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SPARCL1 Promotes Excitatory But Not Inhibitory Synapse
Formation and Function Independent of Neurexins and
Neuroligins
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Emerging evidence supports roles for secreted extracellular matrix proteins in boosting synaptogenesis, synaptic transmission,
and synaptic plasticity. SPARCL1 (also known as Hevin), a secreted non-neuronal protein, was reported to increase synapto-
genesis by simultaneously binding to presynaptic neurexin-1a and to postsynaptic neuroligin-1B, thereby catalyzing formation
of trans-synaptic neurexin/neuroligin complexes. However, neurexins and neuroligins do not themselves mediate synaptogene-
sis, raising the question of how SPARCL1 enhances synapse formation by binding to these molecules. Moreover, it remained
unclear whether SPARCL1 acts on all synapses containing neurexins and neuroligins or only on a subset of synapses, and
whether it enhances synaptic transmission in addition to boosting synaptogenesis or induces silent synapses. To explore these
questions, we examined the synaptic effects of SPARCL1 and their dependence on neurexins and neuroligins. Using mixed
neuronal and glial cultures from neonatal mouse cortex of both sexes, we show that SPARCL1 selectively increases excitatory
but not inhibitory synapse numbers, enhances excitatory but not inhibitory synaptic transmission, and augments NMDAR-
mediated synaptic responses more than AMPAR-mediated synaptic responses. None of these effects were mediated by
SPARCL1-binding to neurexins or neuroligins. Neurons from triple neurexin-1/2/3 or from quadruple neuroligin-1/2/3/4 condi-
tional KO mice that lacked all neurexins or all neuroligins were fully responsive to SPARCL1. Together, our results reveal
that SPARCL1 selectively boosts excitatory but not inhibitory synaptogenesis and synaptic transmission by a novel mechanism
that is independent of neurexins and neuroligins.
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Significance Statement

Emerging evidence supports roles for extracellular matrix proteins in boosting synapse formation and function. Previous
studies demonstrated that SPARCL1, a secreted non-neuronal protein, promotes synapse formation in rodent and human
neurons. However, it remained unclear whether SPARCL1 acts on all or on only a subset of synapses, induces functional or
largely inactive synapses, and generates synapses by bridging presynaptic neurexins and postsynaptic neuroligins. Here, we
report that SPARCL1 selectively induces excitatory synapses, increases their efficacy, and enhances their NMDAR content.
Moreover, using rigorous genetic manipulations, we show that SPARCL1 does not require neurexins and neuroligins for its
activity. Thus, SPARCL1 selectively boosts excitatory synaptogenesis and synaptic transmission by a novel mechanism that is
independent of neurexins and neuroligins.

Introduction
During development and throughout life, synapses are formed
by a multicomponent process that is controlled by synaptic orga-
nizer molecules. Synapse formation requires the initial establish-
ment of contacts between an axon and a target cell, assembly of
the presynaptic release machinery and the postsynaptic receptor
apparatus, and activity-dependent specification of synapse prop-
erties (Südhof, 2018). Synapse formation is guided by two types
of organizer molecules: trans-synaptic adhesion molecules and
secreted factors (Ferrer-Ferrer and Dityatev, 2018; Yuzaki, 2018).
Among adhesion molecules, neurexins and their ligands,
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including neuroligins, orchestrate synapse specification by medi-
ating bidirectional, trans-cellular signaling (Cao and Tabuchi,
2017; Südhof, 2017; Katzman and Alberini, 2018; Wang et al.,
2019). Secreted factors act by several mechanisms, for example,
by enhancing the recruitment of presynaptic active zone proteins
and postsynaptic scaffolding proteins (Wnts) (Sahores et al.,
2010; Cerpa et al., 2011) or by connecting presynaptic and post-
synaptic adhesion molecules (cerebellins) (Yuzaki, 2018).
Extracellular matrix (ECM) proteins, reportedly secreted by glia
(e.g., thrombospondins and glypicans), may bridge presynaptic
and postsynaptic structures and cluster ionotropic glutamate
receptors at postsynaptic sites (Christopherson et al., 2005; Allen
et al., 2012). Although an important role in synaptogenesis is
emerging for several proteins traditionally associated with the
ECM, the underlying molecular mechanisms remain unknown.

The present study examines SPARCL1 (secreted protein
acidic and rich in cysteine-like 1, also known as Hevin), an ECM
protein that induces synapse formation in rodent and human
neurons (Kucukdereli et al., 2011; Singh et al., 2016; Gan and
Südhof, 2019). SPARCL1 belongs to the SPARC family of extrac-
ellular glycoproteins (Brekken and Sage, 2001). SPARCL1 con-
tains an N-terminal acidic domain, a central cysteine-rich
follistatin domain, and a C-terminal calcium-binding domain
(Brekken and Sage, 2000). Little is known about how SPARCL1
is secreted and processed. Like other ECM proteins, SPARCL1 is
more abundant during embryonic development than during
adulthood, but its expression is upregulated in response to
trauma or disease (Lively and Brown, 2008a,b).

In brain, SPARCL1 is localized to postsynaptic membranes
and perisynaptic glial processes in the cerebral cortex and the
cerebellum (Lively et al., 2007), raising the possibility that
SPARCL1 regulates synapse formation. Indeed, Kucukdereli et
al. (2011) showed that SPARCL1 induced synapses in mouse ret-
inal ganglion cells. Surprisingly, however, these synapses were
morphologically normal but did not appear to be functional. In
contrast, we found that SPARCL1 promotes formation of active
synapses in human excitatory neurons derived from embryonic
stem cells (Gan and Südhof, 2019). Moreover, SPARCL1 report-
edly enhanced synapse formation by simultaneously binding to
presynaptic neurexin-1a (Nrxn1a) and postsynaptic neuroligin-
1B (Nlgn1B) to form a trans-synaptic complex (Singh et al.,
2016). This finding was puzzling because Nrxns form tight com-
plexes with all neuroligins in the absence of other factors, except
for Nlgn1 containing an insert in splice site B, which binds to
beta- but not to alpha-Nrxns (Boucard et al., 2005; Chih et al.,
2006), and because biophysical studies failed to detect binding of
SPARCL1 to Nlgn1 (Elegheert et al., 2017). Moreover, deletion
of all neuroligins (Varoqueaux et al., 2006; Chanda et al., 2017;
Jiang et al., 2017) or all neurexins (Missler et al., 2003; Chen et
al., 2017) did not decrease excitatory synapses numbers but
impaired synaptic transmission. Given that neurexins and neuro-
ligins are apparently not required for establishing initial synaptic
contacts, it remained unclear how SPARCL1 could form non-
functional excitatory synapses by binding to these adhesion
molecules.

In the present study, we examined how SPARCL1 potently
boosts synaptogenesis, whether it acts selectively on subsets of
synapses, and what role neurexins and/or neuroligins play in its
activity. Because key prior studies of SPARCL1-induced synapto-
genesis were conducted in mouse neurons (Kucukdereli et al.,
2011; Singh et al., 2016), we performed our experiments in mixed
cultures of mouse cortical neurons and glia. We confirm that
SPARCL1 induces excitatory synapse formation; however, in

contrast with previous studies, we show that SPARCL1 also
enhances neurotransmission by differentially elevating AMPAR-
and NMDAR-mediated synaptic responses. SPARCL1 exerts a
much larger effect on NMDARs, increasing the NMDAR/
AMPAR ratio. Importantly, using cultures from conditional KO
(cKO) mice, we determined that neurexins and neuroligins do
not mediate any of these effects. Thus, SPARCL1 selectively acti-
vates excitatory synapse formation and signaling to boost synap-
tic connectivity by a neurexin- and neuroligin-independent
mechanism.

Materials and Methods
Experimental design and statistical analyses. Male and female new-

born (P0) mice were used for all experiments. Nrxn123 cKO and
Nlgn1234 cKO mice were described previously (Chen et al., 2017 and
Wu et al., 2019, respectively). Mice were housed in the SIM1 Animal
Facility at Stanford University on a 12:12 h light-dark cycle with ad libi-
tum access to food and water. All procedures conformed to institutional
guidelines and were approved by the Administrative Panel on
Laboratory Animal Care associated with the Stanford University School
of Medicine.

Statistical analyses were performed using Prism 8 software (GraphPad
Software) and are summarized in Table 1 (for full statistical analyses, see
Extended Data). In the figures, quantitative data shown are mean 6 SEM.
All experiments were independently repeated at least 3 times. All statistical
analyses were performed using unpaired t tests or one-way ANOVAs with
Tukey’s post hoc tests, comparing control and treated conditions within the
same experiments. p values for all t tests and Tukey’s post hoc tests for multi-
ple comparisons are provided as Extended Data.

Primary cultures. Cortical neurons were cultured from male and
female P0 mice essentially as described previously (Maximov et al.,
2007). Dissected cortices were dissociated by papain digestion for 20min
at 37°C, filtered through a 70mm cell strainer, plated on borosilicate glass
coverslips (Carolina; 0.09-0.12 mm thickness, 15 mm diameter) precoated
with Matrigel (Corning), and placed in 24-well plates. Plating medium
contained 10% FBS (Atlanta), Gem21 NeuroPlex supplement (Gemini),
0.4% D-glucose, and 2 mM glutamine in Minimal Essential Medium
(MEM; Invitrogen). Two hours after plating, the medium was completely
exchanged to growth medium comprised of 5% FBS, Gem21 NeuroPlex
supplement, and 2 mM glutamine in Neurobasal A (Invitrogen). At
3-4DIV, 50% of the growth medium was exchanged with serum-free
Neurobasal A supplemented with Gem21 NeuroPlex, 2 mM glutamine,
and 4 mM cytosine arabinofuranoside (Sigma Millipore) to prevent glial
overgrowth. From DIV7 onwards, 30% of the medium was exchanged ev-
ery 3d until analysis at DIV14-DIV16. To prepare pure glial cultures, cor-
tices from P0 mice were dissected and digested as described above and
then harshly triturated. Dissociated cells from four cortices were plated in
a T75 flask in DMEM supplemented with 10% FBS. Upon reaching con-
fluence, glial cells were trypsinized and replated at a lower density in 24-
well plates. Glia were analyzed at DIV14-DIV16.

Lentivirus preparation and infection of cortical neurons. Lentiviruses
for conditional deletion of neurexins and neuroligins in cortical neurons
were generated from the following expression plasmids: Syn-Cre-EGFP
(active Cre recombinase) and Syn-DCre-EGFP (inactive Cre recombi-
nase used as a control) (Kaeser et al., 2011). Lentiviruses were produced
in HEK293T cells essentially as described previously (Zhang et al., 2013).
Using calcium phosphate, HEK293T cells were cotransfected with the
three helper plasmids, pRSV-REV (3.9mg), pMDLg/pRRE (8.1mg), and
VSV-G (6.0 mg), and with either Cre or DCre lentiviral plasmid
(12 mg). Lentiviruses in the culture medium were harvested 48 h af-
ter transfection, and virus particles were pelleted by ultracentrifuga-
tion at 19,000 rpm for 1.5 h. Pellets were resuspended in 100 ml
DMEM, aliquoted, and stored at �80°C. Primary cortical neurons
were infected at DIV3 by diluting the concentrated virus 1:1000 into
the culture medium in each well.

Sparse transfection of cortical neurons. To assess dendritic arboriza-
tion in isolated cortical neurons, cultures were sparsely transfected at
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DIV10 with pmU-b -actin-enhanced blue fluorescent protein (eBFP)
(Gary Banker, Oregon Health and Sciences University) using a calcium
phosphate method (CalPhos Mammalian Transfection Kit, Takara;
manufacturer’s protocol modified as described here). A DNA/calcium
phosphate precipitate was prepared by mixing the following (per 24-well
reaction): 1mg DNA, 3.1ml 2 M CaCl2, and ddH2O to a volume of 25ml.
The DNA mixture was added dropwise under low-powered vortex
pulses to an equal volume of 2� HEPES-buffered saline. The precipitate
formed for 20min before addition to the cultures. Cultured neurons
were transferred into fresh serum-free growth medium that was condi-
tioned overnight by pure glia (0.5 ml per 24-well). DNA/calcium phos-
phate precipitate was added dropwise to each well, and the cultures were
incubated at 5% CO2, 37°C. After 1.5 h, the precipitate was dissolved
using growth medium that was pre-acidified in a 10% CO2 incubator to
increase the viability of transfected neurons. Following complete dissolu-
tion of the precipitate, neurons were returned to their “home” plate con-
taining their original conditioned medium and maintained at 5% CO2,
37°C until morphologic analysis at DIV14.

Recombinant expression of SPARCL1. Expression constructs encod-
ing the full-length mouse cDNA clone of SPARCL1 (Dharmacon) or
mClover as a control (pEB-Multi-Neo-SPARCL1, pEB-Multi-Neo-mClover)
(Gan and Südhof, 2019) were transfected into HEK293T cells using calcium
phosphate and incubated in serum-free medium. After 72 h, the culture me-
dium was collected, passed through a 0.45mm syringe filter to remove cell
debris, and concentrated by centrifugal ultrafiltration through an Amicon
regenerated cellulose membrane with a nominal molecular weight limit of 3
kDa (Millipore). Samples were centrifuged at 14,000 � g for 30min at 4°C,
and the protein concentrates were subsequently recovered from the mem-
branes with a reverse spin at 1000 � g for 2min at room temperature.
Concentrated supernatants were diluted 1:100 in serum-free neuronal
growth medium and added to cultured neurons at DIV13. Neurons were
assayed within 1-3d after treatment.

Immunocytochemistry. All immunocytochemistry experiments were
performed essentially as described previously (Kwinter et al., 2009).
Briefly, cortical neurons cultured at low density were fixed with 4% PFA
for 15min at 37°C, permeabilized with 0.1% Triton-X for 10min at room
temperature, and blocked with 0.5% fish skin gelatin for 1 h at 37°C. To
quantify excitatory and inhibitory synapses localized to dendritic segments,
neurons were stained with anti-VGLUT1 guinea pig (Millipore; 1:1000) or
anti-VGAT rabbit (Millipore; 1:1000) and counterstained with anti-MAP2
mouse (1:1000; Sigma Millipore). All primary antibodies were diluted in
blocking solution and incubated overnight at 4°C with gentle agitation.
Neurons were subsequently incubated with compatible secondary antibod-
ies conjugated to Alexa-488, Alexa-546, and Alexa-647 fluorophores (1:500;
Invitrogen) for 1.5 h at 37°C, washed in PBS, and mounted in DAPI
Fluoromount-G (Southern Biotechnology).

Image acquisition and analysis. Images of neurons with pyramidal
morphology were acquired using a Nikon A1RSi confocal microscope
with constant laser gain and offset settings, scanning speed, and pinhole
size. These settings yielded images in which the brightest pixels were not
oversaturated. Each z stack was comprised of 10 serial images acquired
in 0.5 mm steps. Maximum intensity projections of the z stacks were gen-
erated for quantification purposes. Synaptic puncta were counted along
well-isolated primary dendrites (5� 100-mm dendritic segments per cell)
using the “Count Nuclei” application in MetaMorph (Molecular Devices).
To measure dendritic length and branching, field images of low-density
neuronal cultures expressing eBFP and counterstained with anti-MAP2
mouse and anti-NeuN (Millipore; rabbit polyclonal, 1:1000) were analyzed
using the “Neurite Outgrowth” application in MetaMorph. Constant
threshold settings to exclude background signals were maintained for all ex-
perimental conditions.

Electrophysiology. Electrophysiological recordings were performed in
the whole-cell configuration essentially as described previously (Maximov
et al., 2007; Sando et al., 2019). Patch pipettes were pulled from borosili-
cate glass capillary tubes (Warner Instruments) using a PC-10 pipette
puller (Narishige). The resistance of pipettes filled with intracellular solu-
tion varied between 3.0 and 4.0 MV. The bath solution in all experiments
contained the following (in mM): 140 NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 10
HEPES, and 10 glucose, pH adjusted to 7.4 with NaOH (300 mOsm/L).
Excitatory miniature and evoked synaptic responses were recorded in volt-
age-clamp mode with a pipette solution containing the following (in mM):
135 Cs-methanesulfonate, 8 CsCl, 10 HEPES, 0.25 EGTA, 0.3 Na2GTP, 2
MgATP, 7 phosphocreatine, and 10 QX-314, pH adjusted to 7.3 with
CsOH (303 mOsm/L). Inhibitory miniature and evoked synaptic
responses were recorded in voltage-clamp mode with a pipette solution
containing the following (in mM): 146 CsCl, 10 HEPES, 0.25 EGTA, 2
MgATP, 0.3 Na2GTP, 7 phosphocreatine, and 10 QX-314, pH adjusted to
7.3 with CsOH (303 mOsm/L). Evoked synaptic responses were triggered
by 0.5 ms current (100mA) injection through a local extracellular electrode
(FHC concentric bipolar electrode) placed 100-150mm from the soma of
neurons recorded. The frequency, duration, and magnitude of the extrac-
ellular stimulus were controlled with a model 2100 Isolated Pulse
Stimulator (A-M Systems) synchronized with the Clampex 10.1 data
acquisition software (Molecular Devices). mEPSCs and mIPSCs were
monitored in the presence of TTX (1 mM). Evoked AMPAR- and
NMDAR-EPSCs were pharmacologically isolated with picrotoxin (PTX,
50 mM) and recorded at �70mV or 40mV holding potentials,

Table 1. Summary of statistical analyses

Figure Test used Sample size Degree of freedom, p

1B Unpaired t test 3 T(4) = 0.2138, p= 0.8412
1C One-way ANOVA 3 F(4,10) = 829.3, p, 0.0001
1D One-way ANOVA 3 F(2,6) = 99.09, p, 0.0001
2C (VGlut density) Unpaired t test 29 T(56) = 5.467, p, 0.0001
2C (Homer density) Unpaired t test 29 T(56) = 5.778, p, 0.0001
2C (VGlut size) Unpaired t test 29 T(56) = 0.4105, p= 0.683
2C (Homer size) Unpaired t test 29 T(56) = 0.6777, p= 0.508
2E (VGAT density) Unpaired t test 29 T(56) = 0.03323, p= 0.9736
2E (gephyrin density) Unpaired t test 29 T(56) = 0.2890, p= 0.7737
2E (VGAT size) Unpaired t test 29 T(56) = 0.3999, p= 0.2708
2E (gephyrin size) Unpaired t test 29 T(56) = 0.0330, p= 0.1702
2G Unpaired t test 21 T(40) = 0.3137, p= 0.7553
2H (primary dendrites) Unpaired t test 21 T(40) = 0.1163, p= 0.908
2H (dendritic branching) Unpaired t test 21 T(40) = 0.09528, p= 0.9246
2I Unpaired t test 21 T(40) = 0.06135, p= 0.9514
2J (capacitance) Unpaired t test 21 T(40) = 0.3649, p= 0.7171
2J (input resistance) Unpaired t test 21 T(40) = 0.7329, p= 0.45
3B Unpaired t test 3 T(4) = 12.46, p= 0.0002
3C (Nlgn1) Unpaired t test 3 T(4) = 15.68, p, 0.0001
3C (Nlgn2) Unpaired t test 3 T(4) = 44.02, p, 0.0001
3C (Nlgn3) Unpaired t test 3 T(4) = 51.86, p, 0.0001
4B (density) One-way ANOVA 24 F(3,92) = 5.122, p= 0.0025
4B (size) One-way ANOVA 24 F(3,92) = 3.167, p= 0.0281
4B (intensity) One-way ANOVA 24 F(3,92) = 2.005, p= 0.1188
4C (density) One-way ANOVA 24 F(3,92) = 3.777, p= 0.0132
4C (size) One-way ANOVA 24 F(3,92) = 0.1854, p= 0.9061
4C (intensity) One-way ANOVA 24 F(3,92) = 0.9585, p= 0.4159
5A (frequency) One-way ANOVA 18 F(3,68) = 31.66, p, 0.0001
5A (amplitude) One-way ANOVA 18 F(3,68) = 3.063, p= 0.0338
5B (frequency) One-way ANOVA 17 F(3,64) = 15.74, p, 0.0001
5B (amplitude) One-way ANOVA 17 F(3,64) = 1.865, p= 0.1443
6B (density) One-way ANOVA 24 F(3,92) = 9.735, p, 0.0001
6B (size) One-way ANOVA 24 F(3,92) = 5.245, p= 0.0022
6B (intensity) One-way ANOVA 24 F(3,92) = 5.799, p= 0.0011
6C (density) One-way ANOVA 24 F(3,92) = 1.185, p= 0.32
6C (size) One-way ANOVA 24 F(3,92) = 3.829, p= 0.0124
6C (intensity) One-way ANOVA 24 F(3,92) = 3.692, p= 0.0147
7A (frequency) One-way ANOVA 18 F(3,68) = 57.57, p, 0.0001
7A (amplitude) One-way ANOVA 18 F(3,68) = 21.08, p, 0.0001
7B (frequency) One-way ANOVA 18 F(3,68) = 17.53, p ,0.0001
7B (amplitude) One-way ANOVA 18 F(3,68) = 16.44, p, 0.0001
8B (AMPAR amplitude) One-way ANOVA 24 F(3,92) = 38.35, p, 0.0001
8B (NMDAR amplitude) One-way ANOVA 24 F(3,92) = 119, p, 0.0001
8B (NMDAR/AMPAR) One-way ANOVA 24 F(3,92) = 24.68, p, 0.0001
8D One-way ANOVA 24 F(3,92) = 10.82, p, 0.0001
aThis table summarizes the statistical tests, degrees of freedom, and significance for each figure. Tukey’s test
of multiple comparisons was performed post hoc for all one-way ANOVAs (see Extended Data Figs. 1-1 to
8-1).
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respectively. GABAR IPSCs were pharmacologically isolated with D-AP5
(50 mM) and CNQX (10 mM). Data were digitized at 10 kHz with a 2 kHz
low-pass filter using a Multiclamp 700B Amplifier (Molecular Devices).
Data were analyzed using Clampfit 10.5 (Molecular Devices) software.

Semiquantitative RT-PCR. Total RNA was isolated from cortical and
glial cultures using the PureLink RNA Mini Kit (Thermo Fisher
Scientific) according to the manufacturer’s protocol. RNA concentra-
tions were measured using a ND-1000 Nanodrop spectrophotometer
(Thermo Fisher Scientific). Intron-spanning primers were designed to
distinguish between gDNA and cDNA amplification. The following
primer sequences for SPARCL1 and b -actin were used: SPARCL1-F, 59-
AGACGCTACAGTCCCCATTG-39; SPARCL1-R, 59-GCCTGCACCAT
GCTTAGAGT-39; b -actin-F, 59-CCCCTGAACCCTAAGGCCA-39;
and b -actin-R, 59-CGGACTCATCGTACTCCTGC-39. Reverse tran-
scription and subsequent cDNA amplification were performed using the
SuperScript IV One-Step RT-PCR System (Thermo Fisher Scientific).
Reaction components were assembled as follows: 25 ml of 2� Platinum
SuperFi RT-PCR Master Mix, 2.5 ml of gene-specific forward primer (10
mM), 2.5 ml of gene-specific reverse primer (10 mM), 0.5 ml of SuperScript
IV reverse transcriptase mix, 500 ng of template RNA, and nuclease-free
ddH2O to 50 ml. The following cycling parameters were used: reverse
transcription, 50°C for 10 min; reverse transcriptase inactivation/initial
denaturation, 98°C for 10 s; cDNA amplification (25 cycles), 98°C for 10
s, 60°C for 10 s, 72°C for 30 s; final extension, 72°C for 5 min.
Amplicons were analyzed by electrophoresis on a 0.8% agarose gel.
Quantitative analysis was performed using a Molecular Imager GelDoc
XR1 system and Image Lab software (Bio-Rad).

Immunoblotting. Conditioned media from cortical and pure glial
cultures were collected and precipitated with 1/5 volume of trichloroace-
tic acid at 4°C for 30min. Precipitates were centrifuged at 14,000� g for
15min, aspirated, and washed twice with ice-cold acetone. Dried protein
pellets were resuspended in sample buffer containing 200 mM Tris-Cl,
pH 6.8, 8% SDS, 0.4% bromophenol blue, and 40% glycerol and boiled
in the presence of 1% b -mercaptoethanol for 10min. Cortical neurons
and pure glia in 24-well plates were lysed in RIPA buffer containing 150
mM NaCl, 1% Triton X-100, 0.1% SDS, 25 mM Tris-HCl, pH 7.4, and
Complete EDTA-Free Protease Inhibitor Cocktail (Sigma Millipore).
Lysates were incubated on ice for 30min and clarified by centrifugation
at 14,000 � g for 30min at 4°C. Lysates were boiled in sample buffer
containing 1% b -mercaptoethanol for 10min. Proteins were analyzed
by SDS-PAGE using 4%-20% Mini-Protean TGX precast gels (Bio-Rad).
Proteins were transferred onto nitrocellulose membranes for 10-12min
at 25 V using the Trans-Blot Turbo transfer system (Bio-Rad).
Membranes were blocked in 5% milk diluted in TBST for 1 h at room
temperature. Membranes were then incubated overnight at 4°C with the
following primary antibodies diluted in blocking solution: anti-
SPARCL1 goat (R&D Systems; 1:5000), anti-pan-Nrxn rabbit (G394, T.
C.S. laboratory, 1:500), anti-Nlgn1 mouse (SySy, 1:1000), anti-Nlgn2
mouse (SySy, 1:1000), anti-Nlgn3 rabbit (639B, T.C.S. laboratory, 1:500),
and anti-b -actin mouse (A1976, Sigma Millipore, 1:2000). Membranes
were subsequently incubated for 1 h at room temperature with the fol-
lowing compatible secondary antibodies (LI-COR), diluted 1:10,000 in
blocking solution: IRDye 680LT donkey anti-goat; IRDye 800CW don-
key anti-rabbit. Quantitative analysis was performed by a dual-channel
infrared imaging system, an Odyssey Infrared Imager CLX and Image
Studio 5.2.5 software (LI-COR).

Results
Endogenous SPARCL1 protein is secreted at low levels by
cultured mouse glia but is abundant in mouse serum
SPARCL1 is expressed by astrocytes (Saunders et al., 2018; Tabula
Muris Consortium, 2018; Zeisel et al., 2018). Nevertheless, addition
of SPARCL1 to human neurons cocultured with glia increases syn-
apse formation and activity, suggesting that endogenous SPARCL1
secreted by glia does not fully stimulate neurons (Gan and Südhof,
2019). To examine how much SPARCL1 is expressed by glia, we
developed a semiquantitative RT-PCR assay (Fig. 1A,B). Intron-

spanning primers for the SPARCL1 and b -actin (control) genes
were designed to distinguish between mRNA and genomic DNA
amplification (Fig. 1A). We performed RT-PCR on total RNA iso-
lated from glia cultured alone or from glia cocultured with cortical
neurons. SPARCL1 and b -actin transcripts from both sources were
amplified either individually or in multiplexed format to estimate
the relative abundance of SPARCL1 by normalization to b -actin
(Fig. 1B). Analysis by electrophoresis revealed specific amplification
of SPARCL1 and b -actin mRNA without genomic DNA contami-
nation (Fig. 1B). Quantification of multiplexed amplicons showed
that SPARCL1 mRNA is expressed by glia at similar levels when
cultured alone or when cocultured with neurons (Fig. 1C). These
results confirm that most cortical SPARCL1 is produced by glia.

Next, we examined SPARCL1 protein expression in condi-
tioned media and lysates from glia cultured alone or cocultured
with neurons (Fig. 1C). We also compared glial SPARCL1 pro-
tein expression to SPARCL1 protein present in serum (Fig. 1C).
Using immunoblotting with an antibody directed to the N-ter-
minal acidic domain of SPARCL1 (previously validated in Gan
and Südhof, 2019), we detected full-length SPARCL1 protein
(;130 kDa) in both the conditioned medium and lysates of glia
cultured alone or cocultured with neurons (Fig. 1C). Similar
SPARCL1 levels were observed in both of these culture systems,
implying that most cortical SPARCL1 is secreted by glia.
SPARCL1 migrates on SDS-PAGE gels at an apparent molecular
weight of ;130 kDa, at nearly twice its predicted size of 75 kDa.
This abnormally high apparent molecular weight is because of
the high content of charged residues in SPARCL1 (Girard and
Springer, 1995, 1996). As previously reported (Gan and Südhof,
2019), we also observed SPARCL1 in mouse serum (Fig. 1C).
Serum SPARCL1 exhibited an apparent molecular weight of
;50 kDa, consistent with earlier findings that SPARCL1 is phys-
iologically processed by matrix metalloproteases (Weaver et al.,
2010). In order to detect SPARCL1 in conditioned media from
pure or cocultured glia, we needed to concentrate the media 10-
fold, whereas no such concentration was required to detect
SPARCL1 in serum. Furthermore, quantitative immunoblotting
revealed that the amounts of SPARCL1 protein synthesized and
secreted by glia are 30% (lysates) and 3% (media; taking into
account the 10-fold concentration of the media) of the amount
present in serum (Fig. 1C). These observations suggest that
SPARCL1 is secreted from glia at low levels.

Recombinant SPARCL1 potently increases excitatory but not
inhibitory synapse numbers in mixed cortical cultures of
neurons and glia
SPARCL1 increases synapse numbers when added to excitatory
human neurons cocultured with mouse glia (Gan and Südhof,
2019). Does SPARCL1 also act on mouse neurons cocultured
with glia, and is SPARCL1 a general synaptotrophic factor, or is
it specific for subsets of synapses? To answer these questions, we
expressed native SPARCL1 in HEK293T cells, collected the su-
pernatant containing the secreted recombinant protein, and
diluted it into the growth medium of neuron-glia cultures from
the cortex of newborn mice (hereafter termed “mixed cortical
cultures”). As a negative control, we used supernatant from
HEK293T cells transfected with mClover. As we demonstrated
previously (Gan and Südhof, 2019), the low expression levels of
native recombinant SPARCL1 made it difficult to measure its
concentration in the HEK cell supernatant (Fig. 1D). However,
we compared recombinant and endogenous SPARCL1 levels by
immunoblotting (Fig. 1D). Quantitation using fluorescently
labeled secondary antibodies revealed that the amount of
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recombinant SPARCL1 used in our experi-
ments was approximately equivalent to the
amount of endogenous SPARCL1 secreted
by glia in cortical cultures (Fig. 1D).

Mixed cortical cultures were treated with
the SPARCL1 or control supernatants at
DIV13, and the neurons were analyzed by
immunocytochemistry at DIV14-DIV16 (Fig.
2A). Immunocytochemistry for the excitatory
presynaptic and postsynaptic markers vGluT1
and Homer1, respectively, showed that
SPARCL1 elevated the density of excitatory
synapses (.50% increase) without changing
their apparent size (Fig. 2B,C). However,
immunocytochemistry for the inhibitory pre-
synaptic and postsynaptic markers vGAT and
gephyrin, respectively, detected no signifi-
cant difference in inhibitory synapse density
between control and SPARCL1-treated neu-
rons (Fig. 2D,E). Thus, SPARCL1 appears to
be specific for excitatory synapses.

A possible explanation for the large effect
of SPARCL1 on excitatory synapse density
is that SPARCL1 enhances the development
of excitatory neurons. To investigate this
possibility, we sparsely transfected mixed

Figure 1. Endogenous SPARCL1 is secreted at low levels by cultured mouse glia but is abundant in mouse serum. A,
Design of intron-spanning primers for semiquantitative RT-PCR. Forward (F) and reverse (R) primers against SPARCL1 pri-
mers against SPARCL1 and b -actin (control) genes were situated in exons to distinguish between gDNA and mRNA ampli-
fication (left). Expected amplicon sizes are indicated (right). B, Most cortical SPARCL1 mRNA is expressed by glia. RT-PCR
was performed on total RNA isolated from glia cultured alone or from glia cocultured with cortical neurons at DIV14.
Amplification of SPARCL1 and b -actin transcripts was optimized to 25 PCR cycles to ensure that quantification was per-
formed before saturation. SPARCL1 and b -actin transcripts from both sources were amplified either individually or in

/

multiplexed format to estimate the relative abundance of
SPARCL1 cDNA by normalization against b -actin. Analysis by
electrophoresis shows specific amplification of SPARCL1 and
b -actin cDNA without gDNA contamination. SPARCL1 mRNA
is expressed at similar levels by pure glia and by neurons
cocultured with glia, indicating that most cortical SPARCL1 is
expressed by glia. SPARCL1 band intensities are normalized to
b -actin band intensities within multiplexed RT-PCRs. C,
Endogenous SPARCL1 protein is secreted at low levels in pri-
mary cortical cultures. Cortical glia were cultured alone (G) or
with cortical neurons (N1 G) for DIV14. Left, Coomassie stain
showing the total protein composition of conditioned media
and cell lysates taken from both types of cultures and from
mouse serum. Right, Immunoblot of SPARCL1 (green) from
conditioned media and cell lysates. Full-length SPARCL1 is
secreted and present intracellularly (green arrow). Secreted
SPARCL1 is proteolyzed into an array of fragments (light green
arrows). Truncated SPARCL1 is present in serum (dark green
arrow) but is undetectable in primary cortical cultures. D,
Comparison of recombinant and endogenous SPARCL1 protein
levels. Equal volumes of HEK293T cell supernatant containing
native recombinant SPARCL1 and of conditioned medium har-
vested from primary cortical cultures before SPARCL1 treat-
ment (DIV13) and 24 h after SPARCL1 treatment were
analyzed by SDS-PAGE and immunoblotting. Left, Coomassie
stain showing the total protein composition of the HEK cell su-
pernatant and of the conditioned medium before (untreated)
and after (treated) SPARCL1 treatment. Asterisks indicate
bands corresponding in size to SPARCL1. Right, Immunoblot of
recombinant SPARCL1 protein secreted by HEK cells and of
SPARCL1 present in the conditioned medium before and after
treatment. Dark gray arrows indicate full-length SPARCL1.
Light gray arrows indicate proteolyzed SPARCL1. Bar graphs
indicate mean6 SEM. Three independent cultures were ana-
lyzed. Statistical significance was evaluated by a Student’s
t test. ***p , 0.001; nonsignificant relations (n.s.) are indi-
cated. For complete statistical analyses, see Extended Data
Figure 1-1.
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Figure 2. Recombinant SPARCL1 selectively boosts excitatory but not inhibitory synapse numbers in primary cultures of cortical neurons and glia. A, Experimental strategy. Cortical neurons
and glia were cultured from P0 WT, Nrxn123, or Nlgn1234 cKO mice. At DIV3, neurons were infected with lentiviruses expressing nuclear Cre-recombinase fused to EGFP and driven by the syn-
apsin promoter (Syn-Cre-EGFP), or nonfunctional mutant Cre (Syn-DCre-EGFP) as a negative control. At DIV10, neurons were transfected with b -actin-eBFP for morphologic analyses. Neurons
were treated with recombinant SPARCL1 at DIV13 and analyzed by electrophysiology, immunocytochemistry, and immunoblotting at DIV14-DIV16. In the experiments described in the present
figure analyzing WT neurons, cultures expressing DCre were examined. In all subsequent figures describing experiments on conditional neurexin and neuroligin mutants, cultures expressing
DCre and Cre were investigated. B, Representative images showing that recombinant SPARCL1 treatment increases the excitatory synapse density in WT neurons. Images represent dendritic
segments of WT neurons treated at DIV13 with the supernatants of HEK cells expressing either mClover (Control) or recombinant SPARCL1. Neurons were immunostained for vGluT1 (excitatory
presynaptic marker), Homer (excitatory postsynaptic marker), and MAP2 (dendritic marker) at DIV14. C, Quantifications showing that recombinant SPARCL1 increases the density (left), but not
the size of excitatory synapses (right). D, Representative images showing that recombinant SPARCL1 treatment does not alter inhibitory synapse in WT neurons. Images represent dendritic seg-
ments of WT neurons treated as described in B, and immunostained for vGAT (inhibitory presynaptic marker), gephyrin (inhibitory postsynaptic marker), and MAP2 (dendritic marker) at DIV14.
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cortical cultures at DIV10 with eBFP to visualize dendritic
arbors. We treated the cultures with recombinant SPARCL1 at
DIV13 and measured the neuronal cell density, number of pri-
mary dendrites, number of dendritic branches, and size of the
neuronal cell body at DIV14-DIV16. SPARCL1 did not alter any
of these parameters, suggesting that it does not affect overall neu-
ronal development (Fig. 2F–H). In addition, we used whole-cell
patch clamping to measure the capacitance and input resistance
of the control- and SPARCL1-treated neurons and again
detected no difference (Fig. 2I,J). Thus, SPARCL1 selectively
enhances excitatory synapse numbers in mixed cortical cultures
without affecting the development of other neuronal features.

Cre-recombinase expression substantially reduces neurexin
and neuroligin protein expression in cKO neurons
To determine whether the cellular effects of SPARCL1 are de-
pendent on neurexins and neuroligins as suggested previously
(Singh et al., 2016), we generated mixed cortical cultures from
triple neurexin cKO mice (Nrxn123 cKO) (Chen et al., 2017) and
quadruple Nlgn1234 cKO mice (Wu et al., 2019). At DIV3, we
infected the cells with lentiviruses expressing inactive mutant
Cre-recombinase (DCre) to retain WT neurexin or neuroligin
expression, or active Cre-recombinase (Cre) to delete all neu-
rexin isoforms, except for Nrxn1g , a minor variant (Sterky et al.,
2017) or all neuroligin isoforms (Fig. 3). Lentiviral expression of
DCre and Cre was driven by the neuron-specific synapsin pro-
moter, and both proteins contained nuclear localization signals
and a fused eGFP moiety for visualization of expression (Kaeser
et al., 2011). The lentiviruses infected all neurons (Fig. 3A).
Previous studies documented that lentiviral expression of Cre
causes complete recombination of neurexins and neuroligins in
cultured neurons (Chanda et al., 2017; Khajal et al., 2020). To
confirm this conclusion in the present study, we performed im-
munoblots on lysates from Nrxn123 cKO and Nlgn1234 cKO
cortical cultures infected with lentiviral DCre or Cre (Fig. 3B,C).
Cre expression caused a substantial loss of all neurexin isoforms
(;80%; Fig. 3B) and of neuroligin-1 to neuroligin-3 (;80%-
83%; Fig. 3C). Neuroligin-4 is not significantly expressed in this
culture system (Varoqueaux et al., 2006; Hoon et al., 2011;
Chanda et al., 2017). Our results validate the use of Nrxn123 and
Nlgn1234 cKO neurons for characterizing the cellular effects of
SPARCL1.

Deletion of neurexins fails to block excitatory synaptogenesis
induced by recombinant SPARCL1
To determine whether SPARCL1 requires neurexins for synapto-
genesis, we generated mixed cortical cultures from Nrxn123 cKO
mice (Chen et al., 2017). We observed that the neurexin deletion

had no effect on excitatory synapse numbers (Fig. 4A; presynap-
tic VGluT1 is used as a proxy for excitatory synapses) and caused
a small, statistically insignificant decrease in inhibitory synapse
numbers (Fig. 4A,C; presynaptic VGAT is used as a proxy for in-
hibitory synapses). Furthermore, the neurexin deletion failed to
block the selective induction of excitatory synapses by SPARCL1
(Fig. 4A–C). Thus, neurexins are not required for the synapto-
genic activity of SPARCL1.

SPARCL1 increases spontaneous excitatory but not
inhibitory synaptic transmission independent of neurexins
Does SPARCL1 induce functional synapses, and do neurexins
influence the effect of SPARCL1 on synaptic transmission, even
if they do not regulate synapse numbers? To address these ques-
tions, we treated mixed cortical cultures from Nrxn123 cKO
mice with SPARCL1 and recorded mEPSCs in the presence of
TTX and PTX. In WT (DCre) neurons, SPARCL1 increased the
mEPSC frequency (;300%) but did not significantly change
the mEPSC amplitude (Fig. 5A). Notably, SPARCL1 increased
the mEPSC frequency more robustly than the excitatory synapse
density (Fig. 4A–C), suggesting that SPARCL1-induced synapses
are fully functional. In Nrxn123 cKO (Cre) neurons, SPARCL1
potentiated the mEPSC frequency similar to WT neurons, show-
ing that SPARCL1 acts independent of neurexins (Fig. 5A).
Deletion of neurexins in itself significantly decreased the mEPSC
frequency (;25%), again without altering the mEPSC amplitude
(Fig. 5A).

We next recorded mIPSCs in the presence of TTX, CNQX,
and D-AP5 (Fig. 4B). SPARCL1 had no effect on mIPSC fre-
quency and amplitude in the presence (DCre) or absence (Cre)
of neurexins. The neurexin deletion in itself decreased the
mIPSC frequency (;50%) without significantly altering the
mIPSC amplitude (Fig. 5B).

Together, these results suggest that, in addition to promoting
excitatory synapse formation, SPARCL1 selectively and potently
enhances excitatory synaptic transmission. Importantly, neurex-
ins do not mediate these effects. Rather, neurexins are primarily
required for normal synaptic transmission because their deletion
decreases excitatory and inhibitory spontaneous activity without
changing synapse numbers, but the neurexin and SPARCL1
effects are completely independent of each other.

Deletion of neuroligins also fails to block excitatory
synaptogenesis induced by recombinant SPARCL1
Although SPARCL1 does not require neurexins for synaptogene-
sis, it is still possible that it might act by binding to neuroligins,
which likely bind to other adhesion molecules in addition to neu-
rexins (Connor et al., 2019). Thus, we asked whether SPARCL1
acts via neuroligins. We infected mixed cortical cultures from
quadruple Nlgn1234 cKOmice (Wu et al., 2019) with lentiviruses
encoding DCre to retain WT neuroligin expression or Cre to
induce the pan-neuroligin deletion (Figs. 2A, 3). We then ana-
lyzed the neurons by immunocytochemistry (Fig. 6) and by elec-
trophysiological recordings of spontaneous and evoked synaptic
transmission (mEPSCs and mIPSCs, Fig. 7; EPSCs and IPSCs,
Fig. 8).

As described above, quantifications of synaptic puncta con-
firmed that SPARCL1 significantly increased the density of
VGluT1-positive excitatory synapses (;50%) without affecting the
density of VGAT-positive inhibitory synapses (Fig. 6). Again, the
size and staining intensity of excitatory and inhibitory synapses were
unaffected by SPARCL1 treatment. The pan-neuroligin deletion
had no effect on excitatory and inhibitory synapse density, size, or

/

E, Quantifications showing that recombinant SPARCL1 does not alter the density (left) or size
(right) of inhibitory synapses. F, Representative images showing that recombinant SPARCL1
treatment does not alter the survival or dendritic morphology of WT neurons. Images repre-
sent neurons treated as described in B, but additionally sparsely transfected with eBFP to vis-
ualize dendritic arborizations of neurons. Neurons were counterstained with MAP2. G–I,
Quantifications showing that recombinant SPARCL1 does not alter the neuronal cell density
(G), number of primary dendrites, and dendritic branches (H), or soma size of neurons (I). J,
Electrophysiological measurements of the capacitance (left) and input resistance (right) of
WT neurons treated with SPARCL1 as described in B show that SPARCL1 has no significant
effect on these passive electrical membrane properties. Bar graphs indicate mean 6 SEM.
Numbers of cells/independent cultures analyzed are shown within bars. Statistical signifi-
cance was evaluated by a Student’s t test. **p, 0.01; nonsignificant relations are not indi-
cated. For complete statistical analyses, see Extended Data Figure 2-1.
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staining intensity (Fig. 6). Notably, the pan-neuroligin deletion did
not prevent SPARCL1 from selectively increasing excitatory synapse
density (Fig. 6).

Measurements of mEPSCs and mIPSCs fromWT (DCre) and
neuroligin-deficient (Cre) neurons confirmed that SPARCL1
potently but selectively increased the mEPSC frequency (Fig.

7A). We also observed that SPARCL1 signifi-
cantly enhanced the mEPSC amplitude in WT
neurons. As before, SPARCL1 had no effect
on the mIPSC frequency or amplitude (Fig.
7B). Strikingly, the pan-neuroligin deletion
also did not block SPARCL1 from enhancing
excitatory synaptic activity, although the pan-
neuroligin deletion in itself produced major
impairments in both excitatory and inhibitory
synaptic transmission. Specifically, the pan-
neuroligin deletion decreased the frequencies
of both mEPSCs and mIPSCs (;50%) and
reduced the amplitudes of mEPSCs (;30%)
and mIPSCs (;45%). Together, these results
show that neuroligins are not required for
SPARCL1 to enhance excitatory synapse den-
sity and synaptic transmission, but that neuro-
ligins act as major synaptic organizers whose
deletion severely impairs excitatory and inhib-
itory synapse function without changing syn-
apse numbers.

SPARCL1 enhances excitatory but not
inhibitory evoked neurotransmission and
increases the synaptic NMDAR content
independent of neuroligins
Previously, we showed in human neurons that
SPARCL1 not only increases spontaneous syn-
aptic transmission but also boosts NMDAR-
mediated synaptic responses (Gan and Südhof,
2019). To determine whether SPARCL1 also
exhibits this specific activity in mouse neurons,
we measured synaptic responses evoked by sin-
gle action potentials in mixed cortical neurons as
a function of SPARCL1 treatment. In the same
experiments, we also tested the possibility that
neuroligins are selectively required for SPARCL1
to enhance NMDAR-mediated responses because
neuroligin-1 has been linked to NMDARs in
other studies (Chubykin et al., 2007; Jiang et al.,
2017;Wu et al., 2019).

We treated WT (DCre) and neuroligin-
deficient (Cre) neurons with control or
SPARCL1 medium (as described above) and
monitored evoked EPSCs and IPSCs. We
examined AMPAR- and NMDAR-mediated
EPSCs separately by recording them at hold-
ing potentials of �70mV and 40mV, respec-
tively. We quantified AMPAR-EPSCs at peak
amplitudes and NMDAR-EPSCs at 50ms after
the stimulus (Fig. 8A). Consistent with the ele-
vations in synapse density and mEPSC fre-
quency, SPARCL1 significantly increased the
amplitude of AMPAR-EPSCs (;50%) in both
control and neuroligin-deficient neurons (Fig.
8B). Strikingly, SPARCL1 increased the ampli-
tude of NMDAR-EPSCs to an even larger

extent (.200%) in both WT and neuroligin-deficient neurons
(Fig. 8B). In line with this observation, SPARCL1 also enhanced the
NMDAR/AMPAR ratio (;100%; Fig. 8B). These data show that
SPARCL1 not only promotes synapse formation, but also changes
the receptor composition of synapses by increasing their NMDAR

Figure 3. Cre-recombinase expression substantially reduces neurexin and neuroligin protein expression in cKO neu-
rons. A, Lentiviral infection of primary cortical neurons. Representative low-magnification images show DIV14 neurons
expressing DCre-EGFP or Cre-EGFP. Neurons were counterstained for MAP2 to visualize neuronal dendrites, respec-
tively. All neuronal nuclei were positive for DCre-EGFP or Cre-EGFP expression, yielding an infection efficiency of
100%. B, Analysis of neurexin protein expression in primary cortical neurons from Nrxn123 cKO mice. Immunoblots
were performed on lysates from cortical cultures infected with lentiviral DCre or Cre. Left, Representative blots. Right,
Summary graph of neurexin protein levels. The pan-neurexin antibody detects full-length (black arrow) and truncated
neurexin. A nonspecific band is also observed (red arrow). The neurexin signals were normalized to corresponding
b -actin signals for quantification. C, Analysis of neuroligin protein expression in primary cortical neurons from
Nlgn1234 cKO mice. Immunoblots were performed on lysates from cortical cultures infected with lentiviral DCre or
Cre. Left, Representative blots of Nlgn1, Nlgn2, and Nlgn3. Right, Summary graph of neurexin protein levels. The
Nlgn3 antibody detects Nlgn3 (black arrow) and two nonspecific bands (red arrows). The neuroligin signals were
normalized to corresponding b -actin signals for quantification. Bar graphs indicate mean 6 SEM. Numbers of
cells/independent cultures analyzed are shown within bars. Statistical significance was evaluated by a Student’s
t test. ***p , 0.001; nonsignificant relations are not indicated. For complete statistical analyses, see Extended
Data Figure 3-1.
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responses independent of neuroligins. Notably, the deletion of neu-
roligins produced a significant decrease both in AMPAR-EPSCs
(;40%) and in NMDAR-EPSCs (;50%); this decrease was not
affected by SPARCL1.

Finally, we recorded evoked IPSCs as a function of SPARCL1
treatments and neuroligin expression (Fig. 8C,D). SPARCL1 did
not alter the amplitude of IPSCs, consistent with its lack of effect
on inhibitory synapse numbers and spontaneous activity as

Figure 4. Deletion of neurexins in dissociated cultures of mouse neurons and glia neither decreases excitatory or inhibitory synapse numbers nor impairs the increase in excitatory synapse numbers pro-
duced by recombinant SPARCL1. A, Deletion of all neurexins does not significantly decrease synapse numbers and does not block excitatory synaptogenesis induced by recombinant SPARCL1. Representative
images show Nrxn123, control (DCre), and cKO (Cre) neurons treated at DIV13 with the supernatants of HEK cells expressing either mClover (Control medium) or recombinant SPARCL1. Neurons were immu-
nostained for VGLUT1 (excitatory puncta), VGAT (inhibitory puncta), and MAP2 at DIV14. Higher-magnification images (right) were taken from the boxed areas shown in the corresponding lower-magnifica-
tion images (left). B, C, Quantifications showing that recombinant SPARCL1 increases the density of excitatory synapses (top summary graphs) but not inhibitory synapses (bottom summary graphs) in
control and Nrxn123 cKO neurons. SPARCL1 did not affect the size and staining intensity of excitatory and inhibitory synapses. Bar graphs indicate mean6 SEM. Numbers of cells/independent cultures ana-
lyzed are shown within bars. *p, 0.05 (one-way ANOVA with Tukey’s post hoc comparisons). Nonsignificant (n.s.) relations are indicated. For complete statistical analyses, see Extended Data Figure 4-1.
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described above. However, the neuroligin deletion suppressed in-
hibitory synaptic transmission (;50%), consistent with a major
function of neuroligins in both excitatory and inhibitory synap-
ses (Fig. 8C,D). Together, these results show that neuroligins are
not required for SPARCL1 to selectively enhance evoked neuro-
transmission at excitatory synapses.

Discussion
Emerging evidence supports roles for
secreted ECM proteins in synapse formation,
synapse maturation, and synaptic plasticity
(Ferrer-Ferrer and Dityatev, 2018; Yuzaki,
2018). SPARCL1 is a secreted, ubiquitously
expressed protein that is highly synaptogenic
when added to cultured neurons, inducing
the formation of synapses that have been
described as largely inactive (Kucukdereli et
al., 2011) or active (Gan and Südhof, 2019).
Moreover, SPARCL1 is abundant in the
blood of young mice but declines precipi-
tously in blood with age, suggesting a possible
role as a systemic aging factor (Gan and
Südhof, 2019). In the present study, we aimed
to explore the mechanism by which
SPARCL1 boosts synapse formation, guided
by the exciting discovery that SPARCL1 may
catalyze the formation of trans-synaptic neu-
rexin/neuroligin complexes (Singh et al.,
2016). Specifically, three questions arose
from previous studies: (1) Does SPARCL1 act
on all synapses, or is it selective for a subset
of synapses? (2) Does SPARCL1 induce func-
tional or largely inactive synapses? (3) Does
SPARCL1 boost synapse formation by bind-
ing to neurexins and/or neuroligins, or is a
different, presently unknown receptor re-
sponsible for its powerful synaptogenic
effect?

We addressed these questions using
mixed cultures of glia and neurons pre-
pared from the cortex of newborn mice,
and we used rigorous genetic manipula-
tions to examine the role of neurexins and
neuroligins in SPARCL1-induced synap-
togenesis. Our observations enable the
following conclusions. (1) SPARCL1 spe-
cifically boosts the formation of excitatory
but not inhibitory synapses without chang-
ing neuronal size and dendritic arboriza-
tion (Figs. 2, 4, 6); thus, SPARCL1 acts on
a subset of synapses without affecting gen-
eral neuronal maturation. (2) SPARCL1
strengthens excitatory synapses more than
it elevates excitatory synapse density; thus,
SPARCL1 either induces new, highly effica-
cious synapses or strengthens existing synap-
ses (Figs. 5, 7, 8). (3) At excitatory synapses, a
brief SPARCL1 treatment increases the magni-
tude of NMDAR-mediated responses to a larger
extent than AMPAR-mediated responses,
thereby elevating the NMDAR/AMPAR EPSC
ratio by;50% (Fig. 8). (4) SPARCL1 is secreted
from glia at only low levels, such that en-
dogenous SPARCL1 is insufficient to stimu-
late synapse formation, and that exogenous,

possibly blood-derived, systemic SPARCL1 (Gan and Südhof,
2019) boosts synapse formation. (5) Deletion of neurexins
(except for the minor variant Nrxn1g ) or of neuroligins does
not alter any of the SPARCL1-induced effects on neurons (Figs.
2, 4–7); thus, SPARCL1 does not act by binding to neurexins

Figure 5. Recombinant SPARCL1 increases spontaneous excitatory but not inhibitory synaptic transmission independ-
ent of neurexins. A, SPARCL1 increases mEPSC frequency but not amplitude independent of neurexins. Nrxn123, control
(DCre), and cKO (Cre) neurons were treated at DIV13 with control medium or recombinant SPARCL1. Spontaneous exci-
tatory synaptic activity was assessed at DIV14 by mEPSC recordings in the presence of TTX and PTX. Top, Representative
traces. Bottom, Summary graphs of the mEPSC frequency and mEPSC amplitude. *p, 0.05 (one-way ANOVA with
Tukey’s post hoc comparisons). B, SPARCL1 does not affect spontaneous inhibitory synaptic activity. Nrxn123 control and
cKO neurons were treated at DIV13 with control medium or recombinant SPARCL1. Spontaneous inhibitory synaptic
activity was assessed at DIV14 by mIPSC recordings in the presence of TTX, CNQX, and D-AP5. Top, Representative
traces. Bottom, Summary graphs of the mIPSC frequency and mIPSC amplitude. Bar graphs indicate mean 6 SEM.
Numbers of cells/independent cultures analyzed are shown beside the bars. ***p, 0.001 (one-way ANOVA with
Tukey’s post hoc comparisons). Nonsignificant relations are not indicated. For complete statistical analyses, see
Extended Data Figure 5-1.
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and neuroligins as hypothesized (Singh et al., 2016). (6)
Deletion of neurexins or of neuroligins has no effect on either
excitatory or inhibitory synapse numbers in cultured neurons;
thus, neither neurexins nor neuroligins are essential for synapse
formation or maintenance (Figs. 4, 6). (7) Deletion of neurexins

decreases the frequencies of mEPSCs and mIPSCs (;50%)
without affecting their amplitudes (Fig. 5), consistent with
previous reports that the neurexin deletion impairs synapse
organization (Missler et al., 2003; Chen et al., 2017; Luo
et al., 2020). (8) Finally, deletion of neuroligins also

Figure 6. Deletion of neuroligins does not significantly decrease synapse numbers and does not block excitatory synaptogenesis induced by recombinant SPARCL1. A, Deletion of all neuroli-
gins does not significantly decrease synapse numbers and does not block excitatory synaptogenesis induced by recombinant SPARCL1. Representative images show Nlgn1234, control (DCre),
and cKO (Cre) neurons treated at DIV13 with the supernatants of HEK cells expressing either mClover (Control medium) or recombinant SPARCL1. Neurons were immunostained for VGLUT1
(excitatory puncta), VGAT (inhibitory puncta), and MAP2 at DIV14. Higher-magnification images (right) were taken from the boxed areas shown in the corresponding lower-magnification
images (left). B, C, Quantifications showing that recombinant SPARCL1 increases the density of excitatory synapses (top summary graphs) but not inhibitory synapses (bottom summary graphs)
in control and Nlgn1234 cKO neurons. SPARCL1 did not substantially affect the size and staining intensity of excitatory and inhibitory synapses. Bar graphs indicate mean6 SEM. Numbers of
cells/independent cultures analyzed are shown within bars. *p, 0.05; **p, 0.01 (one-way ANOVA with Tukey’s post hoc comparisons). Nonsignificant relations are not indicated. For com-
plete statistical analyses, see Extended Data Figure 6-1.
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suppressed the frequencies of mEPSCs and mIPSCs (;50%),
but additionally decreased their amplitudes (;30% and ;45%,
respectively; Fig. 7). Thus, the neuroligin deletion impaired synaptic
transmission more severely than did the neurexin deletion,

suggesting that neuroligins may bind to other
trans-synaptic ligands in addition to neurexins.

Our experiments generate a new, overall pic-
ture of SPARCL1 function that answers the
three questions posed above: SPARCL1 not
only selectively induces functional excitatory
synapses but increases their efficacy and enhan-
ces their NMDAR content more than their
AMPAR content. Moreover, SPARCL1 clearly
acts independent of neurexins and neuroligins.
The specificity of SPARCL1 for excitatory syn-
apse function is unexpected. SPARCL1 likely
acts by binding to a high-affinity receptor, as yet
unidentified, that induces an intracellular signal
for synapse formation and synaptic organiza-
tion, which is specific for excitatory neurons.

Our results are consistent with earlier results
documenting the potent synaptogenic action of
SPARCL1 (Kucukdereli et al., 2011; Gan and
Südhof, 2019). However, our results are at odds
with two previous conclusions about SPARCL1,
namely, that SPARCL1 induces nonfunctional
synapses, and that SPARCL1 enhances synapse
formation by bridging presynaptic Nrxn1a and
postsynaptic Nlgn1B (Kucukdereli et al., 2011;
Singh et al., 2016). In assessing these apparent
contradictions, it should be recalled that the previ-
ous studies were rather preliminary. Although
these studies suggested exciting hypotheses, they
performed few direct tests of synapse function,
did not directly demonstrate binding of SPARCL1
to neurexins or neuroligins, and did not show that
deletions of neurexins or neuroligins ablate
SPARCL1 activity. Here, we demonstrate, using
rigorous electrophysiological analyses, that
SPARCL1 is even more effective than envisioned
earlier in promoting synapse function; it not only
boosted synapse numbers but also enhanced syn-
aptic strength and increased NMDAR signaling.
Thus, SPARCL1 promotes formation of highly
functional synapses. Moreover, we find that
SPARCL1 is poorly secreted from glia, whereas ex-
ogenous SPARCL1 potently enhances synapses in
the presence of glia. This observation suggests that
glial SPARCL1 does not contribute significantly to
this effect. Finally, our conclusion that SPARCL1
acts independent of neurexins and neuroligins is
based on solid genetic manipulations and is con-
sistent with several previous studies. Specifically,
biophysical assays failed to detect SPARCL1
binding to neuroligins (Elegheert et al.,
2017). Furthermore, neurexins and neuroli-
gins are thought to function in both excitatory
and inhibitory synapses (Missler et al., 2003;
Varoqueaux et al., 2006; Chubykin et al., 2007;
Chen et al., 2017), yet we found that
SPARCL1 acts only on excitatory synapses.
The use of transient shRNA knockdowns in
Singh et al. (2016) versus cKOs in the present
study may account for these discrepancies.

Our results also contradict some previous studies on neu-
rexins and neuroligins but again are consistent with others.
Specifically, many studies using shRNAs (or microRNAs

Figure 7. Recombinant SPARCL1 increases spontaneous excitatory but not inhibitory synaptic transmission inde-
pendent of neuroligins. A, Deletion of all neuroligins significantly reduces mEPSC frequency and amplitude but does
not prevent SPARCL1 from increasing mEPSC frequency. Nlgn1234, control (DCre), and cKO (Cre) neurons were
treated at DIV13 with control medium or recombinant SPARCL1. Spontaneous excitatory synaptic activity was
assessed at DIV14 by mEPSC recordings in the presence of TTX and PTX. Top, Representative traces. Bottom,
Summary graphs of the mEPSC frequency and mEPSC amplitude. B, Deletion of all neuroligins significantly reduces
mIPSC frequency and amplitude, which are unaltered by SPARCL1. Nlgn1234 control and cKO neurons were treated
at DIV13 with control medium or recombinant SPARCL1. Spontaneous inhibitory synaptic activity was assessed at
DIV14 by mIPSC recordings in the presence of TTX, CNQX, and D-AP5. Top, Representative traces. Bottom, Summary
graphs of the mIPSC frequency and mIPSC amplitude. Bar graphs indicate mean6 SEM. Numbers of cells/independ-
ent cultures analyzed are shown beside the bars. *p , 0.05; **p , 0.01; ***p, 0.001 (one-way ANOVA with
Tukey’s post hoc comparisons). Nonsignificant relations are not indicated. For complete statistical analyses, see
Extended Data Figure 7-1.
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operating by the same mechanism) often detect massive
decreases in synapse numbers when a neurexin or neuroli-
gin is targeted (e.g., see Chih et al., 2006; Kwon et al., 2012;
Bemben et al., 2014; Li et al., 2017; Roppongi et al., 2020).
Yet, genetic deletions failed to reveal a decrease in excita-
tory synapse numbers on KO of neurexins or neuroligins,
even when all neurexins or neuroligins were targeted (e.g.,
Missler et al., 2003; Varoqueaux et al., 2006; Chanda et al.,

2017; Chen et al., 2017). Our current results confirm these
latter reports. The unchanged synapse numbers observed on
genetic deletions are not because of unspecified compensa-
tory effects. Like RNAi-mediated deletions, conditional
mutations also operate on an acute time frame but with
higher specificity, suggesting that the phenotypes of RNAi-
mediated neurexin or neuroligin mutations reflect off-target
effects.

Figure 8. SPARCL1 selectively enhances excitatory evoked neurotransmission and increases NMDAR-mediated synaptic responses independent of neuroligins. A, Deletion of all neuroligins
reduces the amplitudes of evoked AMPAR-EPSCs and NMDAR-EPSCs. Treatment with recombinant SPARCL1 increases these parameters and particularly enhances the NMDAR/AMPAR ratio inde-
pendent of neuroligins. Nlgn1234 control and cKO neurons were treated at DIV13 with control medium or recombinant SPARCL1. Neurons were analyzed at DIV14-DIV16 by recording EPSCs
evoked by extracellular stimulation. AMPAR-EPSCs and NMDAR-EPSCs were pharmacologically isolated with PTX and monitored at �70mV and 40mV holding potentials, respectively.
Representative traces of evoked EPSCs are shown for all conditions. B, Summary graphs of evoked AMPAR-EPSC amplitude, NMDAR-EPSC amplitude, and NMDAR/AMPAR ratio. NMDAR current
amplitudes were measured 50ms after stimulation. C, Deletion of all neuroligins reduces the amplitudes of evoked GABAR-IPSCs, whereas addition of SPARCL1 does not alter these currents.
Nlgn1234 control and cKO neurons were treated at DIV13 with control medium or recombinant SPARCL1. Neurons were analyzed at DIV14-DIV16 by recording IPSCs evoked by extracellular
stimulation. GABAR-IPSCs were pharmacologically isolated with D-AP5 and CNQX and monitored at �70mV. Representative traces of evoked IPSCs are shown for all conditions. D, Summary
graph of evoked GABAR-IPSC amplitude. Bar and line graphs indicate mean 6 SEM. Numbers of cells/independent cultures analyzed are shown within the bars. *p, 0.05; ***p, 0.001;
one-way ANOVAs and Tukey’s post hoc comparisons. Nonsignificant relations are not indicated. For complete statistical analyses, see Extended Data Figure 8-1.
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How might neuronal transmembrane proteins other than
neurexins and neuroligins function as SPARCL1 receptors that
mediate excitatory synapse formation and NMDAR recruitment?
In one scenario, SPARCL1 might stabilize interactions between
diffusible secreted factors and their synaptic receptors. SPARCL1
is reported to activate Wnt signaling by direct interaction with
various Frizzled (Fz) receptors and lipoprotein-related proteins,
thereby stabilizing Wnt-receptor complexes (Zhao et al., 2018).
Wnt7a and its receptor Fz5 promote synapse formation in
hippocampal neurons by stimulating recruitment of synaptic
vesicles and active zone proteins (Sahores et al., 2010). Further-
more, Wnt5a binds to multiple Fz receptors to specifically upregu-
late synaptic NMDAR currents in hippocampal slices (Cerpa et al.,
2011). Thus, SPARCL1-induced activation of Wnt signaling may
underlie excitatory synapse formation and NMDAR recruitment.
Another possibility is that SPARCL1 might bind and activate
extracellular matrix receptors, such as integrins. The follistatin-like
domain of SPARC, which is also present in SPARCL1, interacts
with b -integrins at developing synapses (Jones et al., 2011).
Activated b -integrins trigger rapid phosphorylation of Src family
kinases, which in turn increases tyrosine phosphorylation of
GluN2A and GluN2B NMDAR subunits and enhances NMDAR
activity (Park and Goda, 2016). Thus, SPARCL1 could potentially
enhance synaptic NMDAR responses via binding to b -integrins.
Additional studies will be required to test novel synaptic receptors
for SPARCL1 and elucidate downstream signaling mechanisms that
regulate synapse formation and specification.
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