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Abstract

Synaptic refinement is a critical physiological process that removes
excess synapses to establish and maintain functional neuronal
circuits. Recent studies have shown that focal exposure of phos-
phatidylserine (PS) on synapses acts as an “eat me” signal to medi-
ate synaptic pruning. However, the molecular mechanism
underlying PS externalization at synapses remains elusive. Here,
we find that murine CDC50A, a chaperone of phospholipid flip-
pases, localizes to synapses, and that its expression depends on
neuronal activity. Cdc50a knockdown leads to phosphatidylserine
exposure at synapses and subsequent erroneous synapse removal
by microglia partly via the GPR56 pathway. Taken together, our
data support that CDC50A safeguards synapse maintenance by
regulating focal phosphatidylserine exposure at synapses.
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Introduction

A healthy and functional brain requires precise neuronal connections
that are achieved via proper synapse formation and elimination.
Microglia, the resident immune cells in the brain, contribute to the
refinement of brain circuitry by engulfing synaptic elements in early
postnatal life (Stevens et al, 2007; Tremblay et al, 2010; Paolicelli
et al, 2011; Schafer et al, 2012). Improper synapse removal contri-
butes to neuropsychiatric disorders such as autism spectrum disorder
and schizophrenia (Tang et al, 2014; Sekar et al, 2016; Sellgren et al,
2019), whereas aberrant re-activation of synaptic elimination later in
life may underlie Alzheimer’s disease pathology (Hong et al, 2016).

Immune molecules such as classical complement components,
CX3CL1/CX3CR1, MHC class I, and PirB mediate developmental
synapse removal (Huh et al, 2000; Stevens et al, 2007; Datwani et al,
2009; Paolicelli et al, 2011; Schafer et al, 2012; Tang et al, 2014;
Sekar et al, 2016; Djurisic et al, 2018; Sellgren et al, 2019). However,
it is unclear how specific synapses are targeted.

Phosphatidylserine (PS) is the most abundant anion phospholipid
in eukaryotic membrane. It is mainly sequestered to the inner leaflet
of the plasma membrane in healthy cells. When a cell undergoes
apoptosis, PS is exposed to the cell surface and works as an “eat me”
signal to phagocytes for clearance (Feng et al, 2002; Segawa et al,
2011; Neher et al, 2013; Tufail et al, 2017). Recently, our laboratory
and others uncovered that PS performs a similar function in synapse
elimination in the central nervous system (CNS), where presynaptic
PS exposure mediates GPR56-, complement-, or TREM2-dependent
microglial synapse elimination (Li et al, 2020; Peet et al, 2020; Scott-
Hewitt et al, 2020). However, the molecular mechanism underlying
PS exposure at synapses remains unknown.

The externalization and internalization of PS are dynamic
processes that are regulated by phospholipid scramblases and flip-
pases, respectively (Verhoven, Schlegel et al, 1995; Leventis &
Grinstein, 2010; Sharom, 2011). Transmembrane protein 16F
(TMEM16F) and Xk-related protein 8 (Xkr8) are scramblases to be
responsible for nonspecific and bidirectional translocation of PS
between inner and outer leaflets of the plasma membrane (Suzuki
et al, 2010, 2013). Type IV P-type ATPases are a family of flippases
including 14 human and 15 murine members (Palmgren & Nissen,
2011). CDC50A, also known as TMEM30A, functions as a chaperone
for the proper localization of flippases to the plasma membrane and
is crucial for their lipid transport activity (Lenoir et al, 2009; Segawa
et al, 2014). CDCS50A deficiency leads to constitutive PS exposure
on the membrane surface of KBM7 and WR19L cells (Segawa et al,
2014; Segawa & Nagata, 2015).

In this study, we tested the hypothesis that CDC50A plays a role
in synaptic elimination by regulating PS exposure at synapses. We
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demonstrated that CDC50A localized at retinal ganglion cell (RGC)
synaptic inputs in the dorsal lateral geniculate nucleus (dLGN) and
that its expression correlated with the rise and fall of synaptic
numbers during brain development and homeostasis. CdcS0a
expression was downregulated during neuronal inactivation. Cdc50a
knockdown induced PS exposure at synapses and resulted in aber-
rant synapse elimination in vivo. Finally, Cdc50a knockdown-
induced synapse loss was partially attenuated in microglial Gpr56
conditional knockout mice, supporting GPR56/PS interaction in part
mediates synapse removal by microglia.

Results
CDC50A is present at synapses

To investigate whether CDC50A is present at synapses, we first
examined CDC50A expression in mouse brain synaptosomes, which
have been used as a model system to study synaptic protein compo-
nents and synaptic structure (Hebb & Whittaker, 1958; Evans,
2015). We found dynamic expression of CDC50A in synaptosomes
with a sharp increase of synaptic CDC50A protein from postnatal
day 1 (P1) to P14 followed by a steady gradual increase until
6 months of age and a significant reduction at 2-year-old aged mice
(Figs 1A and EVI1A and B). Interestingly, this expression curve
matches the rise and fall of synapse numbers across the mouse lifes-
pan (Cizeron et al, 2020), suggesting CDC50A may play a role in
regulating synaptic density.

To further confirm CDC50A is present at synapses, we performed
double immunostaining of CDC50A and various synaptic markers
on cultured primary neurons. We revealed that CDC50A colocalized
with presynaptic active zone protein RIM1 (Fig 1B and C) as well as
excitatory presynaptic marker vGluT1 and vGluT2, excitatory post-
synaptic marker GluR1, inhibitory presynaptic and post-synaptic
marker VGAT, and Gephyrin (Fig EV1C and D).

To investigate the function of CDC50A in the formation of devel-
opmental circuits, we utilized the mouse visual system, a well-
established model of developmental synaptic refinement. During the
early postnatal stage, RGCs project axons to the dLGN and form
excessive synaptic connections with relay neurons (Shatz, 1983;
Guido, 2008). Later, these excessive synapses undergo spontaneous
activity-dependent synaptic refinement, leading to the formation of
stable visual circuits (Penn et al, 1998; Chen & Regehr, 2000; Hooks
& Chen, 2006; Guido, 2008). We first mined a published single-cell
RNA sequencing database and discovered that Cdc50a is the highest
expressed gene in the RGCs comparing to flippase genes (Fig 1D)
(Macosko et al, 2015). To determine whether CDC50A is develop-
mentally present at synapses and thus play a possible role in
synapse refinement, we examined the localization of CDC50A in the
dLGN. We observed that CDC50A was expressed in only 20%
vGluT2", a marker specific for RGC inputs (Land et al, 2004),
synapses after eye opening (P14) (Hooks & Chen, 2006). On the
other hand, CDC50A colocalized with ~60% of RGC projected
synapses in the dLGN at P21 and P30 (Fig 1E and F), time points
when synaptic pruning is significantly decreased and sensory-
dependent synapse strengthening and maintenance dominate
(Hooks & Chen, 2006; Guido, 2008; Cheadle et al, 2018, 2020).
Taken together, our data demonstrate a dynamic presence of
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CDCS0A corresponding to the rise and fall of developmental synap-
tic density.

Cdc50a expression is regulated by neuronal activity

Neuronal connections in the CNS are dynamically regulated. Neuronal
activity modulates synaptic development by promoting the formation
and stabilization of certain synapses and eliminating weak ones (Katz
& Shatz, 1996; Sanes & Lichtman, 1999; Hua & Smith, 2004; Schafer
et al, 2012). Activity-dependent synaptic pruning is mediated in part
by microglia. Inactivation of RGC activity by a sodium channel
blocker TTX in the early development increased microglia-mediated
pruning of RGC presynaptic terminals in the dLGN, whereas increas-
ing RGC activity by forskolin reduced RGC synaptic removal (Schafer
et al, 2012). We hypothesized that the expression of Cdc50a is regu-
lated by neuronal activity. To test this hypothesis, we inhibited
neuronal activity in culture with a cocktail of TTX, D-AP5 (NMDA
receptor antagonist, which inhibits NMDA receptor-mediated synaptic
activity), and NBQX (AMPA receptor antagonist) (Fig 2A). Cdc50a
mRNA was decreased promptly after one-day treatment and continued
downward trending to a sustained level of ~ 50% after 4- and 7-day
treatment (Fig 2B). CDC50A immunohistochemistry (IHC) confirmed
a reduced CDC50A protein level upon neuronal inactivation (Fig 2C
and D). To determine whether Cdc50a expression would increase
toward baseline upon the recovery of neuronal activity, we removed
the inhibitor cocktail from the culture medium on day 7 and allowed
the cells to recover in the normal medium. Indeed, Cdc50a mRNA
gradually increased to ~ 80% of baseline level on day 6 of recovery
(Fig 2B). Consistently, CDC50A protein level was also increased by
~20% (Fig 2C and D). To test whether this phenomenon holds true
in vivo, we examined CDC50A localization at RGC synaptic inputs
after intravitreal injection of TTX. Indeed, we found the percentage of
CDC50A" RGC inputs was significantly decreased after inactivating
RGC (Fig 2E and F). Taken together, our data support the hypothesis
that Cdc50a expression is regulated by neuronal activity.

CDC50A knockdown causes PS exposure at synapses

CDC50A assists flippases to internalize PS from the outer leaflet to
the inner leaflet of the plasma membrane by chaperoning them to
their proper subcellular location (Suzuki et al, 2010, 2013). Defi-
ciency in CDC50A causes PS exposure on cell surface (Segawa &
Nagata, 2015). To determine whether a similar mechanism regulates
PS exposure at synapses, we first downregulated CDC50A expres-
sion in primary cultured neurons using siRNA knockdown technol-
ogy. We were able to deliver Cdc50a-siRNAs into primary neurons
effectively (Fig EV2A and B). Cdc50a mRNA was dramatically
decreased to near zero after 4-day silencing (Fig EV2C). Similarly,
CDCS50A protein expression was also significantly decreased (Figs
3A and B, and EV2D and E). To test whether Cdc50a-siRNAs can
induce PS exposure at synapses in vitro, we employed a polarity
sensitive indicator of viability and apoptosis (pSIVA) (Kim, Chen
et al, 2010a, 2010b), which fluoresces only upon binding to PS. As a
confirmation of our staining method, we observed massively
exposed PS on both soma and dendrites of apoptotic neurons
(Fig EV2F). In the controls, only sparse pSIVA signals were detected
on control neurons. In contrast, we detected significantly more
DSIVA signals on the dendrites of Cdc50a-RNAi-treated live neurons

© 2021 The Authors
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Figure 1. CDCS50A is expressed at synapses.

A Western blot shows developmental expression of CDC50A in isolated synaptosomes from mouse brains. The quantification was normalized to the CDC50A expression

of P7. GAPDH was used as an internal control. P1, postnatal day 1; 1 M, 1 month; 1Y, 1 year. N = 3-4, biological replicates.
IHC for CDCS0A and RIM1 on cultured neurons at DIV21. The left panel shows CDC50A is expressed in both neuronal soma and processes. The right panel exhibits

B
CDC50A colocalize to pre-synapses alongside neuronal processes. MAP2, Microtubule-associated protein 2, was used to identify neuronal cells and trace dendritic
processes. RIM1 is an active zone protein, which marks pre-synapses. Left scale bar = 50 pum; right scale bar = 2 um.

C Quantification of the percentage of RIM1" pre-synapses colocalizing to CDC50A. N = 3 for biological replicates.

D Single-cell RNAseq in the retina revealed the percentage of RGCs that express the members of flippase family and their chaperon gene Cdc50a in mice (Macosko et al,
2015).

E IHC for CDC50A and vGluT2 in the developmental dLGN at P14, P21, and P30. The left panels show the overview of immunostaining in the dLGN, scale bar = 200 pm.
The right panels are the zoomed-in images, scale bar = 5 um. Arrows indicate the colocalized CDC50A and vGluT2.

F Quantification of the percentage of CDC50A"/VGlut2" synapses. The result shows that a significantly higher percentage of CDC50A"/vGlut2" synapses at P21 and P30

than P14. N = 6 for biological replicates.

Data information: All data are presented as mean + SD, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 by one-way ANOVA with Tukey’s multiple comparisons

test.
Source data are available online for this figure.

(Fig 3C). Furthermore, some of the pSIVA signals were colocalized
with synapsin I, a synapse marker (Fig 3D). Taken together, our
results suggest that CDC50A control PS exposure at synapses.

CDC50A knockdown induces aberrant synapse elimination by
microglia in vivo

Given the role of PS in regulating synapse removal, we hypothe-
sized that downregulating CDC50A leads to synaptic elimination. To

© 2021 The Authors

test this hypothesis, we generated an adeno-associated virus
(AAV2) carrying either scrambled or Cdc50a shRNA. A membrane
fluorescent reporter hChR2-mCherry was included in the virus
vector to label the infected cells (Fig 4A). We intravitreally injected
Cdc50a shRNA or control AAV2 into wild-type BL6 mice at P30. We
chose P30 because naturally occurring developmental synapse elim-
ination is mostly completed in the retinogeniculate system at this
time point, thus unequivocally confirming the role of DCD50A in
focal PS exposure and synaptic elimination. Mouse brains were
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Figure 2. CDCS50A expression is dependent on neuronal activity.

A Ascheme showing experimental timeline when neuronal inhibitors were added to and removed from the cultured neurons. A cocktail of TTX, D-AP5, and NBQX was

added to neurons at DIV 21.

B Quantitative PCR of Cdc50a during neuronal inactivation and recovery. Neurons without any treatment were used as controls. N = 4 for biological replicates, mean +
SEM, ** P < 0.01. **** P < 0.0001 by two-way ANOVA with Sidak’s multiple comparisons test.
C IHC for CDC50A. CDC50A protein intensities were reduced after neuronal inactivation (day 7) and were recovered after removing neuronal inhibitors (day 13). Scale

bar, 10 pm.

D Relative CDC50A intensities of neurons. N = 5 for biological replicates, mean 4 SD, * P < 0.5, **** P < 0.0001 by one-way ANOVA with Holm-Sidak’s multiple

comparisons test.

E CDCS0A expression at RGC inputs after 5-day consecutive TTX treatment. Scale bar, 10 um.
F Quantification of the percentage of CDC50A"/VGlut2® synapses. N = 5 for biological replicates, mean + SD, **** P < 0.0001 by Student’s t-test.

collected 17 days later (Fig 4B). IHC for mCherry and vGluT2 in the
dLGN showed that AAV2 successfully infected some RGCs and
made it to RGC axons and terminals in the dLGN (Fig 4C). Impor-
tantly, Cdc50a shRNA AAV?2 virus infection significantly downregu-
lated CDCS50A protein expression at RGC presynaptic terminals
(Fig 4D and E). To further test whether knocking down CdcS0a
induces PS exposure at synapses, we performed pSIVA staining on
brain slices containing dLGN. Only minimal pSIVA signals were
detected in the dLGN of mice that received control viruses. In
contrast, we observed significantly more pSIVA signals in the
infected area of mice who received the Cdc50a shRNA virus
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compared to non-infected area as well as controls (Fig 4F and G,
and Appendix Fig S1), supporting that Cdc50a knockdown induced
PS exposure at synapses in vivo.

Very recently, we and others showed that PS acted as an “eat
me” signal for microglia-mediated synaptic elimination (Li et al,
2020; Scott-Hewitt et al, 2020). We hypothesized that downregulat-
ing Cdc50a would lead to synaptic removal. To this end, we intravit-
really injected control and shRNA viruses at P30 and collected the
brains one month later (Fig 5A). As expected, we observed minimal,
if any, changes in the density of Tuj1" RGCs (Fig EV3A-C), cleaved
caspase 3" apoptotic RGCs in the retina (Fig EV3D-F), the density of

© 2021 The Authors
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Figure 3. Cdc50a knockdown induces PS exposure at synapses.
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vGIuT?2

A Immunostaining of CDC50A on Cdc50a knockdown neurons and controls. Accell Cdc50a-siRNA pool was used to knock down Cdc50a in neurons for 7 days. CDC50A
expression alongside neuronal processed was reduced after Cdc50a-siRNA treatment. Scale bar, 10 um.

B Quantification of relative CDC50A fluorescence intensity in Cdc50a-RNAi and controls. N = 4 for biological replicates, mean & SD, **** P < 0.0001 by Student’s t-test.

C Live neurons were imaged with or without Cdc50a-siRNA treatment under a confocal microscope. Propidium iodide (PI) was used to label dead cells. In controls, live
neurons exhibit a few weak pSIVA signals. However, in Cdc50a-RNAi neurons, more and stronger pSIVA signals were observed alongside neuronal processes. Scale bar,

20 pm.

D IHC of Cdc50a-RNAi neurons exhibited pSIVA colocalized with synapsin |, a general synapse marker. The dotted square was zoomed-in shown on the right side.

Arrows indicated where pSIVA colocalized with synapsin I. Scale bar, 5 um.

neurofilament” axons (Fig EV3G and H), and amyloid precursor
protein (APP) accumulations in the dLGN (Fig EV3I and J), supporting
Cdc50a-shRNA viruses did not affect the overall health of RGC cells.
Consistent with partial RGC viral infection, we observed patchy
mCherry" areas in the dLGN (Fig 5B). The dLGN has two regions:

© 2021 The Authors

the dorsal “shell” that harbors convergent input from direction selec-
tive ganglion cells and the superficial layers of the superior colliculus;
and the ventromedial “core” that receives input largely from a diverse
group of RGC that appear to regulate canonical spatial vision (Dhande
& Huberman, 2014; Hong et al, 2014). The “shell” is predominated

The EMBO journal  40: €107915]2021 5 of 15
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by large-sized “complex encapsulated” boutons, while the “core” dLGN. In the outlined virus-infected “core” area, we found a dramatic
contains more smaller boutons (Fig 5) (Hammer et al, 2015). Inter- decrease in vGluT2 signal as well as vGluT2" synaptic density in
estingly, we observed different phenotypes in different areas of the Cdc50a-RNAi-infected area compared to the adjacent non-infected
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Figure 4. Cdc50a depletion causes PS exposure at synapses.
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A AAV2 constructs containing 5-inverted terminal repeats (ITR), U6 promoter, shRNA sequences, CMV promoter, hChR2-mCherry, and 3-ITR. Cdc50a shRNA was used to

knock down Cdc50a. Scrambled shRNA was used as controls.

B An experimental diagram showing 1-month-old mice were intravitreally injected with AAV2 control and shRNA viruses and collected 17 days later.

(@}

50 pum. Right scale bar, 5 um.

O mmog

t-test.

area as well as those infected with control AAV virus (Fig 5SB-D).
Similarly, we also observed a significant loss of synapses in the
ventral “core” region in Cdc50a-RNAi mice compared to controls
(Fig SE-G). Interestingly, Cdc50a knockdown did not affect synaptic
density in the shell region (Fig 5H and I).

To differentiate whether the reduction of vGluT2 signal is due to
reduced vGluT2 expression or physical removal of vGluT2" synapses,
we injected Alexa Fluor™ 488-conjugated cholera toxin subunit B
(CTBA488) into the eyes to label all RGC synaptic structures in the dLGN
(Fig 6A). If the majority of CTB488" synapses in the Cdc50a-RNAi area
did not colocalize with vGluT2, it means the synaptic structures are
still physically present and vGluT2 protein is reduced. Conversely, it
indicates the synapses were physically removed if the majority of
CTB488" synapses colocalize with vGIuT2. As shown in Fig 6B and C,
~ 98% of double-positive CTB488/mCherry synapses were also vGluT2
positive, which means the change of vGluT2" density was not due to
reduced vGluT2 protein expression but reduced synaptic density.
Furthermore, we observed a significant lower CTB" synaptic density in
Cdc50a-RNAi-infected area (Fig 6D and E). Taken together, our study
results support that Cdc50a knockdown in RGC axonal terminals
causes removal of RGC presynaptic structure in the dLGN.

Microglia mediate synaptic pruning by engulfing synapses (Paoli-
celli et al, 2011; Schafer et al, 2012; Li et al, 2020). To investigate
whether the lost vGIuT2" synapses were engulfed by microglia upon
Cdc50a knockdown, we measured the volume of vGluT2" synapses
and mCherry” materials inside microglia 30 days after AAV2 viral
infection (at P60). Since there is only little naturally occurring activity-
dependent synapse elimination at P60 (Hong et al, 2014), we found
little vGluT2 and mCherry signals inside microglia in the control mice
as well as in the non-infected areas of Cdc50a-RNAi mice (Fig 7A-C).

Figure 5. Cdc50a depletion causes aberrant synapse loss.

Confocal images of dLGN after AAV2 injection. The dLGN was outlined with the dotted line. MCherry reveals axons and synapses of AAV2-infected RGCs. Left scale bar,

Representative IHC images of CDC50A expression at synapses. Scale bar, 5 um. Arrows indicate VGIuT2" RGC inputs.

Relative CDC50A expression at mCherry* synapses in Cdc50a RNAi mice and controls. N = 3 for biological replicates, mean =4 SD, * P < 0.05 by Student’s t-test.

PSIVA staining in the dLGN. Exposed PS was detected by pSIVA on RGC inputs in Cdc50a-RNAi mice. Scale bar, 5 um. Arrows indicate pSIVA*/mCherry" RGC inputs.
Quantification of the percentage of pSIVA"/mCherry* RGC inputs in total mCherry" RGC inputs. N = 4 for biological replicates, mean & SEM, ** P < 0.01 by Student’s

However, we detected significantly more vGluT2" and mCherry”
synapses inside microglia of Cdc50a-RNAi mice (Fig 7A-C). Moreover,
the engulfed synapses were partially colocalized with the CD68" lyso-
somes (Fig 7A and Appendix Fig S2). Interestingly, only 22% of
engulfed vGIuT2" synapses were mCherry positive (Fig 7D), possibly
because mCherry protein is more resistant to lysosomal degradation
than vGluT2 protein (Doherty et al, 2010; Lee et al, 2021). Taken
together, our data demonstrate that CDC50A knockdown results in
aberrant synapse elimination by microglia via inducing PS exposure.

Microglial GPR56 in part mediates CDC50A knockdown-induced
synaptic removal

Our recent study showed that microglial GPR56 mediates synaptic
pruning by binding to PS (Li et al, 2020). To test whether microglial
GPR56 is required for CDC50A knockdown-induced aberrant synapse
elimination, we intravitreally injected Cdc50a-shRNA AAV2 into both
microglial Gpr56 conditional knockout (Gpr56™% Cx3cri®*) and
control (Gpr56™"; Cx3cr1") mice. Although vGluT2 signals were
reduced after CDC50A knockdown in both microglial Gpr56 condi-
tional knockout mice and controls (Fig 8A), the decrease of synapse
density was smaller in the knockout mice compared to controls
(Fig 8B and C), supporting that microglial GPR56 is partially required
for the aberrant synaptic elimination caused by CDC50A knockdown.

Discussion

One fundamental question in neuroscience is how the brain
differentiates “good” from “bad” synapses during development.

A An experimental diagram showing 1-month-old mice was intravitreally injected with AAV2, and their brains were collected 1 month later.
B IHC images showed vGIuT2" signal was dramatically reduced in the outlined area of mice received Cdc50a shRNA viruses, but not in controls. Scale bar, 100 um.

d: dorsal, m: medial.

C Single-plane confocal images of vGluT2" synapses in the dLGN. Dotted line divided the mCherry” and mCherry~ areas. Scale bar, 20 um.

D Quantification of vGlut2* synapse density in the AAV-infected areas and the neighboring non-infected areas of Cdc50a RNAi mice and controls. N = 5 for biological
replicates, mean =+ SD, **** P < 0.0001 by one-way ANOVA with Holm-Sidak’s multiple comparisons test.

E IHC for vGluT2 and mCherry in the shell and core regions of the dLGN. Scale bar, 2100 pm.

F  Maximum intensity z-projection images of vGIuT2" synapses in the core region of Cdc50a RNAi mice and controls. Right panel showed enlarged synapses in the

boxed region. Scale bar, 20 pm.

G Quantification of vGluT2" synapse density. N = 3 for biological replicates, mean + SD, * P < 0.05 by Student’s t-test.
H Maximum intensity z-projection images of vGIuT2" synapses in the shell region. Enlarged images (right panel) shows large “complex encapsulated” boutons. Scale

bar, 20 um.

| Quantification of vGluT2" synapse density. N = 3 for biological replicates, mean =+ SD, Student’s t-test.

© 2021 The Authors
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Figure 5.

Increasing numbers of players have been identified in the process of
synaptic pruning. For example, complement proteins Clq, C3, and
complement receptor CR3, MHC class I, PirB, and microglial GPR56
facilitate synaptic removal (Huh et al, 2000; Stevens et al, 2007;
Datwani et al, 2009; Paolicelli et al, 2011; Schafer et al, 2012; Djurisic
et al, 2018; Li et al, 2020), whereas CD47-SIRPa signaling pathway
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protects “good” synapses from inappropriate elimination (Lehrman
et al, 2018). Very recently, we and others showed that exposed PS flags
synapses destined to be removed (Li et al, 2020; Scott-Hewitt et al,
2020). However, it is unknown how certain synapses focally expose PS.

Here, we uncover CDC50A, a chaperone protein for flippase, as
an important player that negatively affects PS exposure at selective
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A A schematic diagram of intravitreal AAV2 injection to 1-month-old mice followed by CTB488 and CTB647 injection after 29 days. The brains were collected one day

later.

B Confocal images of RGC inputs traced by CTB488 and mCherry. CTB488" RGC inputs in the Cdc50a-RNAi area overlapped with vGIuT2. Scale bar, 20 pm.
C Quantification of colocalization among CTB488, mCherry and vGIuT2 described “98% CTB488"/mCherry” RGC inputs were vGluT2". N = 7 for biological replicates,

mean =+ SD.

D Images of CTB488 and CTB647 labeling of RGC inputs in the dLGN. Scale bar, 20 pm.
E Quantification of CTB488" inputs (non-infected areas) versus CTB647" inputs (infected areas) in Cdc50a RNAi mice and controls. N = 3 for biological replicates, mean

+ SEM, **** p < 0.0001, two-way ANOVA with Sidak’s multiple comparisons test.

synapses, and thus regulates synaptic removal. CDC50A assists
phospholipid flippases translocating PS from the outer to inner
leaflet of the plasma membrane (Lenoir et al, 2009; Segawa et al,
2014). We demonstrate that silencing CDC50A by RNAi knockdown
results in PS exposure on synapses and aberrant synaptic elimina-
tion. Type IV P-type flippases include 14 human and 15 murine
members (Palmgren & Nissen, 2011). Recent work found the expres-
sion of flippases varied in different tissues and may play distinct
roles. Among these flippases, ATP8A1, ATP11A, and ATP11C were
ubiquitously expressed in human and mouse adult tissues, while
ATP8A2 and ATP8B2 were present in significant amounts in the
brain (Segawa et al, 2016; Wang et al, 2018). Some studies have
implied the involvement of flippases in brain functions and neuro-
logical disorders. For example, the Atp8al~/~ mice harbored fewer

© 2021 The Authors

and weaker excitatory synapses in hippocampal CA1 than wild-type
controls and exhibited an autistic-like behavior (Kerr et al, 2016). In
humans, missense mutations of ATP8A2 are associated with cere-
bellar ataxia, mental retardation, and disequilibrium (CAMRQ
syndrome) (Onat et al, 2013; McMillan et al, 2018). Further studies
are needed to identify which member(s) of the flippases is (are)
required for PS translocation on synapses.

Many PS recognizing membrane receptors have been discovered
in phagocytosis, including GPR56 (Folts et al, 2019; Li et al, 2020),
Tim-4 (Miyanishi et al, 2007), BAI1 (Park et al, 2007), C1q (Paidassi
et al, 2008), TREM2 (Shirotani et al, 2019), and indirect receptors
Tryo3, Axl, and MerTK (Ohashi et al, 1995; Stitt et al, 1995; Mark
et al, 1996; Nagata et al, 1996; Lemke, 2013). The aberrant synapse
loss caused by Cdc50a knockdown was reduced but not fully
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Figure 7. CDC50A knockdown results in aberrant synaptic engulfment by microglia.

A The confocal images, 3D-rendered images, and orthogonal views of microglia engulfing vGluT2" synapses in controls and Cdc50a-RNAi mice. Scale bar, 10 pm.

B Quantification of engulfed vGluT2" synapses in microglia. % Engulfment of vGIuT2" synapse = Volume of vGIuT2" synapse inside microglia / Volume of microglia.
N = 5 for biological replicates.

C Quantification of engulfed mCherry” materials in microglia. N = 5 for biological replicates.

D Quantification of colocalized vGluT2*/mCherry* synapses within microglia. N = 5 for biological replicates.

Data information: All data are mean =+ SD, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. One-way ANOVA followed by Tukey’s multiple comparisons test.

rescued in microglial GPR56 conditional knockout mice (Fig 8), microglial Mertk rescued the loss of inhibitory post-synapses in
suggesting other molecules are also involved in removing synapses Cdc50a conditional knockout mice, indicating MerTK is another PS
in Cdc50a knockdown mice. Indeed, a recent study found deleting receptor responsible for synapse elimination (Park et al, 2021).
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Figure 8. Microglial GPR56 is required for CDC50A knockdown-induced synapse loss.

A IHC images for vGIuT2 staining in the dLGN of microglial Gpr56 conditional knockout mice (Gpr56™f; Cx3cr1°®’") and controls (Gprs6*"; Cx3cr1™®*). Both mice were
intravitreally injected with AAV2 carrying Cdc50a shRNA. The yellow squares indicated the AAV2 non-infected areas and the dotted outlines indicated the AAV2-

infected areas. Scale bar, 200 um.

B Confocal images of vGluT2" synapses in the AAV2 non-infected areas and infected areas of the dLGN. Scale bar, 20 pm.
C Quantification of vGluT2" synapses in the non-infected areas and infected areas of microglial GPR56 conditional knockout mice and controls. N = 4 for biological
replicates, mean + SD, * P < 0.05, **** P < 0.0001 by two-way ANOVA with Sidak’s multiple comparisons test.

These discoveries inferred that PS-mediated synapse elimination is a
complex mechanism involving different PS receptors.

Synaptic refinement is required for the construction of neural
circuitry in the brain. Uncovering the mechanisms of synaptic
refinement could lead to novel therapeutics by targeting the
synapse-removal machinery. Our results could be translated to
potential therapies by eliminating unwanted synapses in disease-
causing circuits without deleterious effects on neurons.

Materials and Methods
Animals

All male mice were handled according to the guidelines of Animal Care
and Use Committee at University of California, San Francisco. Gprs6™"
mice were generated as previously described (Giera et al, 2015). The
C57BL/6J (#000664) and Cx3Cri-cre (B6J.B6N(Cg)-Cx3cr1miirelung y
#025524) mice were obtained from Jackson Laboratories. Gprs¢™T,;
Cx3Crl-cre”~ was used as microglial Gpr56 conditional knockout mice.

Synaptosome isolation

Purification synaptosomes from mouse brains were carried out as
previously described (Luquet et al, 2017). Briefly, mouse brains

© 2021 The Authors

were perfused with ice-cold phosphate-buffered saline (PBS) and
collected. Minced brains were homogenized in a glass grinder with
Iso-osmolar buffer (0.32 M sucrose, 4 mM HEPES pH = 7.4). The
homogenate was centrifuged at 1,000 g for 8 min at 4°C, and the
pellet containing nuclei and large debris was discarded. The super-
natant was further centrifuged at 12,500 g for 13 min at 4°C in order
to obtain pelleted crude synaptosomes. The synaptosome pellet was
then re-suspended in 1 ml of Iso-osmolar buffer and layered slowly
onto the top of a discontinuous sucrose gradients (5 ml of 1.2 M
sucrose buffer on the bottom, 5 ml of 0.8 M sucrose buffer on the
top). The final ultracentrifuge was run at 50,000 g for 1 h at 4°C
and yielded a synaptosome enriched fraction. For Western blot (Zhu
et al, 2019), synaptosomes were mixed with loading buffer and
incubated for 10 min at 95°C. Primary antibodies for CDCS50A
(CDC50-7F4 hybridoma supernatant diluted at 1:50), PSD95
(1:5,000, monoclonal, abcam, #ab2723), and GAPDH (1:50,000,
abcam, #ab181602) were used.

Primary neuron culture

Cortical neurons from E16.5 mouse fetuses were used for culture as
described previously (Cicero & Herrup, 2005; Zhu et al, 2020).
Briefly, mouse cortex was dissected out in cold PBS supplemented
with 1mg/ml glucose (Sigma, #G7021) and cut into small pieces
followed by a 12 min 0.25% trypsin-EDTA (Gibco, #2520056)
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treatment at 37°C. The tissue was mildly triturated several times
and filtered through a 40-pm cell strainer (BD Biosciences). Isolated
neurons were plated at a density of 55,000 per PDL-coated 24-well
plate or 13-mm glass coverslips and then incubated at 37°C in a
humidified atmosphere of 5% CO,. A half of NeuroBasal medium
(Gibco, #21103049) with 2% B-27 supplement (Gibco, #17504044),
2 mM L-alanyl-L-glutamine (Gibco, GlutaMAX, #35050079), and 1%
penicillin-streptomycin (Gibco, #15140122) were replaced with fresh
medium in every 4 days. For neuronal inactivation, a cocktail of
2 pM TTX, 50 pM D-APS and 20 pM NBQX was supplemented to
culture medium starting on DIV21.

To silence Cdc50a, 0.5 uM Accell SMARTpool (Dharmacon, # E-
063902-00) containing four Cdc50a individual siRNAs were directly
added to cultured neurons. The four target sequences are as follows:
5-GUGAGAUCGAGAUUGAUUA-3/, 5-GGAUGUUAUUUAUUGGA
UA-3’, 5-GAUUCAUUUGCAAGUAUU-3’, 5-GUUACUUGAUUUAU
GGAUA-3'.

QPCR
The RNA of cultured neurons was purified using the miRCURY™
RNA isolation kit (EXIQON, Cat. #300110). The RNA was reverse-
transcribed to generate cDNA with a kit of SuperScript™ IV VILO™
Master Mix with ezDNAse (Invitrogen, Cat. # 11766050). Quantita-
tive PCRs were performed with LightCycler® 480 SYBR Green I
Master (Roche, Cat. # 04707516001) in a Roche LightCycler® 480 11
machine. Forward and reverse primers for Cdc50a (408-477) are 5'-
CCATCGGCATCGGCATCTTC-3' and 5-TCTGTTCCAGTGTAATCAA
TCTCG-3', respectively. Forward and reverse primers for CdcS50a
(438-529) are 5-ACAACATCCGTGAGATCGAGATTGA-3' and 5'-
AGCACAAGATGTCACATTCGGAGA-3', respectively.

Immunofluorescence

For tissue immunostaining, mouse brains were perfused with ice-
cold PBS and fixed with 4% PFA at 4°C overnight, and then cryopro-
tected with 30% sucrose. Brain tissues were cryosectioned at 14 um
or 40 pm. Sections were blocked with the buffer (10% Goat serum,
1% BSA, 0.3% Triton X-100 in PBS) for 2 h and then incubated with
primary antibodies overnight at 4°C. For CDC50A immunostaining,
CDC50-7F4 hybridoma supernatant (Coleman & Molday, 2011) was
diluted at 1:2 in PBS containing 2.5% Goat serum and 0.05% Triton
X-100, and incubated with tissues for 48 h at 4°C. Appropriate Alexa
Fluor-conjugated secondary antibodies were used at 1:500 or
1:1,000 dilution and incubated with 14-um slices for 1 h or 40-um
slices for 2 h at room temperature.

For primary neuron staining, cells were fixed with 2% PFA for
20 min. After washing with PBS, the cells were blocked with the
buffer (10% Goat serum, 1% BSA, 0.3% Triton X-100 in PBS) for
1 h and stained overnight with primary antibodies at 4°C and then
secondary antibodies at room temperature for 2 h.

The primary antibody dilutions were shown below. Guinea pig
anti-vGlut2, 1:1,000, Millipore Sigma AB2251-I; guinea pig anti-
vGlutl, 1:1,000, Millipore Sigma AB5905; rabbit anti-RIM1, 1:1,000,
Synaptic Systems 140 003; mouse anti-Gephyrin, 1:1,000, Synaptic
Systems 147 011; rabbit anti-GluR1, 1:1,000, Cell signaling 13185S;
rabbit synaptophysin, 1:500, abcam, ab16659; rabbit anti-synapsin
I, 1:1,000, Millipore Sigma, AB1543P; rabbit anti-Ibal, 1:250, Wako
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019-19741; guinea pig anti-Ibal, 1:500, Synaptic Systems 234 004;
rat anti-CDG68, 1:250, AbD Serotec MCA1957; chicken anti-MAP2,
1:5000, abcam ab5392; rabbit anti-Cleaved Caspase-3, 1:200, Cell
signaling #9661; mouse anti-APP, 1:200, Millipore MAB348; rabbit
anti-neurofilament, 1:1,000, Sigma N4142; rabbit anti-Beta III Tubu-
lin (Tuj1), 1:500, Covance PRB-435P.

PS labeling with pSIVA

To detect PS in cultured neurons, pSIVA (Novus Biologicals,
#NBP2-29382) and PI were added directly to cultures at 10 pl/ml
and 5 pl/ml, respectively. Since neurobasal medium contains
1.8 mM Ca®’, no extra Ca®' was added to the culture. After
10 min, the neurons were observed under an inverted Leica SP5
confocal microscope built with a live-cell imaging culture chamber
maintaining 5% CO, and 37°C. After 1 h, cells were fixed in 2%
PFA for 15 min and followed by the standard immunofluorescence
staining.

To detect exposed PS in the dLGN, AAV2 virus intravitreally
injected mice were sacrificed and sectioned at 180 um using a vibra-
tome. The brain slices containing dLGN were immediately
immersed in HBSS containing 20 pl/ml pSIVA and 2 mM Ca**. The
dLGN was imaged under microscopes within 30 min ex vivo.

Production of adeno-associated viruses (AAVs)

Vectors of AAV-Cdc50a-shRNA were made by cloning a shRNA
targeting to CdcSOa into an AAV plasmid consisting of the U6
promoter (a type III RNA polymerase III promoter) and one cDNA
coding a fused membrane protein hChR2-mCherry driven by the
CMV promoter. The target sequence against Cdc50a is 5'-
GCGCTATTGCCAACAGCAT-3’. The scrambled shRNA sequence is
5'-CCTAAGGTTAAGTCGCCCTCG-3'. These pAAV vectors were
packaged into AAV2 serotype, and titers are 1.242 x 10'? and
1.913 x 10" genome copies/ml, respectively. AAVs were generated
by the Viral Core of Boston Children’s Hospital.

Intravitreal Injection

1-month-old mice were anesthetized prior to intravitreal injection
with a fine glass pipette attached to the Hamilton syringe via a plas-
tic tube. To block RGC action potential, 0.5 pl of 100 pM TTX was
injected into each eye for 5 consecutive days before sacrifice. 0.5 pul
of PBS was injected as controls. To knockdown Cdc50a, all mice
were injected with 3 ul of AAV2 viruses into one eye, except those
who received intravitreal injection into both eyes in Fig 5. For CTB
labeling, each eye was injected with 3 pl of 0.2% CTB488 or
CTB647 for 24 h before sacrifice. After injection, antibiotic
ophthalmic ointment was applied to the eyes. Mice were kept on a
warm pad until awoken.

Statistical analysis

All data are shown as mean + SD or mean + SEM as indicated in
figure legends. Asterisks indicate significance: ****P < (0.0001,
***P < 0.001, **P < 0.01, *P < 0.05. All effects of genotype were
analyzed by Student’s t-test or one-way ANOVA, or two-way
ANOVA (Graph Pad Software, Inc.).
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