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Abstract

Formation of appropriate synaptic connections is critical for proper functioning of the brain. After
initial synaptic differentiation, active synapses are stabilized by neural activity-dependent signals
to establish functional synaptic connections. However, the molecular mechanisms underlying
activity-dependent synapse maturation remain to be elucidated. Here we show that activity-
dependent ectodomain shedding of SIRPa mediates presynaptic maturation. Two target-derived
molecules, FGF22 and SIRPa, sequentially organize the glutamatergic presynaptic terminals
during the initial synaptic differentiation and synapse maturation stages, respectively, in the mouse
hippocampus. SIRPa drives presynaptic maturation in an activity-dependent fashion. Remarkably,
neural activity cleaves the extracellular domain of SIRPa, and the shed ectodomain, in turn,
promotes the maturation of the presynaptic terminal. This process involves CaM kinase, matrix
metalloproteinases, and the presynaptic receptor CD47. Finally, SIRPa-dependent synapse
maturation has significant impacts on synaptic function and plasticity. Thus, ectodomain shedding
of SIRPq is an activity-dependent trans-synaptic mechanism for the maturation of functional
synapses.
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INTRODUCTION

Synapses are the sites of information processing between neurons in the brain. Defects in
synaptic circuitry in the hippocampus, a structure critical for long-term memory formation,
emotional processing and social behavior, are associated with a variety of neurological and
psychiatric disorders including Fragile X syndrome, autism, epilepsy, and schizophrenial=3.
Thus, proper assembly of hippocampal synapses is essential for optimal functioning of the
brain. To organize synapse formation, signals are exchanged between pre- and postsynaptic
neurons. Two forms of signals are required for functional synapse formation during
development: activity-independent and activity-dependent signals. Usually, initial synaptic
differentiation is regarded as activity-independent steps, whereas a period of activity-
dependent synapse maturation shapes the ultimate structure of neural circuits*~. During
synapse maturation, activity-dependent signals either stabilize or eliminate axons and further
maturate selected synapses to establish appropriate synaptic connections®-12, Thus, activity-
dependent mechanisms are required for the structural refinement of neural circuits, to match
pre- and postsynaptic function, and for the final arrangement of the appropriate synaptic
mapl1-14, While synapse stabilization/destabilization and maturation are clearly activity-
dependent, little is known about molecular mechanisms underlying them. Defects in
activity-dependent synapse maturation in the hippocampus have been implicated in various
neurodevelopmental disorders, including schizophrenia and autism1-3. Therefore, the
understanding of the molecules and manner by which hippocampal circuits are established
by neural activity should yield novel insights into both the etiology and treatment of these
devastating disorders.

To understand the molecular mechanisms of synapse formation, we have performed an
unbiased search for molecules that promote differentiation of axons into presynaptic nerve
terminals. Using the ability to cluster synaptic vesicles in cultured motor neurons as a
bioassay, we have purified molecules that can promote differentiation of axons into
presynaptic nerve terminals from developing brains and identified two molecules, FGF22
(fibroblast growth factor 22)15 and SIRPa (signal regulatory protein a)16, as such
presynaptic organizers. We have shown that FGF22 and its close relative FGF7 are
selectively involved in the initial organization of excitatory (glutamatergic) and inhibitory
(GABAergic) synapses, respectively, in the hippocampus®’. The other molecule, SIRPq, is a
transmembrane immunoglobulin superfamily member that is involved in various
hematopoietic cell functions18-20, but little is known about its roles in the brain. We
therefore investigated the role, mechanism, and impact of SIRPa-dependent synapse
formation in the brain.

Here we show that: 1) Target-derived molecules FGF22 and SIRPa sequentially organize
presynaptic terminals; 2) SIRPa is necessary for presynaptic maturation, but not for
induction or maintenance, in the hippocampus in vivo; 3) SIRPa drives presynaptic
maturation in an activity-dependent manner; 4) Activity cleaves the ectodomain of SIRPa,
and this cleavage is required for SIRPa’s presynaptic effects; 5) Calcium, calcium/
calmodulin-dependent protein kinase (CaMK) and matrix metalloproteinase (MMP) mediate
SIRPa cleavage; 6) CDA47 is SIRPa’s presynaptic receptor; and 7) SIRPa has a significant
impact on synaptic function and plasticity. These results indicate that ectodomain shedding
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of SIRPa is an activity-dependent mechanism allowing pre- and postsynaptic terminals to
communicate for the maturation of functional synapses.

RESULTS

Distinct expression of FGF and SIRPa. during synaptogenesis

We first compared the expression patterns of SIRPa and FGFs in the hippocampus during
synapse formation. In situ hybridization experiments with mouse brain sections showed little
Srpa mRNA expression in hippocampal neurons at postnatal day 8 (P8; Fig. 1a), an early
stage of synapse formation21:22, but substantially higher expression at P21, a late stage of
synapse formation. Western blotting confirmed a robust increase in the amount of SIRPa
proteins from P8 to P21 (Fig. 1b). This expression pattern is in contrast to the patterns of
Fgf22 and Fgf7 mRNA, which were highly expressed at P817, but not at P21
(Supplementary Fig. 1). These results suggest that FGFs and SIRPa are involved in the early
and late stages of synapse formation, respectively, in the hippocampus.

We next examined the localization of SIRPa in hippocampal neurons. Biochemical
fractionation experiments revealed that SIRPa is abundant in the synaptic membrane
fraction, indicating that SIRPa is a synaptic molecule. Notably, it was most enriched in the
extra-junctional fraction (Supplementary Fig. 2), which is similar to some of other
synaptogenic molecules including EphB223, Immunostaining of cultured hippocampal
neurons showed that SIRPa was preferentially localized at MAP2-positive dendrites relative
to neurofilament-positive axons (Fig. 1¢). In dendrites, SIRPa was concentrated at
excitatory synapses: it was co-localized (~75%) with vesicular glutamate transporter 1
(VGLUT1), a marker for glutamatergic presynaptic terminals, but showed little co-
localization (~13%) with vesicular GABA transporter (VGAT), a marker for GABAergic
presynaptic terminals (Fig. 1d). These results suggest that SIRPa is localized in dendrites at
glutamatergic synapses (i.e., postsynaptic) and may serve as a target-derived glutamatergic
presynaptic organizer in the hippocampus.

SIRPa promotes glutamatergic presynaptic differentiation

To address whether SIRPa can promote presynaptic differentiation of hippocampal neurons,
we examined the effect that SIRPa has on synaptic vesicle clustering using a co-culture
system?4, where neurons are co-cultured with HEK cells. The number and size of synapsin
puncta formed on HEK cells expressing SIRPa were significantly larger than those on
control HEK cells (Fig. 1e). SIRPa’s presynaptic effects were comparable to those of
neuroliginl, a well-characterized synaptogenic molecule, indicating that SIRPa is a
synaptogenic molecule that can promote synaptic vesicle clustering in hippocampal neurons.

We then examined whether SIRPa can organize glutamatergic presynaptic differentiation.
For this, we prepared the extracellular portion of SIRPa1® (soluble SIRPa — sSIRPa) and
bath-applied it (2 nM) to the media of cultured hippocampal neurons for 10 days. sSIRPa
significantly increased the number and size of VGLUT1 puncta (Fig. 1f). Furthermore,
SIRPa increased the number and size of bassoon puncta, suggesting that SIRPa organizes
active zones as well (Supplementary Fig. 3a). Electrophysiological recordings indicated that
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sSIRPa increased the frequency, but not the amplitude, of miniature excitatory postsynaptic
currents (MEPSCs; Fig. 1g), consistent with an increase in synaptic contacts. sSIRPa did not
significantly affect dendrite/axon differentiation or the clustering of PSD95, a postsynaptic
scaffolding protein at glutamatergic synapses (Supplementary Fig. 3b,c), but did increase the
colocalization between VGLUT1 and PSD95 (Supplementary Fig. 3c). These results
indicate that SIRPa can specifically promote presynaptic differentiation of glutamatergic
synapses in hippocampal neurons.

FGF22 and SIRPa promote distinct stages of synaptogenesis

Based on the developmentally different expression of Fgf22 and Srpa mRNAs in the
hippocampus, we hypothesized that FGF22 and SIRPa are preferentially involved in the
early and late stages of glutamatergic synapse formation, respectively. To test this idea, we
performed time course experiments using cultured hippocampal neurons. In our
hippocampal cultures, glutamatergic synapse formation starts around days in vitro (DIV) 3
and slows down around DIV1217. To determine the time during which FGF22 and SIRPq
are most effective at promoting presynaptic differentiation, we cultured hippocampal
neurons and applied recombinant FGF22 or sSIRPa during three different periods: DIV1-
DIV4, DIV4-DIV8, or DIV8-DIV11, which corresponds to the beginning, middle, and
ending of synapse formation, respectively (Fig. 1h). All cultures were stained for VGLUT1
at DIV11. We found that FGF22 treatment was most effective at increasing the number and
size of VGLUT1 puncta when applied from DIV1-4 (Fig. 1i,j and Supplementary Fig. 4),
consistent with an early role in synapse development. In contrast, SSIRPa treatment
increased the number and size of VGLUT1 puncta most prominently when it was applied
from DIV8-11. These results support the notion that FGF22 and SIRPa are presynaptic
organizing molecules with temporally distinct roles during synapse formation, with FGF22
in early and SIRPq in late stages of synapse formation.

To further show that FGF22 and SIRPa have distinct roles in presynaptic differentiation, we
cultured FGF22-deficient neurons!’ and examined whether SIRPa can rescue their synaptic
defects. There were fewer and smaller VGLUT1 puncta on CA3 neurons in FGF22-deficient
cultures relative to wild type cultures. These presynaptic defects were rescued by the
application of FGF22, but not by SIRPq, to cultures (Fig. 1k). These results suggest that
although both FGF22 and SIRPa can induce presynaptic differentiation, their specific roles
in presynaptic differentiation are different.

SIRPa. is required for presynaptic maturation in vivo

In FGF22~/~ mice, the differentiation of glutamatergic nerve terminals in the hippocampus
is impaired early in synapse development at P817. To identify the developmental stages
during which SIRPa is critical for synapse formation in vivo, we generated a conditional
SIRPa knockout mouse (Supplementary Fig. 5a). To temporally control the expression of
SIRPa, floxed SIRPa mice were mated with actin-Cre-ER mice2® and injected with
tamoxifen at different postnatal days to induce Cre-mediated excision of the Srpa gene.
Tamoxifen injections effectively inactivated SIRPa in the hippocampus of these mice as
confirmed by immunostaining for SIRPa (Supplementary Fig. 5b). In the rodent
hippocampus, synapse formation starts in the first postnatal week?1:22, After their initial
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formation, synapses are then refined in an activity-dependent manner: effective synapses are
stabilized and mature, while inactive contacts are destabilized and eliminated*-10. We have
previously shown that activity-dependent synapse refinement in the hippocampus occurs
between P15 and P2526, Thus, we chose three time periods corresponding to three different
stages of synapse development to inactivate SIRPa: PO-P14 (initial synapse differentiation);
P15-P29 (synapse maturation); and P30-P44 (synapse maintenance). When we injected
SIRPa conditional knockout mice with tamoxifen at PO and stained their hippocampi for
VGLUT1 at P14, the intensity of VGLUT1 staining was not significantly different in the
SIRPa~~ mice as compared to control (Fig. 2a), indicating that contrary to FGF2217, SIRPa
is not critical for initial synapse development. In contrast, when we injected tamoxifen at
P15 and analyzed at P29, the intensity of VGLUT1 staining was significantly reduced in the
knockout hippocampus as compared to controls (Fig. 2b). Further analyses revealed that the
size and intensity of each VGLUT1 punctum were decreased in SIRPa~/~ mice. In addition
to VGLUT1, the intensity of bassoon staining, a marker for active zones, was also decreased
in the knockout mice relative to control mice (Fig. 2c). These results suggest that SIRPa
inactivation significantly affects the maturation of presynaptic terminals. Finally, when we
injected tamoxifen at P30 and analyzed at P44, the intensity of VGLUT1 staining was not
significantly different in the knockout mice as compared to control (Fig. 2d). These results
demonstrate that SIRPa is critical for presynaptic maturation (P15-P29) but is not necessary
for initial synapse development or synapse maintenance in vivo.

We also performed a series of experiments to examine whether the inactivation of SIRPa
primarily affects presynaptic maturation. In the SIRPa.™~ mice with tamoxifen injected at
P15, the hippocampus looked anatomically normal, and the fate of the cells in the
hippocampus appeared to be unchanged (Supplementary Fig. 6a—d). In addition, the
clustering of PSD95 was not significantly decreased in SIRPa™~ as compared to control
mice (Supplementary Fig. 6€). Thus, SIRPa appears to be primarily involved in presynaptic
maturation in the hippocampus in vivo. Consistent with its expression pattern (Fig. 1a and
data not shown), presynaptic maturation in SIRPa™/~ mice was impaired throughout the
hippocampus (Supplementary Fig. 6f), as well as in the cerebellum. The presynaptic defects
in SIRPa™/~ mice were still detected at P130 (Supplementary Fig. 6g), suggesting that
SIRPa inactivation prevents presynaptic maturation rather than just delaying it.

To further confirm the role of SIRPa in presynaptic maturation, we examined the
ultrastructure of excitatory (asymmetric) synapses formed in the hippocampus in P29
SIRPa ™~ mice injected with tamoxifen at P15 (Fig. 2e). We found significantly fewer
synaptic vesicles and fewer docked synaptic vesicles in the asymmetric synapse in SIRPa™~
mice relative to control. In addition, the shape of synaptic vesicles in SIRPa ™~ mice looked
irregular compared to control.

Diminished transmitter release probability in SIRPa™~ mice

To directly address the functional state of synapses in SIRPa ™~ mice, we recorded evoked
field excitatory postsynaptic potentials (fFEPSPs) at CA3-CAL synapses in acute
hippocampal slices (tamoxifen injections at P15, analyses at ~P29). Input-output curves of
fEPSP slope were strongly diminished in SIRPa™'~ mice relative to control littermates (Fig.
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2f), whereas fiber volley amplitude (reflecting the number of axons firing to each
stimulation) was unaffected, indicating that synaptic transmission is impaired in the absence
of SIRPa.

Moreover, paired-pulse facilitation was dramatically increased in SIRPa ™~ mice relative to
controls (Fig. 2g), suggesting that neurotransmitter release probability is diminished in the
knockout mice. SIRPa~'~ neurons therefore have significant defects in excitatory
presynaptic function. Taken together, the histological and electrophysiological results with
SIRPa ™/~ mice demonstrate that SIRPa is necessary for the maturation, but not induction or
maintenance, of excitatory presynaptic terminals in the hippocampus in vivo.

maturation by SIRPa requires neural activity

During the maturation stage of synapse formation, activity-dependent signals either stabilize
or destabilize the synapses to establish efficient synaptic connections. Therefore, we
hypothesized that SIRPa contributes to mechanisms that stabilize and promote maturation of
presynaptic terminals in response to neural activity.

To test this idea, we examined whether the presynaptic effects of SIRPa require neural
activity. When SIRPa was transfected into cultured hippocampal neurons, the size of
VGLUT1 puncta was significantly increased on the dendrites of SIRPa-expressing neurons
relative to control (Fig. 3a,b). This SIRPa-dependent increase in VGLUT1 clustering was
completely blocked by suppressing neural activity with the sodium channel blocker
tetrodotoxin (TTX, 1 uM) or by suppressing synaptic transmission with a cocktail of
neurotransmitter receptor inhibitors (50 uM APV, 10 UM CNQX, 50 pM bicuculline). These
data suggest that neural activity is critical for SIRPa-dependent presynaptic maturation.

Neural activity cleaves the extracellular domain of SIRPa

What are the mechanisms by which neural activity controls SIRPa-dependent presynaptic
maturation? A clue came from our initial identification of SIRPa as a presynaptic organizing
molecule — the SIRPa protein we identified from the brain extract was the extracellular
portion of SIRPa6. In fact, from cultured neurons, we were able to collect secreted SIRPa,
in the media, and its molecular weight is smaller than full-length SIRPa expressed in
neurons (Fig. 3c). In addition, we detected a short fragment of SIRPa containing its C-
terminal domain (~16 Kd; size corresponding to the intracellular domain) in the synaptic
membrane fraction (Supplementary Fig. 2). Therefore, we hypothesized that the
extracellular domain of SIRPa is cleaved by neural activity, and that this cleavage is
required for its presynaptic effects (see Supplementary Fig. 7a).

To examine whether the extracellular domain of SIRPa is cleaved and released from
hippocampal neurons in response to neural activity, we cultured hippocampal cells with
either KCI (50 mM) to depolarize neurons, bicuculline (50 uM) to enhance endogenous
network activity, or TTX (1 uM) to suppress network activity. We then collected media and
assessed the amount of cleaved and released SIRPa by immunoprecipitation followed by
Western blot. KCI and bicuculline treatments significantly increased the amount of released
SIRPa in media as compared to untreated control (Fig. 3d—f), while TTX treatment
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significantly decreased the amount of cleaved SIRPa in the media, indicating that the SIRPa
ectodomain is released by neural activation. These effects were not due to altered cell
numbers, as the amount of tubulin in the cell lysate was not altered by any treatment
condition. In addition, the amount of full-length SIRPa remaining on the cell was decreased
in KCl-treated cultures, and increased in TTX-treated cultures (Fig. 3f,g), consistent with an
increase or a decrease in SIRPa cleavage by KCI or TTX treatment, respectively.

Shedding of SIRPa is necessary for presynaptic maturation

We then investigated whether the cleavage of the extracellular domain of SIRPaq is required
for presynaptic maturation mediated by SIRPa. For this, we prepared a mutant form of
SIRPa (MT-SIRPq) that is resistant to ectodomain shedding (Fig. 3h). In the HEK cell-
hippocampal neuron co-culture system (see Fig. 1e), the number and size of synapsin puncta
formed on HEK cells expressing MT-SIRPa were similar to those on control HEK cells
(Fig. 3i), indicating that MT-SIRPa cannot promote synaptic vesicle clustering in
hippocampal neurons.

We next transfected cultured hippocampal neurons with wild-type SIRPa (WT-SIRPa) or
MT-SIRPa. The localization of MT-SIRPa was similar to that of WT-SIRPa
(Supplementary Fig. 7b,c). Overexpression of WT-SIRPa led to an increase in the size of
VGLUT1 puncta on the transfected neurons; however, overexpression of MT-SIRPa failed
to do so (Fig. 3j). These results indicate that shedding-resistant SIRPa cannot promote
presynaptic maturation both in co-culture and neuronal culture, suggesting that the cleavage
and secretion of the SIRPa ectodomain are necessary for its presynaptic effects.

Neural activity is responsible for SIRPa cleavage

If neural activity is responsible for cleaving SIRPa, suppressing neural activity should
inhibit the presynaptic effect of full-length SIRPa (Fig. 3a,b) but not that of soluble SIRPa
(sSIRPa). To test this idea, we cultured hippocampal neurons with sSIRPa with or without
TTX. Application of sSIRPa increased the size of VGLUT1 puncta, and unlike what was
observed with full-length SIRPa, this effect was completely resistant to TTX (Fig. 3K).
Thus, after cleavage, presynaptic maturation by SIRPa is no longer dependent on neural
activity.

To exclude the possibility that SIRPa is subjected to constitutive cleavage in neurons
followed by activity-dependent secretion of its cleaved product, we performed an
experiment with a secretable form of SIRPa, which contains only the extracellular domain
of SIRPa (Ext-SIRPq; the construct used to prepare sSIRPa). When transfected into
cultured neurons, Ext-SIRPa efficiently induced maturation of glutamatergic presynaptic
terminals on the Ext-SIRPa expressing neurons (Fig. 3l). This presynaptic effect was not
inhibited by TTX application, indicating that neural activity does not play important roles in
the secretion of Ext-SIRPa. These results are consistent with the notion that neural activity
is responsible for cleaving, and not secretion of, the extracellular domain of SIRPa.
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CaMK and MMP mediate activity-dependent SIRPa cleavage

We further investigated the signaling pathway that is involved in activity-dependent SIRPa
cleavage. CaMK is a major signaling molecule at synapses2’, prompting us to explore the
possibility that CaMK contributes to SIRPa cleavage. Consistent with this hypothesis,
treatment of hippocampal cultures with CaMK inhibitors, KN62 or KN93 (5 uM),
significantly decreased the amount of cleaved SIRPq in the media (Fig. 4a). We next
examined the effects of a CaMK inhibitor (KN62) and a calcium channel blocker
(nifedipine; 10 uM) on activity-dependent cleavage of SIRPa. Both inhibitors suppressed
KCl-induced SIRPa cleavage (Fig. 4b), suggesting that neural activity-dependent calcium
entry followed by CaMK activation plays important roles in the ectodomain shedding of
SIRPa.

We then characterized the proteases that cleave the extracellular domain of SIRPa. MMPs
are zinc-dependent endopeptidases that cleave extracellular molecules and are implicated in
synaptic function?8, We found that incubation of hippocampal neurons with MMP
inhibitors, GM6001 (10 pM) or TIMP (0.5 pug/ml), markedly inhibited SIRPa shedding,
including the augmented cleavage induced by KCI (Fig. 4c,d). These results suggest that
calcium, CaMK, and MMP are involved in the activity-dependent shedding of SIRPa from
hippocampal neurons.

CD47 is the presynaptic receptor for SIRPa

Since our data indicate that the shed SIRPa ectodomain promotes presynaptic maturation,
we next examined the identity of its presynaptic receptor. We asked whether CD47, a
receptor for SIRPa, in hematopoietic cells18-20 mediates the presynaptic effects of SIRPa.
Immunostaining experiments showed that CD47 puncta were abundant in neurofilament-
positive axons and not in MAP2-positve dendrites (Fig. 5a) and that CD47 co-localized with
SIRPa (Fig. 5b), consistent with the idea that CD47 serves as a presynaptic receptor for
SIRPa. We then used CD47~/~ neurons?® to determine if CD47 mediates SIRPa’s effects.
CDA477/~ neurons extended axons and dendrites normally (Supplementary Fig. 8), but did
not increase the number and size of VGLUT1 puncta in response to sSIRPa application
(Fig. 5¢). The following two experiments suggest that CD47 acts as a presynaptic receptor
for SIRPa: i) HEK cells expressing SIRPa, which can induce presynaptic differentiation in
co-cultured WT hippocampal neurons, failed to do so in co-cultured CD47~/~ neurons; while
neuroliginl was able to induce presynaptic differentiation in both WT and CD477/~ neurons
(Fig. 5d), and ii) CD477/~ neurons do not respond to sSIRPa application to induce
presynaptic differentiation as assessed by synaptophysin-YFP clustering, but the
responsiveness is restored by presynaptic expression of CD47 (Fig. 5e).

Finally, we confirmed that the source of SIRPa is postsynaptic: we found that presynaptic
defects in SIRPa ™~ neurons are rescued by postsynaptic expression of SIRPa (Fig. 5f). All
together, these results strongly suggest that postsynaptic-derived SIRPa interacts with
presynaptic CD47 to organize presynaptic maturation.
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LTP is impaired in SIRPa™~ mice

What are the functional consequences of defects in SIRPa-dependent presynaptic
maturation? To explore this question, we examined the impact of SIRPa-deficiency on
activity-dependent synaptic plasticity in the hippocampus. We found that long-term
potentiation (LTP) is impaired at CA3—CA1 synapses in the hippocampus of SIRPa™~ mice
(Fig. 6); of relevance, CD47~/~ mice also show impaired LTP3C. This is consistent with the
altered presynaptic function in SIRPa ™/~ mice (Fig. 2 and Supplementary Fig. 9) and
demonstrates that SIRPa-dependent synapse maturation has an enduring impact on long-
lasting forms of plasticity in hippocampal circuits.

DISCUSSION

Activity-dependent synapse maturation is a critical step for the refinement of neural circuits
and the establishment of the appropriate and efficient synaptic map in the brain. However,
little is known about the molecular mechanisms that control this important aspect of synapse
development. Here, we have uncovered a new process by which neural activity contributes
to synapse maturation. From our results, we propose that after initial synaptic differentiation
by molecules such as FGF2217, synaptic activity regulates extracellular domain cleavage of
postsynaptic SIRPa through CaMK and MMP, and the released SIRPa ectodomain, in turn,
promotes the maturation of the presynaptic terminal through CD47 (Supplementary Fig. 7a).
SIRPa-dependent synapse maturation has a significant impact on synaptic function and
plasticity, as demonstrated by impaired basal transmission, diminished neurotransmitter
release probability, and impaired LTP in SIRPa™~ mice.

To date, there are several molecules that are implicated in presynaptic development,
including neuroligins, SynCAMs, ephrins/Ephs, LRRTMs, NGLs, FGFs, Whnts,
neurotrophins, Cbins, and thrombospondins®~7:31-33, Why are there multiple presynaptic
organizers? We hypothesized that different presynaptic organizers are for the organization of
different types of synapses (spatial specificity) and for the regulation of different stages of
synapse formation (temporal specificity). As far as spatial specificity is concerned, we have
previously shown that two FGFs, FGF22 and FGF7, are involved in the differentiation of
two distinct types of synapses in vivo: FGF22 in excitatory and FGF7 in inhibitoryl’.
Several presynaptic organizers such as neuroliginl, SynCAMs, Ephs, LRRTMs, and NGLs
seem to be relatively specific to excitatory synapses, while others such as neuroligin2 and
BDNF may be preferentially involved in inhibitory synapses. Thus, distinct presynaptic
organizers indeed appear to be contributing to the organization of different synapses in the
brain. As for temporal specificity, we here showed that in the hippocampus, FGF22 and
SIRPa are important for two sequential stages of synapse formation, with FGF22 in initial
synaptic differentiation and SIRPa in synapse maturation. Together, we propose that
multiple spatially- and temporally-defined presynaptic organizers cooperate to organize
specific and functional synaptic networks in the brain.

The role of SIRPa has been mainly studied in the immune system. Little is known about its
function in the nervous system, but possible roles for SIRPa’s intracellular domain have
been suggested: it promotes neurite outgrowth and enhances the effect of BDNF in
culture2%:34 and mice expressing mutant SIRPa that lacks the intracellular domain show
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prolonged immobility in the forced swim test3. We focused on the role of SIRPa’s
extracellular domain: using hippocampal cultures and conditional SIRPa knockout mice, we
showed that the extracellular domain of SIRPa serves as a target-derived presynaptic
organizer in the hippocampus and is critical in the maturation stage of synapse formation in
vitro and in vivo. SIRPa’s extracellular domain is cleaved in response to neural activity,
acting as an activity-dependent, target-derived presynaptic organizer. Why does SIRPa need
to be cleaved for presynaptic maturation? Cleavage may be necessary for the extracellular
domain of SIRPa to bind to its presynaptic receptor, CD47. Crystal structure models of
SIRPa and CD47 suggest that the extracellular region of SIRPa-CD47 complex is ~14
nm?36:37_ However, the cleft of excitatory synapses is ~25 nm, which may require the release
of SIRPa ectodomain to bind to CDA47. It will be also interesting to address the fate and
roles of the SIRPa intracellular domain after cleavage.

Ectodomain shedding plays important roles in various processes including sperm-egg
interaction, cell migration and adhesion, cell fate determination, wound healing, axon
guidance, and immune responses38-40. Here we identified a novel role for ectodomain
shedding: activity-dependent ectodomain shedding of SIRPa is involved in synapse
maturation. Notably, while we were preparing our paper, two groups showed that activity-
dependent cleavage of neuroliginl is involved in synapse disassembly and negatively
regulates synaptic function in a homeostatic manner4142, In contrast, our results
demonstrate that activity-dependent cleavage of SIRPa is a critical positive regulator of
synapse maturation during synapse development to establish functional circuits. It is also
noteworthy that the cleavages of both SIRPa and neuroliginl involve common pathways,
CaMK and MMP; yet, they have opposite effects at synapses. Thus, our results, together
with the neuroligin results, significantly expand the role of activity-dependent shedding in
controlling synapse maturation and function. How activity-dependent shedding of SIRPa
and neuroliginl cooperate/antagonize to regulate synapses is an interesting next question to
address. Finally, since defects in activity-dependent synapse maturation in the hippocampus
have been implicated in various neurological and psychiatric disorders such as schizophrenia
and autism13, our results may help design strategies to prevent and treat such disorders.

ONLINE METHODS

In situ hybridization

In situ hybridization was performed as described*3 using digoxigenin-labeled riboprobes
(Roche). The probes were generated by PCR from the 3 untranslated regions!>-17.

Primary neuronal cultures and transfection

Hippocampal cultures were prepared as described’. For immunostaining, hippocampal cells
(1.5 x 104 to 4 x 10%) were plated on glass coverslips (diameter 12 mm) coated with poly-D-
lysine. Transfection was performed using the CalPhos Mammalian transfection kit
(Clontech). For immunoprecipitation, hippocampal cells (3 x 10° to 5 x 10°) were plated on
poly-D-lysine-coated tissue culture dishes (diameter 35 mm). For co-culture experiments,
HEK cells were transfected using Lipofectamine 2000 (Invitrogen), and 24 hrs after
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transfection, they were dissociated and added onto cultured hippocampal neurons (DIV 8).
Co-cultures were maintained for 48 hrs before fixation.

Knockout and transgenic mice

SIRPa knockout mice: A Srpa genomic clone containing exon 1 (BAC clone 394B7;
Invitrogen) was used to construct a targeting vector. A gene cassette composed of floxed
full-length mouse Srpa cDNA with SV40 intron-poly(A), EGFP-poly(A), and FRTed Tn5
neo* was introduced into the first exon, deleting 71 nucleotides containing the start codon
(Supplementary Fig. 5). The deletion disrupts the expression of the endogenous Srpa gene
but allows the expression of the inserted gene. Floxed SIRPa mice were generated by
embryonic stem cell-based homologous recombination.

Actin-Cre-ER mice2> were mated with floxed SIRPa mice. Tamoxifen (100 pg to 1 mg) was
injected at PO, P15, or P30 to induce the Cre recombinase-mediated excision of the Srpa
gene.

CDA47 knockout mice2? were from W. Frazier (Washington University).

Mice used were C57/BL6 background. Both male and female mice were used in our
experiments. We did not detect any significant differences between males and females. All
animal care and use was in accordance with the institutional guidelines and approved by the
University Committee on Use and Care of Animals.

Immunohistochemistry

Cultures were fixed with methanol for 3 min at —20°C or with 1-4% paraformaldehyde
(PFA) for 10 min at 37°C and stained as described!’. Mouse brains were fixed for 24 hours
with 4% PFA in PBS. Sagittal sections of 20 um thickness were cut in a cryostat and stained.
For immunostaining for PSD95, mouse brains were fresh-frozen and sectioned. Sections
were then fixed with methanol for 5 min at —20°C and stained. Dilutions and sources of
antibodies are: anti-VGLUT1 (1:5,000; Millipore; AB5905), anti-PSD95 (1:250; NeuroMab;
75-028), anti-VGAT (1:1,500; Synaptic Systems; 131003), anti-MAP2 (1:3,000; Sigma-
Aldrich; M4403), anti-neurofilament (1:1,000; Covance; SMI-312), anti-bassoon (1:500;
Enzo Life Sciences; ADI-VAM-PS003), anti-GFP (1:1,000; Millipore; AB16901), anti-
GFAP (1:500; Synaptic Systems; 173002), anti-NeuN (1:500; Millipore; MAB377), anti-
calbindin (1:500; Sigma; C9848), anti-synapsin (1:2000; a kind gift from P. Greengard and
A. Nairn, Rockefeller University), antibody Py (1:50; a kind gift from M. Webb and P.L.
Woodhams)*5, anti-CD47 (1:200; BD; miap301), polyclonal anti-SIRPa (against the SIRPa
C-terminal domain; 1:200; Upstate Biotechnology; 06-729), and monoclonal anti-SIRPa
(clone p84; 1:200; BD). Clone p84, which recognizes the extracellular domain of SIRPa and
stains cell surface SIRPa, inhibits CD47-SIRPq interactions®®, suggesting that the epitope
of this antibody may be close to the CD47 binding site of SIRPa, which is its most distal Ig
domain36,
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Imaging and Quantification

Twelve-bit images at a resolution of 1,376 x 1,032 pixels were acquired on an Olympus
BX61 epifluorescence microscope using 4x (2,226 x 1,670 um images), 10x (890 x 668
pm), 20x (444 x 333 um), and 40x (221 x 166 pm) objective lenses and an F-View Il CCD
Camera (Soft Imaging System). Alternatively, twelve-bit images at a 1,024 x 1,024 pixel
resolution were acquired on a confocal microscope (Olympus, FV1000) using 40x objective
lens with zoom 1.5x (211.8 x 211.8 um). All images for each experiment were acquired
with identical exposure time and detector gain.

For images of hippocampal sections stained for synaptic proteins, the average signal
intensities of staining in the stratum lucidum and stratum radiatum layers were calculated
with the MetaMorph software. The average signal intensity in the fimbria of the
hippocampus was calculated and subtracted as the background. The intensity of the
background was not significantly different between SIRPa ™~ and control mice. For images
of cultured neurons stained for synaptic proteins, the staining intensity of the dendritic shaft
was calculated and subtracted as the background. Puncta size and intensity were quantified
using the MetaMorph or ImageJ softwarel’.

Electron microscopy

P15 SIRPa conditional knockout mice and littermate controls were injected with tamoxifen.
At P29, the mice were perfused transcardially with Karnovsky’s fixativel’. Hippocampi
were removed, 1 mm cubes from the stratum radiatum layer of the CA3 region were
dissected, and processed for electron microscopy. Thin sections (70 nm) were cut and
observed with a Philips CM100 electron microscope at 60 kV. Digital images were captured
with a Hamamatsu ORCA-HR digital camera system operated with Advanced Microscopy
Techniques Corp. software.

Plasmid Constructs and Recombinant Proteins

A cDNA encoding mouse Srpa (IMAGE: 5368250) was obtained from ATCC and cloned
into the APtag5 expression vector (GenHunter) as described previously1®. The mutant
(shedding resistant) Srpa?’ was generated by PCR using the following primers: 5/-
GGATATCGATTACAAGGACGACGATGACAAGACCCACAACTGGAATGTCTTCAT
CG-3 and 5-AGGTATCGATATCCCCTTGATCACTCGAGTGG-3'. This replaced the
juxtamembrane amino acids “SMQTFPGNNA” in the SIRPa protein with the FLAG
epitope amino acids “DIDYKDDDDK?”.

The expression plasmid for FGF22 was described previouslyl’. The expression plasmid for
Neuroliginl was from G. Rudenko (University of Michigan), CD47 (IMAGE: 4187965) was
from Open Biosystems, and Cre was from D. Goldman (University of Michigan).

Soluble SIRPa proteins (sSIRPa) were produced by transiently transfecting SIRPa
extracellular-domain plasmids (= Ext-SIRPa) into HEK cells and purifying secreted SIRP
proteins from culture media as described!®. Recombinant FGF22 was from R&D Systems.
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Immunoprecipitation

Hippocampal neurons were cultured for 10-12 days after which the media was replaced by
new media (control), or media containing 50 mM KCI, 50 uM bicuculline, 1 uyM TTX, 5 uM
KN62, 5 uM KN93, 10 uM nifedipine, 10 uM GM®6001, and/or 0.5 pg/ml TIMP’s (mixture
of TIMP1 and TIMP2). After incubation for 1-3 days with these treatments, media and cells
were collected. The media was precleared with Immobilized Protein-L (Pierce) and
incubated with 1 pg of anti-SIRPa extracellular domain antibody for 4 hrs at 4°C. The
immune complexes were precipitated with Protein-L and the immunoprecipitates were
subjected to Western blotting as described below to assess the amount of secreted SIRPa.

Western blotting

Cells, collected as described above, were lysed on ice for 1 hour in lysis buffer (1% Nonidet
P-40, 50 mM Tris buffer, pH 8.0) with a protease inhibitor cocktail tablet (Roche). Dissected
hippocampi were lysed by homogenization in lysis buffer containing 1% Triton, 50 mM Tris
buffer (pH 7.4), and 150 mM NaCl with a protease inhibitor cocktail tablet. The
immunoprecipitates and lysates were subjected to SDS-PAGE. Equal amounts of lysate
from each group were applied to the gel, as confirmed by testing the level of a-tubulin.
Proteins were transferred to a polyvinylidene fluoride (PVVDF) membrane and probed using
anti-SIRPa extracellular domain antibody (p84; 1:200; BD) and anti-a-tubulin antibody
(1:5,000; Sigma; T6074). The proteins were visualized by chemiluminescence (GE
Healthcare) and the band intensities were quantified with ImageJ software.

Synaptic protein fractionation

Fractionation protocol was adapted from a previous report*8. 300-350 mg of cortex from
P21 mice was homogenized in 1.5 ml of homogenization buffer (0.32 M Sucrose, 1 mM
NaHCO3, 1 mM MgCl,, 0.5 mM CaCl, and supplemented with protease inhibitor).
Homogenate was then adjusted to 1.25 M Sucrose and 0.1 mM CacCl;, to a total of 5 ml.
Homogenate was overlaid on 5 ml of 1 M Sucrose and spun at 100,000g for 3 hours at 4°C.
Interface was collected and designated as synaptic membrane fraction (SPM). 500 pl of
SPM was then added to 2 ml of 0.1 mM CaCl, and 2.5 ml of 40 mM Tris, pH 6 with 2%
Triton X-100 and placed on rocking platform for 20 min at 4°C. Sample was then spun at
35,000g for 20 minutes at 4°C and supernatant was collected as extra-junctional fraction.
Pellet was air dried and resuspended in 1 ml of 0.1 mM CaCl, and 1 ml of 40 mM Tris, pH
8 with 2% Triton X-100 and placed on rocking platform for 60 minutes. Resuspended pellets
were then spun at 140,000g for 30 minutes at 4°C and supernatant was collected as
presynaptic fraction. Insoluble fraction was resuspended in 1 ml 20 mM Tris pH 7.4 with
1% SDS and designated as postsynaptic fraction. Extra-junctional and presynaptic fractions
were acetone precipitated and resuspended in 1 ml of 20 mM Tris pH 7.4 with 1% SDS.
Synaptic membrane fraction and equivalent volumes of extra-junctional, presynaptic, and
postsynaptic membrane fractions were then transferred to PVDF membrane and probed with
anti-PSD95 antibody (1:500; NeuroMab; 75-028), anti-synaptotagmin antibody (1:100;
Hybridoma Bank; mab48), and polyclonal anti-SIRPa antibody (1:500; Upstate; 06-729).
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Whole-cell patch-clamp recordings in cultures

Neurons were bathed in HEPES buffered saline (HBS), containing 119 mM NaCl, 5 mM
KCI, 2 mM CaCly, 2 mM MgCls, 30 mM glucose, and 10 mM HEPES (pH 7.4),
supplemented with 1 pM TTX and 50 pM picrotoxin to isolate mMEPSCs. Whole-cell internal
solution included 100 mM gluconic acid, 0.2 mM EGTA, 5 mM MgCl,, 2 mM ATP, 0.3
mM GTP, and 40 mM HEPES (pH 7.2). Recording pipettes had a resistance of 4-6 MQQ.
Recordings were made with an Axopatch 200B amplifier and collected with Clampex 8.0
(Molecular Devices). mEPSCs were analyzed using Minianalysis 6.0 (Synaptosoft).

Acute hippocampal slice preparation and field electrophysiology

Mice were decapitated and the hippocampi were isolated. Transverse slices (400 um) were
cut using a tissue chopper (Stoelting) and incubated at 25°C in a humidified chamber for at
least 2 hours before recording. Slices were then transferred to a recording chamber,
maintained at 27-28°C and continuously perfused at rate of 1.5 ml/min with oxygenated
artificial cerebral spinal fluid (aCSF). aCSF contained 119 mM NacCl, 2.5 mM KCI, 1 mM
NaH,POy, 26.3 MM NaHCOg3, 11 mM glucose, 1.3 mM MgSOy, and 2.5 mM CaCls. In
most experiments (except Fig. 6), aCSF also contained 50 uM picrotoxin during recording.
Picrotoxin was perfused for at least 15 min before data were collected. Recording electrodes
were pulled from borosilicate capillary glass (1.7 mm o.d.; VWR International), filled with
3M NacCl, and placed in the stratum radiatum layer of CA1. fEPSPs were stimulated using
cluster electrodes (FHC) also placed in the stratum radiatum of CA1. Current was delivered
with an ISO-flex stimulus isolation unit (AMPI). Recordings were made with a MultiClamp
700B amplifier, collected and analyzed using Clampfit 10.2 (Molecular Devices). An input
output curve was obtained for each slice by increasing the stimulus intensity from 0.02 to
0.25 mA. For paired-pulse experiments, the intensity was set at 0.2 mA, which was the
maximum response size. To obtain the paired-pulse ratio, two pulses were delivered with an
inter-pulse interval from 25-200 ms. For LTP experiments, the stimulus intensity was set so
that the response size was 50% of maximum, and test stimuli were delivered every 30 s.
After 20 min of stable baseline fEPSPs, LTP was induced by delivering 4 trains (each 1-s in
duration) of 100 Hz separated by 30-s each.

Statistical analysis

The statistical tests performed were two-tailed Student’s t-test or Two-way ANOVA as
indicated in the figure legend. In the case of a two-way ANOVA, post hoc analysis was
done with Tukey’s test. All data are expressed as mean + SEM. Sample sizes were
determined to ensure confidence in the results. No statistical methods were used to pre-
determine sample sizes, but our sample sizes were similar to those reported in previous
publications in the field15-1741.42 For all experiments, there was enough statistical power to
detect the corresponding effect size. Data distribution was assumed to be normal, and in
some cases, normality of the sample data was assessed graphically with QQ-plots. Apparent
extreme values were excluded from analysis. These values were justified by the context:
imaging artifacts, cell death, etc. All steps of the experiments were randomized to minimize
the effects of confounding variables. This includes how mice were chosen for injections,
order of cell culture treatments, etc. Electrophysiology experiments were done blind.
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Imaging was done in similar fashions among conditions: fields from brain sections were
chosen randomly from the region of interest, and images of cell cultures were taken
randomly from all areas of the culture.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. FGF22 and SIRPa, promote the early or late stage of glutamatergic presynaptic
differentiation

(a) In situ hybridization for Srpa in the hippocampus during synapse formation (positive
signals in black). Srpa mRNA is highly expressed at P21, the time for synapse maturation,
but not at P8, the time for initial synapse differentiation. Reproduced three times.

(b) Western blotting for the SIRPa protein (tubulin as control) in the hippocampus. The
amount of SIRPa significantly increases from P8 to P21. Full-length blots are presented in
Supplementary Figure 10.

(c,d) Hippocampal cultures at DIV11 were stained with the antibodies indicated. (¢) SIRPa
proteins are abundant on MAP2-positive dendrites but not on neurofilament (NF)-positive
axons.(d) SIRPa is concentrated at VGLUT1-postive glutamatergic synapses but not at
VGAT-positive GABAergic synapses. Reproduced five times.

(e) HEK cells expressing SIRPa, neuroliginl (NLGNZ1), or control HEK cells (labeled with
GFP) were co-cultured with hippocampal neurons for 2 days and stained for synapsin. The
synapsin puncta formed on HEK cells expressing SIRPaq are significantly more dense and
larger than those formed on control HEK cells and are comparable to the ones on HEK cells
expressing NLGN1. Data are from 24/23/22 fields from 5 cultures.

(f,g) Recombinant soluble SIRPa (sSIRPa) was applied to hippocampal cultures from
DIV1-11.(f) sSIRPa treatment significantly increases the number (x 1,000 puncta per mm?2)
and size of VGLUT1 puncta as compared to PBS control (n = 57 fields from 5 cultures). (g)
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Representative traces and summary data of whole-cell recordings of mMEPSCs from control
and sSIRPa-treated hippocampal neurons. mEPSC frequency, but not amplitude, increases
by sSIRPa treatment. (n = 57/63 cells from 5 cultures).

(h) Schematic timeline of the experiment shown in (i,j). Cultured hippocampal cells were
treated with FGF22 or sSIRPa from DIV1-4 (beginning of synapse formation), DIV4-8
(middle of synapse formation), or DIV8-11 (ending of synapse formation). All cultures
were fixed on DIV11.

(i) Staining of hippocampal cultures for VGLUT1 after treatment with FGF22 or sSIRPa as
shown in (h).

(1) Numbers and sizes of VGLUT1 puncta after treatment on DIV1-4, DIV4-8, or DIV8-11.
FGF22 treatment is most effective at increasing VGLUT1 clustering when incubated from
DIV1-4, while sSIRPa is most effective when incubated from DIV8-11. Data are shown as
percentage of PBS control and from 32/43/40/34/27/26 fields from 5 cultures.

(k) sSIRPa or FGF22 was applied to hippocampal cultures prepared from WT or FGF22KO
mice, and the cultures were stained for VGLUT1 and Py, which labels dendrites of CA3
pyramidal neurons. Fewer and smaller VGLUT1 puncta were on CA3 neurons in FGF22KO
cultures relative to WT cultures; the defects were rescued by the application of FGF22, but
not by sSIRPa. n = 19/23/25/25/17/23 neurites from 3 cultures.

Bars in the graphs are mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.0001 (here and in
subsequent figures) by Student’s t-test (f,g) or by ANOVA followed by Tukey test (e,j,k).
Scale bars, 500 pm (a), 10 um (e,k), and 5 pm (others).
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Figure 2. SIRPa isrequired for the maturation, but not induction or maintenance, of excitatory
presynaptic terminalsin the hippocampusin vivo

(a—d) SIRPa was inactivated around the time of initial synapse differentiation (P0-P14; a),
synapse maturation (P15-P29; b,c), or synapse maintenance (P30-P44; d) by tamoxifen
injections into conditional SIRPaKO mice. Control animals also received tamoxifen.
Hippocampal sections from the control and SIRPaKO mice were stained for VGLUT1
(a,b,d) or bassoon (c). Images are from CA3 (positive signals in white). SL, stratum
lucidum; SR, stratum radiatum. Graphs show the measurements of the relative intensity of
VGLUT1 or bassoon staining (% control). (a) Mice were injected with tamoxifen at PO and
analyzed at P14. No significant difference in the VGLUT1 staining intensity between
control and SIRPaKO at this time period. (b,c) Mice were injected with tamoxifen at P15
and analyzed at P29. The VGLUT1 (b) and bassoon (c) staining intensities are significantly
decreased in SIRPaKO mice relative to control. Quantifications of the average size and
intensity of VGLUT1 puncta are also shown in (b). (d) Mice were injected with tamoxifen at
P30 and analyzed at P44. No significant difference between control and SIRPaKO at this
time period. Staining data are from 12/20 sections from 3/5 mice.

(e) Electron microscopic analysis of asymmetric (excitatory) synapses in CA3 of P29 mice
injected with tamoxifen at P15. High magnification views of synaptic vesicles (SVs) are
shown on the right. The numbers of SVs within 400 nm of the active zone and the numbers
of docked vesicles are quantified. Significantly fewer SVs and docked vesicles are found in
asymmetric synapses in SIRPaKO mice relative to control. Data are from 30 synapses from
3 mice. Student’s t-test (a—e). Scale bars, 50 um (a) and 100 nm (e).
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(f) Evoked fEPSPs were recorded in acute slices from CA1 of SIRPaKO mice and control
littermates (tamoxifen injections at P15, analyses at P29). Sample traces of fEPSP
recordings are shown. In input-output curves (right), fEPSP slope, but not fiber volley
amplitude, is significantly decreased in SIRPaKO mice relative to control littermates (p <
0.001 by two-way ANOVA; n = 9/13 cells from 4 mice).

(9) Paired-pulse facilitation (PPF) across a range of inter-stimulus intervals for evoked
EPSCs from SIRPaKO mice and control littermates. PPF is significantly enhanced in
SIRPaKO mice (p < 0.001 by two-way ANOVA; n = 11/15 cells from 4 mice).
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Figure 3. Cleavage of the extracellular domain of SIRPa is activity-dependent and is necessary
for SIRPa-dependent presynaptic maturation
(a,b) Hippocampal neurons were transfected with a GFP plasmid (Control) or SIRPa and

GFP plasmids (SIRPa) at DIV4. TTX or a cocktail of inhibitors for neurotransmitter
receptors (APV, CNQX, bicuculline) was applied from DIV5. Cultures were stained for
VGLUT1 on DIV13. VGLUTZX clustering on the dendrites of SIRPa-transfected neurons is
increased in size as compared to control, but addition of TTX or the inhibitor cocktail
prevents this increase. n = 10 neurites from 3 cultures.

(c) Hippocampal neurons were cultured for 11 days. Media and cell lysates were assayed for
SIRPa. Reproduced five times.

(d—g) Hippocampal neurons were cultured for 10-12 days and then incubated with KCI,
bicuculline, or TTX for 1-3 days. Media was collected and assayed for the amount of
secreted SIRPa (sSIRPa) by immunoprecipitation followed by Western blotting (d,e). Cell
lysates were also prepared and assayed for tubulin (d,e) and full-length SIRPa remaining on
the cell (g) by Western blotting. In all conditions tested, tubulin levels are similar among the
cell lysates. (d) Addition of KCI to activate neurons increases the amount of secreted SIRPa
in the media as compared to control. (e) Bicuculline increases the amount of sSIRPa in the
media, while TTX decreases it. (f) Quantification of the band intensity from results such as
those shown in (d,e,g). Intensities were normalized against the intensity of the control band.
n = 5/3 blots from 5/3 cultures. (g) In the cell lysate, the amount of full-length SIRPa is
decreased in KCl-treated cultures and increased in TTX-treated cultures.
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(h) Verification of cleavage-resistant mutant SIRPa. HEK cells were transfected with the
wild-type SIRPa or cleavage-resistant mutant SIRPa (MT) plasmid for 2 days. Media and
cell lysates were assayed for sSIRPa or full-length SIRPa. MT-SIRPa shows no release of
sSIRPa. Reproduced three times.

(i) HEK cells expressing WT- or MT-SIRPa and control HEK cells (labeled with GFP) were
co-cultured with hippocampal neurons for 2 days and stained for synapsin. MT-SIRPa does
not increase the number and size of synapsin puncta. Data are from 24/24/33 fields from at 5
cultures.

(j) Hippocampal neurons were transfected with the GFP plasmid (Control) or the WT- or
MT-SIRPa plasmid together with the GFP plasmid at DIV4 and stained for VGLUT1 at
DIV13. VGLUT1 puncta on the dendrites of WT-SIRPa-transfected neurons, but not on
those of MT-SIRPa-transfected neurons, are increased in size as compared to control. n = 23
neurites from 3 cultures.

(k) Presynaptic maturation induced by soluble SIRPa is not dependent on neural activity.
Hippocampal neurons were treated with a bath application of sSSIRPa and/or TTX from
DIV1, and stained for VGLUT1 at DIV13. sSIRPa increases the size of VGLUT1 puncta,
and adding TTX has no effect on the VGLUT1 clustering induced by sSIRPa. n = 13 fields
from 3 cultures. (1) Hippocampal neurons were transfected with the GFP plasmid (Control)
or the Ext-SIRPa and GFP plasmids (Ext-SIRPa = secretable SIRPa) at DIV4. TTX was
applied from DIV5. Cultures were stained for VGLUT1 on DIV13. VGLUT1 clustering on
the dendrites of Ext-SIRPa-transfected neurons is increased in number and size as compared
to control, and addition of TTX has no effect on this increase. n = 26/23/21/24 neurites from
3 cultures.

Student’s t-test (b,f) or ANOVA followed by Tukey test (i—I). #: not significant. Scale bars,
10 pm (i,1), 5 um (a,j,k).
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Figure 4. SIRPa-dependent presynaptic maturation involves calcium channel, CaMK, and MMP
(a—d) Hippocampal neurons were cultured for 10-12 days and then incubated with a calcium

channel blocker - nifedipine, CaMK inhibitors - KN62 or KN93, or MMP inhibitors -
GM6001 or TIMPs, in the presence or absence of KCI for 1-3 days. Media was collected
and assayed for the amount of secreted SIRPa. Cell lysates were assayed for tubulin.
Quantification of the sSIRPa band intensity is shown in the graphs (normalized against
control). Nifedipine, KN62, KN93, GM6001, and TIMPs effectively decrease the amount of
sSIRPa found in the media (Student’s t-test). n = 4 blots from 4 cultures.
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Figure5. CD47 isthe presynaptic receptor for SIRPa-mediated presynaptic maturation
(a,b) Hippocampal neurons were stained for CD47 together with neurofilament, MAP2 or

SIRPa. CD47 puncta are abundant in neurofilament-positive axons and not in MAP2-
positve dendrites (a) and co-localized with SIRPa (b). Reproduced five times.

(c) Hippocampal neurons prepared from CD47KO mice and control littermates were treated
with sSIRPa and stained for VGLUTL. sSIRPa does not increase the number and size of
VGLUT1 puncta in CD47KO neurons. n = 80/93/102/108 fields from 4 cultures.

(d) HEK cells expressing SIRPa, neuroliginl, or control HEK cells (labeled with GFP) were
co-cultured with hippocampal neurons prepared from WT or CD47KO mice for 2 days and
stained for synapsin. HEK cells expressing SIRPa induce presynaptic differentiation in co-
cultured WT hippocampal neurons, but fail to do so in co-cultured CD47KO neurons. HEK
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cells expressing neuroliginl induce presynaptic differentiation in both WT and CD47KO
neurons. Graphs show quantification of synapsin puncta number and size. Data are from
38/34/34/35/42/40 fields from 5 cultures.

(e) Presynaptic expression of CD47 restores responsiveness to sSIRPa in CD47KO neurons.
Hippocampal neurons prepared from WT or CD47KO mice were transfected with the
synaptophysin-YFP plasmid or with the synaptophysin-YFP and CD47 plasmids. Cultures
were treated with sSIRPa, and presynaptic differentiation of transfected neurons was
assessed by synaptophysin-YFP clustering. sSIRPa does not increase the number and size of
synaptophysin-YFP puncta in CD47KO neurons, but introduction of CD47 restores
responsiveness to sSIRPa. n = 33/37/33/35/37/36 neurites from 3 cultures.

(F) Postsynaptic expression of SIRPa rescues presynaptic defects in SIRPaKO neurons.
Hippocampal neurons prepared from conditional SIRPaKO mice were transfected with an
mCherry plasmid (control), Cre and mCherry plasmids (knockout) or Cre, mCherry and
SIRPa plasmids (rescue) and stained for VGLUTL. Both the number and size of VGLUT1
puncta on mCherry-expressing dendrites were decreased in SIRPaKO relative to control,
but postsynaptic expression of SIRPa rescues the defects. n = 41/33/36 neurites from 3
cultures.

Student’s t-test (c) or ANOVA followed by Tukey test (d—f). Scale bar, 5 um (c), 10 um (all
others).
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Figure 6. Impact of SIRPa-dependent presynaptic maturation on synaptic plasticity
Hippocampal slices were prepared from SIRPaKO mice and control littermates and fEPSPs

recorded at CA3—-CAL synapses. LTP was induced by high frequency stimulation (four
trains of 1s, 100 Hz stimulations spaced by 30s intervals). LTP is significantly impaired in
SIRPaKO mice (p < 0.05 by Student’s t-test at 1 hour after the LTP induction). n = 20/10
slices from 11/7 mice.
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