Cerebral Cortex, February 2019;29: 505–516
doi: 10.1093/cercor/bhx333
Advance Access Publication Date: 26 December 2017
Original Article

Sestd1 Encodes a Developmentally Dynamic Synapse
Protein That Complexes With BCR Rac1-GAP to
Regulate Forebrain Dendrite, Spine and Synapse
Formation
Xiao Yong Yang1, Robert E. Stanley1, Adam P. Ross1, Aaron M. Robitaille2,
John A. Gray3 and Benjamin N.R. Cheyette1,4
1

Department of Psychiatry, University of California, San Francisco (UCSF), San Francisco, CA 94143, USA,
Department of Pharmacology, Institute for Stem Cell and Regenerative Medicine, University of Washington
(UW), Seattle, WA 98109, USA, 3Department of Neurology, Center for Neuroscience, University of California,
Davis, CA 95618, USA and 4Graduate Programs in Neuroscience, Stem Cell & Developmental Biology,
Biomedical Sciences, Tetrad, Pharmaceutical Sciences & Pharmacogenomics, UCSF, San Francisco, CA 94143,
USA
2

Address correspondence to Benjamin N.R. Cheyette, University of California, San Francisco, MC 2611, Rock Hall Room 284D, 1550 4th Street, San
Francisco, CA 94158-2324, USA. E-mail: bc@ucsf.edu

Abstract
SEC14 and Spectrin domain-1 (Sestd1) is a synapse protein that exhibits a striking shift from the presynaptic to postsynaptic
space as neurons mature postnatally in the mouse hippocampus. Hippocampal pyramidal neurons from mice with global
genetic deletion of Sestd1 have reduced dendrite arbors, spines, and excitatory synapses. Electrophysiologically this
correlates with cell-autonomous reductions in both AMPA- and NMDA-excitatory postsynaptic currents in individual
hippocampal neurons from which Sestd1 has been deleted in vivo. These neurodevelopmental and functional deﬁcits are
associated with increased activation of the Rho family GTPases Rac1 and RhoA. Co-immunoprecipitation and mass
spectrometry reveal that the Breakpoint Cluster Region protein, a Rho GTPase activating protein (GAP), forms complexes
with Sestd1 in brain tissue. This complements earlier ﬁndings that Sestd1 can also partner with other Rho family GAPs and
guanine nucleotide exchange factors. Our ﬁndings demonstrate that Sestd1 is a developmentally dynamic synaptic
regulator of Rho GTPases that contributes to dendrite and excitatory synapse formation within differentiating pyramidal
neurons of the forebrain.
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Introduction
Dendrites of pyramidal glutamatergic neurons in the cerebral
cortex and hippocampus are decorated with protrusions called
spines, specialized sites for excitatory postsynaptic terminals
(Sekino et al. 2007; Arguello et al. 2013). Pathogenic disruption

of dendrites, spines, and synapses is a contributor to cognitive
disability and mental illness (Zoghbi and Bear 2012; Konopaske
et al. 2014; Phillips and Pozzo-Miller 2015). Elucidating the
molecular regulation of these structures is a central goal of
basic neuroscience research.
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Materials and Methods
Animals
All animal studies were examined and approved by the
Institutional Animal Care and Use Committee (IACUC) at the
University of California at San Francisco. All mouse lines were
maintained and studied in a C57Bl/6J (JAX) genetic background,
back-crossed a minimum of 6 times. The Sestd1 targeted

mutant alleles (Sestd1ﬂox and its genetic derivatives) were generated in the Cheyette lab (Yang and Cheyette 2013).
“Sestd1KO” designates mice homozygous for the constitutive
null allele; “WT” designates littermates homozygous for the
wild type locus. Thy1-GFP-M transgenic mice (JAX) express GFP
(green ﬂuorescent protein) in a subset of pyramidal neurons
within the hippocampus and neocortex (as well as other brain
regions), producing a “pseudo-Golgi” ﬂuorescence staining pattern useful for morphometric studies of individual neurons
(Feng et al. 2000), including measurements of spine density
along primary dendrites in situ (Martin et al. 2016). Emx1-IRESCre knockin mice (JAX) express Cre recombinase in glutamatergic neurons of the forebrain and their precursors starting in
mid-embryonic stages (Gorski et al. 2002); in combination with
a ﬂox allele the Emx1-Cre transgene thereby enables assessment of phenotypes arising from selective deletion of a gene
product in this neuron population. The BCRKO allele was created in the laboratory of Dr Nora Heisterkamp (Voncken et al.
1995) and graciously provided at her suggestion by the laboratory of Dr Masaaki Murakami at the Institute of Genetic
Medicine, Hokkaido University, Japan. Wild type CD-1 mice
(used for preparation of synaptosome fractions) were obtained
commercially from Charles River Laboratories.
In every experiment, littermates were compared, and except
where otherwise noted a 1:1 ratio of males and females were
utilized within each cohort. Brieﬂy, for generation of Sestd1 +/+
versus −/− animals (Figs 1 and 2) parents were an intercross of
heterozygous (+/−) mice, producing equal numbers of “KO”
(−/−) and “WT” (+/+) littermates, as well as heterozygotes that
were not experimentally compared. For conditional mutant
experiments involving Emx1-Cre (Figs 3 and 4), a Sestd1ﬂox/ﬂox;
Cre+ mouse was crossed to Sestd1ﬂox/+ (or Sestd1ﬂox/+; Thy1GFP+ for experiments involving the Thy1-GFP marker). These
crosses produced experimental (Sestd1ﬂox/ﬂox; Cre+) and control
(Sestd1ﬂox/ﬂox) littermates which were compared experimentally. For double mutant experiments involving the Sestd1KO
and BCRKO alleles (Fig. 5C–E), all comparator genotypes were
littermates obtained from intercrosses of double heterozygous
parents (i.e., Sestd1−/+; BCR−/+ × Sestd1−/+; BCR−/+).

Culture Slices and Electrophysiology
As previously described (Gray et al. 2011), cultured slices were
prepared from hippocampi dissected from 2 complete litters of
postnatal day 7 (P7) Sestdﬂ/ﬂ mice derived from intercross of
Sestdﬂ/ﬂ parents (C57Bl/6 J background). Slices were biolistically
transfected with pFUGW-Cre:GFP vector expressing a nucleartargeted Cre:GFP fusion protein after 2 days in culture. Slices
were cultured for an additional 14–18 days. Slices were
recorded in a submersion chamber on an upright Olympus
microscope, perfused in room temperature normal ACSF saturated with 95% O2/5% CO2. Picrotoxin (0.1 mM) and NBQX
(10 μM) were added to the ACSF to block GABAA and AMPA
receptors respectively. CA1 pyramidal cells were visualized by
infrared differential interference contrast microscopy and
transfected neurons identiﬁed by epiﬂuorescence microscopy.
The intracellular solution contained (in mM) CsMeSO4 135,
NaCl 8, HEPES 10, Na-GTP 0.3, Mg-ATP 4, EGTA 0.3, and QX-314
5. Cells were recorded with 3–5 MΩ borosilicate glass pipettes,
following stimulation of Schaffer collaterals with bipolar placed
in stratum radiatum of the CA1 region. Series resistance was
monitored and not compensated, and cells in which series
resistance varied by 25% during a recording session were discarded. Synaptic responses were collected with a Multiclamp
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The SEC14 and Spectrin domain-1 (Sestd1) protein has previously been characterized in endothelial cells as participating in
phospholipid signaling (Miehe et al. 2010), and in developing
neurons as an antagonist of TRIO8, a guanine nucleotide
exchange factor (GEF) for the Rho superfamily GTPase, Rac1
(Lee et al. 2015). We previously found that during gastrulation
Sestd1 is also a functional partner of the Dapper antagonist of
catenin (Dact1) protein involved in Wnt signaling (Yang and
Cheyette 2013). Sestd1 knockout (KO) mice die within a day of
birth (Yang and Cheyette 2013) phenocopying Dact1KO mice
and reﬂecting close cooperation of the 2 proteins in the regulation of cell signaling during germ layer formation at the primitive streak (Suriben et al. 2009; Wen et al. 2010). Nonetheless,
both Dact1 and Sestd1 are also widely expressed later during
development within neurons of the developing and adult brain
(Fisher et al. 2006; Miehe et al. 2010). Moreover, forebrain neurons from Dact1KO animals exhibit reduced dendrite arbors,
spines, and excitatory synapses correlating with reduced Rac1
activity (Okerlund et al. 2010). A recent human genetic study
found an association between a common SNP in an intron of
the human SESTD1 gene and lithium-responsive bipolar disorder (Song et al. 2015); although this association was later
revised to below the threshold for genome-wide signiﬁcance
(Song et al. 2017), the ﬁnding does suggest potential biomedical
signiﬁcance for Sestd1 function in the forebrain. Furthermore,
given the well-established importance of small GTPase regulation during formation and plasticity of dendritic spines and
synapses (Um et al. 2014; Spence and Soderling 2015; Woolfrey
and Srivastava 2016; Hedrick and Yasuda 2017), and given the
fundamental importance of these processes to complex behavior and neuropsychiatry (Oh et al. 2010; Durand et al. 2012;
Pavlowsky et al. 2012; Konopaske et al. 2014; Aceti et al. 2015),
we conducted the present study to further explore the role of
Sestd1 in these events.
Similar to Dact1KO mice, Sestd1KO mice have grossly normal
brain morphology at birth, but Sestd1KO HCNs have reduced dendrite complexity, spines, and excitatory synapse density compared with those from wild-type (WT) littermates. Intracellular
recordings in the CA3-CA1 hippocampal circuit demonstrate
electrophysiological deﬁcits consistent with decreased excitatory
inputs to postsynaptic neurons lacking Sestd1. Loss of Sestd1 in
glutamatergic neurons leads to increases in activity of 2 Rho
GTPase family members, Rac1 and RhoA, within both the developing and mature hippocampus. Co-immunoprecipitation (coIP) and mass spectrometry (MS) reveal that an endogenous partner of Sestd1 in the brain is the breakpoint cluster region (BCR)
protein, a GTPase activating protein (GAP) previously shown to
inhibit Rac1 in neurons (Um et al. 2014). Finally, neuronal fractionation experiments demonstrate an intriguing dynamic relocalization of Sestd1 as the brain matures: although predominantly
presynaptic in the hippocampus at birth, Sestd1 becomes
enriched postsynaptically by adulthood, suggesting that it may
play distinct roles on each side of synapses as these structures
form and stabilize.
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(D) Spine density is reduced in Sestd1KO HCNs. Scale bars: 10 μm. The number within each bar = n, 32 neurons/condition. ***P ≤ 0.001.

700B ampliﬁer (Axon Instruments, Foster City, CA), ﬁltered at
2 kHz, digitized at 10 Hz. All paired recordings involved simultaneous whole-cell recordings from transfected (GFP+) neuron
and a neighboring untransfected (GFP−) neuron (n = 8 pairs
total for Fig. 3D, 5 pairs total for Fig. 3E). AMPAR-EPSCs were
recorded at −70 mV and NMDAR-EPSCs were recorded at
+40 mV in the presence of 10 μM NBQX. The stimulus was
adjusted to evoke a measurable, monosynaptic EPSC in both
cells. Paired-pulse ratios were measured by giving two pulses at
a 50 ms interval and taking the ratio of the 2 peaks of the EPSCs
from an average of 30–50 sweeps.

Image Analysis
Neurons were visualized on a Nikon Spectral C1si confocal or
Nikon Spinning Disk Confocal microscope using a ×40 oil, ×60
oil, or 100× oil objective. NIH Image J software was used to
count spine and synapse puncta numbers. Spine maturity (Fig. 5E)

was quantiﬁed in the Cheyette lab as described previously
(Okerlund et al. 2010, 2016; Martin et al. 2016).

Immunoblotting for β-catenin and Mypt
Hippocampal lysates were collected from 8 neonatal littermates
(2 males + 2 females per genotype) derived from a cross of
Sestd1ﬂox/ﬂox × Sestd1ﬂox/+; Emx1-Cre+ parents as described in
the animals section. Tissues were lysed in ice-cold buffer
(50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, and 1%
Triton supplemented with proteinase inhibitors) for 30 min as
previously described (Kivimae et al. 2011). Supernatant was collected, denatured and resolved by SDS-PAGE. The following
antibodies were used: mouse anti-β catenin (BD Biosciences),
mouse anti-active β catenin (“ABC”) (Millipore), mouse antiMypt1 (BD Biosciences), rabbit anti-phopho-Mypt1 (Thr-696)
(Millipore), and rabbit anti-Sestd1 (ProSci).
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Figure 1. Sestd1 mutant neurons have reduced dendrite arbors and spines. (A,B) Cultured hippocampal neurons (HCNs) transfected with GFP and imaged at 14 DIV. (A)
WT (B) Sestd1KO. (A′,B′) Corresponding boxed regions from A to B at higher magniﬁcation. (C) Sholl analysis of WT (black squares) and Sestd1KO (gray triangles) HCNs.

508

|

Cerebral Cortex, 2019, Vol. 29, No. 2

between WT and Sestd1KO. (A′,B′) Further magniﬁcation of excitatory and inhibitory puncta, respectively. (A″) Excitatory synapse density is reduced in Sestd1KO compared with WT HCNs. (B″) Inhibitory synapse density is no different between genotypes. Scale bar: 10 μm in (A,B); 3 μm in (A′,B′). The number within each bar = n, 35
neurons/condition. ns, P > 0.05; ***P ≤ 0.001

Immunohistochemistry
P30 brain ﬂoating sections were treated with 3% H2O2 for
20 min at room temperature (RT). Sections were then rinsed in
PBS, followed by PBT (0.5% Triton in PBS) wash and incubation
in blocking solution (5% goat serum and 2% BSA in PBT) for 1 h.
Sections were incubated with primary antibodies against excitatory synapse markers: PSD95 (Cell Signaling)/VGLUT1 (Synaptic
Systems); inhibitory synapse markers: Gephrin (Synaptic Systems)/
VGAT (Synaptic Systems) overnight at 4 °C in blocking solution.
After 3 washes in PBT, sections were incubated with secondary
antibodies (Alexa Fluor 568 and 647) for 2 h at RT. Sections were
then washed and cover-slipped using Mowiol for ﬂuorescence
microscopy. Four littermate animals (2 males and 2 females)
were used for each condition in Figure 3A–C, with 35 neurons
counted for each condition.

Co-Immunoprecipitation
Co-Immunoprecipitations (co-IPs) of endogenous protein complexes (Fig. 5A): This was performed using a brain lysate prepared from a 2-month-old (female) C57Bl/6 mouse. All steps up
to the ﬁnal preparation in SDS sample buffer were conducted
using ice-cold buffer solutions in a cold room; incubation steps
were all conducted with gentle agitation (i.e., rotation). The dissected brain was dissociated in lysis buffer (50 mM Tris pH 7.4,

150 mM NaCl, 1% Triton and proteinase inhibitors) for 30 min.
After centrifugation at 14 000 × g for 15 min, supernatant was
transferred to a fresh tube and precleared by incubation with
protein G agarose beads for 30 min, followed by centrifugation
at 14 000 × g for 5 min. The supernatant was then incubated
with Sestd1 antibody overnight. Proteins associated with
Sestd1 were pulled down by incubation with protein G agarose
beads for 3 h at 4 °C. After washing with lysis buffer (3 × 10
min), beads were resuspended in SDS sample buffer and boiled
for 5 min. The supernatant was collected by brief centrifugation
and then subjected to SDS-PAGE analysis. Antibodies: rabbit
anti-BCR (Santa Cruz), rabbit anti-Sestd1 (ProSci).
Co-IPs of recombinantly expressed proteins (Fig 5B): These
were performed using lysates from HEK293T cells transfected with
plasmids to express selected epitope-tagged proteins and protein
fragments. Cells were cotransfected with ECFP-BCR (Enhanced
Cyan Fluorescent Protein-tagged BCR) and HA-Sestd1 (Human
inﬂuenza hemagglutinin–tagged Sestd1)-expressing plasmids
using Lipofectamine 2000 (Life Technologies). Cells transfected
with ECFP-BCR alone were used as a negative control. After 48 h,
transfected cells were lysed, precleared, and incubated with antiHA agarose beads for 3 h at 4 °C with gentle agitation as above.
Beads were collected and washed as described previously
(Kivimae et al. 2011), and protein complexes separated by SDSPAGE followed by detection using anti-GFP antibody.
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Figure 2. Cultured HCNs from Sestd1KO mice have fewer excitatory synapses; inhibitory synapses are spared. (A) Comparison of excitatory synaptic puncta (colocalized Vglut1 and PSD95) between HCNs cultured from WT and Sestd1KO littermates. (B) Comparison of inhibitory synaptic puncta (colocalized VGAT and Gephyrin)

Sestd1 Encodes a Developmentally Dynamic Synapse Protein

Yang et al.

|

509

Downloaded from https://academic.oup.com/cercor/article-abstract/29/2/505/4774694 by University of California, Davis user on 17 April 2019

Figure 3. Sestd1 mutant neurons within the hippocampus have fewer spines and excitatory synapses. (A–A′) Dendritic spine density in hippocampal tissues of Sestd1ﬂ/ﬂ;
EmxCre+;Thy1-GFP mice is lower than in Sestd1ﬂ/ﬂ;Thy1-GFP littermate controls.( B–B″) Excitatory synapse density (colocalized Vglut1 and PSD95 puncta along visualized dendrites, magniﬁed in B′) in Sestd1ﬂ/ﬂ; EmxCre+;Thy1-GFP mice is reduced compared with Sestd1ﬂ/ﬂ;Thy1-GFP littermate controls. (C–C″) Inhibitory synapse density (colocalized
VGAT and Gephyrin puncta along visualized dendrites, magniﬁed in C′) in Sestd1ﬂ/ﬂ; EmxCre+;Thy1-GFP mice is no different than in Sestd1ﬂ/ﬂ;Thy1-GFP littermate controls. (D,
E) Organotypic hippocampal slices from 2 litters of P7 Sestd1ﬂ/ﬂ mice (methods) were biolistically transfected with Cre:GFP at DIV2, and simultaneous whole-cell recordings
obtained from Cre-expressing and neighboring untransfected (control) CA1 neurons within the same slice on DIV14-18. Peak amplitudes of AMPAR-EPSCs (left) or NMDAREPSCs (middle) from simultaneously recorded experimental and control cell pairs (open circles) and mean ± SEM (ﬁlled circles/green dashed line). Dashed lines represent
linear regression and 95% conﬁdence interval. Bar graph (right) depicts mean of the EPSC amplitude from the transfected cell as a percentage of the control cell from each
pair. In each graph, the solid gray line represents the null hypothesis. (E) Mean ± SEM of the AMPAR-EPSC paired-pulse ratio. Scale bars: (A–C) 10 μm; (B′,C′) 2 μm. The number within each bar = n, 35 neurons/condition in (A′,B″,C″); 8 pairs of simultaneously recorded neurons in (D); 5 pairs in (E). ns, P > 0.05; *P ≤ 0.05; ***P ≤ 0.001.
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Quantiﬁcation: Levels of β-catenin speciﬁcally unphosphorylated at serine 37 and threonine 41 (Wnt-pathway activitated β-catenin, “ABC”) are not signiﬁcantly
increased in the mutants, whereas levels of phosphorylated MYPT, a target of the Rho Kinase downstream of activated Rho GTPase are signiﬁcantly increased. (C)
Representative immunoblots of GTP-bound (active) forms of RhoA (top) and Rac1 (bottom), compared with total RhoA and Rac1, respectively, from adult hippocampal
samples. (D) Quantiﬁcation; active RhoA and Rac1 are both signiﬁcantly increased in the mutants. The number within each bar = n, 4 animals/condition. ns, P > 0.05;
*P ≤ 0.05; **P ≤ 0.01. n.b. A signiﬁcant increase in GTP-bound Rac1 was also observed in neonatal cortical samples from constitutive Sestd1KO mice compared with WT
littermate controls (data not shown).

Primary Neuron Culture
Hippocampal neuronal cultures were prepared from neonatal
brains taken from littermates as previously described
(Beaudoin et al. 2012). Hippocampal neurons were plated at 8 ×
104 cells/per 24-well on poly-L-lysine (0.5 mg/mL; Sigma) coated
cover slips and maintained in NeuroBasal medium supplemented with glutamine and B-27 (Invitrogen). Three littermate animals (1 male and 2 females) were utilized for each condition in
Figure 1, with a total of 32 neurons counted for each condition.
Four littermate animals (2 males and 2 females) were used for
each condition in Figure 2, with 35 neurons counted for each
condition.

Proteomics
Hippocampi from 4 adults (P30; 2 males and 2 females) wild
type (C57Bl/6J; JAX) mice were lysed in ice-cold lysis buffer

(50 mM Tris pH 7.4, 150 mM NaCl, 0.1% NP-40 and proteinase
inhibitors) for 30 min. The supernatant was precleared by protein G agarose bead for 30 min prior to incubation with Sestd1
antibody overnight in cold room. Proteins associated with
Sestd1 were then pulled down by protein G agarose bead for
3 h. Non-speciﬁc binders were removed by 3 washes in lysis
buffer and 2 additional washes in 50 mM NH4HCO3, pH 7.5.
Washed beads were then digested overnight with trypsin. The
resulting peptides were desalted on Waters Sep-Pak C18 cartridges. Peptides were measured by nano-LC–MS-MS on a
Thermo Scientiﬁc Q Exactive. Peptides were separated by
reverse phase chromatography in a 180 min gradient (1–45%
acetonitrile) at 250 nL/min. The Q Exactive was operated in the
data-dependent mode with the following settings: 70 000 resolution, 300–2000 m/z full scan, Top 10, and an 1.8 m/z isolation
window. Identiﬁcation and label free quantiﬁcation of peptides
was done with MaxQuant 1.3.0.5 using a 1% false discovery rate
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Figure 4. Loss of Sestd1 does not affect β-catenin but increases activity of Rac1 and RhoA in the neonatal and mature hippocampus. (A) Representative immunoblots
of signaling target read-outs conducted using hippocampal lysates obtained from both conditional mutant (Sestd1ﬂ/ﬂ; EmxCre+) and littermate controls (Sestd1ﬂ/ﬂ). (B)
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Figure 5. Sestd1 forms physiological complexes with BCR and has a developmentally dynamic presynaptic versus postsynaptic distribution. (A) Adult hippocampal lysate
(wild type, C57Bl/6 J) immunoprecipitated with anti-Sestd1 antibody; co-precipitated BCR detected with anti-BCR antibody. (B) HA-tagged full-length Sestd1 and deletion
mutants tested for ability to pull down ECFP-tagged BCR when the proteins are recombinantly expressed in HEK293T cells. (C) Schematic representation of Sestd1 domains
contributing to interaction with BCR (this study), compared with similar determinations for domains contributing to interactions with Dvl2, Vangl2 and Dact1 (prior studies,
Cheyette lab). (D–F) Deletion of either Sestd1 or BCR alone produce similar phenotypic effects with regard to dendritic spine density (D), excitatory synapse density (E), and
spine maturity (F), in cultured forebrain neurons. Phenotypic effects of simultaneous Sestd1 and BCR loss are not signiﬁcantly different from effects resulting from the single mutants. The number within each bar = n, animals/genotype. ns, P > 0.05; **P ≤ 0.01; ***P ≤ 0.001, ****P ≤ 0.0001. (G) Sestd1 synapse localization shifts during postnatal
development. Presynaptic and postsynaptic compartment proteins were separated in a brain lysate from a WT (CD-1) mouse using biophysical techniques and the distribution of Sestd1 determined by immunoblotting. Synaptophysin and PSD95 were used as presynaptic and postsynaptic markers respectively for the quality of biophysical separation of the desired synaptosome fractions. (H) Quantiﬁcation of distribution of Sestd1 into presynaptic and postsynaptic biophysical fractions at different time points.
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(FDR) against the mouse Swiss-Prot/TrEMB database downloaded from Uniprot on 11 October 2013 (Cox and Mann 2008).

Rac1/RhoA Activity Assays

Statistics
Prism software (GraphPad Software) was used for data analysis.
All P-values were calculated by unpaired parametric two-tailed
t test. Paired EPSC data were analyzed with a Wilcoxon signedrank test and linear regressions were obtained using the least
squares method. Paired-pulse ratio data were analyzed by a
two-tailed paired Student’s t test. Numerical values including
P-values are reported in the Results and represented graphically in the ﬁgures. For all bar graphs, numbers within the bars
represent n for that cohort, error bars represent standard error;
ns = P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.

Synaptosome Fractionation
Two pregnant CD-1 (outbred strain) mice were obtained from
Charles River Laboratories. Hippocampi from offspring were
collected at different developmental stages (P1, P14, P21, and
P60) and crude synaptosomes prepared via serial centrifugation
(Tai et al. 2010). Brieﬂy, hippocampi were homogenized in icecold sucrose/HEPES buffer (0.32 M sucrose, 10 mM HEPES and
protease inhibitor, pH 7.4), and centrifuged at 1000 × g for
10 min. The supernatant was collected for crude synaptosomes
by centrifuging at 17 000 × g for 15 min. Presynaptic and postsynaptic fractions were extracted from the crude synaptosomes
by Triton (1% Triton X-100, 20 mM Tris–HCl and protease inhibitor, pH 8.0), and separated by centrifugation (40 000 × g for
30 min) as described previously (Garside et al. 2009). Presynaptic
and postsynaptic fractions were solubilized in 5% SDS and resolved
by SDS-PAGE using the following synaptic antibodies: rabbit antisynaptophysin (Zymed), mouse anti-PSD95 (NeuroMAB), rabbit
anti-Sestd1 (ProSci), rabbit anti-β actin (Cell signaling).

Sestd1 Mutant Neurons Have Simpler Dendrite Arbors
and Fewer Spines
Constitutively deleted Sestd1KO mice do not survive beyond the
ﬁrst postnatal day because of urogenital abnormalities (Yang
and Cheyette 2013) but have grossly normal brain regionalization and neuronal distributions (data not shown). Given similar
ﬁndings in the Dact1KO (Okerlund et al. 2010), we asked
whether dendrite and spine development is affected in
Sestd1KO HCNs. Conﬁrming this hypothesis, Sestd1KO HCNs at
14 days in vitro (DIV) had less complex dendrites (Fig. 1A–C)
and fewer spines compared with WT (Fig. 1A′,B′,D; Sestd1+/+, 2.7 ±
0.17 vs. Sestd1−/−, 1.67 ± 0.10; P < 0.001).

Sestd1 Mutant Neurons Have Fewer Excitatory
Synapses In Vitro
Having observed reduced spine density, we asked whether
Sestd1 is also required for the development of synapses, using
ﬂuorescent immunocytochemistry and confocal microscopy to
quantify colocalized presynaptic and postsynaptic markers
along labeled dendrites. We visualized excitatory synapses
using VGlut1 (presynaptic) and PSD95 (postsynaptic) (Fig. 2A),
ﬁnding a signiﬁcant reduction in excitatory synapse density in
Sestd1KO HCNs compared with WT (Fig. 2A′; puncta per 10 μm
in Sestd1+/+, 2.45 ± 0.15 vs. Sestd1−/−, 1.72 ± 0.067; P < 0.001). In
contrast, when inhibitory synapses were similarly examined
using VGAT (presynaptic) and Gephyrin (postsynaptic) (Fig. 2B),
we found no signiﬁcant reduction (Fig 2B″; puncta per 10μm in
Sestd1+/+, 1.77 ± 0.12, vs. Sestd1−/−, 1.81 ± 0.12; P > 0.5).

Sestd1 Mutant Neurons in the Intact Hippocampus
Have Fewer Spines and Excitatory Synapses
To conﬁrm these phenotypes in vivo, we eliminated Sestd1
speciﬁcally within prenatal forebrain glutamatergic neurons
using Cre–loxP technology (Gorski et al. 2002; Yang and
Cheyette 2013). We then examined spine and synapse density
on primary apical dendrites of individual transgenically labeled
pyramidal neurons (Feng et al. 2000) in hippocampal brain
slices taken from 1-month-old animals (i.e., Sestd1ﬂ/ﬂ;Thy1-GFP
vs. Sestd1ﬂ/ﬂ;EmxCre;Thy1-GFP at P30). We found that Sestd1−/−
pyramidal neurons had reduced spine density compared with
controls (Fig. 3A,A′; puncta per 10 μm in Sestd1ﬂ/ﬂ;Thy1-GFP, 5.74 ±
0.3, vs. Sestd1ﬂ/ﬂ;EmxCre;Thy1-GFP, 4.39 ± 0.17; P < 0.001). Using
the same excitatory and inhibitory preynaptic and postynaptic
markers as in culture (cf. Fig. 2A,B), we found a signiﬁcant
reduction in excitatory synapse density on primary apical dendrites of Sestd1−/− pyramidal neurons (Fig. 3B,B′,B″; puncta per
10 μm in Sestd1ﬂ/ﬂ; Thy1-GFP, 1.25 ± 0.15, vs. Sestd1ﬂ/ﬂ;EmxCre;
Thy1-GFP, 0.82 ± 0.1; P < 0.05), but no change in inhibitory synapse density (Fig 3C,C′,C″; puncta per 10 μm in Sestd1ﬂ/ﬂ; Thy1GFP, 1.11 ± 0.05, vs. Sestd1ﬂ/ﬂ;EmxCre; Thy1-GFP, 1.1 ± 0.04; P > 0.5).
Our ﬁndings indicate signiﬁcant reductions in spine and
excitatory synapse density in forebrain hippocampal neurons
lacking Sestd1. To test whether changes in spine and synapse
numbers were accompanied by functional changes in these
neurons, we performed paired electrophysiological recordings
in cultured hippocampal slices. Hippocampal slices were prepared and maintained in culture from postnatal day 7 (P7)
Sestd1ﬂ/ﬂ mice; Sestd1 was deleted from sparsely distributed
GFP-labeled individual CA1 hippocampal neurons through biolistic transfection at 2 DIV with a plasmid expressing a Cre-GFP
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Performed according to manufacturer’s instructions (Cell
Signaling #8815 for Rac; Cell Signaling #8820 for Rho). Four adult
(P30) animals (2 males and 2 females) were used for each genotype (Fig. 4C,D). Brieﬂy, hippocampi were lysed in 1× washing/
binding/lysis buffer (included with kit) +1 mM PMSF. The tissue
to buffer ratio was 1 mg tissue/1 mL lysis buffer. Tubes of lysed
cells were spun at 16 000 × g for 15 min at 4 °C, and the supernatant was removed from the cell debris. A 1/10 V of the supernatant was set aside for subsequent determination by
immunoblot of total Rac1 or RhoA, respectively. The remaining
supernatant was then processed per the instructions provided,
with the entire assay performed at 4 °C: Glutathione resin +
agarose beads were added to the spin cup, and spun to bind
them to the ﬁlter. The ﬁlter was then washed with the washing
buffer. For Rac1: 20 ug of GST-PAK1-PBD was added to the spin
cup along with the supernatant from the lysis. For RhoA: 400 ug
of the GST-Rhotekin-RBD was added to the spin cup along with
the supernatant from the lysis. The reaction was incubated for
1.5 h at 4 °C. After spin down and wash, the resulting eluted
fraction added to LDS sample reducing agent with 200 mM DTT.
This sample was then boiled at 70 °C for 15 min. This sample
was then used for standard SDS-PAGE and immunoblotting.
Rac was detected using anti-Rac1 mouse AB (Cell Signaling
#8631). Rho was detected using anti-Rho rabbit AB (Cell
Signaling #8789).

Results

Sestd1 Encodes a Developmentally Dynamic Synapse Protein

Selective Loss of Sestd1 in Glutamatergic Hippocampal
Neurons Increases Activity of Multiple Rho Family
GTPases
We have previously shown that Sestd1 interacts genetically
and biochemically with the Dact1, Vangl2, and Dvl2 proteins
(Yang and Cheyette 2013; Yang et al. 2013), key components in
β-catenin-dependent (Dact1 and Dvl2) (Cheyette et al. 2002;
Schwarz-Romond et al. 2007) and β-catenin-independent
(Dact1, Dvl2, and Vangl2) (Wang et al. 2006; Suriben et al. 2009;
Wen et al. 2010; Shafer et al. 2011) forms of Wnt signaling.
Accordingly, we examined whether Wnt signaling pathways
were disrupted by loss of Sestd1 in neurodevelopmentally
affected brain tissue. We ﬁrst made neonatal hippocampal
lysates from Sestd1ﬂ/ﬂ and Sestd1ﬂ/ﬂ; EmxCre+ mice and used
immunoblotting to measure levels of “active” β-catenin that is
unphosphorylated on Ser37 or Thr41 (a read-out of the Wnt/βcatenin signaling pathway) and of phospho-Mypt1 (a substrate
of Rho Kinase, a read-out of β-catenin-independent Rho GTPase
signaling pathways). Selective deletion of Sestd1 from glutamatergic neurons in the hippocampus signiﬁcantly increased
phospho-Mypt1 without measurably affecting active β-catenin
(Fig. 4A,B; Active β-catenin/total β-catenin [arbitrary units normalized to control] in Sestd1ﬂ/ﬂ, 1.0 ± 0.14, vs. Sestd1ﬂ/ﬂ;EmxCre,
1.2 ± 0.12; P > 0.5; phospho-Mypt/total Mypt [arbitrary units normalized to control] in Sestd1ﬂ/ﬂ, 1.0 ± 0.11, vs. Sestd1ﬂ/ﬂ;EmxCre,
2.1 ± 0.18; P < 0.01). This suggests that Sestd1, rather than contributing to Wnt/β-catenin signal regulation, instead contributes
to regulation of Rho GTPase activity in the postnatal hippocampus. To conﬁrm this, we directly measured active RhoA and Rac1
in adult hippocampal lysates, using a standard pull-down assay
to speciﬁcally isolate and quantify the GTP-bound forms compared with total levels of these proteins. We found that the ratio
of active (GTP-bound):total RhoA and Rac1 were both increased
in conditional mutant (Sestd1ﬂ/ﬂ;EmxCre+) hippocampi compared
with littermate control (Sestd1ﬂ/ﬂ) hippocampi (Fig. 4C,D; RhoGTP/total Rho [arbitrary units normalized to control] in Sestd1ﬂ/ﬂ,
1.0 ± 0.12, vs. Sestd1ﬂ/ﬂ;EmxCre, 6.4 ± 0.15; P < 0.05; Rac-GTP/total
Rac [arbitrary units normalized to control] in Sestd1ﬂ/ﬂ, 1.0 ±
0.03, vs. Sestd1ﬂ/ﬂ;EmxCre, 10.1 ± 3.0; P < 0.05).

The BCR Rac1-GAP is an Endogenous Partner of Sestd1
in Neurons
To gain insight into the molecular mechanism of Sestd1 function in neurons, we employed a proteomic approach to reveal
its endogenous binding partners in the postnatal hippocampus.
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We used a speciﬁc anti-Sestd1 antibody to pull down proteins
physiologically associated with Sestd1 in hippocampal lysates;
these Sestd1-associated proteins were then identiﬁed by MS.
This approach identiﬁed BCR as a Sestd1-associated protein in
the hippocampus. BCR is a serine/threonine kinase and GAP
previously demonstrated to antagonize dendrite, spine, and
synapse formation in HCNs through inhibition of the RhoA
family member Rac1 (Oh et al. 2010; Park et al. 2012; Um et al.
2014). We conﬁrmed that BCR forms physiological complexes
with Sestd1 by co-IP of the endogenous proteins from adult
hippocampal lysates (Fig. 5A), then mapped the Sestd1 domain
that contributes to Sestd1–BCR complex formation via further
co-IP experiments using truncated Sestd1 proteins recombinantly expressed along with full-length BCR in immortalized
cultured cells. The Sestd1 carboxyl-terminal region, comprised
of all 3 of the protein’s spectrin-like repeats (Sestd1 [275–696])
failed to form complexes with BCR, whereas a polypeptide consisting of the amino-terminal 274 amino acids of Sestd1 including
the Sec14-like domain (Sestd1 [1–274]), as well as the full-length
Sestd1 protein, readily formed complexes with BCR in this assay
(Fig. 5B). Together these experiments indicate that BCR is a physiological partner of Sestd1 in the hippocampus, and suggest that
the N-terminal region of Sestd1 including the Sec14-like domain
mediates this interaction. Along with previously published ﬁndings (Fig. 5C), this supports that Sestd1 serves as one component
of a multiprotein Rho GTPase regulatory pathway in differentiating forebrain neurons.
To further assess the neurodevelopmental relevance of this
ﬁnding, we obtained a targeted BCR knockout mouse line
(BCRKO), crossed it to the Sestd1KO mouse line, and examined
neurodevelopmental phenotypes in cultured forebrain (cortical
and hippocampal) pyramidal neurons derived from neonatal
mice lacking both Sestd1 and BCR (Sestd1−/−; BCR−/−), compared
with those from littermates that were WT at both loci (Sestd1+/+;
BCR+/+) and littermates lacking only one or the other locus
(i.e., Sestd1−/−; BCR+/+ and Sestd1+/+; BCR−/−) using techniques
identical to those we previously used to assess Sestd1KO HCNs
(Fig. 2). Using these methods, we found that constitutive loss of
either Sestd1 or BCR produced indistinguishable deﬁcits in
spine and excitatory synapse density (Fig. 5D,E), as well as an
indistinguishable increase in the percentage of spines with
immature (ﬁlopodial or thin) morphology (Fig. 5F). Moreover,
although there was a trend toward slightly increased phenotypic severity in Sestd1/BCR double mutant neurons, these phenotypes were not signiﬁcantly different from those in single
mutant (Sestd1KO only or BCRKO only) littermates (Fig. 5D–F;
for spine density: WT 3.16 ± 0.15, Sestd1KO 2.41 ± 0.23, BCRKO
2.38 ± 0.15, Sestd1KO/BCRKO 1.96 ± 0.21; Sestd1KO vs. WT P <
0.01, BCRKO vs. WT P < 0.001, Sestd1KO/BCRKO vs. WT P <
0.0001, Sestd1KO vs. BCRKO P > 0.5, Sestd1KO vs. Sestd1KO/
BCRKO P = 0.2, BCRKO vs. Sestd1KO/BCRKO P = 0.1; for excitatory synapse puncta density: WT 1.98 ± 0.14, Sestd1KO 1.19 ±
0.12, BCRKO 1.14 ± 0.09, Sestd1KO/BCRKO 0.93 ± 0.11; Sestd1KO
vs. WT P < 0.001, BCRKO vs. WT P < 0.0001, Sestd1KO/BCRKO
vs. WT P < 0.0001, Sestd1KO vs. BCRKO P > 0.5, Sestd1KO vs.
Sestd1KO/BCRKO P = 0.1, BCRKO vs. Sestd1KO/BCRKO P = 0.2;
for spine maturity: WT 0.23 ± 0.02 vs. Sestd1KO 0.36 ± 0.03; vs.
BCRKO 0.38 ± 0.02; vs. Sestd1KO/BCRKO 0.39 ± 0.03; Sestd1KO
vs. WT P < 0.001, BCRKO vs. WT P < 0.0001, Sestd1KO/BCRKO
vs. WT P < 0.0001, Sestd1KO vs. BCRKO P > 0.5, Sestd1KO vs.
Sestd1KO/BCRKO P > 0.5, BCRKO vs. Sestd1KO/BCRKO P > 0.5).
The phenocopy between the individual Sestd1 and BCR KOs
under identical experimental conditions supports that the corresponding gene products have similar activities upstream of
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fusion protein, then simultaneous whole-cell recordings were
obtained from a GFP-positive (i.e., Sestd1−) and a neighboring
GFP-negative (i.e., Sestd1+) CA1 neuron at 14–18 DIV. Deletion of
Sestd1 in the postsynaptic CA1 neuron led to an approximate
50% reduction in both AMPA receptor-mediated and NMDA
receptor-mediated EPSCs (Fig. 3D; mean amplitude (pA) for
AMPAR-EPSCs: control 120.1 ± 30.5, Cre 56.2 ± 15.8, transfected
as a percentage of control: 52.0 ± 10.6; NMDAR-EPSCs: control
30.9 ± 6.1, Cre 18.0 ± 4.2, transfected as a percentage of control:
55.4 ± 8.5). Loss of Sestd1 did not affect the paired-pulse ratio, a
measure of presynaptic neurotransmitter release probability
(Fig. 3E; control, 1.63 ± 0.17; Cre, 1.71 ± 0.24, P > 0.5). These
results indicate a cell-autonomous postsynaptic requirement
for Sestd1 at excitatory synapses in the mouse hippocampus;
and together with our immunohistochemistry support a postsynaptic requirement for Sestd1 in excitatory synapse development.
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The Subcellular Localization of Sestd1 is Initially
Presynaptic, But Shifts to Postsynaptic During Postnatal
Hippocampal Development
Finally, we asked whether the subcellular localization of Sestd1
changes as neurons mature by fractionating hippocampal
synaptosomes prepared from WT mice at 4 postnatal stages
and monitoring relative levels of Sestd1 alongside established
presynaptic or postsynaptic markers. Synaptophysin and
PSD95 were appropriately enriched in the expected presynaptic
and postsynaptic fractions at all stages tested (Fig. 4A). Sestd1
was present in brain homogenates at all stages, but higher
levels were present at P1 and P14 compared with P21 and
adults (Fig. 5G). Interestingly, the distribution of Sestd1 in these
biophysical fractions shifted dramatically over postnatal development: At P1 Sestd1 localized predominantly in the fraction
containing synaptophysin, but Sestd1 became progressively
more localized to the fraction containing PSD95 as animals
aged, with an inﬂexion point between P14 and P21 (Fig. 5H)
(Sestd1 presynaptic vs. postsynaptic ratio: P1 [92.3 vs. 7.7%]; P14
[56.2 vs. 43.8%]; P21 [27.6 vs. 72.7%]; adult [13 vs. 87%]).

Discussion
As in the primitive streak during earlier embryonic stages
(Suriben et al. 2009; Yang and Cheyette 2013), loss of Sestd1
closely phenocopies loss of Dact1 in developing hippocampal
pyramidal neurons (Okerlund et al. 2010). This includes reductions in dendrite complexity, spines, and excitatory synapses.
Data obtained using immunohistochemical labeling of synapses in ﬁxed neurons and brain tissue agree with whole-cell
recordings made in a living tissue slice preparation, demonstrating that deletion of Sestd1 from individual neurons in the
CA1 region of the hippocampus reduces postsynaptic responses
of the affected neuron. The unusual shift in localization of
Sestd1 from pre- to postsynaptically associated biophysical
fractions as the hippocampus develops postnatally raises fascinating questions about the subcellular requirement for Sestd1
in these compartments as dendrites, spines, and synapses
form and mature; especially as our biochemical studies show
that phenotypes affecting these structures in Sestd1-deﬁcient
neurons correlate with increased RhoA and Rac1 GTPase
activity.
As neither Dact1 nor Sestd1 contains a GTPase regulatory
domain, we hypothesize that this regulation is determined by
separate GAPs or GEFs that form complexes with them. We
have shown that a GAP that physiologically interacts with
Sestd1 in the postnatal hippocampus is BCR. BCR is a neurodevelopmentally expressed antagonist of Rac1; its deletion leads
to increased Rac1 activity in differentiating pyramidal neurons
(Oh et al. 2010; Park et al. 2012; Um et al. 2014). This parallels
our ﬁndings here that deletion of Sestd1 leads to increased
Rac1 activity, and together with our genetic and biochemical
evidence suggests that Sestd1 and BCR may cooperate in Rac1

regulation upstream of dendritic spine and synapse phenotypes. Along with Rac1, we found that RhoA activity also
increased in Sestd1 mutant neurons. This dovetails with a prior
report that Sestd1 can partner with a Rho GEF, TRIO8, in these
cells (Lee et al. 2015), and with our own prior ﬁnding of Sestd1
interactions with another GEF, Arhgef2, based on MS in other
tissues (Yang and Cheyette 2013). Taken as a whole, our ﬁndings here combined with prior work suggest that Sestd1 can
form functional complexes with multiple GAPs and GEFs to
modulate RhoA superfamily GTPases. This may be important in
processes that involve complex coordination of actin cytoskeletal
remodeling, as during the formation, maintenance, and modiﬁcation of dendritic spines in forebrain pyramidal neurons.
Our neurodevelopmental ﬁndings using genetic deletion of
Sestd1 and BCR contrast with some prior published studies
(Oh et al. 2010; Um et al. 2014; Lee et al. 2015) investigating the
same basic molecular and neurodevelopmental questions using
different methodologies. In these studies, loss of these gene
products led to increased dendrite complexity, spine density,
and synapse density. Dendritic spine formation depends on
rapid changes in Rho GTPase activity and the consequential
intricate dynamics of actin ﬁlament assembly and disassembly;
slight shifts in the balance and/or timing in different experimental setups can therefore generate apparently opposing biological consequences (Nikolic 2002; Woolfrey and Srivastava
2016; Hedrick and Yasuda 2017). On this basis, the apparent discrepancy between our phenotypic ﬁndings and these prior
studies is consistent with these proteins operating at the level
of Rho GTPase regulation. To summarize, our data and the literature strongly support that Sestd1 partners with several other
GTPase regulatory proteins to modulate multiple Rho GTPases
upstream of dendritic spine and synapse development within
differentiating and mature mammalian forebrain neurons.
Ongoing research will elucidate molecular mechanisms underlying this complexity, which is likely to be critical for normal
brain function and may also play a role in the pathophysiology
of neuropsychiatric conditions, potentially including bipolar
disorder (Song et al. 2015, 2017).
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