = 0.011,
Welch’s t test]) and representative images (F) of protrusions (D) and mushroom spines (E) in the granule cells in EPT (n = 4 mice) and D89E (n = 3 mice) mice
56 dpi are shown. Asterisks and arrows indicate mushroom spines and other protrusions, respectively (F). Data are pooled from four independent experiments.
Parentheses in B, D, and E indicate the number of analyzed cells. GCL, granule cell layer; MCL, mitral cell layer; EPL, external plexiform layer; GL, glomerular

layer. Scale bars: C, 50 pm; F, 2 um. *, P < 0.05; **, P < 0.0L; ***, P < 0.005. Data shown are mean + SEM.

results support the idea that synaptic PS acts as an eat-me signal
for microglia in adult-born neurons in the OB and DG.

During dead cell clearance by phagocytosis, targeted cells are
first touched, then wrapped, and finally phagocytosed by
phagocytes. PS is involved in the wrapping and subsequent
phagocytosis of targeted cells by promoting the spreading of
phagocytes’ plasma membrane (Freeman and Grinstein, 2014;
Segawa and Nagata, 2015; Nagata and Segawa, 2021; Lemke,
2019). Previous EM analyses have revealed that microglia also
contact synapses to monitor their state and can engulf them
(Wake et al., 2009; Tremblay et al., 2010; Weinhard et al., 2018;
Savage et al, 2020). However, how microglia phagocytose
synapses and whether PS is involved in these processes have not
been precisely understood. Our SBF-SEM analyses and in vivo
two-photon imaging suggest a sequential transition in the
status of microglia-spine association from the touching step to
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phagocytosis. Therefore, the mechanism for microglial phago-
cytosis of spines resembles that of macrophage’s phagocytosis of
dead cells (Freeman and Grinstein, 2014; Lemke, 2019; Nagata
and Segawa, 2021). Inactivation of flippases and/or activation of
scramblases, which induce the exposure of PS at the surface of
dead cells (Segawa et al., 2016, 2014; Suzuki et al., 2016, 2013),
live cells (Park et al., 2021), and degenerating dendrites (Sapar
et al., 2018), may also be involved in its synaptic exposure. De-
creased microglial spreading on, wrapping of, and phagocytosis
of spines in D89E mice suggest that PS promotes the spreading of
microglial membranes over the spines. Thus, we conclude that
the PS-mediated promotion of phagocytes’ membrane spreading
on targets is a mechanism common to dead cell clearance and
spine removal by phagocytosis.

Multiple synaptic eat-me signals, PS and complement com-
ponents, localized in a subset of spines, contribute to their
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Figure 8. Inhibition of PS-dependent spine pruning by MFG-E8P3%E disrupts the synaptic maturation of adult-born neurons in the hippocampal DG.
(A) Representative image of the DG in the hippocampus of adult WT mice injected with PSVue480 (white; n = 4 mice). White arrows and red arrowheads
indicate PS* dots and a pyknotic cell, respectively. Nuclei are stained by Hoechst 33342 (blue). (B) Representative images of the ML of adult WT mice injected
with PSVue480 (white), stained for PSD95 (red). The boxes in B are enlarged and shown by orthogonal view (B and B?). Arrows (B, BY, and B?) indicate
PS*PSD95* signals (36.3 + 3.0% [n = 3 mice] of PS* dots are colocalized with PSD95; pooled from two independent experiments). (C) Effect of MFG-E8P8% on
microglial contacts to spines of adult-born neurons in the DG. The density of microglial contacts to tdTomato* spines in the adult Dex-CreER™%; R26-EPT; R26-
tdTomato (EPT) and Dcx-CreER™; R26-D89E; R26-tdTomato (D89E) mice (n = 3 mice each) is shown (spreading, t(4) = 3.7, P = 0.022, unpaired t test; wrapping,
t(a) = 4.0, P = 0.016, unpaired t test; pooled from three independent experiments). (D) Effect of MFG-E8P8F on microglial phagocytosis of spines of adult-born
neurons in the DG. Representative single z-plane (D), orthogonal (DY), and surface-rendered 3D (D?) images of the ML of adult EPT mice (n = 4 mice) stained for
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PSD95 (yellow), CD68 (cyan), and Ibal (green) are shown. tdTomato* signals (red) are directly observed without staining. Arrowheads indicate
PSD95*tdTomato* spines incorporated in CD68* lysosomes in Ibal* microglial processes (D and D). The percentages of PSD95*tdTomato* spines incorporated
in CD68"* lysosomes in Ibal* microglial processes in adult EPT (n = 4 mice) and D89E (n = 3 mice) mice at 28 dpi are shown (D3; t(s) = 4.7, P = 0.0054, unpaired
t test; pooled from three independent experiments). Also, see Video 6. (E and F) Effect of MFG-E8P8% on the survival of granule cells in the DG. Representative
images of the DG in the hippocampus of adult EPT and D89E mice (n = 3 mice each) stained for DsRed (red) and NeuN (blue) are shown in E. Density of
tdTomato*NeuN* granule cells in EPT and D89E mice (n = 3 each) at 56 dpi is shown in F (pooled from three independent experiments). (G and H) Effect of
MFG-E8P89E on the spine density of granule cells in the DG. Representative images (G) and densities of protrusions (H, P = 0.0025, Welch'’s t test) and
mushroom spines (H, tze) = 2.7, P = 0.0098, unpaired t test) of dentate granule cells in EPT and D89E mice at 56 dpi (n = 3 mice each) are shown. Asterisks and
arrows indicate mushroom spines and other protrusions, respectively (G). Parentheses in H indicate the number of analyzed cells. Data are pooled from two
independent experiments. (1) Typical recordings of miniature EPSCs from tdTomato* granule cells at 65-74 dpi in EPT (top) and D89E (bottom) mice. (J and K)
Cumulative probability distributions of miniature EPSC amplitudes (J, bins: 0.5 pA; P = 0.013, two-sample Kolmogorov-Smirnov test) and interevent intervals
(K, bins: 50 ms; P = 0.0014, two-sample Kolmogorov-Smirnov test) in EPT (n = 8 cells from four mice, pooled from four independent experiments) and D89E
mice (n = 6 cells from three mice, pooled from three independent experiments). SGZ, subgranular zone; GCL, granule cell layer; ML, molecular layer. Scale bars:

A, 5um; Band D, 1 um; G, 2 um; E, 10 um. ¥, P < 0.05; **, P < 0.01; ***, P < 0.005. Data shown are mean + SEM.

pruning by microglia under physiological (Stevens et al., 2007;
Schafer et al., 2012; Cong et al., 2020; Li et al., 2020; Scott-
Hewitt et al.,, 2020; Park et al., 2021) and pathological con-
ditions (Lui et al., 2016; Hong et al., 2016; Vasek et al., 2016;
Dejanovic et al., 2018; Yilmaz et al., 2021; Lall et al., 2021) in the
postnatal brain. Although Clq has the potential to bind to PS
(Martin et al., 2012; Paidassi et al., 2008), their interaction at
synapses has not been demonstrated. Future studies on Clq and
C3 will clarify the significance of the relationship between
complement proteins and PS in synaptic pruning. While the role
of PS in synaptic pruning during postnatal brain development has
been recently demonstrated (Scott-Hewitt et al., 2020; Li et al.,
2020; Park et al., 2021), it remains unknown whether PS exposure
is influenced by neuronal activity. Our observations suggest that
PS is preferentially presented by inactive spines, and that its ex-
posure, which is affected by odor deprivation and enrichment, is
coupled with microglial phagocytosis of spines of adult-born
neurons. We, therefore, propose that neuronal activity alters not
only synaptogenesis (Livneh et al., 2009; Breton-Provencher et al.,
2016) but also PS-mediated spine pruning, both of which con-
tribute to functional synaptic maturation in adult-born neurons.

Roles of PS-dependent phagocytosis by microglia in spine
pruning of developing adult-born neurons

In the present study, we have demonstrated that dendritic
spines present PS and are phagocytosed by microglia in adult-
born neurons in the OB and DG. Inactive spines with a small
spine head preferentially present PS. Most of the spines wrap-
ped by microglia are of the thin type. Therefore, these findings
suggest that morphologically immature and inactive spines are
labeled with PS and phagocytosed by microglia. Moreover,
masking of PS by MFG-E8P® in vivo inhibited microglial
phagocytosis of spines, leading to an increase in the density of
total protrusions and alteration of electrophysiological proper-
ties in adult-born neurons. Although we occasionally observed
partial phagocytosis of spines, which morphologically resembled
trogocytosis of presynaptic elements (Weinhard et al., 2018), its
significance in synapse development remains unknown. Unlike
the spines of adult-born neurons, those of hippocampal CAl
neurons are not phagocytosed by microglia (Weinhard et al.,
2018), suggesting that microglial spine pruning plays an im-
portant role for adult-born neurons in their integration into the
surrounding preexisting circuits. These results indicate that PS-
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dependent spine pruning by microglia is a common mechanism
for synaptic development in adult-born neurons in the OB
and DG.

Besides, the OB and DG showed distinct outcomes in the
synaptic development of adult-born neurons in D89E mice. In
the OB, a decreased density of phagocytosed spines in microglial
processes at 28 dpi and an increased density of mature spines at
56 dpi were both observed in the apical dendrites of granule
cells, where these spines receive inputs from the dendrites of
M/T cells. Considering that adult-born granule cells increase the
selectivity of odor responses at 4 weeks after their birth and
maintain a steady state thereafter (Wallace et al., 2017), our
results suggest that PS-dependent microglial pruning of imma-
ture spines contributes to both the acquisition and maintenance
of a functional maturation state of adult-born neurons by pre-
venting the formation of excessive synapses. In contrast, in the
DG, D89E mice showed a decrease in the number of mushroom
spines and the ratio of spines with large inputs, leading to al-
tered electrophysiological properties. These results suggest that
the maturation of synapses depends on the PS-dependent
pruning of immature spines by microglia in adult-born neu-
rons in the DG. The distinct patterns of synaptic development in
adult-born neurons in the OB and DG in D89E mice are likely
attributable to the difference in terms of spine density. Since
spine density in adult-born neurons in the OB is lower than in
the DG, the corresponding dendrites may have the space to
maintain an increased number of spines without affecting the
maturation of preexisting ones. In contrast, the high density of
immature spines of adult-born neurons in the DG could cause
synaptic competition during the synaptic maturation process.

Although PS-dependent spine pruning had opposite effects
on the spine densities in the OB and DG, it could paradoxically
increase the activity of projection neurons in these two brain
regions. In the OB, adult-born neurons are GABAergic inter-
neurons, which receive excitatory inputs from M/T cells and
return inhibitory outputs to suppress their activity. Our results
suggest that microglia phagocytose excessive synapses in adult-
born interneurons to increase the sensitivity of M/T cells, pro-
moting their neuronal transmission to higher olfactory centers.
In contrast, in the hippocampal DG, adult-born neurons are
glutamatergic projection neurons, which receive excitatory in-
puts from the entorhinal cortex and send excitatory outputs to
projection neurons in the hippocampal CA3. Our results suggest
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that microglia phagocytose immature dendritic spines of adult-
born projection neurons to promote synaptic maturation,
thereby promoting the receptivity of entorhinal cortex-derived
excitatory inputs in the ML. Furthermore, a recent study sug-
gests that microglial phagocytosis of CA3 synapses in dentate
granule cells promotes their synaptic maturation (Andoh et al.,
2019). Together, these facts strongly suggest that spine pruning
by microglia promotes neuronal transmission in the entorhinal
cortex-dentate gyrus-CA3 circuits in the hippocampus.

R26-MFG-E8P#%F mice: a novel tool to inhibit PS-dependent
phagocytosis
Several methodologies have been reported to study microglial
functions in vivo. Although depletion and inactivation of mi-
croglia have revealed the importance of microglia and of their
activity (Miyamoto et al., 2016; Reshef et al., 2017; Wallace et al.,
2020; Wang et al., 2020; Szalay et al., 2016; Stevens et al., 2007,
Matsuda et al., 2015), these methods cannot discriminate the
respective microglial functions, including phagocytosis and cy-
tokine secretion. MFG-E8-, Mer-, Axl-, and TREM2-KO mice
showed defects in phagocytosis of cells and synapses by mi-
croglia (Fourgeaud et al., 2016; Neher et al., 2013; Filipello et al.,
2018; Park et al., 2021). However, since these genes are also
involved in other functions in microglia such as process dy-
namics (Fourgeaud et al., 2016), migration (Mazaheri et al., 2017;
Tang et al., 2015), survival (Zhong et al., 2017), and induction of
inflammation (Zhong et al., 2017), the phenotypes of their cor-
responding KO mice are not attributable solely to the defects in
PS-dependent phagocytosis. Thus, in addition to these KO mice
for PS recognition molecules, tools for target-cell-specific PS
blocking without affecting microglia will be also beneficial for a
better understanding of the PS-mediated biological processes.

The transgenic mouse line generated in this study enables us
to inhibit PS-dependent phagocytosis without disrupting mi-
croglial genes. The dominant-negative MFG-E8P3% inhibits PS
binding to endogenous MFG-E8 (Hanayama et al., 2002; Asano
et al,, 2004), as well as other opsonins including Protein S and
Gasé (Fig. 2 B). However, we cannot rule out the possibility that
MFG-E8P2%E also masks phosphatidylethanolamine (PE) exposed
in vivo, since MFG-E8 binds to PE with a lower binding affinity
(Hanayama et al., 2002). In the hippocampal DG, MFG-ES is
known to regulate NSC quiescence via a8p1 integrin (Zhou et al.,
2018). Although MFG-ESEPT, but not MFG-E8P8%, is able to bind
a8pl integrin or avP3 integrin through its RGD motif, it did not
affect phagocytosis of spines by microglia (Fig. 4 H) and that of
apoptotic cells by macrophages (Asano et al., 2004). In contrast,
although we could not exclude the possibility that the artificial
MFG-E8P#E expression nonspecifically affects cell behavior, we
successfully observed the effects of MFG-E8P®%E on spine prun-
ing of adult-born neurons without affecting their migration and
synaptogenesis. Furthermore, EPT and D89E mice used in this
study did not exhibit any defects in cell number and process
distribution in microglia, supporting the idea that microglial
genes are not disrupted.

In the future, by crossing driver mouse lines expressing Cre
in phagocytes such as macrophages, neutrophils, and dendritic
cells, D89E mice will be applicable to studying the PS-dependent
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phagocytosis in various organs. Therefore, by analyzing the
phenotypes of MFG-E8P®*E-mediated masking of PS in various
organs and tissues, novel PS-dependent biological processes may
be identified. Thus, the R26-MFG-E8P#E mouse line will certainly
be a powerful tool to understand the biological significance of
PS-dependent phagocytosis in vivo.

Microglial phagocytosis of synapses and

neurodevelopmental disorders

The physiological relevance of our study is supported by the
observation that NSCs in the V-SVZ and SGZ of human infants
also generate new neurons, which are integrated into the OB,
cerebral cortex, and DG (Sanai et al., 2011, 2004; Paredes et al.,
2016; Sorrells et al., 2018; Tobin et al., 2019; Moreno-Jiménez
et al., 2019), raising the possibility that these new neurons
contribute to postnatal brain development in human. Therefore,
PS-dependent spine pruning by microglia could be involved in
the functional integration of newborn neurons in the postnatal
human brain, and conversely, defective pruning may be related
to neurodevelopmental disorders such as autism spectrum dis-
orders (ASDs).

Previous studies reported pathological changes in microglial
morphology and increased spine density in the brains of ASD
patients (Tetreault et al., 2012; Morgan et al., 2010; Vargas et al.,
2005; Weir et al., 2018) and rodents (Duan et al., 2014; Xu et al.,
2020; Nie et al., 2018; Zhan et al., 2014). Furthermore, disrupted
synaptic pruning by microglia and ASD-like behaviors are ob-
served in both TREM2-KO mice (Filipello et al., 2018) and mouse
offspring prenatally subjected to maternal inflammation (Andoh
et al., 2019), suggesting that defective synaptic pruning by mi-
croglia could be a cause of ASDs. Interestingly, voluntary exer-
cise reversed simultaneously these synaptic and behavioral
abnormalities (Andoh et al., 2019). Further investigations on the
relationship between synaptic PS, microglial synaptic pruning,
and neuronal activity will contribute to the understanding of
ASD pathology and the establishment of new therapies for ASDs.

In conclusion, our present study provides new insights into
the mechanisms of synaptic pruning by microglia, which is an
essential process for the formation of functional neural circuits
in the postnatal and adult brain. Furthermore, the novel MFG-
E8P8%E_hased genetic approach described here constitutes a
powerful tool for understanding the biology of PS-dependent
phagocytosis in vivo.

Materials and methods
Animals
Male adult (8-wk-old) C57BL/6] (WT) mice were purchased
from Japan SLC. Dcx-CreERT? mice were provided by the Mutant
Mouse Research Resource Center (stock no. 032780-MU). R26-
tdTomato mice (stock no. 7914; The Jackson Laboratory) were
provided by Dr. Masahiro Yamaguchi (Kochi Medical School,
Kochi, Japan). Ibal-EGFP mice (Hirasawa et al., 2005) and AiCE-
Tg mice (Kuboyama et al., 2020) have been described previously
and maintained on the C57BL/6 background.

For the generation of Rosa26-MFG-ESFFT (R26-EPT) and
Rosa26-MFG-E8P®%E (R26-D89E) mice, MFG-ESEFT or D89E caggettes
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were inserted into the cloning site of the CTV vector (Thai et al.,
2007; CAG promoter-loxP-STOP-loxP-MFG-E8EFT or D8%E_polyA,;
https://www.addgene.org/15912/). These vectors were electro-
porated into feeder-free KTPUS ES cell lines derived from the
TT2 ES cell line, according to the previously described method
(Taniwaki et al., 2005). After neomycin selection, several ES
clones, in which a single transgene was integrated into the
Rosa26 locus, were obtained. ES cells were aggregated with ICR
morula as described (Ohmuraya et al., 2005). Chimeras were
mated with C57BL/6N mice (Crea Japan), and germline trans-
mission was obtained in two R26-EPT (EPT-28#47 and EPT44#28)
and two R26-D89E (D89E-10#18 and D89E-18#2) transgenic mouse
lines. R26-EPT-28#47 and R26-D89E-10#18 mice backcrossed at
least seven times with C57BL/6] mice were used in this study.
Primer sequences for genotyping were follows: EBV-Rev, 5'-
GTGGTTTGTCCAAACTCATC-3'; MFG-E8-R441-422, 5'-ACGGGA
GGCTAGGTTGTTGG-3'.

To obtain Dcx-CreERT%; R26-EPT; R26-tdTomato and Dcx-
CreER™% R26-D89E; R26-tdTomato mice, Dcx-CreERT% R26-
tdTomato mice (Fujioka et al., 2017) were crossed with R26-EPT
or R26-D8YE heterozygous mice. Tamoxifen (Sigma-Aldrich,
20 mg/ml) was dissolved in a mixture of 4% dimethyl sulfoxide/
6% ethanol/90% sesame oil and intraperitoneally injected into
adult male Dcx-CreERT?; R26-tdTomato, Dcx-CreERT?; R26-EPT or
D89E; R26-tdTomato and Dcx-CreERT2; R26-EPT or D89E; R26-
tdTomato; Ibal-EGFP mice, as described previously (Sawada
et al., 2018; Fujioka et al., 2017). All mice used in this study
were maintained in groups of seven animals per cage, on a 12-h
light/dark cycle (08:00 and 20:00) with ad libitum access to
food and water. All experiments involving live animals were
performed in accordance with the guidelines and regulations of
Nagoya City University, Tokushima Bunri University, and the
Institute of Developmental Research, Aichi Developmental Dis-
ability Center.

Odor deprivation and enrichment

For 2- or 3-d odor deprivation, the left side of naris of adult WT
and AiCE-Tg mice was occluded by a naris occlusion plug
(Sawada et al., 2011) and with drops of adhesive, respectively.
For 2-d odor enrichment, adult WT mice were exposed to an
odor emanating from a tea ball hanging in a standard breeding
cage, as reported previously (Kato et al., 2012). Natural aromas
(anis, whole cloves, nutmeg, and cumin) were changed every
12 h for 2 d.

In vivo injection

Mice were anesthetized with an injection of a mixture of
medetomidine/midazolam/butorphanol (MMB; 0.75 mg/kg,
4 mg/kg, and 5 mg/kg, respectively), and the head was immo-
bilized on the stereotaxic stage (David Kopf Instruments; model
963) using ear bars. A 1.5 pl volume of PSVue 480 (1 mM; Mo-
lecular Targeting Technologies, Inc.), PSVue 550 (1 mM; Mo-
lecular Targeting Technologies, Inc.), AnnexinV-FITC (MBL Co.,
Ltd.), or MFG-ES-FITC (83 pg/ml; Haematologic Technologies,
LLC) was stereotaxically injected into the OB (5.0 mm anterior,
0.9 mm lateral to bregma, and 1.5-2.0 mm deep) or hippocampal
DG (1.4 mm posterior, 0.6 mm lateral to bregma, and 1.9-2.4 mm
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deep) of male adult Dcx-CreER™?; R26-tdTomato, Dex-CreER™; R26-
EPT; R26-tdTomato, Dcx-CreER™ R26-D89E; R26-tdTomato, and
WT mice as reported previously (Sawada et al., 2018). These
mice were fixed 3 h after injection by transcardiac perfusion
with 4% PFA/0.1 M phosphate buffer (PB).

Immunohistochemistry

Immunohistochemistry was performed as described previously
(Sawada et al., 2018). Briefly, the mouse brain was fixed by
transcardiac perfusion with 4% PFA/0.1 M PB and postfixed
overnight in the same fixative. Coronal sections (50 pm thick)
were prepared using a vibratome (VT-1200S; Leica) and incu-
bated for 30 min at room temperature (RT) in blocking solution
(10% normal donkey serum and 0.2% Triton X-100 in PBS). The
sections were incubated overnight at 4°C with the primary an-
tibodies on the shaker, and then for 2 h at RT with AlexaFluor-
488/568/633/647- or biotin-conjugated secondary antibodies (1:
500; Invitrogen) in the blocking solution. The signals were
amplified using the Vectastain Elite ABC Kit (Vector Laborato-
ries) and visualized using Tyramide Signal Amplification
(Thermo Fisher Scientific). Sections were mounted using
aqueous mounting medium PermaFluor (Lab Vision Corpora-
tion) and coverglass (Matsunami Glass Ind., Ltd.). Primary an-
tibodies used in this study were as follows: rabbit anti-activated
caspase-3 antibody (1:100; #9661; Cell Signaling Technology);
mouse IgG anti-Bassoon antibody (1:100; ab82958; Abcam); rat
anti-CD68 antibody (1:100; MCA1957; BioRad); rabbit anti-
doublecortin (Dcx) antibody (1:500; #4604; Cell Signaling
Technology); rabbit anti-DsRed antibody (1:1,000; 632496;
Clontech); mouse IgG anti-DYKDDDK antibody (1:100; 014-
22383; FUJIFILM Wako Pure Chemical Corporation); mouse IgG
anti-GFAP antibody (1:500; G3893; Sigma-Aldrich); rabbit anti-
GFAP antibody (1:1,000; Z0334; Dako); rat anti-GFP antibody (1:
1,000; 04404-84; Nacalai Tesque, Inc.); goat anti-Ibal antibody
(1:500; ab5076; Abcam); mouse IgG anti-NeuN antibody (1:100;
MAB377; Millipore); rabbit anti-postsynaptic density 95 (PSD95)
antibody (1:400; ab18258; Abcam); and rabbit anti-Synapto-
physin-1 antibody (1:400; 101002; Synaptic Systems). Nuclei
were stained with Hoechst 33342 (1:5,000; H1399; Thermo
Fisher Scientific). For PS staining of postfixed brain sections,
prior to immunohistochemistry, sections were washed with TES
(N-tris-[hydroxymethyl]-methyl-2-aminoethane sulfonic acid)
buffer (5 mM TES, 145 mM NaCl, pH = 7.4) three times, incu-
bated for 1.5 h at RT with 30 pM PSVue 480 or 10 pM PSVue 550
in TES buffer, and washed three times with TES buffer.

Imaging and quantification in confocal and

superresolution microscopy

Z-stack images of tdTomato* neurons and Ibal* microglia in the
adult OB and DG were acquired by scanning at 0.5-um intervals
using an LSM 700 confocal laser scanning microscope (Carl
Zeiss) with a 40x water-immersion objective lens (NA 1.2).
Images were acquired from every sixth coronal section. For
quantification of the number of tdTomato* neurons in the RMS,
OB, and DG, z-stack images of these cells were acquired by
scanning at 2.0-um intervals using an LSM 700 confocal laser
scanning microscope with a 20x objective lens (NA 0.8). All
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labeled cells in these regions of every sixth coronal section were
counted. For quantification of the number of Ibal* microglia in
the GCL and EPL of the adult OB, the cells were counted ste-
reologically using a Stereo Investigator system (MBF Biosci-
ence), as reported previously (Sawada et al., 2018). In Figs. 4 and
8, microglial contacts with spines were classified into three
types based on the percentage of the area of tdTomato-labeled
spines covered by Ibal* process: touching (<50%), spreading
(50-90%), and wrapping (>90%). Spines were morphologically
classified into three types: mushroom (>0.65-pum [for OB] or 0.5-
pm [for DG] spine head width with a neck), stubby (spine head
with no neck), thin (<0.65-pm [for OB] or 0.5-pm [for DG] spine
head width), and filopodia (no spine head). To obtain spine
density (spines per pm), the number of analyzed spines was
divided by the measured dendritic length. For PSVue* staining,
the criterion of puncta signal was set using adult WT brain
sections stained with PSVue reagent without zinc solution. For
PSD95 and synaptophysin staining, the criteria of puncta signals
were set using adult WT brain sections stained without primary
antibody. For synaptic puncta analyses (Figs. 2, 3, 4, 8, S2, S3,
and S4), image acquisition was performed using an LSM 880
confocal laser scanning microscope with Airyscan using super-
resolution mode with a 63x oil-immersion objective lens (NA 1.4;
optical zoom, 1.8x, 0.050 um per pixel), and superresolution
images of at least 5 ROIs (at least 5 z-planes with 0.5 pm-in-
terval) per animal were acquired as reported previously with
modification (Whitman and Greer, 2007). Colocalization of
puncta signals was analyzed using sequential two-dimensional
z-planes. For three-dimensional (3D) visualization of microglial
phagocytosis of adult-born neuron spines, surface-rendered 3D
images were made using Imaris (Bitplane, version 7.5.2) as pre-
viously reported (Sawada et al., 2020). Only PSD95*tdTomato*
spines targeted in CD68* lysosomes were extracted using filter and
adjusting the upper/lower limit values of the histogram (Sawada
et al,, 2020). All original superresolution images were acquired as
16-bit data and processed and converted into 8-bit tiff images
using ZEN software (Carl Zeiss). In PSVue 480-, PSVue 550-,
AnnexinV-FITC-, or MFG-E8-FITC-injection experiments, the re-
gions >300 pm far from the injected site were analyzed. In the
analysis of PS intensity, the signal intensity of PSVue480 within
tdTomato* spines was measured using ZEN software. For spine
analyses of AiCE-Tg mice with the unilateral naris occlusion, the
ROIs of PSD95* spines were automatically selected using a Wa-
tershed algorithm in TI workbench and their EGFP-staining in-
tensity was calculated, as reported previously (Kuboyama et al.,
2020). “Active” spines in the naris-opened side of OB were defined
here as PSD95* spines with an EGFP intensity higher than the
baseline, which was automatically set as an average of 100 highest
EGFP intensity in the spines of the naris-occluded side of OB in the
same mice. For the active spine analysis, 45,000 PSD95* spines
(1,000 brightest spines of 45 independent images from two mice)
were analyzed, in which 629 were defined as active and other
44,371 spines were described as less-active spines.

SBF-SEM
SBF-SEM analyses were performed as described previously with
slight modifications (Thai et al., 2016; Nguyen et al., 2016;
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Sawada et al., 2018; Matsumoto et al., 2019). Adult WT mouse
brains were fixed by transcardiac perfusion with 2.5% GA and
2% PFA in 0.1 M PB (pH 7.4) at 4°C and postfixed in the same
fixative for 2 days at 4°C. Coronal sections (200 um thick) were
prepared using a vibratome (VT-1200S; Leica), and a part of the
GCL of the OB (1 x 1 mm) was dissected from these sections using
an ophthalmic knife under a stereomicroscope. These blocks
were treated with 2% OsO, and 1.5% potassium ferricyanide in
PBS for 1 h at 4°C, 1% thiocarbohydrazide for 20 min at RT, 2%
aqueous 0sO, for 30 min at RT, uranyl acetate solution for O/N
at 4°C, and lead aspartate solution for 2 h at 50°C. The samples
were then dehydrated in a graded ethanol series (60, 80, 90, 95,
and 100%) and treated with dehydrated acetone. Coronal OB
sections (1 mm x 1 mm x 200 pm) were embedded in Durcupan
resin containing 8% Ketjen black powder and put vertically on
the rivets (Fig. S1 F) for two overnights at 60°C to ensure po-
lymerization. SBF-SEM image acquisition of adult OB tissues
was performed using a Merlin and Sigma scanning electron
microscope (Carl Zeiss) equipped with a 3View in-chamber ul-
tramicrotome system (Gatan). For microglia-synapse interac-
tion analyses, serial image sequences were 57.2 x 57.2 um wide
(6.0 nm/pixel) and >35 um deep at 80 nm steps. For microglial
phagocytosis analyses, serial image sequences were 51.2 x 51.2
um wide (5.0 nm/pixel) and >20 pum deep at 40 nm steps. To
perform image acquisition of microglia at a high resolution, we
first acquired low-magnification images of well-stained regions
of alarge OB area to identify cell soma possessing ultrastructural
features of microglia and then high magnification images of the
targeted microglia following its identification (Fig. S1 F). Se-
quential images were processed using FIJI software (Version
2.0.0; Rueden et al., 2017). Microglia in the SBF-SEM images
were identified based on the ultrastructural features previously
reported (Matsumoto et al., 2019): irregular cell contour with
elongated processes, dark cytoplasm containing long endoplas-
mic reticulum and lysosomes, and association with extracellular
spaces. Phagocytosed synaptic materials were identified by
double-membrane inclusion bodies containing 40 nm vesicles
within microglial processes. These inclusion bodies were either
making contact with the inner surface of the plasma membrane
of microglial processes associated with a granule cell dendrite or
detached from the microglial plasma membrane, which were
classified into early or late stages of microglial phagocytosis,
respectively (Fig. 1). Segmentation of cell contours was per-
formed using Microscopy Image Browser software (Belevich
et al., 2016). For 3D reconstruction, Amira software (Maxnet
Co., Ltd.) was used. Contact area between microglia and synaptic
structures was analyzed using the “Surface Area Volume” tool
(mode: patches) in Amira software. Microglial volume was cal-
culated using the “Material Statistics” tool in Amira software.
Event density of phagocytosis (early, late) and partial phagocy-
tosis (early) in microglia was calculated as follows: observed
event number/reconstructed microglial volume (pm?). 22 mi-
croglia from 3 mice were analyzed in microglia-synapse inter-
action (Fig. S1), and 23 microglia from three mice were analyzed
in microglial phagocytosis analyses (Fig. 1) in this study. Com-
ponents of three-dimensional object files (.OB]) obtained from
Amira software were combined using Blender software (https://
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www.blender.org/) and visualized as interactive 3D models us-
ing Sketchfab (https://sketchfab.com), as reported previously
(Matsumoto et al., 2019).

In vivo two-photon imaging

In vivo two-photon imaging of new neurons in the adult OB was
performed as described previously with slight modifications
(Sawada et al., 2011). In open-skull surgery, adult male Dcx-
CreER™2; R26-EPT or D89E; R26-tdTomato mice and Dcx-CreERT%
R26-EPT or D89E; R26-tdTomato; Ibal-EGFP mice were anesthe-
tized with isoflurane and attached with a custom-made metal
plate on their skull over the OB and cerebral cortex. The skull
over the dorsal OB was removed using a high-speed drill and a
microhook (10065-15; Muromachi Kikai Co., Ltd.) without
damaging the dura, and two-layer cover glasses (1 x 1 mm and 2 x
2 mm; Matsunami Glass Ind., Ltd.) were attached over the OB
using Vetbond (3M) and Super-Bond (Sun Medical Co., Ltd.).
Two-photon imaging was performed at least four weeks after
the open-skull surgery to minimize the effect of skull removal
on synapse formation and pruning in new neurons in the OB.
Before starting two-photon imaging, mice were anesthetized
with an injection of a mixture of MMB, and the head was im-
mobilized with a metal plate on a custom-made stage. Thinned-
skull surgery has been described previously (Sawada et al.,
2011). The mouse body temperature was maintained at 37°C
using a heating pad during the whole two-photon imaging. Mice
were injected with atipamezole (0.75 mg/kg) for recovery from
MMB anesthesia and returned to their individual home cage
until the next imaging.

Images of tdTomato* granule and periglomerular cells were
acquired under a two-photon laser scanning microscope and
mode-locked laser system at 900 nm (Mai Tai HP; Spectra-
Physics) through a water-immersion objective lens (25x, NA
1.05; Nikon). Scanning and image acquisition were performed
with NIS Element software version 4.40.00 (Nikon). Image
stacks (1,024 x 1,024 pixels, 0.23 pm per pixel, 1-um z-step size)
were usually acquired (average = 4; scan speed = 0.25) from the
pial surface to a depth of 150 pm (thinned skull) or 300-400 um
(open-skull technique). The same regions could be repeatedly
identified based on the blood vessel map of the dorsal surface of
the OB and glomerular patterns, as reported previously (Sawada
et al., 2011). For in vivo two-photon time-lapse imaging in Dcx-
CreER™?; R26-EPT or D89E; R26-tdTomato mice, image acquisition
was performed every 30 s for 30 min. For analyzing the filopodia
dynamics, the acquired images were smoothened using ZEN
software (Carl Zeiss). Three different z-plane images within
6 pm were projected in Fig. 6 to maximize the signals of den-
drites and spines. Analysis of spine dynamics was performed as
described previously (Sailor et al., 2016). Spines were classified
into three types: added, lost, and stable. Proportions of added
and lost spines over two days were calculated as follows:
%added or lost = NUMbETadded or lost/NUMbeTtotal [added-lostsstable]
(Sailor et al., 2016).

Time-lapse images of tdTomato* granule cells and EGFP*
microglia in Dcx-CreER™% R26-EPT or D89E; R26-tdTomato; Ibal-
EGFP mice were acquired under a two-photon laser scanning
microscope and mode-locked laser system at 950 nm through a
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water-immersion objective lens (25x, NA 1.05). Image stacks
(1,024 x 1,024 pixels, 0.10 um per pixel, 0.50-pm z-step size)
were usually acquired (average = 2; scan speed = 0.5) with an
interval of 1.5 min for 60-120 min. Time-lapse images of single
z-plane images were shown in Fig. 5. Microglial touching and
wrapping of spines were classified based on the area of
tdTomato-labeled spines covered by Ibal* process similar to the
histological analyses in Fig. 4. Raw z-stack images without any
filtration were used for the analyses of microglia-spine inter-
action. “Spreading” events were included in “wrapping” in this
analysis because these two classes were indistinguishable due to
limited resolution. Frequency of microglial touching to, wrap-
ping of, and phagocytosis of spines was calculated as follows:
Freq = Number of events/imaging duration [min] per animal.

Brain slice preparation and electrophysiology

Brain slices were prepared from mice 65-74 days after an in-
traperitoneal injection of tamoxifen. Mice were sacrificed by
cervical spine dislocation. Brains were quickly removed, and
coronal 300-pum-thick slices were cut using a vibratome in ice-
cold modified artificial cerebrospinal fluid (ACSF) containing
206 mM sucrose, 5 mM KCl, 8 mM MgCl,, 1.25 mM KH,PO,,
1 mM CaCl,, 26 mM NaHCOs3, and 10 mM D-glucose. ACSF was
gassed with 95% 0,/5% CO,, and the pH was adjusted to 7.4.
Slices were maintained for at least 1.5 h at RT (26-28°C) in an
incubation chamber containing gassed standard ACSF contain-
ing 128 mM NaCl, 5 mM KCl, 1.3 mM MgS0,, 1.25 mM KH,PO,,
2.41 mM CaCl,, 26 mM NaHCO3, and 10 mM D-glucose.

A single brain slice was transferred to the recording chamber
where it was superfused continuously with gassed standard
ACSF at a rate of 2-2.5 ml/min at 30-31°C. For whole-cell patch-
clamp recordings from tdTomato* dentate granule cells, a patch
electrode was filled with a pipette solution containing 140 mM K
gluconate, 10 mM KCI, 2 mM MgCl,, 0.2 mM EGTA, 10 mM
Hepes, 3 mM Mg-ATP, and 0.3 mM Na-GTP (pH 7.2), with a
resistance of 6-8 MQ. IR-DIC optics and fluorescence mi-
croscopy (BX51WI with 40x water-immersion objective lens;
Olympus Corporation) were used to image tdTomato* dentate
granule cells. Holding potentials were compensated for the
junction potential between the pipette solution and the external
solution. Resting membrane potentials were measured in
current-clamp mode (I = 0 pA). Depolarizing current steps
(50 pA steps, 0-450 pA; 100 ms duration) were applied to
measure the maximum number of action potentials. Miniature
excitatory postsynaptic currents (EPSCs) were recorded in
voltage-clamp mode at a membrane potential of -70 mV and in
the presence of the voltage-dependent Na* channel blocker
(1 uM tetrodotoxin) and GABA, receptor antagonist (20 uM
bicuculline methiodide). Access resistance was monitored con-
tinuously during the experiment, and the obtained data were
discarded if the access resistance fluctuated over 20%. Signals
were amplified and filtered at 1 or 5 kHz with an amplifier
(Axopatch 200B; Axon Instruments). Data acquisition and
analysis were performed using pCLAMP 9.0 software (Axon
Instruments). Miniature EPSCs were identified by setting the
event detection threshold at 5 pA and by checking that the
events had faster rising time than the decay time.
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Statistics

The experiments were not randomized, and sample sizes were
chosen based on previous studies. For the analyses of MFG-E8-
FITC binding to spines (Fig. 2, F-I) and microglial contact and
phagocytosis of spines (Fig. 4 and Fig. 8, C and D) and in vivo
two-photon imaging (Figs. 5 and 6), investigators were blinded
during quantification. The normality of the data was analyzed by
the Kolmogorov-Smirnov test. For normally distributed data,
the equality of variances was examined by F test, and compar-
ison of means between two independent groups was performed
by unpaired t test. For comparisons among multiple groups, the
data were analyzed by one-way, two-way, or repeated-measures
ANOVA, followed by the post hoc Tukey-Kramer test, Dunnett’s
test, or unpaired t test with Bonferroni correction, respectively.
The cumulative probability distributions of the miniature EPSC
amplitudes and interevent intervals were compared using the
two-sample Kolmogorov-Smirnov test. All statistical analyses,
except those for AiCE-Tg mice and electrophysiology, were
performed using EZR software (Kanda, 2013), as reported pre-
viously (Sawada et al., 2018; Fujikake et al., 2018; Matsumoto
et al., 2019). Fisher’s exact test and one-sample and two-sample
Kolmogorov-Smirnov tests were performed with R version
3.5.0. Gaussian fitting curves for the distribution of microglia-
synapse adhesion areas (Fig. S1 E) and PS intensity (Fig. S2 E)
were created based on the minimum value of Akaike’s infor-
mation criterion (AIC) using the Solver add-in tool in Excel
(Microsoft) as reported previously (Sawada et al., 2018). In the
analysis of microglia-synapse adhesion areas, trimodal distri-
bution showed a minimum AIC (bimodal fitting, AIC = 298.2;
trimodal fitting, AIC = 247.1; tetramodal fitting, AIC = 316.1). All
numerical data were two-sided and are shown as the mean +
SEM. A P value <0.05 was considered statistically significant.

Online supplemental material

Fig. S1 shows quantitative analysis of microglia-synapse contacts
and high-resolution imaging of dendrodendritic synapses in the
OB by SBF-SEM. Fig. S2 shows the characterization of EPT and
D89E mice used in this study. Fig. S3 shows that PSVue detects
PS exposed at spines in the adult OB and DG. Fig. S4 shows
subcellular domain-specific regulation of PS exposure and mi-
croglial contacts of spines of adult-born neurons. Fig. S5 shows
in vivo two-photon time-lapse imaging of filopodium formation
and retraction of adult-born neurons in the OB. Videos 1 and
2 show 3D reconstruction of microglia in the process of phago-
cytosis (early) and partial phagocytosis (early) in the adult OB,
respectively. Videos 4 and 5 show representative video of in vivo
time-lapse imaging of adult-born neurons and microglia in the
OB of Dcx-CreER™%, R26-EPT; R26-tdTomato; Ibal-EGFP mice and
Dcx-CreER™%; R26-D89E; R26-tdTomato; Ibal-EGFP mice, respec-
tively. Videos 3 and 6 show surface-rendered 3D reconstructions
of PSD95*tdTomato* spines within CD68* lysosomes in Ibal*
microglial processes in the adult OB and DG, respectively.
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Figure S1. Quantitative analysis of microglia-synapse contacts and high-resolution imaging of dendrodendritic synapses in the OB by SBF-SEM.
(A) Representative SBF-SEM image of microglia (green) in the GCL of the adult OB (n = 22 cells from three mice, pooled from five independent experiments).
Yellow arrows, green arrowheads, and yellow arrowheads indicate long endoplasmic reticulum, extracellular space, and lysosomes, respectively. 3D recon-
struction image of a synapse in the boxed area is shown in D. (B) 3D reconstruction of microglia in the GCL (semi-transparent green) shown in A and its
associated synapses. While spines on distal, proximal, and basal dendrites of granule cells in the GCL form synapses to receive excitatory inputs from axonal
terminals of mitral/tufted (M/T) cells in the OB and projection neurons in higher olfactory centers, those on apical dendrites in the EPL form dendrodendritic
synapses with secondary dendrites of M/T cells (see Figs. 1 and S1G). Presynaptic structures of putative M/T or centrifugal axons and spines of granule cells in
the GCL are indicated by yellow and blue, respectively. (C-E) Representative three-dimensional reconstruction of small (C) and large (D) microglia-synapse
contacts and distribution of microglia-synapse contact areas in the GCL (E) and corresponding gaussian fitting curves (E, trimodal distribution, AIC = 169.9, also
see Materials and methods). The trimodal distribution consists of two distributions for small contacts (light orange and orange) and one distribution for large
contacts (blue) and shows the minimum Akaike’s information criterion (AIC) in fitting curve analysis (E, see Materials and Methods). Arrows in E under the x axis
indicate the center value (Xcenter) of each fitting curve (small contact-1, light orange, Xcenter = 0.070 um?; small contact-2, orange, Xeenter = 2.2 x 1078 um? large
contact, magenta, Xcenter = 0.81 um2). Most of the contacts between microglia and synapses are classified as small contacts (C and E). At large microglia-
synapse contacts, microglial processes contained lysosomes and were wrapping synaptic structures (A and D), unlike the small contact-forming microglial
processes (C). Microglia, presynapses, spines, and contact area in B-D are shown in green, yellow, blue, and red, respectively. 22 cells from three mice (pooled
from five independent experiments) are analyzed (E). (F) Experimental scheme of sample preparation and image acquisition of microglia in the adult OB for
high-resolution SBF-SEM imaging. Also see Materials and methods. (G) Representative SBF-SEM images of dendrodendritic synapses between secondary
dendrites of M/T (blue) cells and dendritic spines of granule cells (G, pink) in the EPL of the adult OB (n = 23 cells from three mice, pooled from eight in-
dependent experiments). Magnified image of boxed area (right) shows 40 nm synaptic vesicles in both M/T and granule cell spines and postsynaptic density in
the granule cell spines (arrowheads). Scale bars: A and B, 2 um; G, 400 nm.
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Figure S2. Characterization of EPT and D89E mice used in this study. (A) Representative images of the V-SVZ, RMS, and OB of adult Dcx-CreER™; R26-
tdTomato (control) mice at 3 dpi (n = 3 mice) stained for Dcx, DsRed, and NeuN. tdTomato is expressed in the subset of Dex* cells in the V-SVZ-RMS (10.2 +
1.4%, n = 3 mice pooled from two independent experiments), and OB (0.7 + 0.3%, n = 3 mice). These tdTomato* cells in the V-SVZ-OB were positive for Dcx
(85.1+ 0.8%, n = 3 mice) or NeuN (14.8 + 0.6%, n = 3 mice), but negative for GFAP or Ibal, suggesting that some of the tdTomato* Dcx* cells were differentiated
into tdTomato* NeuN* OB neurons within 3 d. (B) Representative images of the GCL of the OB in the adult control, Dcx-CreER™ R26-EPT; R26-tdTomato (EPT),
and Dex-CreER™% R26-D89E; R26-tdTomato (D89E) mice at 28 dpi (n = 3 mice each, pooled from six independent experiments) stained for flag (white), Ibal (cyan),
and GFAP (blue). tdTomato* signals (red) are directly observed without staining. Arrows indicate flag* signals in tdTomato* granule cells in the OB.
(C) Representative images of the EPL of the OB in EPT and D89E mice at 28 dpi stained for DsRed (red; n = 3 mice each). Injected PSVue480 is shown in white.
(D) Proportion of PS*tdTomato* spines in the EPL of EPT and D89E mice at 28 dpi (n = 3 mice each, pooled from three independent experiments; t(s) = 3.0,
P = 0.042, unpaired t test). (E) Distributions (left graph, bars; and right graph) and their fitting curves (left graph, lines) of PS intensity in EPT and D89E mice at
28 dpi. Arrows and arrowheads (left graph) indicate the onset and peak of fitting curves in EPT (pink) and D89E (blue) mice (EPT, AIC = -55.2; D89E, AIC = -33.2;
also see Materials and methods). While the onset of the fitting curve is similar between the two transgenic mice, its peak is shifted rightward in D89E mice
(arrowheads, EPT, 8.8; D89E, 10.5), suggesting that PS is initially exposed on spines similarly in EPT and D89E mice, but accumulated in D89E mice due to the
failure of the microglial spine pruning. PS intensity at tdTomato* spines in D89E mice (n = 24 events from three mice) is significantly higher than that in EPT
mice (n = 22 events from three mice, pooled from three independent experiments; t(4q) = —2.0, P = 0.048, unpaired t test). (F-H) No effect of MFG-E8"T and
MFG-E8P89E on the migration of tdTomato* cells toward the OB. Representative images (F; n = 3 mice each) and proportions (G and H; pooled from four
independent experiments) of tdTomato* cells (red in F) in the GL, GCL, anterior RMS (aRMS), and posterior RMS (pRMS) of control, EPT, and D89E mice at 3
(Fand G) and 14 (F and H) dpi (n = 3 mice each) are shown. (I and J) No effect of MFG-E8EPT and MFG-E8P89E on the number of Ibal* microglia in the adult OB.
Representative images (I; n = 3 mice each) and numbers (J; pooled from six independent experiments) of Ibal* cells (green in 1) in the EPL and GCL of the OB in
control, EPT, and D89E mice (n = 3 mice each) at 28 dpi are shown. RMS, rostral migratory stream; GCL, granule cell layer; EPL, external plexiform layer; GL,
glomerular layer; AU, arbitrary unit. Scale bars: A and I, 20 um; B, 5 pm; C, 1 um; F, 50 um. *, P < 0.05. Data shown are mean + SEM.

Kurematsu et al. Journal of Experimental Medicine
Phosphatidylserine in synaptic pruning by microglia https://doi.org/10.1084/jem.20202304

S3


https://doi.org/10.1084/jem.20202304

EMBARGOED 10:00 US Eastern Time, Thursday, March 17, 2022 ‘??’JEM

A PSVue480 injection Postfix staining C
to adult OB Fixation by PSVue550 [Zinc (+/-)]
N i Olfactory bulb
od 3h 1d Synapto-

PSVue480 PSVue550 PSVue480 / 550 physin-1

AnnexinV- FITC injection Postfix staining
to adult O Fixation by PSVue550 D
v v
0d 3h 1d Hippocampus

PSD95 PS AnnexinV-FITC

Dcx-CreERT?; R26-tdTomato
Activated caspase-3 Nuclei

tdTomato

5
o
X
2 3
pag)
)
s0
o
g2
28
O +
oL
2w
TE1
=0
g5
g
o= 0 0
< oA 0) (0)
14 28 56
[dpi]

Activated
tdTomato Activated caspase-3 tdTomato PS caspase-3

Figure S3. PSVue detects PS exposed at spines in the adult OB and DG. (A) Experimental scheme (top) and representative images (bottom) of the GCL of
the OB in adult WT mice injected with PSVue480 (green), stained for PSVue550 (red) with or without zinc solution. PSVue480* dots (green arrows) are stained
with PSVue550* dots (pink arrows) in a zinc-dependent manner (92.1 + 1.8% [n = 3 mice, pooled from three independent experiments] of PSVue480* dots were
colocalized with PSVue550). (B) Experimental scheme (top) and representative images (bottom) of the GCL of the OB in adult WT mice injected with AnnexinV-
FITC (green), stained for PSVue550 (white) and PSD95 (red). Arrows indicate AnnexinV-FITC*PSVue550*PSD95* spines in the GCL (73.4 + 1.1% [n = 3 mice,
pooled from two independent experiments] of AnnexinV-FITC*PSD95* dots were colocalized with PS). (C and D) Representative images of the EPL of the OB
(C) or ML of the hippocampus (D) in adult WT mice stained for PSVue480 (PS, white) and Synaptophysin-1 (red in C, top) or PSD95 (red in C, bottom, and D).
Arrows indicate double-positive signals (C, 37.9 + 2.2% and 36.8 + 1.4% [n = 3 mice, pooled from two independent experiments] of PS* dots is colocalized with
Synaptophysin-1 and PSD95, respectively; D, 33.6 + 0.9% [n = 3 mice, pooled from two independent experiments] of PS* dots is colocalized with PSD95).
(E and F) Active apoptosis of tdTomato* granule cells in the adult OB. Representative images of the GCL of the OB in Dcx-CreER™%; R26-tdTomato mice at 14, 28,
and 56 dpi (n = 3 mice) stained for activated caspase-3 (green) are shown. tdTomato* signals (red) are directly observed without staining. Nuclei are stained by
Hoechst 33342 (blue). Arrows and arrowheads indicate tdTomato* activated caspase-3* and tdTomato™ activated caspase-3* pyknotic cells, respectively.
Proportion of activated caspase-3* cells in tdTomato* cells in the GCL of the adult OB is shown (F; 14 dpi, 4/222 cells from three mice; 28 dpi, 0/546 cells from
three mice; 56 dpi, 0/767 cells from three mice; pooled from five independent experiments). (G) PS exposure at spines of nonapoptotic tdTomato* granule cells
in the adult OB. Representative images of the GCL of the OB in adult Dex-CreER™ R26-tdTomato mice at 28 dpi (n = 3 mice) stained for PS (white) and activated
caspase-3 (green). tdTomato* signals (red) are directly observed without staining. Boxed areas are enlarged in G'-G3. Arrowheads and arrows indicate ac-
tivated caspase-3* PS* apoptotic cells and activated caspase-3- PS* spines, respectively. None of the tdTomato* neurons with exposed PS at their spines
expresses activated caspase-3 or PS in their soma at 28 and 56 dpi (n = 27 cells from three mice at 28 dpi; n = 14 cells from three mice at 56 dpi; pooled from
four independent experiments). GCL, granule cell layer; EPL, external plexiform layer; ML, molecular layer. Scale bars: A-D, 2 um; E, 10 um; G, 5 pm. Data
shown are mean + SEM.
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Figure S4. Subcellular domain-specific regulation of PS exposure and microglial contacts of spines of adult-born neurons. (A) Classification of spine
morphology. Asterisks, mushroom; arrows, stubby; yellow arrowheads, thin; black arrowheads, filopodia. (B and C) Representative projection image of the EPL
in the OB of adult Dex-CreER™ R26-tdTomato mice at 28 dpi (n = 8 mice), stained for DsRed (red), PS (white), and Ibal (green). The boxed area in B is enlarged in
C. Arrows indicate a PS* tdTomato* thin spine wrapped by Ibal* microglial process. The two sequential z-planes (0, 0.5 um) and a projection image (-1.0 to
approximately +1.5 um) of the boxed area in B are shown in C. (D) Representative projection image of the DG in the hippocampus of adult Dcx-CreER™ R26-
tdTomato mice at 28 dpi (n = 8 mice), stained for DsRed (red), PS (white), and Ibal (green). Arrows indicate a PS*tdTomato* spine wrapped by Ibal* microglia.
(E) Parameters for microglia-spine interaction (process distribution, touching, spreading and wrapping, and PS exposure). (F-I) Densities of microglial process
distribution (F, n = 3 mice, pooled from two independent experiments), touching to spines (G, n = 4 mice, pooled from two independent experiments), spreading
on and wrapping of spines (H, n = 4 mice, pooled from two independent experiments; F(3 15 = 30.7, P = 0.0000065, one-way ANOVA; basal versus proximal, P =
0.000037, basal versus apical, P = 0.000032, distal versus proximal, P = 0.00048, distal versus apical, P = 0.00040, Tukey-Kramer test), and proportion of PS*
spines (I, n = 3 mice, pooled from two independent experiments; F(3 ) = 16.7, P = 0.00083, one-way ANOVA; basal versus proximal, P = 0.0024, basal versus
apical, P = 0.0019, distal versus proximal, P = 0.016, distal versus apical, P = 0.012, Tukey-Kramer test) in the basal, proximal, distal, and apical domains of
dendrites of tdTomato* adult-born granule cells in Dex-CreER™; R26-tdTomato mice at 28 dpi. EPL, external plexiform layer; ML, molecular layer. Scale bars in
A-D, 2 um. *, P < 0.05; ***, P < 0.005.
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Figure S5. In vivo two-photon time-lapse imaging of filopodium formation and retraction of adult-born neurons in the OB. (A) Experimental scheme of
in vivo two-photon time-lapse imaging of microglia-spine interaction. (B) Representative two-photon image of tdTomato* dendrites of granule cells (red) and
EGFP* microglia (green) in the EPL of the adult OB. Boxed areas are enlarged in Fig. 5, C-E. Also see Video 4. (C and D) In vivo two-photon imaging of dendritic
spines of adult-born periglomerular cells and granule cells. Representative z-stack two-photon images (C) and their 3D reconstruction (D) of tdTomato*
periglomerular (yellow arrowheads) and granule (red arrowheads) cells in Dcx-CreER™% R26-EPT; R26-tdTomato (EPT) mouse at 28 dpi are shown. (E) Ex-
perimental scheme of in vivo two-photon time-lapse imaging of filopodium formation and retraction. (F and G) Representative in vivo time-lapse images of
tdTomato* filopodium formation (F, yellow arrows) and retraction (G, pink arrows) in the EPL (n = 3 mice, pooled from three independent experiments).
Asterisks (F and G) indicate spines stably observed during the whole imaging period. Numbers indicate the time in minutes from the initial image session.
(H) Frequency of filopodium formation and retraction in the adult EPT and Dcx-CreER™; R26-D89E; R26-tdTomato (D89E) mice at 28 dpi (n = 3 mice each, pooled
from three independent experiments). GL, glomerular layer; EPL, external plexiform layer; GCL, granule cell layer. Scale bars: B, F, and G, 2 um; C, 20 um. Data
shown are mean + SEM.
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Video 1. 3D reconstruction of microglia in the process of phagocytosis (early) in the adult OB. Microglia (green), granule cells (pink), phagocytosed spine
(blue), and mitral cells (light blue) are shown. Also see Fig. 1 C and the 3D interactive model at https://sketchfab.com/3d-models/phagocytosis-of-spine-by-
microglia-7f168d4801e1444fb1f14750bbad7175.

Video 2. 3D reconstruction of microglia in the process of partial phagocytosis (early) in the adult OB. Microglia (green), granule cells (pink), phagocytosed
spine (blue), and mitral cells (light blue) are shown. Also see Fig. 11and the 3D interactive model at https://sketchfab.com/3d-models/partial-phagocytosis-of-
spine-by-microglia-b3b4332f1bc74dea86ae81965a3d23d3.

Video 3. Surface-rendered 3D reconstruction of a PSD95*tdTomato* spine within CD68* lysosome in Ibal* microglial process in adult OB. PSD95, tdTomato,
CD68, and Ibal were shown in yellow, red, cyan, and green, respectively. Also, see Fig. 4 G>.

Video 4. Representative video of in vivo time-lapse imaging of adult-born neurons and microglia in the OB of Dcx-CreERT2; R26-EPT; R26-tdTomato; Ibal-
EGFP mice. Dendrites of tdTomato* adult-born granule cells (red) and EGFP* microglia (green) were acquired at the interval of 1.5 min for 60.0 min. Video is
shown at a rate of 10 frames/s and related to Fig. 5, C-E and Fig. S5 B. Scale bar, 5 um.

Video 5. Representative video of in vivo time-lapse imaging of adult-born neurons and microglia in the OB of Dcx-CreERT2; R26-D89E; R26-tdTomato; Ibal-
EGFP mice. Dendrites of tdTomato* adult-born granule cells (red) and EGFP* microglia (green) were acquired at the interval of 1.5 min for 58.5 min. Video is
shown at a rate of 10 frames/s and related to Fig. 5 F. Scale bar, 5 pm.

Video 6. Surface-rendered 3D reconstruction of a PSD95*tdTomato* spine within CD68* lysosome in Ibal* microglial process in adult DG. PSD95, tdTomato,
CD68, and Ibal were shown in yellow, red, cyan, and green, respectively. Also, see Fig. 8 D%
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