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Synaptotagmin-11 (Syt11)is a Synaptotagmin isoform that lacks an apparent ability to bind calcium, phospholipids,
or SNARE proteins. While human genetic studies have linked mutations in the Syt11 gene to schizophrenia and
Parkinson’s disease, the localization or physiological role of Syt11 remain unclear. We found that in neurons, Syt11
resides on abundant vesicles that differ from synaptic vesicles and resemble trafficking endosomes. These vesicles
recycle via the plasma membrane in an activity-dependent manner, but their exocytosis is slow and desynchronized.
Constitutive knockout mice lacking Syt11 died shortly after birth, suggesting Syt11-mediated membrane transport
is required for survival. In contrast, selective ablation of Syt11 in excitatory forebrain neurons using a conditional
knockout did not affect life span but impaired synaptic plasticity and memory. Sytl1-deficient neurons displayed
normal secretion of fast neurotransmitters and peptides but exhibited a reduction of long-term synaptic potentia-
tion. Hence, Syt11 is an essential component of a neuronal vesicular trafficking pathway that differs from the well-
characterized synaptic vesicle trafficking pathway but is also essential for life.
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Neurons employ a variety of membrane organelles for
secretion, transport of cargo between specific intracellular
compartments, dynamic experience-dependent control of
synaptic strength, and autophagy. These organelles may
recruit unique sets of proteins that regulate their traffick-
ing, fusion, or retrieval. Synaptotagmins (Syts) are secre-
tory proteins composed of a short N-terminal region, a
single transmembrane domain, a variable linker sequence,
and two C2 domains (Sudhof 2002; Gustavsson and Han
2009). The prototypical member of the Syt family, Sytl,
was identified nearly three decades ago as a calcium sensor
for fast exocytosis of synaptic neurotransmitter and neuro-
endocrine vesicles (Perin et al. 1991a,b; Geppert et al.
1994). Extensive studies have shown that, upon binding
free calcium ions via its C2 domains, Sytl accelerates ves-
icle fusion by interacting with assembled SNARE com-
plexes and negatively charged phospholipids (Davletov
and Sudhof 1993; Fernandez-Chacon et al. 2001; Sudhof
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2002; Jahn et al. 2003; Pang et al. 2006a; Tang et al.
2006). In vertebrates, synaptic and neuroendocrine release
is also driven by Syt2, Syt7, and Syt9, whereas the remain-
ing Syt isoforms may act in other membrane trafficking
pathways (Pang et al. 2006b; Sun et al. 2007; Xu et al.
2007; Gustavsson et al. 2009; Cao et al. 2011; Dean et al.
2012; Bacaj et al. 2013). Furthermore, different members
of the Syt family exhibit distinct biochemical properties,
and some of these proteins do not bind calcium, phospho-
lipids, and SNAREs in vitro (Sugita and Stidhof 2000;
Sugita et al. 2002). However, the biological roles of these
Syts are unclear.

Sytl1 is a poorly characterized Syt isoform with inac-
tive calcium binding sites whose mRNA is abundantly ex-
pressed throughout the brain (von Poser et al. 1997). The
human Sytl1 gene is located on the chromosome locus
1g21-q22 and may be a risk gene for schizophrenia and
Parkinson’s disease (Huynh et al. 2003; Inoue et al.
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2007; Sesar et al. 2016). Recent studies have proposed that
in the substantia nigra pars compacta, Sytl1 is a mediator
of neurotoxicity that interacts with Parkin and regulates
the pools of dopaminergic vesicles by inhibiting endocyto-
sis (Wang et al. 2018). Syt11 has also been proposed to in-
hibit cytokine secretion and phagocytosis in glia (Du et al.
2017), but its precise role in development and function of
neural circuits has remained largely unknown. Curiously,
constitutive knockout mice lacking Syt4, a close Sytll
homolog, have a normal life span but exhibit enhanced
synaptic potentiation and deficits in motor coordination
and hippocampus-dependent memory (Ferguson et al.
2004; Dean et al. 2009). When overexpressed in cultured
hippocampal neurons, recombinant Syt4 is targeted to
vesicles that contain the brain-derived neurotrophic fac-
tor (BDNF) and traffic in axonal and dendritic shafts
(Dean et al. 2012). Though the mammalian Syt4 also fails
to bind calcium due to evolutionary inactivation (Dai
et al. 2004), the fly Syt4 is believed to trigger calcium-de-
pendent release of retrograde signals that stimulate en-
hanced synaptic function and growth (Yoshihara et al.
2005).

Herein, we systematically analyze the subcellular local-
ization of neuronal Sytl1, identify proteins that interact
with Sytl1 in the brain, and examine mutant mice that
lack Sytll in all tissues or in glutamatergic neurons.

Our results show that Sytl11 is a component of a vesicular
transport pathway that is essential for normal develop-
ment, synaptic function, and memory formation.

Results

Syt11 resides on mobile vesicular organelles that
are scattered in neuronal somas and processes

To detect Sytll in mammalian neurons, we generated a
polyclonal antibody that selectively recognizes the linker
sequence which connects the Sytll transmembrane and
C2A domains (Sudhof 2002). The specificity of this serum
was confirmed by immunoblotting of protein homoge-
nates from COS?7 cells expressing individual recombinant
Syt isoforms Sytl to Sytl3 and from brains of Sytll
knockout mice (see Fig. 3C,J; Supplemental Fig. S1A,B).
Immunoblot analysis of different rodent organs, immor-
talized cell lines, and primary cortical cultures demon-
strated that Sytl1 is enriched in neurons (Supplemental
Fig. SIC-E). The protein was abundant across the brain
and progressively increased in levels over the first 2 wk af-
ter birth (Fig. 1A,B). Consistent with these results and
publicly available analysis of Sytl11 mRNA expression in
the adult brain (http://mouse.brain-map.org/gene/show/
86883), immunofluorescent imaging revealed strong

Figure 1. Expression and subcellular localization of
Sytll in central neurons. (A) Total protein extracts
(20 pg/lane) from various regions of adult mouse
brain were analyzed by immunoblotting with anti-
bodies to Sytll, Sytl, and valosine-containing
protein (VCP, as loading control). (Ctx) Cerebral cor-
tex; (Crb) cerebellum; (Hip) hippocampus; (OB) olfac-
tory bulb; (BS) brain stem; (SC) spinal cord. (B) Brains
were isolated from mice of different ages, and Syt11
expression levels were analyzed by quantitative im-
munoblotting with I'**-labeled secondary antibody.
(C) Images of brain sections from adult mice that
were immunostained for Sytll. (D) Subcellular
fractions of detergent-free brain homogenates were
separated by centrifugation in continuous sucrose
gradients. Panels show measurements of total pro-
tein concentrations (top) and immunoblots with in-
dicated antibodies (bottom). Note that Sytll is
absent from fractions enriched with synaptic vesicle
(SV) proteins Sytl, Syt12, and Syb2. (E) Quantitative
immunoblot analysis of expression of indicated pro-
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tured in vitro for 14 d (DIV14) and then labeled
with antibodies against Sytll and either MAP2
(F) or Sytl (G). Representative immunofluorescent
confocal images are shown. (H) Electron microscopy
analysis of Syt11 localization in cortical neurons. Im-
ages of ultrathin sections of adult forebrains show
immuno-Gold-labeled vesicles (arrows) in cell bod-
ies, dendritic shafts, and synapses. (PSD) Postsynap-
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Sytll immunoreactivity in various brain regions and neu-
ron types (Fig. 1C).

Next, we used biochemical and imaging techniques to
study the localization of Syt11 at a subcellular level. Con-
tinuous sucrose density gradient fractionations of deter-
gent-free brain homogenates showed that Sytll is
associated with light membranes. However, Syt11 was ab-
sent from fractions enriched with proteins that are known
to reside on synaptic vesicles (SVs), such as Sytl, Syt12,
and Syb2 (Fig. 1D; Supplemental Fig. S1F). Likewise, quan-
titative immunoblotting showed that Sytl1 levels were
unaltered in brains of Synapsinl/2 double knockout
mice which exhibit a strong reduction of SV proteins
due to vesicle loss at presynaptic terminals (Fig. 1E; Max-
imov et al. 2007).

Immunofluorescent imaging of cortical neurons in pri-
mary cultures and immunoelectron microscopy of thin
cortical sections from adult mice demonstrated that na-
tive Sytl11 is localized to vesicles that are broadly distrib-
uted in neuronal somas, axons, and dendrites. Again,
Sytl1 was largely segregated from Sytl (Fig. 1F-H). Simi-
lar to native Sytll, virally expressed Sytll-Venus and
Sytl1l-myc fusion proteins were targeted to vesicles that
were scattered in cell bodies and neuronal processes and
did not overlap with SVs. We also found no apparent
colocalization of Sytl1 with common markers of the en-
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doplasmic reticulum, Golgi apparatus, dense core vesi-
cles, or recycling endosomes (Fig. 2A; Supplemental Fig.
S2). Live time-lapse imaging of neurons carrying Sytl1-
Venus revealed that many Sytll vesicles traveled in
axonal and dendritic shafts in both anterograde and retro-
grade directions, in contrast to SVs whose cycling is re-
stricted to presynaptic terminals. The mobility of these
organelles was nearly completely arrested by treatments
with nocodazole, suggesting their intracellular transport
depends on microtubules (Supplemental Movies S1-S4).

Syt11 vesicles and SVs cycle with distinct kinetics

To explore the possibility that Sytll vesicles undergo
activity-dependent exocytosis, we took advantage of
pHluorin-Sytl1, a fluorescent reporter that contains a
pH-sensitive form of GFP (Miesenbock et al. 1998). Since
most intracellular vesicular organelles have acidic lu-
mens, intraluminal pHluorins only display strong fluores-
cence after vesicle fusion with the plasma membrane due
to loss of the pH gradient (Fig. 2B). We attached the pH-
sensitive GFP tag to the N terminus of Sytl1, expressed
this construct with a lentivirus under the control of the
Ubc promoter in cortical cultures, and performed live
time-lapse imaging 2 wk after plating when neurons es-
tablished dense synaptic networks. Similar to native

Figure 2. Imaging analyses of Sytll vesicle

[ Syt11-Venus

] trafficking. (A) Images of live (first column)

and fixed neurons in DIV14 cortical cultures

Live/DIC ] [ MAP2

) —_
< 31
5 =
E 2
T ®
Q c
Q
€0
£
F 20 Hz
[ Control || 20Hz ] [ Control J[20Hz ]
SyP

pHluorin

=
?
5
£
o
E]
T
of

SyP-
o

Inntensity (r.u.)

o
»

Syt11

Fusion events/10w

expressing Sytll-Venus from a lentivirus
(LV). In columns 2-5, cultures were labeled
with antibodies against MAP2, Synapsin, and
PSDY95. The third column shows sparsely in-
fected cells to demonstrate that Sytl1-Venus
puncta along MAP2-positive dendrites are not
axonal. (B-H) Live time-lapse imaging analysis
of DIV14-16 neurons carrying pH-sensitive re-
porters of Sytll-positive vesicles and SVs,
pHluorin-Sytl1 and Synaptophysin (SyP)-
pHluorin. (B) Predicted topology of pHluorin-
Sytl1 on trafficking organelles. During exocy-
tosis, deacidification of vesicle lumens leads
to an increase in reporter fluorescence. (C,D)
Pseudocolored images of pHluorin-Syt11 fluo-
rescence (C) and quantification of fluorescent
intensity (D) before and after application of
buffer with ammonium chloride, which neu-
tralizes intravesicular pH. D shows averaged
signal from 50 individual 2-pm? regions of in-
20 Hz terest (ROIs) with stationary vesicles. (E-H)

i Comparative analysis of vesicle exocytosis.
(E,F) Pseudocolored images of SyP-pHluorin

(E) and pHluorin-Sytll (F) fluorescence in
DIV14 neurons before and immediately after
trains of extracellular electrical stimulation at
20 Hz. (G) Time course of changes in fluores-
cent intensity in 2-pm? ROIs. Note that fusion
of pHluorin-Sytl1-containing vesicles is not
synchronized with the onset of stimulation.
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(H) Averaged densities of fusion events in the absence of stimulation and during 20-sec 20-Hz stimulus trains. Data from three independent
experiments are plotted as mean = SE (error bars). (*) P<0.05, defined by Student’s t-test. See also Supplemental Movies S1-S5.
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Sytll and Sytll1-Venus, pHluorin-Sytl1 was targeted to
vesicle-like organelles scattered in cell bodies and neuro-
nal processes. The reporter was barely detectable in these
structures under the control conditions but became
bright immediately after bath application of a buffer con-
taining ammonium chloride that neutralizes intralumi-
nal pH (Fig. 2C,D). Curiously, a fraction of Sytll also
resided in the plasma membrane with exposed extracellu-
lar N termini in both axons and dendrites, as evidenced by
strong pHluorin-Syt11 signal that could be abolished by
brief puffs of buffer with acidic pH. The axonal pool was
particularly pronounced in growth cones (Supplemental
Movie S5).

We then compared the behavior of pHluorin-Sytll
and a well-characterized reporter of exocytosis of SVs,
Synaptophysin (SyP)-pHluorin (Peng et al. 2012). Neurons
were imaged before, during, and after electrical stimula-
tion with a local extracellular electrode. As expected,
application of high-frequency stimulus trains triggered
robust exocytosis of SVs, resulting in an increase in SyP-
pHluorin signal at numerous sites. Although repetitive
stimulation also induced exocytosis of vesicles tagged
with pHluorin-Sytl1, these events were very rare. More-
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over, the fusion of Sytll vesicles was not synchronized
with the onset of stimulation, indicating that no readily
releasable pools of these organelles exist (Fig. 2E-H).

Global ablation of Syt11 in mice leads to early postnatal
lethality

To investigate the physiological role of Sytl1, we generat-
ed mutant mice carrying a “floxed” knock-in allele that
allows for conditional silencing of the Sytl1 gene by Cre
recombinase. In this allele, two loxP sites were inserted
in intronic regions upstream of and downstream from
exon 2 (E2) that encodes the transmembrane region of
Sytll. We also added a Flag epitope in the middle of the
Sytl1 linker domain following the transmembrane region
to enable detection and isolation of the protein with anti-
Flag antibodies. After in vivo excision of the NEO selec-
tion marker, validated heterozygous knock-in founders
were crossed with mice that express Cre in the germline
to produce constitutive full-body Sytl1l knockout mice
(Fig. 3A).

Homozygous Sytl1 knock-in mice were born at the ex-
pected Mendelian ratio, had normal life spans, and did not

Figure 3. Generation and characterization

of Sytll knockout mice. (A) Schematics of

gene targeting vector for homologous recom-
bination. The second exon of Sytl1 (E2) was
flanked by loxP sites (black arrowheads) to al-
low conditional silencing. The NEO sur-

rounded by FRT sites (black circles) and
diphtheria toxin (DT) cassettes were used
for positive and negative selection, respec-
tively. The Flag epitope (F) was inserted into
a coding region of E2. To obtain a floxed
knock-in line (KI), mice carrying homolo-
gously recombined alleles were crossed

Fi

+/+ | -/-

I with a transgenic line that express FLP

J EREALE] K

kDa =
S100 Tz T

DAPI / GEP

recombinase. To obtain constitutive Sytll
knockouts (KO), knock-in founders were
crossed with mice expressing Cre in the
germline. (B) Percentages of surviving off-
spring of indicated ages and genotypes from
breedings of heterozygote knock-in and
knockout patents (n> 100 per line). (C) Total
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at P1. (D) Photographs of pups of indicated ge-
notypes. Note the lack of milk in stomachs of

homozygote knockouts (arrows). (E) Averaged latencies to suckle, as assessed in nine to 25 pups per genotype. (F) Representative images of
whole brains, olfactory bulbs, and cerebella. (G) Coronal sections of olfactory bulbs were stained with DAPI and antibodies against MAP2,
Tbr2, GFAP, GADG7, and TH. (H) Cortices of embryonic day 15.5 (E15.5) embryos were in utero electroporated with the plasmid that ex-
presses GFP to assess neuron migration. Representative images of GFP fluorescence in DAPI-stained sections from three newborn mice/
genotype are shown. (I) Low magnification images of DAPI-stained brain sections. (J,K ) Expression levels of indicated proteins in the brain
were analyzed by quantitative immunoblotting with I'**-labeled secondary antibodies. Representative blots and averaged values from
three littermate pairs of wild-type and constitutive knockout (—/—) mice are shown. All quantifications are represented as Mean + SE (error

bars). (*) P<0.05, defined by Student’s t-test.
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exhibit any apparent behavioral abnormalities in a stan-
dard laboratory environment. In contrast, all homozygous
knockouts died at postnatal day 1 (P1), usually between 12
and 24 h after birth (Fig. 3B). Immunoblotting confirmed
that Flag-tagged Sytll was translated as a single poly-
peptide in brains of knock-in mice and was absent from
homozygous knockouts (Fig. 3C). The early postnatal le-
thality of knockout pups was at least partially attributed
to inability to suckle, as evidenced by the lack of mother’s
milk in their stomachs and twofold higher latency to
suckle in the absence of competition from littermates
(Fig. 3D,E). Considering that native Sytll is enriched in
neurons, we focused the remaining studies on the brain.
When inspected at low magnification, the brains of
newborn knockout pups were almost indistinguishable
from brains of their wild-type littermates, with the excep-
tion of a smaller olfactory bulb (OB) (Fig. 3F). Although the
olfactory bulb was markedly reduced in Sytl1l knockout
mice, confocal imaging analysis of coronal sections that
were labeled with the nuclear DNA marker, DAPI, and
antibodies against MAP2, Tbrl, GFAP, GADG7, and tyro-
sine hydroxylase did not reveal defects in OB lamination
(Fig. 3G). The gross anatomy of the cerebral cortex and
the hippocampus was also undistorted (Fig. 3I). Moreover,
we found that during development, Sytl1-deficient neu-
rons can appropriately migrate to superficial layers of
the developing cortex. Specifically, upon imaging cortical
sections from newborn pups that were electroporated in
utero at embryonic day 15.5 with the plasmid expressing
GFP under the control of the CAG promoter, we observed
normal neuronal migration (Fig. 3H). Lastly, quantitative
immunoblotting with a battery of antibodies did not un-
cover significant changes in expression of proteins other
than Sytl1 in brains of P1 knockout mice (Fig. 3],K).

Syt11-deficient neurons have unaltered secretion of fast
neurotransmitters

To determine whether early death of Sytll knockout
mice is attributed to abnormalities in neurotransmission,
we systematically analyzed intrinsic excitability and syn-
aptic properties of Sytl1-deficient neurons in culture. We
performed whole-cell current and voltage clamp record-
ings from primary cultures that were isolated from corti-
ces of newborn wild-type and homozygous Sytll
knockout pups and maintained in vitro for 14-16 d
(DIV14-16). In parallel, we knocked out Sytl11 with lenti-
virally expressed Cre-recombinase in cultures from homo-
zygous knock-in mice, using truncated catalytically
inactive ACre as a negative control. In these experiments,
Cre constructs were expressed as GFP fusions to enable
monitoring of the efficiency of lentiviral infection. The
Cre-dependent silencing of Sytl1 was also confirmed by
immunoblotting (Supplemental Fig. S3A,B).

Wild-type and Syt11-deficient neurons had comparable
membrane resistances, resting membrane potentials, and
thresholds for action potential firing (Supplemental Fig.
S3C,D). Furthermore, neither constitutive nor condition-
al ablation of Sytll prevented synaptogenesis or had
detectable effects on vesicular release of glutamate and

A novel membrane-trafficking pathway in neurons

GABA. Indeed, we found no significant changes in (1)
the amplitudes of correlated inhibitory and excitatory
postsynaptic currents (IPSCs and EPSCs) that were trig-
gered by single action potentials, (2) paired-pulse IPSC ra-
tios, and (3) the kinetics of synaptic depression during
high-frequency stimulus trains (Fig. 4A-H). In addition,
loss of Sytl1 did not abolish activity-dependent homeo-
static scaling of AMPA receptors at excitatory synapses
(Turrigiano et al. 1998), as assessed by recordings of spon-
taneous quantal EPSCs from neurons that were pretreated
with Tetrodotoxin and the NMDA receptor blocker, APV
(Fig. 4I-K). While glutamatergic transmission between
Sytll-deficient neurons declined as the cultures aged,
this effect was attributed to moderate cell loss rather
than changes in synaptic function. Taken together, these
results imply that Sytl1 is not involved in regulation of
synaptic vesicle exocytosis.

Identification of proteins that interact with Syt11
in the brain

As the next step, we carried out a biochemical screen to
identify proteins that interact with Syt11 in the brain as a
possible clue to its function and mechanism of action. To
this end, we immunoprecipitated tagged Sytll from the
brains of adult knock-in mice with Flag antibody-coated
sepharose beads in buffers containing a detergent and ei-
ther 2 mM EDTA or 2 mM calcium. After extensive wash-
es, attached proteins were eluted, digested, and detected by
mass spectrometry (Pankow et al. 2015, 2016). To subtract
“background” from proteins that nonselectively bind to
beads and/or antibody, we performed similar immunopre-
cipitations with samples from wild-type brains, which
lacked the expression of Flag-tagged Syt11 (Fig. 5A).

Under these conditions, we identified 23 and eight pro-
teins that specifically associated with Sytll in the ab-
sence and presence of free calcium, respectively. Three
of these proteins were present at measurable levels in
both groups of samples (Fig. 5B). Several genes encoding
candidate Sytl1-binding partners have been shown previ-
ously to be essential for membrane trafficking, including
Kifla, Ap1b, and Stxbp5 (Gonzalez and Rodriguez-Boulan
2009; Hirokawa et al. 2009; Zhu et al. 2014). However, we
did not detect vesicular or plasma-membrane SNAREs
and other key regulators of exocytosis that associate
with Syt isoforms residing on SVs (Fernandez-Chacon
et al. 2001; Jahn et al. 2003; Tang et al. 2006). Intriguingly,
the pool of Sytll interacting partners contained several
RNA-binding proteins, raising the possibility that Sytl1
is involved in RNA transport (Fig. 5C). We confirmed
the coimmunoprecipitation (co-IP) of Sytll with Kifla
and lack of interaction with SNAREs Syntaxinla and
Syb2 by immunoblotting (Fig. 5D).

Generation and analysis of forebrain-specific conditional
Syt11 knockout (cKO) mice

To further investigate the role of Syt11 in the CNS, we si-
lenced the “floxed” Sytl1 gene in excitatory glutamater-
gic neurons across the forebrain. This was accomplished
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by crossing the knock-in founders with well-characterized
Nex:Cre, which drives recombination in differentiating
neurons as early as embryonic day 11.5 (Fig. 6A,B; Goeb-
bels et al. 2006). Unlike constitutive Sytl1 knockouts, ho-
mozygous forebrain-specific cKOs were viable, fertile, and
had normal life spans (Fig. 6C). In agreement with the pre-
viously described pattern of Nex:Cre recombination in
mice (Goebbels et al. 2006), immunoblotting demonstrat-
ed a loss of Syt11 protein expression in the cerebral cortex
and hippocampus but not in the cerebellum (Fig. 6D).
However, imaging of Nissl and antibody-stained sections
did not reveal obvious morphological defects in cKO fore-
brains (Fig. 6E,F).

To assess the capacity of Sytll-deficient animals to
process sensory information and to perform cognitive
and motor tasks, we interrogated them using a battery of
behavioral tests. cKO mice had no detectable defects in vi-
sion, ability to recognize novel objects, olfaction, locomo-
tor activity in open fields, and anxiety-like behavior but
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exhibited an abnormal performance in a Barnes maze, a
setup that is designed for quantitative analysis of spatial
learning and memory (Fig. 6G-N). In this test, mice were
subjected to four sequential training sessions in the circu-
lar maze to memorize the location of the hole that is con-
nected with an escape tunnel. During each session, the
latencies to escape and numbers of errors were recorded.
The mice were then subjected to a Probe test of spatial
memory with the escape tunnel removed. When compared
with their control knock-in littermates, cKOs had sig-
nificantly longer escape latencies, made more errors, and
did not show clear target discrimination in the Probe
test, suggesting their learning and memory were impaired
(Fig. 6G-I). Nonetheless, ablation of Syt11 did not affect as-
sociative fear memory (Fig. 60), making it unlikely that
the Barnes maze phenotypes reflect a global impairment
of neural circuits essential for memory storage.

Syt11 cKO mice display impaired synaptic plasticity
in the hippocampus

To test whether memory loss of Syt11 ¢cKO mice is attrib-
uted to changes in experience-dependent plasticity, we
monitored excitatory postsynaptic potentials (fEPSP) in
area CAl of the hippocampus in acute slices. Similar to
analyses of neurotransmission in primary cultures, slice
recordings showed that Sytll does not regulate basal

Figure 4. Synaptic properties of cultured Sytll-deficient neu-
rons. Neurotransmission was monitored in whole-cell voltage
clamp mode. Experiments were performed with DIV14-16 cul-
tures isolated from cortices of P1 Sytl1 knockout or homozygous
knock-in mice. To silence the Sytl1 gene in knock-in neurons,
cultures were infected at DIV5 with an LV that expresses Cre un-
der the control of the Ubc promoter. Truncated catalytically inac-
tive ACre was used a control. Synaptic responses were triggered by
injection of current through a local extracellular electrode. Each
synaptic parameter was measured in at least three independent
culture preparations. (A,B) Sample traces and averaged amplitudes
of evoked IPSCs (eIPSCs) recorded at —70 mV in the presence of
AMPA/NMDA receptor blockers CNQX (50 pM) and APV
(10 uM). Wild-type: n=11; knockout: n=15; knock-in+ ACre: n=
11; knock-in + Cre: n=11. (C,D) Sample traces and averaged am-
plitudes of evoked excitatory postsynaptic currents (eEPSCs) re-
corded at =70 mV in the presence of the GABA receptor blocker
picrotoxin (100 uM). Wild-type: n = 15; knockout: n=21; knock-
in+ACre: n=11; knock-in+Cre: n=11. (E,F) Paired pulse eIPSC
ratios (PPR) in wild-type and Sytl1l knockout neurons. Sample
traces (E) and quantifications of PPR at different interpulse inter-
vals (F) are shown. Wild-type: n=31; knockout: n=15. (G,H)
Depression of synchronous eIPSCs (G) and eEPSCs (H) during
10-Hz stimulus trains. For EPSCs, wild-type: n = 15; knockout: n
=21. For IPSCs, wild-type: n=11; knockout: n=15. (I-K) Homeo-
static plasticity of excitatory synapses. Spontaneous AMPA-type
EPSCs were recorded in the presence of 100 pM picrotoxin and
1 uM tetrodotoxin (TTX) under the normal conditions, or after
pretreating cultures with TTX and APV for 72 and 24 h, respec-
tively. Panels display raw current traces (I), averaged quantal
sEPSCs (J; five cells per >100 events per group), and cumulative
probability plots of sEPSC amplitudes (K). All graphs are plotted
as mean = SE (error bars). (*) P<0.05, defined by Student’s t-test.
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Figure 5. Identification of proteins that in-
teract with Sytll. Proteins from brains of
adult wild-type and Sytll knock-in mice
were extracted with TX100 in the presence
of 2 mM EDTA or 2 mM calcium. Epitope-
tagged Sytll was immunoprecipitated with
monoclonal Flag antibody-coated sepharose
beads, and attached proteins were detected
by immunoblotting or mass spectrometry
(LC/MS). (A) Input, unbound, and immuno-
precipitated fractions from mice of indicated
genotypes were probed by immunoblotting
with a polyclonal antibody against Sytll.
(B,C) Summary of LC/MS analysis of immu-
noprecipitations from three pairs of mice.
Total numbers of identified proteins (includ-
ing Syt11) and corresponding gene names are

shown. (D) Input and immunoprecipitated fractions were probed by immunoblotting with antibodies against Syt11, Kifla, Syntaxinla,
and Syb2.

synaptic strengths. CA1l circuits of cKO mice and their
knock-in controls had comparable dependencies of {fEPSP
slopes on intensity of extracellular stimulation of the
Schaffer collateral path with virtually indistinguishable
PPRs and depression profiles during high-frequency stim-

ulation (Fig. 7A-C). In contrast, ablation of Syt11 in excit-
atory neurons impaired long-term synaptic potentiation
(LTP). When LTP was induced by 6 bursts, a significant dif-
ference in fEPSP slopes was observed immediately after
conditioning, and this effect persisted over the course of
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Figure 6. Characterization of Sytll cKO
mice. The Sytl1 gene was silenced in excit-
atory forebrain neurons during embryogene-
sis by crossing the “floxed” knock-in allele
with Nex:Cre. (A,B) Recombinase activity
of Nex:Cre, as assessed with Ai9 tdTomato
reporter. Images show a coronal brain section
at low magnification and Topro3-stained sec-
tions of the hippocampus. (C) Homozygous
knock-in and ¢cKO mice at P60. (D) Immuno-
blot analysis of expression of indicated pro-
teins in different brain regions of knock-in
and cKO mice. (OB) Olfactory bulb; (Ctx) ce-
rebral cortex; (Hip) hippocampus; (Crb) cere-
bellum. (E,F) Brain sections from adult mice
were stained with Nissl or antibodies against
Cux1 and NF. (G-O) Behavior of P60 knock-
in and cKO mice. (G-I) Analysis of spatial
memory in the Barnes maze. Graphs show la-
tencies to escape during each training ses-
sion (G), numbers of errors during training
(H), and percentages of time spent in target
and other quadrants of the maze in the Probe
test (I). Averaged values are from seven pairs
of males. (K) Novel object recognition test.
Graph shows averaged numbers of contacts
with the same object during familiarization
trials (T1-T3), old object in the novel loca-
tion (ONL), new object in the novel location
(NNL), new object in old location (NOL), and
new object in the novel location (NNL). (L)
Olfaction, as assessed by numbers of ap-
proaches of the same object with distinct or-

ders (O) in two separate trials (T). (M) Open field test of locomotor activity. Averaged numbers of beam breaks for ambulation, rearing, and
center activity are shown. (N) Dark-light transfer test of anxiety-like behavior. Graph shows averaged numbers of transitions to light (TTL)
and time in light per transmission (TIL; in seconds). (O) Associative fear memory was assessed using contextual and cued fear condition-
ing. In K-O, quantifications are from five males and six females per genotype. All graphs are plotted as mean + SE (error bars). (*) P <0.05,
defined by Student’s t-test.
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recording (Fig. 7D,E). Yet, pyramidal cells of cKO mice had
unaltered densities of dendritic spines, and we found that
LTP was normal after stronger tetanic stimulation (1 sec
at 100 Hz) (Fig. 7F,G; Supplemental Fig. S4).

Since 8-burst LTP depends on BDNF/TrkB signaling
(Patterson et al. 1996; Barco et al. 2005; Edelmann et al.
2014; Park et al. 2014), and the close Sytll homolog,
Syt4, has been shown to control the secretion of BDNF
(Dean et al. 2009), we asked whether Syt11 regulates neu-
ral circuits via a similar mechanism. As the first step, we
overexpressed BDNF-GFP in wild-type cortical neurons
from a lentivirus under the control of the Synapsin pro-
moter and compared the distribution of the fusion protein
and native Syt11 by confocal imaging. These experiments
revealed that Sytl1 vesicles incorporate recombinant pep-
tides. However, we could not detect abnormalities in ac-
tivity-dependent release of BDNF in neurons from Sytl1
knockout mice by using a previously characterized pH-
sensitive reporter, BDNF-pHluorin (Shimojo et al. 2015)
as a readout (Supplemental Fig. S5A-D). To explore
the possibility that observed colocalization with BDNF
reflects the role of Sytl1 in intracellular trafficking of li-
gand-bound TrkB receptors, we induced receptor endocy-
tosis by briefly incubating live neurons at physiological
temperature with anti-TrkB antibody and also examined
the localization of TrkB in normal and Sytll-deficient
neurons. Remarkably, Sytl1 vesicles incorporated acutely
internalized TrkB, but ablation of Syt11 had no apparent
effect on surface receptor levels (Supplemental Fig. S5E, F).

Discussion

Our study demonstrates that Sytll is essential for sur-
vival and important for normal development, synaptic
plasticity, and memory formation in mice. Sytl1 vesicles
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are not required for synapse formation, neurotransmitter
release, and activity-dependent secretion of peptides.
Rather, this pathway is likely involved in endosomal sig-
naling that mediates long-term changes in circuit func-
tion in response to specific input.

Immunofluorescent imaging, immunoelectron micros-
copy, and biochemical experiments presented here consis-
tently demonstrate that native Sytll is absent from
presynaptic neurotransmitter vesicles. Likewise, overex-
pressed fluorescent Sytll fusion proteins are targeted to
vesicular organelles whose properties are clearly different
from SVs. These organelles are broadly distributed in neu-
ronal somas and dendritic processes, traffic in axonal and
dendritic shafts in a bidirectional manner, and, evidently,
do not undergo synchronized exocytosis during synaptic
excitation. Our results are at odds with a prior report sug-
gesting that Syt11 is enriched at synapses and localized to
synaptic plasma membranes and SVs (Yeo et al. 2012).
This discrepancy may be attributable to the limited spe-
cificity of the commercial antibody used by Yeo et al.
(2012), since our conclusions are supported by analyses
of native and recombinant proteins with multiple validat-
ed readouts. Although the properties of Sytl1 vesicles are
reminiscent of vesicles that recruit Syt4 (Dean et al. 2012),
the consequences of genetic ablation of these two Syt iso-
forms on neural circuit function are different, as discussed
below.

In agreement with our assessment of subcellular locali-
zation of native and exogenously expressed Sytll, we
found that loss of Sytl1 does not lead to measurable ab-
normalities in synaptic transmission and short-term plas-
ticity of neurons in primary cultures and acute brain
slices. We also did not detect changes in the activity-de-
pendent exocytosis of BDNF in Sytll-deficient neurons
which, together with results of live imaging of pHluorin-
Sytll, makes it unlikely that Sytll is necessary for

Figure 7. Synaptic transmission and plas-
ticity in the hippocampus of Sytll cKO
mice. (A-E) Extracellular recordings of
evoked excitatory postsynaptic potentials
(fEPSP) in the CAl. Experiments were per-
formed with acute hippocampal slices from
P20 Sytll cKO mice and their control Cre-
negative knock-in littermates. (A) fEPSP
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slopes were measured at different intensities
of extracellular stimulation of the Schaffer
collateral path. (B) fEPSP PPRs were mea-
sured at different interpulse intervals.
(C) fEPSPs were monitored during 10-Hz
stimulus trains. Graph shows profiles of syn-
aptic depression, represented as the fEPSPn/
fEPSP1 ratio. In A-C, averaged values are
from four pairs of mice. Knock-in =18 slices,
cKO=19 slices. (D) Samples of fEPSPs re-
corded before and after application of 6 burst
stimulus (TBS) trains. (E) fEPSPs slopes were
measured continuously before and after TBS-
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induced long-term potentiation (LTP). Averaged values are from seven pairs of mice. Knock-in = 18 slices, cKO =20 slices. (F) Images of
spines on apical dendrites of CA1 pyramidal neurons, visualized by Golgi staining. (G) Averaged spine densities. Data are from three pairs
of mice, nine neurons per genotype. All graphs are plotted as mean + SE (error bars). (*) P<0.05, defined by Student’s t-test.
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regulated secretion of fast neurotransmitters and peptides
(note that fluorescent reporters of peptide release are not
as sensitive as electrophysiology). The presence of Sytl1
on the cell surface is consistent with the notion that
Sytl1 may be involved in endocytosis (Wang et al. 2016,
2018). Nonetheless, our measurements of synaptic re-
sponses during prolonged high-frequency stimulus trains
indicate that ablation of Syt11 does not preclude endocy-
tosis of SVs.

Despite a high degree of sequence similarity between
vertebrate Syt4 and Sytll, these homologous genes may
be functionally distinct or, alternatively, Syt4 may have
a role that is similar to Sytl1 but only activated in more
restricted circumstances. Constitutive Syt4 knockout
mice have normal life spans and do not exhibit major ab-
normalities in development or behavior, whereas Sytl1
knockouts die at birth. Syt4 knockout mice have been re-
ported to have enhanced LTP (Dean et al. 2009), a pheno-
type that is opposite to the phenotype of Syt11 cKO mice,
which exhibit impaired LTP. Note, however, that given
the often finicky nature of LTP induction in acute slices,
LTP induction phenotypes are difficult to assess whether
they do not constitute a complete loss of LTP. Moreover,
it is essential to note that cKO mice characterized in the
present study were excitatory neuron-specific, and the
role of Sytll in inhibitory circuits remains entirely un-
known. It is also noteworthy that, in contrast to Sytl1,
transcription of Syt4 in the mammalian brain is regulated
by neuronal activity (Vician et al. 1995).

It is reasonable to hypothesize that impairments of spa-
tial learning and memory in Syt11 ¢cKO mice are attribut-
ed to disruption of experience-dependent plasticity.
Indeed, these animals performed normally in other behav-
ioral trials, and we found no evidence that loss of Sytl1
affects brain anatomy and basal neurotransmission. How-
ever, the potential role of Syt11 in neural circuit assembly
cannot be ruled out at this point. Future studies will also
need to define the molecular architecture of Sytll vesi-
cles, as well as the precise role of Sytl1 in membrane traf-
ficking. One could speculate that LTP deficits of Sytll
cKO mice reflect abnormal endosomal signaling of acti-
vated ligand-bound TrkB receptors. Our proteomic analy-
ses also raise the possibility that Sytll regulates the
transport of transcripts for constitutive or activity-depen-
dent local protein synthesis.

Materials and methods

Mice

The “floxed” Syt11 allele described in this paper has been depos-
ited with Jackson Labs and is freely available. To generate this al-
lele, the targeting vector (Fig. 3A) for the mouse Sytll gene
(chromosome 3; NC_000069.6; ID: 229521) was constructed con-
taining the following elements: (1) A reporter tag composed of
two Flag epitopes and a tetracysteine motif (DYKDDDDKCCP
GCCDYKDDDDK) was inserted in-frame into second exon
(E2), (2) two loxP sites were inserted in intronic regions upstream
of and downstream from E2, (3) a neomycin gene cassette (for pos-
itive selection after homologous recombination) surrounded by
FRT sites (to allow removal of the neomycin gene) was also insert-
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ed into the 5" intron of E2, and (4) a diphtheria toxin gene cassette
was placed next to the homologous long-arm sequence for nega-
tive selection.

The targeting vector was electroporated into embryonic R1
stem cells, positive clones were selected in medium containing
G418, clones harboring homologously recombined Syt11 mutant
alleles were identified by Southern blotting, and mice were gener-
ated from these clones by blastocyst injections. All experiments
were performed according to the protocols approved by the Insti-
tutional Animal Care and Use Committee.

Antibodies

The following commercial antibodies were used for immunoflu-
orescent imaging and immunoblotting: Cux1 (Santa Cruz Bio-
technology, sc13024), Neurofilament (Covance, SMI-32R),
BTubulin I (Sigma, T2200), Flag clone M2 (Sigma, F1804),
MAP2 clone HM2 (Sigma, M4403), Tbr2 (Millipore, AB2283),
Kifla (BD Bioscience, 612094), and EGFP (AVES, GFP-1010). All
other antibodies were custom-made in the Siidhof laboratory.

Neuronal cultures

Cortices of P1 pups were dissociated by trypsin digestion;
cells were plated on circular glass coverslips coated with poly-
D-Lysine (Sigma). Cultures were maintained for 4 d in MEM
(Invitrogen) supplemented with FBS, B-27 (Invitrogen), glucose,
transferrin, and Ara-C (Sigma) followed by incubation in the se-
rum-free medium.

Virus infection

Recombinant lentiviruses were produced by cotransfection of hu-
man embryonic kidney 293T cells with corresponding shuttle
vectors and pVSVg and pCMVAS8.9 plasmids that encode the ele-
ments essential for packaging of viral particles. Transfections
were performed using the FuGENE reagent (Promega). Secreted
viruses were harvested 48 h later and cleared by brief centrifuga-
tion. For uniform expression of fluorescent reporters and Cre
recombinase, cultures were infected at DIV4-5 with 100 pL of vi-
ral supernatants per 1 mL of medium. This protocol was opti-
mized to achieve >95% infection efficiency.

Immunocytochemistry

Neurons attached to the glass coverslips were rinsed once in PBS,
fixed on ice in 4% paraformaldehyde (PFA) and 4% sucrose in
PBS, and permeabilized for 5 min at room temperature in 0.2%
Triton X-100 (Roche). Permeabilized neurons were incubated
for 30 min in blocking solution containing 5% BSA (Sigma, frac-
tion V) and 5% normal donkey serum followed by an overnight in-
cubation with primary and corresponding fluorescently labeled
secondary antibodies diluted in the same solution. The coverslips
were mounted on glass slides with Aqua-Poly/Mount medium
(Polysciences, Inc.).

Histology

Adult mice were deeply anesthetized and sacrificed by perfusion
of 4% PFA. Brains were removed and further fixed in PFA for 3
h. Ninety-micron coronal sections were cut with a vibratome
VT1000 (Leica). For histological analysis of neonates, pups were
quickly dissected in ice-cold HBS and brains were fixed in PFA
followed by cryoprotection in 30% sucrose. Twenty-micron fro-
zen coronal sections were cut in a cryostat (Leica). Sections
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were blocked and stained with antibodies essentially as described
above. For analysis of dendritic spines, samples were stained with
Rapid Golgi stain kit (FD NeuroTechnologies). To examine corti-
cal neuron migration, a polycistronic expression vector encoding
IRES-EGFP was introduced into a side of the lateral ventricle of
E15.5 embryos via in utero electroporation. EGFP signal was im-
aged in sections from P1 pups after enhancement with anti-EGFP
antibody.

Image acquisition and data analysis

Conventional images were collected under the Olympus AX70,
Zeiss, and Nikon C2 confocal microscopes using 10x (N.A.
0.45), 20x (N.A. 0.75), and 60x (N.A. 1.40) planapo objectives.
Live time-lapse imaging was performed using Nikon inverted mi-
croscopes with CCD cameras controlled by the Nikon NIS-Ele-
ments or Metamorph software. Frames were sampled at 1 Hz
using 10x planapo (N.A. 0.45), 20x planapo (N.A. 0.75), and 60x
planapo (N.A. 1.40) objectives. Neurons were bathed in the
NRS solution containing 10 mM HEPES-NaOH, 140 mM NaCl,
5 mM KCl, 0.8 mM MgCl,, 2 mM CaCl,, and 10 mM glucose
(pH 7.4). Action potentials were elicited with a pair of parallel
platinum electrodes connected to model 2100 Isolated Pulse
Stimulator (A-M Systems, Inc.). Toxins and inhibitors were dilut-
ed in the NRS. Vesicle deacidification was induced by application
of buffer containing 10 mM HEPES-NaOH, 50 mM NH,Cl, 90
mM NaCl, 5 mM KCI, 0.8 mM MgCl,, 2 mM CaCl,, and 10
mM glucose (pH 7.4). Digital images were analyzed with the
Metamorph and Nikon Elements software packages. Detailed
protocols for time-lapse imaging, including imaging of BDNF-
pHluorin, can be found in Shimojo et al. (2015).

Electron microscopy

Brains were perfusion-fixed in 4% PFA and 0.1% glutaraldehyde
in PBS (pH 7.4), followed by overnight immersion fixation in
2% PFA and 0.1% glutaraldehyde. One-hundred-twenty-micron
sections were permeabilized in 0.2% Triton X-100, blocked in
4% normal goat serum, and incubated overnight with primary an-
tibody. The sections were then incubated with the secondary an-
tibody conjugated with 1.4-nm gold particles (1:100 dilution;
Nanoprobes) for 24 h, and immunogold signal was enhanced
with the an HQ silver enhancement kit (Nanoprobes). Sections
were further fixed with 0.5% osmium tetroxide, dehydrated
through a graded series of ethanol, and embedded in Poly/Bed
812 epoxy resin (Polysciences, Inc.). Ultrathin sections (65 nm)
were stained with 5% uranyl acetate solution and examined un-
der a transmission electron microscope (FEI Tecnai; FEI) at 120
kV accelerating voltage.

Biochemistry

For immunoprecipitations, brains were homogenized in 20 mM
HEPES-NaOH, 320 mM sucrose, 5 ng/mL leupeptin, 2 pg/mL
aprotinin, and 1 pg/mL pepstatin (pH 7.4). Membrane fractions
were isolated by two sequential steps of centrifugation at 1500
and 100,000g. Membranes were then solubilized for 1 h in the
buffer containing 10 mM Tris, 150 mM NaCl, and 1% Triton
X-100 (pH 7.4). Protein extracts were cleared by centrifugation
at 100,000g, split into two samples, and supplemented with ei-
ther 2 mM CaCl, or 2 mM EDTA. Anti-Flag M2 antibodies
were immobilized onto protein G sepharose beads (Pierce) by
cross-linking with dimethyl pimelimidate-dihydrochloride
(Pierce). These beads were incubated with protein extracts over-
night at 4°C. Beads were then washed three times in the extrac-
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tion buffer. Attached proteins were eluted with 0.1 M glycine-
HCI (pH 2.0) with 0.5% IGEPAL CA630 (Sigma) and detected
by immunoblotting or LC/MS. Subcellular fractionations were
performed with detergent-free brain samples homogenized in 20
mM HEPES-NaOH and 320 mM sucrose (pH 7.4). One-milliliter
samples were loaded on top of continuous sucrose density gradi-
ents in 15-mL tubes. After centrifugation at 100,000g, 0.5-mL
fractions were sequentially collected from bottoms of tubes and
analyzed by immunoblotting.

Multidimensional chromatography and mass spectrometry

Eluted proteins were precipitated and digested with 3 ug of se-
quencing-grade trypsin according to Pankow et al. (2016). Result-
ing peptides were loaded onto a triphasic MudPIT column and
separated into multiple dimensions with a modified six-step gra-
dient containing 0%, 20%, 40%, 60%, and 100% of buffer C
(500 mM ammonium acetate, 5% acetonitrile, 0.1% formic
acid) and analyzed by nanoelectrospray ionization on an LTQ-
Orbitrap XL by placing the triphasic MudPIT column in line
with an Agilent 1200 quaternary HPLC pump. Each full scan
mass spectrum (400-2000 m/z) was followed by six data-depen-
dent MS/MS scans at 35% normalized collisional energy and an
ion count threshold of 1000. A dynamic exclusion list of 500, re-
peat time 60 sec, and asymmetric exclusion window of —0.51
and +1.5 Da were applied. MS/MS spectra were searched with Pro-
LuCID against the human International Protein Index database
version 3.23 using a target—-decoy approach, with search parame-
ters set to no enzyme specificity, 50 ppm precursor mass toler-
ance, and carboxyamidomethylation (m =57.021464 Da) as a
static modification. Search results were filtered with DTASelect
version 2.1, allowing for fully tryptic peptides only, mass toler-
ance of <5 ppm, and a peptide false discovery rate of <0.5%, corre-
sponding to a protein false discovery rate of <1.0%.

Electrophysiological recordings from neurons in primary cultures

Evoked synaptic release was triggered by 1-msec current injec-
tions with a local extracellular stimulating electrode (FHC, Inc.).
EPSCs and IPSCs were monitored in whole-cell mode from ran-
domly selected nearby neurons using a Multiclamp 700B amplifi-
er (Molecular Devices). The frequency, duration, and magnitude
of extracellular stimuli were controlled with Model 2100 Isolated
Pulse Stimulator (A-M Systems, Inc.). The whole-cell pipette sol-
ution contained 135 mM CsCl,, 10 mM HEPES-NaOH, 1 mM
EGTA, I mM Na-ATP, 0.4 mM Na-GTP, and I mM QX-314 (pH
7.4). The resistance of filled pipettes varied between 3 and 5
mOhm. The bath solution contained 140 mM NaCl, 5 mM KCl,
2 mM CaCl,, 0.8 mM MgCl,, 10 mM HEPES-NaOH, and 10
mM glucose (pH 7.4). EPSCs and IPSCs were separated pharmaco-
logically by addition of 100 pM picrotoxin or 50 pM APV and 10
uM CNQX, respectively, to the bath solution. Spontaneous
EPSCs were monitored under the same conditions but in the pres-
ence of 1 uM Tetrodotoxin. The currents were sampled at 10 kHz
and analyzed offline using pClamp10 (Molecular Devices) and Or-
igin8 (Origin Lab) software.

Slice physiology

All experiments were performed “blind” to genotype. Mice were
anesthetized with isoflurane, and brains were removed and incu-
bated in ice-cold buffer comprised of 125 mM NaCl, 2.5 mM KCI,
7 MgCl,, 1.25 mM NaH,PO,, 25 mM NaHCOj3;, 10 mM glucose,
75 mM sucrose, 1.3 mM ascorbic acid, and 0.5 mM CaCl,, satu-
rated with 95% 0,/5% CO, (pH 7.4; 310-320 mOsm/L).



Transverse 350-uM hippocampal slices were cut in chilled
sucrose solution with a Leica VT1000S vibratome (Leica Instru-
ments), transferred to a holding chamber, and incubated at
room temperature for at least 1 h in carboxygenated (95% O,/
5% CO,) artificial cerebrospinal fluid (aCSF) containing 124
mM NacCl, 0.18 mM KCI, 1 mM MgCl,, 1.25 mM NaH,POy, 26
mM NaHCQOj3;, 10 mM glucose, and 2 mM CaCl,. Next, a slice
was transferred to the recording chamber fixed to the stage of a
Zeiss Axioskop 2 (Carl Zeiss, Inc.) microscope fitted with a 10x
(0.25 NA) objective and a 40x (0.8 NA) water immersion objective
lens. Field potentials were recorded with glass electrodes that
were filled with aCSF and placed in the stratum radiatum of
area CAl. Synaptic responses were triggered with a concentric
bipolar electrode (FHC, catalog no. CBAEC75) placed in the
Schaffer-collateral region. The recording chamber was continu-
ously perfused (2-3 mL/min) with carboxygenated aCSF at
room temperature, and test pulses were elicited at 0.33 Hz for a
period of >30 min to establish a stable baseline. To induce LTP,
the 6-burst stimulation (TBS) was given at the test pulse intensity
and consisted of 10 bursts (five pulses at 100 Hz) delivered at an
interburst interval of 150 msec, and repeated four times at 15
sec. Signals were recorded with a Multiclamp 700B amplifier
and analyzed offline in pClamp10 (Molecular Devices) and Ori-
gin8 (Origin Lab).

Behavior

For analysis of suckling behavior, newborn pups were separated
from nests and starved on a heating pad for 3 h. A lactating female
was deeply anesthetized, and the fur was shaved to expose nip-
ples. Pups were placed near the female’s nipple to measure re-
sponse time (latency) to start spontaneous suckling. The
latency was counted as maximin (120 sec) if pups completely
failed to suckle within this time interval. Other behavioral stud-
ies were performed at the TSRI core facility, as we described pre-
viously (Sando et al. 2012).

Statistical analyses

Means and standard deviations/errors were calculated using
Prism (Graphpad, Inc.) and Origin8 (Origin Lab) software packag-
es. Statistical significances were determined using Student’s
t-test.
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